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Angle-Resolved Surface-Enhanced Raman
Scattering 1
C. Y. Chan, J. Li, H. C. Ong, J. B. Xu, and Mary M. Y. Waye

1 Definition of the Topic

This chapter describes the use of angle-resolved techniques to study the Raman

scattering arising from periodic metallic arrays. In fact, by matching the angle-

dependent reflectivity with Raman spectroscopy, it is possible to single out

a particular electromagnetic resonance and study its contribution to surface-

enhanced Raman scattering. A wealth of information can be obtained.

2 Overview

Surface-enhanced Raman scattering (SERS) offers high specificity in molecular

identification and is a promising technique for making biological and chemical

sensors. However, a major weakness of this technique is the lack of reliable SERS

substrates. Currently available substrates usually contain irregular active sites that

suffer from strong spatial and temporal fluctuation in Raman intensity and thus do

not produce stable Raman output. On the other hand, because of their well-defined

structure, periodic metallic arrays excite more controllable local fields and can be

exploited for achieving high sensitive SERS. The SERS obtained from these

periodic structures exhibit strong spectral and angular dependences that are asso-

ciated with the generation and decay processes of the various electromagnetic
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resonance modes. In this chapter, we employ the angle-resolved reflectivity and

Raman spectroscopy to study the SERS arising from periodic arrays and discuss

how the basic properties of surface plasmon polaritons (SPPs) affect the SERS

profiles. In fact, by correlating both reflectivity and Raman spectroscopy and their

related parameters, it is possible to unravel the underlying mechanism of SERS and

thereby to determine the conditions that are critical in governing the resulting

enhancement factor.

3 Introduction

In general, when a monochromatic light is scattered by a molecule, in addition to

the Rayleigh scattering that produces exactly the same wavelength (frequency)

as the incident photons, several sharp peaks next to the Rayleigh line are also

observed due to the inelastic scattering of photons [1]. Because these distinctive

peaks arise from the change in vibrational, rotational, or electronic energy of the

excited molecule, they provide a feasible means for “fingerprint-like” molecular

identification [2]. As a result, since the discovery of the Raman effect by C.V.

Raman in 1922 [3], Raman scattering spectroscopy has become a popular ana-

lytical tool in materials characterization, biological and chemical sensing,

etc. [4, 5]. However, Raman scattering suffers from one major drawback, that

is, it has a very small scattering cross section sRS, which is �12–14 orders of

magnitude lower than that of fluorescence sF [1, 2]. In other words, for every

1012 photons incident on a molecule, only one or less undergoes Raman scat-

tering. Therefore, Raman scattering does not produce strong signal easily,

particularly in situations where the concentration of target analyte is very low.

However, this limitation can be partly overcome by the fact that Raman intensity

is proportional to the square of the incident field. For a simple oscillator-like

molecule vibrating with angular frequency ov, the Raman intensity IRS can be

expressed as [1, 4]:

IRS / @a
@Q

E0 cos oo � ovð Þtþ cos oo þ ovð Þt½ �
� �2

; (1.1)

where a is the molecular polarizability, Q is the nuclear displacement, and oo and

Eo are the angular frequency and the amplitude of the incident field, respectively.

The first and second components within the square brackets are defined as Stokes

ħ(oo�ov) and anti-Stokes ħ(oo+ov) emissions, respectively [1]. Nevertheless, this

equation clearly states that increasing the field strength Eo of the excitation light can

possibly increase both the Stokes and anti-Stokes Raman emissions.

As a result, several schemes including cavity-enhanced Raman [6], photonic

crystal–enhanced Raman [7], surface-enhanced Raman [8], etc., have been put

forward in an attempt to increase the electromagnetic field strength for excita-

tion. Among them, surface-enhanced Raman scattering (SERS), by far, is one of

2 C.Y. Chan et al.



the most popular methods since it is simple and effective. By placing the target

analytes in close proximity to a rough metal surface, Raman signal can be

enhanced by 104–106 times over that from the flat surface [8]. Fleischmann

and his coworkers [9] first realized SERS by discovering that rough metal

surface could produce enhanced Raman signal at a level comparable to fluores-

cence. Since then, much work has been done in an attempt to explain this

phenomenon. Eventually, after almost four decades of debate, two key mecha-

nisms, namely, electromagnetic and chemical, are attributed to be responsible

for SERS [8]. In fact, the electromagnetic enhancement arising from surface

plasmon polaritons (SPPs) [10–12] is believed to play a major role in governing

the overall Raman enhancement. In this scenario, SERS is proposed to involve

five steps [10]. (1) In the first step, the impinging photon at oexc and incident

angle yexc is coupled to a metal surface and produces SPPs for excitation.

(2) Theses ingoing SPPs then polarize the molecules, creating large effective

dipole moments, which results in excitation enhancement. (3) The molecular

polarizations change if the molecules change vibrational state. (4) The change in

molecular polarizations couples energy into SPPs at scattered frequency.

(5) Finally, these outgoing SPPs decay into radiation at oRS and scattered

angle yRS, giving rise to emission enhancement. Therefore, the Raman enhance-

ment depends strongly on the generation and decay of ingoing and outgoing

SPPs, which in turn determine the respective field strengths. For example,

ingoing SPPs that have higher generation and lower decay rates would result

in stronger field strength for excitation enhancement whereas sustaining a strong

scattering field at a high radiative decay rate would be essential for the outgoing

SPPs to decouple energy to the far field. Implicitly, the enhancement factor

GSERS for SERS is the product of the field enhancement factors for two SPPs

in steps (1) and (4) and thus is given as [8]:

GSERS � Eloc oexc; yexcð Þ
Einc oexc; yexcð Þ
����

����
2 Eloc oRS; yRSð Þ
Einc oRS; yRSð Þ
����

����
2

; (1.2)

where Eloc is the local field on the metal surface and Einc is the incident field.

Eloc oexc;yexcð Þ
Einc oexc;yexcð Þ
��� ���2and Eloc oRS;yRSð Þ

Einc oRS;yRSð Þ
��� ���2 are defined as the excitation and emission enhance-

ment factors, respectively, and they both display strong spectral and angular

dependences. Maximizing both factors results in optimal Raman output [13–16].

Although the connection between SERS and SPPs is established in (1.2), how to

effectively produce desirable SERS on a given metallic structure remains challeng-

ing. To address this issue, different plasmonic systems at different dimensionalities

have been proposed, fabricated, and characterized with the same intention to

maximize the local field strength at oexc and oRS [13–16]. A variety of structures

have been found to support SERS well, including roughened metal electrodes,

metal nanoparticles colloids, metal island films, metal nanorods, etc., or more

specifically, substrates that contain nanoscale gaps or “hotspots” are particularly

1 Angle-Resolved Surface-Enhanced Raman Scattering 3



attractive since they concentrate the field in a very small mode volume, thereby

leading to very high field strength [17–19]. However, even though impressive

Raman enhancements are obtained from these structures, they are found to be

very irreproducible since the size, shape, and density of hotspots cannot be con-

trolled precisely. Strong fluctuation in Raman enhancement is found very often

even following the same recipe in sample fabrication. Consequently, SERS suffers

from the lack of trustworthy substrates. To overcome this barrier, attention has

slowly been shifted toward the use of periodic metallic nanostructures since their

fabrication and implementation are more reliable [5, 13, 15, 16, 20, 21]. The

geometry of the lattice and individual basis can be tailored at the length scale of

nanometers by using the state-of-the-art lithographic methods such as photo- and

electron beam-lithography that have high throughput and reproducibility. In addi-

tion, as the generation and decay of SPPs are now more controllable because of the

well-defined geometry, the local fields can be tuned to optimal by systematically

varying the geometry. Nevertheless, these artificial patterns are potential in devel-

oping functional SERS substrates that on the one hand produce extremely strong

Raman signal even at low concentration and on the other hand are simple, stable,

and dependable.

3.1 Angular Dependence of Surface Enhanced Raman Scattering

3.1.1 Attenuated Total Internal Reflection
The Raman excitation and emission enhancements are angle dependent because

they associate with the generation and decay processes of SPPs. In general, from the

dispersion relation of a flat metal surface given in Fig. 1.1a, since the momentum of

nonradiative SPPs are larger than that of the incident light, SPPs cannot be excited

and decoupled directly [22]. As a result, several momentum matching schemes,

including attenuated total internal reflection (ATR), grating coupling, etc., have

been developed to overcome this limitation. In the ATR setup, for example, by

impinging through a high refractive index prism, the incident light gains additional

momentum to generate SPPs on the metal surface facing the air (Fig. 1.1b) [22]. By

scanning the specular reflectivity of a monochromatic light as a function of incident

angle, a dip is observed at angle yexc signifying the excitation of SPPs (Fig. 1.1c).

Similarly, SPPs could also be scattered through the prism to far field during the

decay process by following the same path but in a reverse direction to yield SPP

emission [23]. As a result, as shown in Fig. 1.1a, consider in SERS that the

excitation laser and the Raman Stokes emission have frequency oexc and oRS, an

increase of Raman intensity would be seen when the laser in the prism is incident at

angle yexc and the outgoing Raman emission is detected at yRS so that both the

excitation and emission enhancements are optimized. Ushioda and Sasaki [24, 25]

verified the above argument by observing strong angular dependence of SERS

under ATR geometry. Both the angle dependence and the measured enhancement

factor were found to agree well with the theoretical prediction deduced within the

above framework. However, as the current interest in SERS is moving toward the

4 C.Y. Chan et al.



development of lab-on-a-chip type biosensor that requires miniaturization of the

active region, the use of a bulky prism coupler for exciting SPPs thus is not

desirable.

3.1.2 Periodic Metallic Arrays
In fact, SPPs can be directly coupled to and decoupled from periodic metallic

arrays. When a metal surface is indented with periodic corrugation, the surface

waves scatter, leading to gaining or losing their momentum according to the phase-

matching condition [22]. For example, for a one-dimensional (1D) periodic struc-

ture, light can be coupled into SPPs by following the phase-matching equation

given as [22]:

*

kx ¼ *

kSPP � n
*

G; (1.3)

where
*

kx and
*

kSPP are the wavevectors of the in-plane x-component of the incident

field (Fig. 1.4) and the SPPs, respectively and n is the integer.
*

G is the reciprocal

unit vector in x-direction and is equal to 2p/P, where P is the period of the lattice.
*

kx is related to the incident angle y by 2psiny/l. Therefore, in analogy to electronic

lig
ht

 li
ne

 in
 a

ir

lig
ht li

ne in
 pris

m

kRS

k

R

kexc

ωexc

θexc

θexc

θRS

θ

ω

ωRS

Δk
SPP

SPP evanescent field

excitation

metal

Raman
output

a

b

c

Fig. 1.1 (a) The (partial) dispersion relation of SPPs on a flat metal surface (solid line). In ATR,

the light line in air shifts to the one in the prism by Dk (dash lines) and the ingoing and outgoing

SPPs are excited if the laser and Raman emission at oexc and oRS follow the dispersion relation at

kexc and kRS (dot lines). (b) The schematic diagram of the ATR setup. Strong Raman intensity is

observed when the laser and the Raman emission are impinged at and collected from the prism at

yexc and yRS given as k ¼
ffiffi
e

p o
c sin y, where e is the dielectric constant of the prism. (c) Excitation

of SPPs is signified at yexc by scanning the reflectivity R of a monochromatic light as a function of

incident angle y
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[26] and photonic [27] crystals, the dispersion relation of SPPs reproduces itself for

every � *

G and yields the one being shown in Fig. 1.2a. From the figure, it is clear

that some of the SPP resonance modes are now located within the light lines and

they can be directly excited from or scattered to the far field without the need of

prism coupler. As a result, as shown in Fig. 1.2b, we would expect similar angular

dependence of SERS from the periodic arrays as that from the ATR setup, and

strong excitation and emission enhancements can be found if the incident and

detection angles of the laser and Raman emission coincide with the dispersion

relation given in Fig. 1.2a. Tsang, Kirtley, and Bradley [28] were among the first to

observe Raman enhancement from molecular monolayer attached on a Ag 1D

diffraction grating when both the excitation and detection conditions were set

according to the dispersion relation. Since then, several groups including Philpott

[29], Knoll [30], Otto [31], etc., had demonstrated similar results, independently

providing evidence in supporting the SPP-mediated SERS from metallic gratings.

However, it was only recently that Baumberg et al. [32] had completely mapped out

the angle-dependent reflectivity and SERS concurrently, unambiguously demon-

strating the direct correlation between SPPs and SERS.

Other than the Bloch-like propagating SPP modes, different localized reso-

nances can also be found in periodic structures [33]. Unlike the dispersive propa-

gating SPPs, these localized modes are nondispersive with angle and their

properties rely primarily on the detailed structure of the individual basis rather

than on the lattice [34]. For example, localized resonance can be excited within 1D

groove [33] and two-dimensional (2D) cylindrical hole when the hole size is larger

than the critical diameter [35–37]. In addition, the field profile of localized modes is

strongly concentrated around the bases instead of spreading all over the surface.

These modes could interact with propagating SPPs, creating mixed resonances that

excitation
lig

ht
 li

ne
in

 a
ir

θexc

θRS

P

metal array

Raman
output

b

kRS

k
0 +G +2G

kexc

ωexc

ω

ωRS

a

Fig. 1.2 (a) The (partial) dispersion relation of SPPs on 1D metallic array with period P (solid
lines). Part of the dispersion relation now is within the light line (dash line) and excitation of

ingoing and outgoing SPPs is possible if the laser and Raman emission at oexc and oRS follow the

dispersion relation at kexc and kRS (dot lines). (b) Strong Raman intensity is observed from the

array when the laser and the Raman emission are impinged at and collected from the array at yexc
and yRS given as k ¼ o

c sin y� n 2p
P
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affect the resulting field profile [33, 34]. Thus, changing the geometry of the basis

can have a large impact on SERS. Nevertheless, due to the fact that the propagating

and localized resonances is so geometry dependent that slight modification of the

structure could cause significant change in the outcome, a complete understanding

of the dependence of SERS on geometry is of great importance. In addition,

knowing that a vast number of geometrical parameters including periodicity, hole

shape, size, etc., are involved, a lengthy and systematic study is anticipated. Finally,

the development of useful characterization tools to reveal the generation and decay

processes of SPPs and their influences on SERS will certainly add value to this kind

of study.

Although micro-Raman spectroscopy has been widely used for studying SERS,

it cannot single out individual resonance modes one by one if more than one

resonance modes are supported in the plasmonic systems since micro-Raman

employs a large N.A., close to 0.9, objective that covers a wide range of angle for

excitation and signal collection. All the resonance modes are excited and collected

at the same time, making the resulting SERS spectrum difficult for interpretation.

Therefore, an analytical tool that combines both angle- and wavelength-resolved

techniques so that a particular mode in the dispersion relation can be pinpointed and

its contribution to SERS can be characterized individually would be advantageous

over the conventional micro-Raman setup. In this chapter, we discuss the use of

angle-resolved reflectivity and Raman spectroscopy to study the optical properties

of different electromagnetic modes arising from periodic arrays. In particular, by

correlating the reflectivity and SERS, we are able to identify the roles SPP and other

localized resonances play in SERS. Knowing that both SPPs and SERS are geom-

etry dependent, we study the basic properties of SPPs, including decay lifetime and

coupling efficiency, as a function of array geometry and relate these properties to

SERS in attempt to develop a rational approach in designing a SERS substrate with

good performance.

4 Experimental and Instrumental Methodology

4.1 Sample Fabrication

A variety of lithographic methods have been used for fabricating periodic arrays at

the length scale of nanometers, including electron-beam lithography [15, 16, 38],

nanosphere lithography [5, 13, 20, 21], focused ion beam [39], nanoimprint lithog-

raphy [40, 41], interference lithography [42], etc. Although electron-beam lithogra-

phy, focused ion beam, and nanoimprinting offer the best precision, stability, and

reproducibility, they suffer from high instrumentation cost and moderate throughput.

Here, we introduce interference lithography (IL) as our routine sample preparation

method due to its low cost, high throughput, and good reproducibility. More impor-

tantly, this technique can be scaled up to wafer level without much difficulty [43].

1D and 2D periodic metallic arrays are fabricated by using IL and thin film

deposition. Basically, IL crosses two identical laser beams to spatially create an

1 Angle-Resolved Surface-Enhanced Raman Scattering 7



interference pattern to expose negative or positive photoresist [43]. The dimension-

ality of the arrays can be controlled by controlling the number of exposure; one and

two exposures produce 1D and 2D patterns, respectively. In addition, in 2D case,

negative photoresist yields well like structure whereas positive photoresist creates

dot-like pattern. By changing the incident angle, the exposure time, and the

thickness of photoresist, a wide range of geometrical parameters such as groove

width, hole size, disk size, periodicity, etc., can be controlled independently (see

Fig. 1.3b). After the exposure and development of the photoresist, periodic dielec-

tric templates are obtained. In our study, a Lloyd’s mirror configuration is used and

its schematic is shown in Fig. 1.3a [44]. This setup consists of a HeCd laser at

l¼ 325 nm as the light source and a spatial filter for producing a uniform and clean

Gaussian beam. The beam then passes a beam expander and an iris so that the

central part of the Gaussian beam is collected to mimic a plane wave-like beam.

Objective

Shutter

HeCd laser (325nm)
Mirror

Mirror

Mirror

a

b

Pinhole

~15 mm

Substrate

Rotation
stage

Beam
expander
and iris

Fig. 1.3 (a) The schematic diagram of Lloyd’s mirrior configuration for interference lithography.

(b) The scanning electron microscopy (SEM) images of different periodic arrays fabricated by

interference lithography (top). A typical sample is viewed at different angles and monochromatic

colors are displayed at each viewing angle indicating the sample is highly uniform (bottom)
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At the sample stage, a flat mirror is mounted perpendicular to the sample on

a rotation stage. As part of the laser beam is reflected by the mirror, it interferes

with the nonreflected part to form an interference pattern on the photoresist. The

period P is given as: P ¼ l
2 sin y , where y is the incident angle [44]. After lithography

and baking, the templates are then transferred into an electron-beam or a thermal

evaporation thin film deposition system for metallization. As the thickness of the

metal film is larger than the skin depth of metal, the metallic arrays are considered

as semi-infinitely thick.

4.2 Characterizations

For the angle-resolved measurements, a home-built computer-controlled goniom-

eter is used and two types of measurements, namely, angle-dependent reflectivity

and Raman spectroscopy, as shown in Fig. 1.4, are performed. For the reflectivity

measurements, the specular reflection is collected from the sample by using

a collimated white light from a quartz lamp as the excitation source (Fig. 1.4a).

The reflection spectra are then obtained by normalized raw spectra with respect to

that of the incident light. On the other hand, for the Raman measurements, two

types of scans are conducted and they are shown in Fig. 1.4b, c. For the detection

scans, the incident angle is fixed while the detection angle is varied independently.

Likewise, for the incident scans, the incident angle will be scanned at a given

detection angle. All the optical signals are collected by a CCD-detection system

with a 0.25 m spectrograph. Polarizers are placed after the light sources and the

sample for selecting the desired excitation and detection polarizations. Therefore,

in the following sections, p-p is defined as both the incidence and detection are

oriented in p-polarization while s-s refers to the s-polarization. Specifically for

Raman measurements, a notch filer is used to remove the unwanted Rayleigh laser

line from the spectra. Finally, by plotting the reflectivity and Raman spectra as

a function of wavelength and angle, reflectivity and Raman mappings are obtained.

The reflectivity mappings identify all the possible resonances on the metallic

periodic structures, or simply map out the dispersion relations.

specular
reflection

a b c

fixed θexc vary θRS
vary θexc fixed θRS

z

y

x

θexc

Fig. 1.4 Different configurations for (a) angle-dependent reflectivity measurement, (b) angle-
dependent Raman detection scan, and (c) angle-dependent Raman incident scan
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5 Key Research Findings

5.1 One-Dimensional (1D) Metallic Gratings

1D metallic gratings are first presented since they represent the simplest periodic

plasmonic system among others. In shallow gratings where only propagating SPPs

prevail, we shall demonstrate a one-to-one correspondence between angle-resolved

reflectivity and Raman mappings, confirming the role resonant SPPs play in SERS.

Enhanced Raman intensity is observed whenever the excitation laser and Raman

emissions coincide with the ingoing and outgoing SPPs, leading to a strong angular

dependence of SERS. On the other hand, in thick gratings, other than SPPs,

localized resonances are also observed from the reflectivity mappings but they

produce angle insensitive SERS. To account the experimental results, Rigorous

Coupled-Wave Analysis (RCWA) method is used to simulate the reflectivity and

field patterns, which are found to be compatible with the experimental results.

Nevertheless, from these results, we find different types of resonances can give rise

to SERS at different degrees of enhancement depending on the geometry of the

gratings. In fact, Baltog et al. have shown that SERS enhancement factor of 104 can

be obtained from 1-D Ag gratings [45, 46]. Kahl and Voges have numerically

calculated the effects of grating geometry on SERS and Raman enhancement of 105

can be observed from binary and shallow gratings [47].

A scanning electron microscopy (SEM) image of a shallow Ag grating with

period P ¼ 840 nm, groove width W ¼ 140 nm, and depth D ¼ 50 nm is shown in

the inset of Fig. 1.5. After grating fabrication, a thin layer of 10�3 M Rhodamine 6G

(R6G), which serves as the Raman probe, is spin coated on the surface and then

thoroughly rinsed with ethanol. The grating is then examined by a micro-Raman

spectrometer and its Raman spectrum is shown in Fig. 1.5, with the peaks located at

553, 557, and 562 nm, or Raman shift at 1,372, 1,502, and 1,662 cm�1, that are

attributable to the symmetric modes of the in-plane C-C stretching vibration [48],

confirming the presence of R6G on the surface. To reveal the possible resonances

evolving from the grating, p-p and s-s angle-dependent reflectivity taken in the

direction perpendicular to the grooves have been performed and two mappings are

shown in Fig. 1.6a, b. From the p-p mapping, two dispersive dark (low reflectivity)

loci are observed and they can be identified as the propagating SPP modes given by

modifying the phase-matching condition in (1.3) as [22]:

sin y
l

¼ 1

l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAged

eAg þ ed

r
þ n

P
; (1.4)

where l is the incident wavelength, ed and eAg are the dielectric constants of

the dielectric medium and Ag, and n is an integer. We take ed ¼ 1.06 as the

effective dielectric constant for R6G/air and eAg ¼ eH � ðeS�eHÞop
2

o2þg2 , where op is

the plasma frequency ¼ 1.72�1016 rad/s and o is the angular frequency [49].

eH and eS are considered as 6.18 and 5.45, respectively, and g ¼ 2.3�1013 Hz
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[49]. The calculations are overlaid on Fig. 1.6a as the solid lines and they show the

loci are due to n ¼ 1 and -2 SPP modes. On the other hand, the bright (high

reflectivity) loci are Wood’s anomalies (WAs) and they can be deduced by

replacing the
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAged eAg þ ed

�q
in (1.4) with ed [50]. The red dash lines calculated

from the WA equation are illustrated in Fig. 1.6a, matching well with the reflec-

tivity maxima. No features are being seen from the s-s mapping, indicating the

absence of any SPP resonances since they cannot be excited under s-polarization in

1D grating. To verify our results, RCWA is used to simulate the p-p and s-s

reflectivity mappings of the grating and the results are shown in Fig. 1.6c, d [51].

The simulations reproduce the experiments well although slight discrepancies are

seen that could be due to film roughness, system misalignment, etc. It is clear that

other than the SPPs and WAs, no other resonances are found in this grating.

Then, the p-p and s-s Raman detection mappings of the same grating taken at the

incident angle of 27� are shown in Fig. 1.7a, b. The angle of 27� is chosen so that the
514 nm Ar+ laser coincides exactly with the n ¼ 1 ingoing SPPs, giving rise to

excitation enhancement. All the spectra are corrected by subtracting the back-

ground from the raw data as R6G is known to exhibit broad fluorescence peaks at

�562 nm. Apparently, from the p-p Raman mapping, clear SERS loci are visible

and they correlate well with the 1 and -2 SPP modes being found in the reflectivity

mapping. To examine this closely, Fig. 1.8a compares the cuts extracted from the

reflectivity and Raman mappings at 562 nm, which corresponds to one of the C-C

stretching bands, confirming an almost complete correlation between reflectivity

and SERS intensity. The enhanced SERS at particular detection angles yRS ¼ 17�

and 23� is due to the emission enhancement when the energy emitted from the R6G

molecules are coupled to the 1 and -2 outgoing SPPs before they subsequently

radiate via the phase-matching condition. In contrast, from the s-s Raman mapping,

weak and nondispersive SERS is found, indicating roughness-induced SERS plays
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Fig. 1.5 (a) The plane view
of SEM image of 1D Ag

grating with period ¼ 840nm,

depth ¼ 50nm, and groove

width ¼ 140nm is shown in

the inset. A typical micro-

Raman spectrum of the

corresponding Ag grating

coated with a thin layer of

R6G. The peaks correspond to

the symmetric modes of the

in-plane C-C stretching

vibration of R6G
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a negligible role.We also have measured the p-p and s-s incident scans in Fig. 1.7c, d

by fixing the detection angle at 23� so that the emission enhancement at 562 nm is

optimized. From the p-p incident mapping, we see the increase of SERS intensity at

incident angles of 9� and 27� agreeing well with the excitation enhancement at

514 nm by exciting the 1 and -2 ingoing SPPs. The corresponding reflectivity and

Raman cuts taken at 514 nm and 562 nm are shown in Fig. 1.8b. As a result, the

comparison between the reflectivity and Raman mappings unambiguously demon-

strates the significance of SPPs on SERS. For the SERS enhancement factor, we

have determined the factor at 562 nm and yRS¼ 23� to be�12 in Fig. 1.8a by taking

the intensity ratio of p-p to s-s detection scans. To verify this, Fig. 1.9 shows the

electric field patterns calculated by RCWA at lexc ¼ 514 nm, yexc ¼ 27.6� and at

lRS¼ 562nm, yRS¼ 23.6� given in Fig. 1.8, and the average field enhancements are

estimated to be 4.1 and 4.3, yielding the total enhancement as 17.6, which is on the

same order as the experimental result.

We notice from the p-p detection and incident scans that nondispersive Raman

enhancements are also observed at the off-resonance regions, other than the on-

resonance counterparts. Although these residual backgrounds are relatively weak,

they are much stronger than the signals obtained from the s-s Raman mappings and
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Fig. 1.6 The experimental (a) p-p and (b) s-s angle-dependent reflectivity mappings of Ag

grating taken in the direction normal to the grooves. The dark loci correspond to the low

reflectivity regions, indicating the excitation of SPPs. The solid lines are deduced from the 1D

SPP phase-matching equation, indicating that 1 and -2 SPPs are excited. On the other hand, the

dash lines are deduced from the Wood’s anomalies equation. The RCWA simulated (c) p-p and (d)
s-s reflectivity mappings and they reproduce the experiment well
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the incident angle of 27�. The strong Raman loci correlate well with the reflectivity mappings,

indicating the emissions arise from 1 and -2 outgoing SPPs. The (c) p-p and (d) s-s angle-resolved
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Fig. 1.8 Several cuts extracted from the reflectivity and Raman detection and incident scans.

(a) The comparison between the reflectivity (solid) and Raman intensity taken from the detection

scan (dash) at l¼562 nm and yexc¼27�. (b) The comparison between the reflectivity (solid) and
Raman intensity taken from the incident scan (dash) taken at l¼562 nm and yRS¼23�. An almost

complete correlation between reflectivity and Raman intensity is clearly seen by the vertical solid

and dash lines
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thus cannot be attributed to fluorescence or roughness-induced SERS as the s-s

mappings would have exhibited similar features as well. In addition, the back-

grounds are not induced by other localized resonances since no such modes are

revealed from the corresponding reflectivity mapping. To elucidate the origin of

this background, we have performed the Raman detection scan at incident angle ¼
27� under p-s configuration in Fig. 1.10a in which the polarizations of the excitation
and detection are orthogonal to each other. This special configuration allows us to

divide the generation and decay processes separately. Comparing with the p-p

detection scan in Fig. 1.7a, one clearly sees the background remains but the strong

emissions at the outgoing SPP regions vanish. In fact, in the p-s scan, the

p-polarized laser excites the ingoing SPPs while at the same time blocking the

Raman emission arising from the outgoing SPPs. More specifically, when the

molecules decay after enhanced excitation, the energy is transferred via two

paths, either outgoing SPPs or direct radiation. The s-polarized detection collects
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Fig. 1.9 RCWA simulations of electric field intensity at (a) 514 nm, 29.6� and (b) 562 nm, 23.6�.
The intensity of the incident light is taken as unity
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Fig. 1.10 The (a) p-s Raman detection mapping taken at incident angle of 27� and the (b) s-p
Raman incident mapping taken at detection angle of 23�
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emissions from the second path but not the first. Since the second path does not

invoke any angular dependence, it results in nondispersive backgrounds. Therefore,

the SERS observed from this p-s detection scan is due solely to the excitation

enhancement. On the other hand, the s-p incident mapping taken at detection angle

of 23� is shown in Fig. 1.10b. In this scan, while the radiation arising from the

outgoing SPPs is detected, no enhanced excitation is expected since no ingoing

SPPs are generated. The molecules are excited from a direct, nonenhanced path and

their emission radiating via the outgoing SPPs is being detected. As a result, the p-s

and s-p scans differentiate the excitation and emission enhancement channels and

the backgrounds are due to the combination of direct and enhanced channels.

To illustrate the dependence of SERS on geometry, we have studied the angle-

resolved Raman of 1D Ag gratings with different groove widths. Fig. 1.11 summa-

rizes the SEM images of various gratings, their corresponding p-p reflectivity
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Fig. 1.11 The (a) p-p reflectivity mapping of Ag gratings with period ¼ 650 nm, depth ¼ 30 nm

and groove width¼ 377, 277, 247, and 230 nm (from left to right). The dash lines are deduced from
the SPP phase-matching equation revealing 1 and -2 SPPs are excited. Insets are the corresponding

SEM images. (b) The p-p Raman detection mappings of the same gratings taken at incident angle¼
�20�. RCWA simulations of electric field intensity at (c) 514 nm, �20� and (d) 562 nm, �13�
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mappings, p-p Raman detection mappings taken at incident angle ¼ 20� for

maximizing the excitation enhancement, and field patterns simulated at 514 nm,

yexc ¼ �20� and 562 nm, yRS ¼ 13� by using RCWA [52]. From the SEM images,

the groove widthsW are determined to be 377, 277, 247, and 230 nm and the period

P and depth D are found to be 650 and 30 nm, respectively. The loci in reflectivity

mappings agree well with the generation of 1 and -2 SPP modes, as indicated by the

solid lines. More importantly, regardless of the groove width, all the Raman

mappings correlate very well with the reflectivity mappings in which SERS arises

primarily from the outgoing SPPs. As shown in Fig. 1.12, we see although the

Raman intensity from 1 SPPs initially increases with increasing the groove width, it

reaches the maximal atW¼ 277 nm before declining. On the other hand, the Raman

intensity from -2 SPPs increases almost linearly with groove width. These results

demonstrate not only a close connection exists between SERS and SPPs, but also

a strong dependence of SERS on grating geometry. In particular, the SERS arising

from different outgoing SPP modes can have different geometry dependences.

Nevertheless, within the picture of dipole scattering, wider groove facilitates larger

polarizability and thus larger scattering cross section, which results in stronger

SERS emission [53]. Finally, from Fig. 1.11c, d, we see the simulated field patterns

of 1 SPPs reproduce the SERS profiles well in which the field strengths of both

ingoing and outgoing SPPs reach the highest at W ¼ 277 nm and decrease

afterward. From the field patterns, considering the Raman enhancement for

W ¼ 230 nm grating to be unity, we estimate the relative enhancement factors for

different groove widths as 1, 1.9, 4.8, and 3.5, which are consistent with the

measured values as 1, 4.8, 7.8, and 5.4 although discrepancies are expected.

Other than the propagating SPPs, localized resonances also enhance Raman

emission [54]. To support localized resonances in 1D grating, a wide and deep

groove is being studied. As an illustration, we have fabricated a 300 nm deep Ag

grating with period and groove width ¼ 800 and 260 nm. Its p-p and s-s reflectivity

mappings are shown in Fig. 1.13a, b, which exhibit more features than the shallow

counterparts. In particular, broad and nondispersive bands are observed from both
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p-p and s-s mappings at �650 and �600 nm, respectively, indicating the excitation

of localized resonances. In fact, they evolve from two types of local modes in which

their spectral positions can be approximately given as [55, 56]:

lp ¼ 2 Dþ dskinð Þ
N þ 1=2� 1=2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W þ 2 c=op

� �
W

s
; (1.5)

and

ls ¼ 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M

2ðDþdskinÞ
	 
2

þ 1
Wþdskin

	 
2r ; (1.6)

for the p- and s-excited modes. lp and ls are the resonant wavelengths, c is the

speed of light, and N and M are the orders of modes, which are integers. A skin

depth dskin ¼ 50 nm has been introduced for Ag in these two equations to

1.0

0.6

0.4

0.3

0.2

0.1

1000

800

600

400

200

70503010 70503010

500

600

1 SPP

−2 SPP

700

800

900

w
av

el
en

gt
h 

(n
m

)

540

550

560

570

580

45

detection angle (deg)

3525155 453525155

a b

c d

Fig. 1.13 The (a) p-p and (b) s-s reflectivity mappings of a Ag grating with period ¼ 800 nm,

depth ¼ 340 nm, and groove width ¼ 260 nm. The solid lines are deduced from the SPP phase-

matching equation indicating 1 and -2 SPPs are excited. The horizontal dash lines at �650 and

600 nm indicate the excitation of localized modes under p- and s-polarizations. In (a), the localized
mode actually couple with the SPPs leading to the formation of mixed modes. Inset: the

corresponding SEM image. The (c) p-p and (b) s-s Raman detection mappings of the sample

taken at incident angle ¼ 27�, showing Raman emissions that are independent of angle
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phenomenologically take into account the field penetration into the side walls and

the bottom of the grooves to mimic the case of real metal. From the above

equations, we estimate the resonant wavelengths to be 620 and 576 nm for the

fundamental modes and they agree qualitatively with our measurements. Never-

theless, as shown in the equations, the resonant positions depend only on the depth

and width of individual grooves but not on the period. It is also noted that these two

modes originate differently, thus displaying different field profiles. While the field

of the p-excited modes is localized predominately at the side walls of the groove

[33, 34], that of s-excited modes is more concentrated in the groove cavity [56].

From the p-p mapping, we see the localized mode actually couple with the n ¼ 1

and -2 SPPs when their energy and momentum are identical, creating mixed modes

that possess both propagating and localized characters [33, 34]. In addition, small

plasmonic gaps are formed at the cross points [33, 34].

Once it is shown that the localized resonances are present in the thick grating,

angle-dependent Raman spectroscopy is then performed and the p-p and s-s

detection mappings are shown in Fig. 1.13c, d by fixing the incident angle of the

Ar+ laser at 27�. Comparing with the shallow gratings, we first notice that the p-p

mapping is dominated by nondispersive SERS rather angular SERS loci.

In addition, strong SERS is observed from the s-s mapping although no SPPs are

expected. The Raman mappings are connected with the reflectivity mappings,

demonstrating the localized resonances are also possible sources for SERS. How-

ever, it is noted that although the intensities of s-s mapping are found to be stronger

than those of p-p mapping over a wide range of angles, it is not proper to claim the

s-excited local mode is superior over the p-excited one or propagating SPPs in

yielding SERS because we have made no attempt in optimizing the contribution of

SERS by any resonances in this grating. In fact, the contribution of SPPs is very

likely to be diminished due to the undesirable geometry for SPP generation and

decay in this case. Nevertheless, our results are consistent with a recent study

conducted by Fujimaki et al. that SERS can be observed from 1-D grating under

not only p-polarization but also s-polarization [57]. We also stress that surface

roughness does not play a role in our grating since, although not shown, the R6G

SERS maps obtained from flat Ag exhibit typical dipole emission and much weaker

intensities.

5.2 Two-Dimensional (2D) Circular Hole Arrays

After studying the 1D gratings, we then move on to discuss the 2D hole arrays. 2D

arrays present a more complicated system than the 1D counterpart since they

involve more geometrical parameters to determine the field profile and strength

[58]. With this consideration, we shall restrict our study to only cylindrical hole in

which the number of geometrical parameters can be reduced to only period P, hole

radius R, and hole depth D. Furthermore, unlike particle or disk arrays where only

localized resonances are present, hole arrays provide not only localized modes but

also propagating SPPs [59]. In fact, hole arrays have been widely studied for the
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applications in extraordinary transmission [60], light extraction from light emitting

diodes [61], surface plasmon resonance sensing [62, 63], and most notably, surface-

enhanced Raman scattering [32, 39, 64].

As SERS depends strongly on the generation and decay processes of SPPs, it is

useful to understand the dependence of decay lifetime tSPP and coupling efficiency
of SPPs on array geometry. In the following, we focus on this aspect and discuss the

influence of these two parameters on SERS. In principle, the SPP decay lifetime can

be measured by time- or frequency-domain methods since they are connected by the

Fourier transformation [65]. In time-domain, an ultrashort laser pulse first excites

the SPP mode and its temporal behavior is then measured by time-resolved tech-

niques [66]. Here, we employ frequency domain method in which the reflectivity

spectrum is considered as a series of line shape functions [67]. Since the full-width-

at-half-maximum (FWHM) of the function is governed by the lifetime of the

resonance mode as t ¼ ħ/G, where t is the lifetime and G is the FWHM, it is

possible to deduce the SPP lifetime tSPP by extracting the linewidth from the

reflectivity spectrum. As a result, we have determined tSPP and resonant wave-

length lres of the SPP modes in the reflectivity mappings by fitting the reflection

spectra with the Fano function given as [68]:

R ¼ R0 þ A xþ qð Þ2
1þ x2

; (1.7)

where x ¼ 2ðE�EresÞ
G , E and Eres is the photon energy and the resonant energy,

respectively. Ro is the offset function to take into account the reflectivity back-

ground, q is the Breit–Wigner–Fano coupling coefficient, and A is a coefficient

describing the contribution of the zero-order continuum state coupled to the discrete

resonant state. On the other hand, the coupling efficiency is determined as: (Rbase –

Rres)/Rbase, where Rbase is the reflectivity taken at off-resonance wavelength and

Rres is the reflectivity at the SPP resonance [69].

2D circular hole arrays with period ¼ 670 nm have been fabricated by IL.

As an illustration, the insets in Figs. 1.14 and 1.15 show the SEM plane-view

images of two series of Ag arrays with hole depth D ¼ 100 and 280 nm and radius

R varying from 85 to 180 nm. From the figures, we see the holes are arranged

in cubic structure so that the periods in x- and y-directions are identical.

After sample preparation, the samples are then capped with a self-assembled

monolayer (SAM), 6-mercaptopurine, to prevent surface oxidation as well as

to serve as a Raman probe. SAM serves as a better Raman probe than R6G

since it is chemically attached on the metal surface with exactly one monolayer

so that comparison can be made between samples directly. In addition,

6-mercaptopurine does not produce strong fluorescence, thus background

subtraction is not necessary.

Figures 1.14 and 1.15 show the p-p and s-s reflectivity mappings of the

corresponding arrays taken in the G-X direction. At shallow hole depth

D ¼ 100 nm, as shown in Fig. 1.14, several propagating SPPs are clearly visible
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Fig. 1.15 The (a–c) p-p and (d–f) s-s reflectivity mappings of 2D Ag circular hole arrays with

hole radius ¼ 85, 140, and 180 nm (from left to right) and depth ¼ 280 nm. The dash lines are

deduced from the SPP phase-matching equation indicating (1,0), (�2,0), and (�1,�1)s SPPs are

excited under p-polarization while (0,�1)a and (�1,�1)a SPPs are excited under s-polarization.

The corresponding SEM images are shown in the insets. At larger hole radius, localized resonance

evolves and actually couple with the SPPs making the features become blurry
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Fig. 1.14 The (a–c) p-p and (d–f) s-s reflectivity mappings of 2D Ag circular hole arrays with

hole radius ¼ 102.5, 140, and 180 nm (from left to right) and depth ¼ 100 nm. The dash lines are

deduced from the SPP phase-matching equation indicating (1,0), (�2,0), and (�1,�1)s SPPs are
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The corresponding SEM images are shown in the insets
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and their loci are given by extending the phase-matching equation from 1D to 2D

as [70, 71]:

*

k ¼ 2p
l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAged

eAg þ ed

r
ûþ 2p

P
nxx̂þ nyŷ
� �

; (1.8)

where nx and ny are integers,
*

k is the in-plane wavevector of the incident wave with its
magnitude equal to (2p/l)siny, û is the unit vector along the propagating direction

of the excited SPPs and finally, x̂ and ŷ are the unit vectors. The solid lines deduced

from (1.8) are superimposed on the mappings revealing that (1,0), (�2,0), and

(�1,�1)s SPP modes are excited under p-polarization while (0,�1)a and (�1,�1)a
SPP modes are excited under s-polarization [70–72]. (0,�1)s SPP mode is not seen

because of its extremely low coupling efficiency compared with other modes [73].

The excitation of (0,�1) (and also (�1,�1)) modes under p- and s-polarizations is

originated from the A and B eigenmodes of the array, respectively, which yields the

(0,�1)s and (0,�1)a modes with different field symmetries [70–72]. The (0,�1)s
mode is symmetric with respect to the plane of incidence, that is, the x�z plane,

whereas the (0,�1)a mode is asymmetric. As a result, p- and s-polarized lights can be

coupled to different modes depending on their symmetry; the p-polarized light is

coupled to the symmetric (0,�1)s mode and the asymmetric (0,�1)a mode is excited

by the s-polarized light. Examining all arrays indicate that the loci of all SPP modes

are predominately governed by the period as described by (1.8) although a weak

dependence on hole size is expected since the resonant positions are also dependent

on the effective refractive index, neff, of the air/Ag interface [74]. Varying the hole

radius and depth would change the area/volume fraction of the void in the unit cell of

array as well as neff, thus leading to slight variation in the resonant position. Other

than the resonant positions, it is found, for a given SPP mode, the reflection dips

become broader when the hole radius and depth increase as well as the resonant

wavelength lres decreases [65, 67]. As the linewidth of the reflection dip is inversely

proportional to lifetime, larger hole size gives shorter SPP lifetime.

When the hole depth increases to 280 nm, the reflectivity mappings for small

radius remain more or less the same as the shallow counterparts. However, for

larger hole radius, a broad and low reflectivity band appears at �500–650 nm and

the SPP loci become blurry regardless of the polarization (Fig. 1.15). Similar to the

case of 1D gratings, this nondispersive band is due to the excitation of localized

resonance confined within the cylindrical hole [75]. In addition, this mode actually

couples with all SPP modes under p- and s-polarizations. These couplings result in

the formation of mixed modes and plasmonic gaps although these features are not

quite distinguishable from the mappings. Nevertheless, consider that the funda-

mental TE11 mode (lw) supported in a cylindrical hole is roughly given as [36, 75]:

lw ¼ 2pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b

Rþdskin

	 
2
þ p

2D

	 
2r ; (1.9)
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where dskin¼ 50 nm for Ag and b is the first order Bessel constant¼ 1.841 [75]. The

lw for different R are then determined as 317, 340, and 356 nm for D ¼ 100 nm and

426, 561, and 642 nm for D ¼ 280 nm. As a result, one can see that only the thick

arrays at D ¼ 280 nm, but not the shallow ones, support the local mode within our

spectrum of interest. In addition, from (1.9), we see the localized mode red shifts

with increasing radius and depth, which results in different degrees of coupling with

SPPs depending on the hole size.

Once all the modes have been identified, we then move on to study the effects of

hole radius and depth on SPP lifetime tSPP. The lifetimes of (1,0) and (�1,0) SPP

modes of all samples are determined by Fano fitting and are plotted in Fig. 1.16 with

lres. Only the modes that are not coupled with the localized mode are considered here

for simplification. Apparently, all the SPPmodes at different hole sizes seem to follow

a log-log quasi-linear relationship indicating tSPP/ ln [67, 76, 77]. To fully illustrate

wavelength (nm)

wavelength (nm)wavelength (nm)

S
P

P
 li

fe
tim

e 
(f

s)

S
P

P
 li

fe
tim

e 
(f

s)

S
P

P
 li

fe
tim

e 
(f

s)

100
a b

10

100

10

1
600 800

102.5
130
150
180

85
117.5
150
180

110
125
162.5
200

120
140
170

1000 500 700 900 1100

c
100

10

1

105
130
150
190

85
115
140
180

600 700 800 900 1000

Fig. 1.16 The plots of decay lifetime tSPP of (1,0) and (�1,0) SPP modes with resonant

wavelength lres at different hole radii and depths ¼ (a) 100 nm, (b) 120 nm, and (c) 280 nm.

All the lifetimes are determined by Fano fitting of the reflectivity spectra. The solid lines are the

linearly fittings of the lifetimes to extract the n factor, indicating tSPP / lres
n. The legends are hole

radius in the unit of nm

22 C.Y. Chan et al.



the dependence of n on geometric parameters, we have extracted n from all the

samples and plot them in Fig. 1.17 as a function of hole radius. From the figure, it is

clear that n varies from 3.5 to 7 depending on hole radius and depth. n remains almost

constant for different radii at shallow depths, that is, when D ¼ 100 and 120 nm, but

increases to �7 gradually with radius at larger depth D ¼ 280 nm. We also have

plotted the dependence of tSPP of all the samples on hole radius at lres ¼ 800 nm in

Fig. 1.18. It is found that at shallow depths, tSPP does not vary much with radius but

begins to followR�m, wherem increases from0 to higher value at larger hole size [78].

To account the above scenarios, we follow Ref [78] that the observed tSPP
actually consists of two components, namely, absorption and radiative scattering

losses, and is given as: 1/tSPP ¼ 1/tabs+1/tscatt, where tabs and tscatt are absorption
and radiative scattering lifetimes, respectively. With the fact that all the hole sizes
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are smaller than the wavelengths being considered, the absorption lifetime can be

qualitatively expressed as:

tabs / l
ReðeAgÞ2
2pImðeAgÞ / l2; (1.10)

which is independent of geometry. On the other hand, within the framework of Mie

scattering, the scattering loss tscatt is proportional to P/s, where s is the SPP

scattering cross section and is given as

s ¼ 72p5

3

R4H2

l4
ðeAg � 1Þ
ðeAg þ 2Þ
� �2

� 5p4
R

20
3H

10
3

l8
ðeAg � 2ÞðeAg � 1Þ

ðeAg þ 2Þ2
 !2

2
4

3
5; (1.11)

after the inclusion of the quadrupolar corrections in cylindrical hole [78]. From the

above equation, we see the first component indicates the dipolar, or Rayleigh,

scattering with (R/l)4 dependence whereas the second one represents the

quadrupolar counterpart. Therefore, tscatt / P= R4H2

l4
� R�6:7H�3:3

l8

	 

and it shows dif-

ferent wavelength dependence depending on the hole radius and depth. We expect

from the above formulations that for small radius and depth, tSPP should follow

between l2 and l4, but becomes more l8 dominant at larger radius and depth. In

fact, these deductions agree well with our observations. At small depth, n remains at

�3.5 for all radii being considered indicating absorption loss is dominant over the

radiative scattering loss due to the weak scattering of SPPs on the weakly corru-

gated surfaces [78]. However, when both radius and depth increase, the radiative

loss begins to take charge and n increases gradually to 4 and then to �7 whereas

m increases from 0 to 4. As a result, at a fixed period, we believe the decay process

of these SPP modes in our periodic systems can be understood within the interplay

between the intrinsic absorption and radiative scattering of SPPs by single isolated

holes. With this in mind, these simple analytical formulations should assist us in

designing desired excitation and emission enhancements once their influences on

the generation and decay processes of SPPs are known.

The coupling efficiencies determined from all samples are plotted in Fig. 1.19 as

a function of lres. For small hole depths as shown in Fig. 1.19a, b, one can see the

coupling efficiency in general decreases with increasing wavelength and decreasing

hole radius. These trends are consistent with the increase of polarizability of

individual holes due to the increase of hole area, thereby leading to the increase

of absorption and scattering cross sections [79]. In fact, Prikulis et al. studied the

optical properties of single metallic hole by elastic scattering measurements and

drew similar conclusions. However, for larger depth in Fig. 1.19c, the behavior

becomes more complicated as the coupling efficiency decreases slightly with

increasing hole radius. The explanations of these features are not trivial since

quadrupolar contribution becomes dominant in this regime and more work is

currently underway.
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For the Raman analysis, in order to makes use of the conclusions being drawn

from the studies of lifetime and coupling efficiency, we shall focus only on the case

of shallow arrays (i.e., D ¼ 100 and 120 nm) where localized mode is absent,

excluding the possibility that the mixed SPP-localized modes may alter the gener-

ation and decay processes from pure SPPs. From the reflectivity mappings, we

select the incident angle at 10� for D ¼ 100 nm and 48� for D ¼ 120 nm so that

these off-resonance angles do not generate any ingoing SPPs at lexc ¼ 514 nm, thus

minimizing the excitation enhancement [64]. In this way, we focus primarily on the

decay process caused by the outgoing SPPs. The p-p Raman detection mappings

taken from the arrays in Figs. 1.14 and 1.15 are shown in Fig. 1.20 without the

removal of background. One can see, similar to the 1D gratings, the SERS loci are

connected to those of the reflectivity regardless of the hole radius. In fact, the bright

lines at 538, 542, 550, 560 nm, etc., are the peaks that are attributable to the Stoke
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Raman signatures of 6-mercaptopurine [80]. No peak is found at 592 nm indicating

the absence of S–H bond and a single monolayer is formed on the entire Ag surface

[80]. The cuts extracted from the reflectivity and Raman mapping at lRS ¼ 550 nm

are shown in Fig. 1.21 for further examination and a one-to-one correspondence

between them is clearly demonstrated for all samples. More importantly, we see

that at yRS¼�18� and�30� where (1,0) and (�2,0) SPP modes prevail, the Raman

peak intensities in general increase with increasing hole radius. We have plotted the

Raman enhancement factors with hole radius for (1,0) and (�2,0) modes at 550 nm

in Fig. 1.22. The Raman enhancement factor is estimated by using the expression

given as [15, 16]: Iarray � Nflat=Iflat � Narray, where Iarray and Iflat are the Raman peak

intensities obtained from the array and flat metal film while Narray and Nflat are the

number of 6-mercaptopurine molecules attached on the array and film, respectively.

In fact, assuming a uniform coverage of the monolayer on the perforated array and

film, Nflat=Narray can be approximated as: 1=ð1� pR2=4P2Þ. From Fig. 1.22, for two

hole depths, we see that both the enhancement factors of (1,0) and (�2,0) modes

increase with hole size. They all reach �15–20 when radius increases to �200 nm.

To clarify the dependence of Raman emission on the coupling efficiency and

lifetime, we have also plotted the lifetime and coupling efficiency of (1,0) SPP

mode with radius at l ¼ 550 nm in Fig. 1.23 so that comparison can be made
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directly. Here, we only consider the (1,0) SPP mode in which the formulations

given above are applicable. One can see from the figure that SPP lifetime decreases

slowly with hole radius for both hole depths, indicating the increase of the radiative

decay rate. On the other hand, all the coupling efficiencies increase almost
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monotonically with hole size, implying larger hole radius favors the energy cou-

pling from the molecules to the outgoing SPPs. Therefore, by comparing the

enhancement factors with the SPP lifetimes and coupling efficiencies, it is evident

that they are all connected together supporting the fact that both SPP coupling and

decay play a major role in the emission enhancement. For SPP-mediated SERS,

larger hole size facilitates stronger coupling of Raman emission from the 6-

mercaptopurine molecules to SPPs as well as faster radiative decay rate to recover

the SPPs back to free space photons [61].

6 Conclusions and Future Perspective

Various 1D and 2D periodic metallic arrays have been fabricated by interference

lithography and their optical properties have been studied by angle-resolved reflec-

tivity and Raman spectroscopy. The combination of these two techniques has been

proven to be an effective tool in understanding the underlying mechanism of SERS,

especially the electromagnetic origin of SERS. They discern a particular electromag-

netic resonance mode in the dispersion relation for detailed investigation. It is evident

that the generation and decay processes of the resonance modes both govern SERS,

and how to quantitatively determine their influences on SERS has been the key

subject in our research. For surface plasmon–mediated SERS, we have demonstrated

12

a b
0.6

0.5

0.4

0.3

0.2

coupling effciency

10

S
P

P
 li

fe
tim

e 
(f

s)

8

6

4

100

hole radius (nm)

150 200100 150 200

100 nm

120 nm

Fig. 1.23 The plots of (a) SPP lifetime and (b) coupling efficiency of (1,0) SPP mode taken at lres
¼ 550 nm for two hole depth ¼ 100 and 120 nm as a function of hole radius

28 C.Y. Chan et al.



the importance of SPP decay lifetime and coupling efficiency in controlling the decay

process of outgoing SPPs as well as the resulting Raman enhancement. Higher

radiative decay rate and larger coupling efficiency favor more efficient energy

transfer from excited molecules to the far field, yielding stronger Raman emission.

Many other issues also deserve attention. For example, the generation process of

ingoing SPPs is also of importance since it participates equally with the decay

process in maneuvering SERS. The connection between lifetime, coupling effi-

ciency, and the excitation enhancement should be identified in order to maximize

the overall Raman enhancement. In addition to the SPP mediation, localized

resonances have also been shown to play a major role in enhancing Raman

emission. However, its contributions to SERS have not yet been studied in detail

by far. All these issues, once resolved appropriately, should allow us to lay out

a guideline in rationally designing high sensitive and stable SERS substrates based

on periodic arrays.
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34. López-Rios T, Mendoza D, Garcı́a-Vidal FJ, Sánchez-Dehesa J, Pannetier B (1998) Surface

shape resonances in lamellar metallic gratings. Phys Rev Lett 81:665

35. Ruan Z, Qiu M (2006) Enhanced transmission through periodic arrays of subwavelength

holes: the role of localized waveguide resonances. Phys Rev Lett 96:233901

36. Laux E, Genet C, Ebbesen TW (2009) Enhanced optical transmission at the cutoff transition.

Opt Exp 17:6920

37. Gordon R, Brolo A (2005) Increased cut-off wavelength for a subwavelength hole in a real

metal. Opt Express 13:1933

38. Yu Q, Guan P, Qin D, Golden G, Wallace PM (2008) Inverted size-dependence of surface

enhanced Raman scattering on gold nanohole and nanodisk arrays. Nano Lett 8:1923

39. Brolo AG, Arctander E, Gordon R, Leathem B, Kavanagh KL (2004) Nanohole-enhanced

Raman scattering. Nano Lett 4:2015

30 C.Y. Chan et al.



40. Lucas BD, Kim JS, Chin C, Guo LJ (2008) Nanoimprint lithography based approach for the

fabrication of large-area, uniformly oriented plasmonic arrays. Adv Mater 20:1129

41. Alvarez-Puebla R, Cui B, Bravo-Vasquez J, Veres T, Fenniri H (2007) Nanoimprinted SERS-

active substrates with tunable surface plasmon resonances. J Phys Chem C 111:6720

42. Li J, Iu H, Luk WC, Wan JTK, Ong HC (2008) Studies of the plasmonic properties of two-

dimensional metallic nanobottle arrays. Appl Phys Lett 92:213106

43. Space Nanotechnology Laboratory, Massachusetts Institute of Technology, Cambridge, Bos-

ton, USA. http://snl.mit.edu/

44. O’Reilly TB, Smith HI (2008) Linewidth uniformity in Lloyd’s mirror interference lithogra-

phy systems. J Vac Sci Technol B 26:2131

45. Baltog I, Primeau N, Reinisch R, Coutaz JL (1995) Surface enhanced Raman scattering

on silver grating: optimized antennalike gain of the Stokes signal of 104. Appl Phys Lett

66:1187

46. Baltog I, Primeau N, Reinisch R, Coutaz JL (1996) Observation of stimulated surface

enhanced Raman scattering through grating excitation of surface plasmons. JOSA

B 13:656

47. Kahl M, Voges E (2000) Analysis of plasmon resonance and surface enhanced Raman

scattering on periodic silver structures. Phys Rev B 61:14078

48. Michaels AM, Nirmal M, Brus LE (1999) Surface enhanced Raman spectroscopy of individ-

ual Rhodamine 6G molecules on large Ag nanocrystals. J Am Chem Soc 121:9932

49. Penninkhof JJ (2006) Tunable plasmon resonances in anisotropic metal nanostructures, Ph.D.

thesis, Utrecht University

50. Ghaemi HF, Thio T, Grupp DE, Ebbesen TW, Lezec HJ (1998) Surface plasmons enhance

optical transmission through subwavelength holes. Phys Rev B 58:6779

51. RSoft Design Group, Inc., New York, USA. http://www.rsoftdesign.com/

52. Chan CY, Li J, Xu JB, Ong HC (2009) The dependence of surface enhanced Raman scattering

on the groove size of one-dimensional metallic gratings. MRS Spring Meeting, San Francisco
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SERS-Encoded Particles 2
Nicolas Pazos-Perez and Ramón A. Álvarez-Puebla

1 Definition of the Topic

SERS-encoded particles show great promise for high-throughput multiplexed

measurements of biologically active species (such as pathogens and/or disease

markers) in complex fluids. These particles can also be applied for in vivo imaging

of tissues and cells.

2 Overview

Here we show how SERS can be used for the preparation of encoded particles. These

particles have been establish as a solid and reliable analytical technique for the

multiplex detection in extremely low amounts of a wide variety of bioanalytes in

complex matrices such as biological fluids. SERS-encoded particles for indirect

detection and labeling can be implemented on chips, microfluidics or even inside

living cells, tissues, and a variety of microorganisms. However, there are still open

challenges, mainly related to the reproducibility of the methods for substrate fabrica-

tion, in particular when dealing with the formation of hot spots, which are responsible

for the highest enhancement factors, but their efficiency is extremely sensitive toward

small geometrical details within the nanostructure. Additionally, although portable

Raman spectrometers are available, most of the published reports are based on very

sophisticated instruments that will not find a place in routine analysis labs or hospitals.

Thus, the use of SERS codification, particularly in biomedical applications, has a great

potential, as demonstrated by many examples, but is open to new developments that

will undoubtedly continue amazing us in the near future.
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3 Introduction

The ideal strategies for drug discovery or clinical diagnosis should allow users to

simultaneously investigate the presence of a large number of disease markers

within each sample (i.e., high-throughput screening) and draw a rapid and

accurate diagnostic on the activity of a group of substances or the health condition

of a patient. These assays typically include screening chemical libraries for

compounds of interest and identification of particular target molecules, such as

antigens, antibodies, nucleotides, and peptides, either in test or real samples. The

thousands of individual reactions that are typically required for these purposes

should be preferably carried out all at the same time. Promising tools for this

purpose are the “multiplex technologies,” which allow multiple discrete assays to

be performed simultaneously within the same sample. Perhaps one of the most

important challenges in developing multiplex assays is the necessity to track

each reaction. For example, if only one reaction of interest occurs in a group of

thousands of molecules that are screened against a certain target analyte, it must be

possible to determine which molecule was responsible for that particular reaction.

A promising approach requires each of the microcarriers to be labeled, so as to

allow the identification of molecules bound to their surface. This method allows

uniquely encoded microcarriers to be mixed and subjected to an assay

simultaneously.

An assay platform that is rapidly gaining prominence for a variety of applications

from diagnosis and biodetection to combinatorial chemistry and drug discovery are

encoded microparticles. Such encoded particles address some of the limitations

posed by conventional substrates. For instance, advantages offered by these

substrates include: (a) amenability to high-throughput screening and multiplexing

[1, 2], (b) larger surface area for receptor conjugation or solid phase synthesis,

(c) improved accessibility of the analytes to the entire sample volume for interaction

with the bead-conjugated receptors, and (d) greater versatility in sample analysis and

data acquisition. Encoded particles may be grouped into various categories based on

the particle size range (nano [3, 4] or micro [5, 6]) and the codifying strategy

(external labeling or self-encoding). External labeling requires the addition of

codifiers to the microplatform, such as dyes [7, 8], photonic crystals [9, 10], or

semiconductor quantum dots [11]. Conversely, the self-encoding approach benefits

from the chemical/physical properties of the materials used in the synthesis of

the microparticles, such as shape (Fig. 2.1a–c) [6, 12], vapor permeability [13],

spectroscopic properties [14, 15], or composition (Fig. 2.1d, e) [16].

Most of the external labeling approaches today rely on electronic spectroscopy

techniques (i.e., fluorescence or surface plasmon resonance) [17]. Although such

strategies are powerful and convenient, the simplicity of the obtained spectra,

usually just one broad band, limits the number of different codes available for

a given system. In this context, the use of surface-enhanced Raman scattering

(SERS) and surface-enhanced resonance Raman scattering (SERRS) spectroscopy

as codifying alternatives offers unique advantages such as: (a) ultrasensitive detec-

tion down to the single molecule level [18–20] that will decrease dramatically the
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deconvolution times, allowing for real-time applications such as high-throughput

screening in flow-cytometry or microfluidic systems [21, 22]; (b) an unlimited

number of barcodes since SERS/SERRS spectra are essentially vibrational finger-

prints, unique for each molecule, with the possibility of expanding the codified

library to the infinite by combining different tags with similar SERS cross sections

[23]; and (c) the use of the same hybrid systems as optical enhancing platforms for

fluorescence in sandwich key-and-lock applications such as ELISA-like

microarrays, with the subsequent decrease in the detection limits of pathogens or

pathogen markers [24, 25].
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Fig. 2.1 (a–c) Particle encoding through lithographic marks. Particles consisting of two regions,

a fluorescent labeled lithographic mark and probe area (a–b). Fluorescence in the probe regions

indicates target detection. (c) Scale bar, 100 mm. (d–e) ToF-SIMS compositional imaging of

polymer beads on a silicon substrate showing the total ion image (left) and the chloride (green)/
bromide (red) ion distribution (right) in a 1,700 � 1,700 mm2 field. (Reproduced with permission

from references [6], [a–c] and [16], [d–e]. Copyright 2007, Science Publishing Group, and 2006,

American Chemical Society, respectively)
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4 Experimental and Instrumental Methodology

Although the fabrication and characteristics (material, size, biocompatibility, and

others) of the desired SERS-encoded particles strongly depend on each specific

application, all of them share some common requirements: (a) the presence of an

optical enhancer, (b) the addition of the SERS code, and (c) protection with a silica

or polymer of the SERS code from leaching while providing a suitable surface for

biofunctionalization [26, 27].

The simplest way to produce SERS-encoded nanoparticles comprises the SERS

codification of single plasmonic colloids and encapsulation within silica or polymer

shells (Fig. 2.2) [28–30]. Regarding the plasmonic particle, which is key for the

generation of the electromagnetic field necessary to increase the Raman signal of

the label molecule upon excitation with the appropriate light [31, 32], a number of

materials have been demonstrated to possess radiative localized surface plasmon

resonances in the visible or the infrared, but gold and silver remain the most used by

far due to their low toxicity, stability, and optical efficiency [33]. In recent years,

the colloidal nanofabrication procedures have evolved sufficiently to allow the

synthesis of nanoparticles with almost any shape and size [34–39]. On the other

hand, silica coating of nanoparticles is also a mature technology [40]. Thus, the key

step for the codification of single nanoparticles relies on the incorporation of the

Raman label to give rise to a signal as strong as possible without compromising

colloidal stability. Unfortunately, sorption isotherms are not applicable to this

problem as usually both particle and Raman label concentrations are so low that

the equilibrium concentration (the proportion of the initial concentration of added

Raman label that was not retained onto the nanoparticles surface) cannot be

determined by conventional analytical techniques. Therefore, codification of

nanoparticles with the appropriate amount of label is a trial and error exercise

rather than an established protocol. Another important drawback related to encoded

single particles is the achievable SERS intensity. The formation of the protective

shell around the single colloidal particles inhibits plasmon coupling and in turn the

generation of hot spots (specific gaps between particles where the electromagnetic

field is extremely high due to coupling between their plasmon resonances [18]).

Even though the recent demonstration of the heterogeneous distribution of plasmon

modes within anisotropic particles [41] is leading to the development of highly

active nanoparticles [42, 43], still the most popular approach for the fabrication of

nanometer-sized SERS-encoded particles is the use of aggregates. Particle aggre-

gation can be easily promoted by changing the solvent, increasing the ionic strength

of the suspension [44], decreasing pH [45], or just spontaneously due to the

adsorption of the Raman label [46]. Notwithstanding, these uncontrollable aggre-

gation processes are usually undesired because they lead to a random distribution of

hot spots with the subsequent heterogeneous signal from particle to particle. Thus,

several approaches were developed toward controlling aggregation. One of the

oldest and probably most successful approaches comprises the so-called composite

organic-inorganic nanoparticles (COIN) [47, 48]. The COIN approach consists

of the controlled label-induced aggregation of silver particles. Then a shell of
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bovine serum albumin (BSA) is spontaneously retained onto the COIN. This shell

not only protects the code but also allows for further functionalization with bio-

molecules such us proteins (antibodies). Other strategies for the generation of

aggregated encoded particles relies on inducing aggregation by increasing the

ionic strength followed by silica coating of silver [49] or gold colloids [50].

In fact, these particles have recently been demonstrated to give rise to a sufficiently

intense signal to be individually identified in a Raman flow-cytometer [51].

Nevertheless, both methods still yield uncontrollable aggregates with the ensuing

fluctuations in their SERS intensity. For this reason, an increasing activity is

observed toward the development of controlled methods for the fabrication of

SERS-active dimers including spheres, cages, pyramids, or even rods (Fig. 2.3)

[52–58].

a

c ddd

b

e
633 nm SERS without dye

633 nm SERRS NBA

633 nm SERRS TB

633 nm SERRS MB

400 800 1200 1600

Raman shift (cm−1)

Fig. 2.2 TEM images of

60.4 nm Au spherical

particles, encoded with blue

dyes and coated with different

silica shell thicknesses: (a)
11.7 � 1.5, (b) 22.4 � 2.3,

(c) 28.7 � 1.5, and (d)
43.7 � 3.5 nm. The right half

of the images has been

colored for better

visualization (red: Au; brown:
silica). (e) SERRS spectra of

the particles, both unlabeled

and labeled with Nile blue

A (NBA), toluidine blue

O (TB), and methylene blue

(MB NBA, TB, and MB. All

spectra were obtained upon

excitation with a 633 nm laser

(Adapted with permission

from Ref. [28], [d–e].
Copyright 2009, American

Chemical Society)
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For some applications such as multiplex microarrays, the possibility of

observing and resolving single particles is necessary. Since state-of-the-art

micro-Raman systems attached to confocal microscopes have a spatial resolution

of about 500 nm, these applications require encoded particles of larger size, usually

in the submicrometer or even in the micrometer scales. Although the most

convenient approach for obtaining these particles may seem the use of large

metal particles, radiative damping effects become increasingly significant as parti-

cle size is increased, leading to negligible SERS enhancement for particles larger

than ca. 200 nm. One exception to this rule can be found in single particles

produced by galvanic replacement with gold of a sacrificial particle made of

a material with a lower reduction potential [59]. By choosing the appropriate

thermodynamic conditions [60], this method yields particles with similar size and

shape as the sacrificial templates but with a porous texture (Fig. 2.4a–c) [61].

Alternatively, it has been proven that silver or gold nanoparticles can act as polymer

cross-linkers. This method is based on the high affinity of sulfur for gold and

silver surfaces. By using nanoparticles with different sulfur-substituted styrene

monomers [62, 63] and adding those to common styrene monomers in a typical

emulsion polymerization reactor it is possible to obtain SERS-encoded beads

with sizes of several micrometers (50–150 mm) where the encoding agent is the

sulfur-styrene capping agent (Fig. 2.4d–f) [64]. Regarding the extrinsically labeling

a b

d

20 nm200 nm

500 nm500 nm500 nm

c

500 CCD cts

0 CCD cts

Fig. 2.3 (a) SEM and SERS images of a bipyramid dimer. TEM Image of a Au@Ag (b) and a Au
(c) nanosphere dimer. (d) SEM image and nearfield map of a gold nanorod dimer (Adapted with

permission from Refs. [52, 55, 57] and [58], respectively. Copyright 2009 and 2010 American

Chemical Society)
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approaches, the most common strategy is the use of a low SERS cross section

material (i.e., silica, titania, polymers such as polystyrene, agarose, or others) as

a solid support for the assembly of premade nanoparticles on its surface. Methods

for the deposition include self-assembly of the nanoparticles directly onto surface

amino or thiol groups, and the use of polyelectrolytes in a layer-by-layer technique.

An alternative mode for the generation of plasmonic particles on the surface of the

support, which may be less controlled but highly effective, is based on the in situ

reduction of the metal salts (Fig. 2.4g) [65–67], which can be combined with the

deposition of gold seeds, grown for generation of highly active hot spots [42]. One

of the main characteristics of these materials is their high colloidal stability, so that

codification can be achieved by directly immersing the beads in an excess of the

SERS code followed by cleaning through centrifugation or sedimentation. As in the

previous cases, encoded nanoparticles are then protected by coating them with

silica [29, 67], polymer [27, 68], or even carbon shells [69].
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Fig. 2.4 (a) Optical, SEM (inset TEM) and (c) SERS mapping (1,072 cm�1, ring breathing, (b))
of a single gold checkmark after exposure to BT in the vapor phase. (d) Optical and SEM

micrograph of a SERS-active microsphere cross-linked with a mercaptostyrene-coated AgNP.

(d and f) Cross-sectional TEM micrographs showing the distribution of AgNP inside the micro-

spheres. (g) SiO2@Ag beads prepared by in situ reduction of AgNO3 onto the silica particles

(Reproduced with permission from Refs. [61], [a–c], [64] [d–f], and [66] [g]. Copyright 2008,
American Chemical Society (a–c, g) and, 2009, Elsevier Publishing Group [d–f])
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5 Key Research Findings

5.1 Encoded Particles for Multiplex High-Throughput Screening
and Key-and-Lock Sensors

Rapid and sensitive techniques to detect antigens and biomolecules are central to

various aspects of human health, from determining the precise diagnostic and the

proper therapeutic treatments to preventing and controlling pandemics and bioter-

rorism. Most of the existing detection assays rely on specific molecular recognition

events such as antibody-antigen, DNA-DNA, or receptor-ligand interactions [70].

However, current technologies such as enzyme-linked immunosorbent assay

(ELISA), radioimmunoassay (RIA), fluoroimmunoassay (FIA) or printed

microarrays, and serologic testing are costly, labor intensive, and have little capac-

ity for multiplex sampling. To overcome these limitations, simple and cost-

effective analytical techniques with multiplexing capabilities are needed. In line

with that, the use of bioconjugated SERS-encoded microparticles for their direct

use in suspension or for fabrication of biodetection devices on micropatterned

silicon chips emerges as an alternative technology [71–73].

Biofunctionalization of the protective shell of the encoded particles is usually

achieved by conventional solid phase procedures (Fig. 2.5). The most extended may

still be the so-called EDC chemistry (i.e., carbodiimide chemistry with 1-ethyl-3(3-

dimethylaminopropyl)–carbodiimide (EDC) and N-Hydroxybenzotriazole (HoBt)

as coupling agents) [74, 75], while other emerging methods such as click chemistry

[76, 77] are gaining prominence. EDC chemistry is straightforward for particles

coated with polymers containing carboxylic or amino functionalities. Otherwise, as

in silica coatings, a primary self-assembly step with a carboxylic or amino silane is

required to attach these groups onto the particle surface. Once the capture antigen

(diagnosis) or antibody (biodetection) is covalently attached, encoded microparti-

cles can be used as versatile platforms for sandwich key-and-lock sensors. Encoded

particles can be used either in suspension assays (Fig. 2.5a) or patterned into

microchips (Fig. 2.5b). In a typical suspension assay, a mixture of different anti-

bodies, each of them previously labeled with one particular encoded particle, is

added to the fluid of interest. After reaction with their specific antigens, the particles

are separated by centrifugation, washed, and exposed to a detection antibody

(labeled with a fluorophore), which selectively binds to particles that were

complexed to the corresponding capture antibody. After fluorophore binding, the

particles are centrifuged and washed again, and a small portion is cast onto a glass

slide and analyzed in a micro-Raman system. Positive diagnosis of the presence of

a pathogen, disease marker, etc., requires the presence of both fluorescence and

SERS tags on the same particle [78]. Although in principle this method does not

require homogeneity in size or shape, if automation by flow cytometry or

microfluidics is to be implemented, size homogeneity is essential to avoid interfer-

ence due to different Rayleigh scattering signals (which are morphology dependent)

[21]. An alternative route to suspension assays is the generation of microchips

containing encoded particles within well-defined spatial regions and fixed to
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a surface, which allows fast recognition and avoids the need of washing steps such

as centrifugation [7, 79], On the other hand, the readout from the chip can be

performed automatically. Notwithstanding, the preparation of these platforms

requires using particles with a high homogeneity in both size and shape [5, 14].

This approach presents many advantages with respect to the conventional ones.

Intensity of SERS/SERRS spectra is huge, which enables very short detection times

in the order of milliseconds. On the other hand, by taking advantage of the presence

of the nanoparticles, surface-enhanced fluorescence of the labeling dye should

be registered as well. This enhancement is described to be about 100-fold

(as compared with regular laser fluorescence spectroscopy, around 20-fold of

normal fluorescence microscopes, giving rise to a final enhancement factor of

about 2,000-fold), at the optimized distance optical enhancer (nanoparticle)-

molecular probe. The latter allows for a dramatic increase in the sensitivity (amount

of agent/disease marker present to be detected) with detection limits down to the

femtomolar regime [66]. Both suspension and microchip approaches are currently

applied to a variety of health problems including biodetection of extremely infec-

tious viruses such as dengue [80] or flu [81], cancer diagnosis [10, 65, 82], or

genotyping [7, 83].

5.2 SERS Imaging of Cells and Tissues

Encoded particles do not only pave the way toward the design of new and fast

advanced sensor devices, capable of monitoring multiple parameters in a single

readout, but can also be applied in bioimaging. In 1991, Nabiev et al. [84] reported

the SERS spectra of the antitumor drug doxorubicin, recorded from treated cancer

cells incubated with citrate-reduced silver colloids. These spectra were the first

feasibility data demonstrating the promising perspectives of SERS spectroscopy in

bioimaging, and it has currently become a key topic of research. SERS bioimaging

is based on the functionalization of encoded particles with bioligands showing

affinity for specific receptors either of the cell membrane in tissues or single

�

Fig. 2.6 Schematic representation of the assembly of SERS-active clusters. The raw colloid

is assembled using a linker (hexamethylenediamine, HMD). Polymer (PVP) addition stabilizes

the aggregate and halts further aggregation. Streptavidin (STV) and bovine serum albumin

(BSA), known to passively adsorb to Au and Ag surfaces, are added, and the Raman tag

(4-mercaptobenzoic acid, MBA) is allowed to infuse through the coat and into the junction

between the nanoparticles. The final complex is both fluorescent and Raman active. Correlated

fluorescence and SERS. (a) Reflected white-light image of encapsulated Ag clusters within HeLa

cells. Scale bar 20 mm. (b) Epifluorescent image obtained from the STV dye in the particle coat.

(c) Overlay of transmitted DIC white light and fluorescence, with nuclei outlined. (d) SERS map

colorized for pH value determined from ratios of pH-sensitive bands. Regions of low SERS

are masked black. Inset is the histogram of pH values. (e) Overlay of fluorescence and pH map.

(f) SERS spectra of the circled regions in (d) (Adapted with permission from Ref. [56]. Copyright

2010; Wiley-VCH)
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organisms, and even for organelles inside the cell [85]. Regarding tissue imaging,

this technique has been widely applied to the study of cancer tumors both in vitro

[57, 65, 67, 86–88] and in vivo [89, 90].

Probably one of the more spectacular applications of SERS-encoded particles

relies on the multiplex spectral imaging of the interior of living cells. Due to the

specific particle internalization mechanisms by living cells [91, 92], not all the

SERS-encoded particles are optimal systems for the study of the internal structure/

behavior of these organisms. SERS-encoded aggregates are usually large and their

size either completely inhibits the internalization or results in the inclusion of a very

small number of “big particles” dramatically decreasing the spatial resolution [93].

Thus, to solve this situation, the use of single particles has been popularized for

recording information from the interior of a cell [94–96]. However, because of the

absence of hot spots in single nanoparticles, the internalization of a large amount of

particles is necessary [94, 96], additionally requiring long acquisition times to

record a high-quality signal. This also results in the absence of spatial resolution,

as well as cell damage. As a possible solution to this drawback, single nanoparticles

were encoded with fluorophores to increase the signal intensity as a result of

electronic resonance [97]. This approach, however, requires the use of visible

lasers, out of the biological transparency window, thus decreasing the penetration

of the beam while increasing the damage to the cell because of the focalization of

a high-energy laser, which also promotes the intrinsic fluorescence of the cell [56].

Thus, a real solution, developed by Moskovits group, is based on the controlled

fabrication and codification of particle dimers (Fig. 2.6) [56]. These dimers have

sizes that are small enough to be internalized by eukaryotic cells and give suitable

spatial and spectral resolution [98, 99].

6 Conclusions and Future Perspective

We have shown that SERS-encoded particles have been established as a solid and

reliable analytical technique for the detection in extremely low amounts of a wide

variety of bioanalytes. SERS-encoded particles for indirect detection and labeling

can be implemented on chip or even inside living cells, tissues, or a variety of

microorganisms.

However, there are still open challenges, mainly related to the reproducibility of

the methods for substrate fabrication, in particular when dealing with the formation

of hot spots, which are responsible for the highest enhancement factors, but their

efficiency is extremely sensitive toward small geometrical details within the nano-

structure. Additionally, although portable Raman spectrometers are available, most

of the published reports are based on very sophisticated instruments that will not

find a place in routine analysis labs or hospitals. Thus, the use of SERS codification,

particularly in biomedical applications, has a great potential, as demonstrated by

many examples, but is open to new developments that will undoubtedly continue

amazing us in the near future.

44 N. Pazos-Perez and R.A. Álvarez-Puebla
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Biomedical SERS Studies Using Nanoshells 3
Michael A. Ochsenk€uhn and Colin J. Campbell

1 Overview

There is a need in biomedical sciences for improved techniques for monitoring

biomolecular interactions and physiological processes, especially those which can

report in real time. New techniques may find use in (for example) live-cell imaging

or in vitro diagnostics – one such technique is surface-enhanced Raman spectros-

copy (SERS). While SERS has been demonstrated using a variety of metal surfaces

this chapter focuses on applications which use nanoshells, a type of engineered

nanoparticle. We focus on biological applications of SERS, illustrating the discus-

sion with examples of investigations of biomolecular conformational changes,

biomolecular interactions, and intracellular studies.

2 Introduction

Raman spectroscopy is an inelastic scattering technique that probes the vibrational

energy levels within molecules and was first reported by C.V. Raman, who was

awarded the Nobel Prize in Physics in 1930 for his discoveries. Nowadays, Raman

spectroscopy is an established technique and is regularly used to analyze chemicals and

materials, often in combination with infrared absorption spectroscopy since the two

techniques are mutually complementary, that is, vibrational transitions that are

Raman active are not IR active. In Raman scattering, light interacts with a molecule
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and polarizes the electron cloud elevating the molecule to a short-lived state, called

a “virtual state.” This state is not stable and the photon is quickly re-radiated [1].

The difference in energy between the incident and scattered photon is characteristic of

a transition between vibrational levels in the molecule and is determined by such

factors as the identity of the atoms or the formation of higher order structural motifs.

The main advantages of Raman spectroscopy are: independence on excitation

wavelength which allows the experimentalist to choose a wavelength suitable for the

sample under study, and the ability to probe large biochemical compounds or

structures, such as cells or tissues, without the need for markers. While Raman

spectroscopy sounds like the perfect technique for analytical chemistry and biochem-

istry, its major drawback is a very low scattering cross section that results in a weak

signal, which can be obscured by fluorescence or elastically scattered light [1].

This drawback can be overcome by using surface-enhanced Raman spectros-

copy (SERS) which was first discovered by Fleischmann et al. as they attempted to

measure Raman spectra of pyridine on an electrochemically roughened silver

surface [2]. The signal was much higher than expected and the authors explained

this finding on the basis of increased surface area compared to a polished electrode

surface. In 1977, a surface-plasmon-enhanced mechanism was proposed by van

Duyne et al. [3] and this explanation has now become widely accepted. SERS is

now often employed in order to increase the sensitivity and signal strength of

Raman spectra and since signal enhancements of up to 1014 have been reported,

this has enabled extremely sensitive measurements such as single molecule studies

[4]. Enhancement of the Raman signal occurs when a molecule is in close proximity

to a metal nanoparticle or nanostructured metallic surface. The interaction of light

with packets of electron density at the metal–dielectric interface gives rise to

surface plasmon resonance (SPR) [5]. SPR results in an increase in local electro-

magnetic field strength which leads to an enhancement of the Raman signal from

molecules at the metal surface. While silver and gold are the most commonly used

metals since they are relatively resistant to corrosion and exhibit SPR with light in

the visible or near IR regions, several other metals have also been used to demon-

strate SERS [6].

There are two theories that attempt to explain the SERS effect. The first is the

electromagnetic theory that describes an interaction between the incoming radiation

and surface plasmons causing an enhancement in the local electric field and the

second is the charge transfer theory where a bond is formed between the metallic

surface and the molecule. It is thought that both mechanisms can contribute to the

signal increase [5, 6]. For the molecule to experience an increase in its polarizability

and therefore its Raman cross section it should be orientated perpendicular to the

surface plasmon wave vector – as a result, not all Raman active modes of

a molecule are necessarily SERS active. SERS is a powerful technique in the

study of single molecules [7] and has been used in a variety of applications from

biohazard detection [8] through the study of biomolecule structures, for example,

proteins [9] to nucleic acid sequence detection [10]. SERS has even been used to

image cells and has the advantage that it gives specific chemical information about

distinct locations where nanoparticles have been delivered [11].
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3 Experimental and Instrumental Methodology

This section describes the methods which we have been used for preparing sub-

strates for SERS measurements. All of the described methods employed commer-

cially available gold NS from Nanospectra Biosciences Inc (Houston, TX).

Modification of particle surfaces was accomplished by forming a self-assembled

monolayer of molecules of interest [12].

3.1 Formation of NS Aggregates on Silanized Glass Slides

NS suspended in ddH2O at a concentration of 40�109 particles/mL were vortexed

and ultrasonicated for 5 min before being placed in 3 mL spots on aminopropyl

triethoxy silanized (APTES) slides and left until dry. APTES slides are commer-

cially available and can be purchased from (for example) Schott or Corning. The

slides were then washed five times in excess water in order to remove any free

particles. Particles typically formed layered aggregates, which could be visualized

using atomic force microscopy (AFM).

3.2 NS Surface Modification 4-Mercapto Benzoic Acid (4MBA)

3.2.1 Functionalization of Aggregates
In order to modify NS with 4MBA, a 10 mM solution of 4MBA in 9:1 H2O/EtOH

was prepared. This solution was then pipetted as a 10 mL drop on the aggregated

spots described above and left at RT overnight. On the next day, the self-assembled

monolayer was washed ten times with ddH2O and the slides were spun dry at

1,000 rpm for 1 min in a table top Eppendorf centrifuge.

3.2.2 Functionalization of Particles for Intracellular Use
NS suspensions were sterilized by autoclaving. 300 mL of sterile NS solution of

10�109 NS/mL was added to 10 mL 4-MBA (1 mM) and incubated overnight at

room temperature. Excess 4-MBA was washed off by careful recovery of NS from

the reaction solution by centrifugation. The sample of modified NS was washed

a further four times in ddH2O.

3.2.3 Modification of Aggregates with 50 Thiol Modified Aptamers
and Oligonucleotides

Stock solutions of 50 thiol modified aptamer(100 mM) were diluted to 100 mL in

water and treated with tris (2-carboxyethyl)phosphine (TCEP) (1 mg) for 30 min at

RT, gently agitated and purified using a G-25 MicroSpinTM size exclusion column

purchased from Amersham Biosciences (Buckinghamshire, UK). The aptamer

solution was then diluted to a concentration of 10 mM in buffer consisting of

(Tris–HCl 50 mM, NaCl 140 mM, MgCl2 10 mM, KCl 10 mM, pH 7.4), heated to

95�C for 5 min, cooled down to 72�C for 15 min and then cooled to RT over 30 min.
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15 mL of aptamer solution was pipetted onto the NS aggregate spots and incubated

for 18 h at 30�C in a humid environment. Excess aptamer was removed by rinsing the

slide five times in the same buffer used for incubation. In order to minimize

nonspecific interactions, the spots were incubated with a solution of

mercaptohexanol (MCH) (1 mM, 15 mL) in the above buffer for 30 min and rinsed

five times afterward with the same buffer.

3.3 SERS Experimental Setup

3.3.1 Microscope
An InVia Confocal Raman Micrscope AFM system (Renishaw, UK) fitted with

a 50x Leica water immersion objective (NA of 0.8) and a 785 nm diode laser

delivering up to 7 mW of laser power was used.

3.3.2 SERS Measurements on Aptamer Modified NS
SERS measurements on NS bound oligonucleotides were performed using�30 mW
of laser power at the sample and a typical acquisition time of 10 s between 800 and

1,800 cm�1. The spectra shown are averages of 25 consecutive acquisitions

collected from different aggregates.

4 Key Research Findings

4.1 Nanoshells and Spectroscopy

In order to collect SERS spectra, nanoscaled structures are usually either fixed onto

large surfaces or free in suspension in the form of nanoparticles. Suitable particles

are available in a variety of forms: simple spherical particles, rods, [13] rice-like

shapes, [14] sea urchins [15], or even cages [16]. Their size can vary from 1 to

500 nm, and this factor has an important impact on their surface plasmon resonance

properties.

Nanoshells are a particular class of spherical nanoparticles, invented by Halas

et al., which comprise a dielectric core coated with a thin noble metal film. The core

can range from solid materials like silica [17] to hollow particles, [18] and to date

Au, Ag, and Cu have been used as metal layers [19, 20]. This particular approach to

nanoparticle engineering allows sensitive control over both the size and the optical

properties of the particles [21]. In fact, the electronic and optical properties of

nanoshells can be approximated with the classic Mie-scattering theory and more

accurately predicted with a theoretical method based on a time-dependent local

density approximation (TDLDA) [22–24]. Nanoshells are typically made by first

coating a dielectric particle with amino silane which is used as a polyelectrolyte

layer on which to assemble 1–3 nm gold particles. The seeded gold particles are

then chemically annealed using HAuCl2 solution and the reaction time can be

varied in order to control the layer thickness [17, 25]. The process of nanoshell
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synthesis is well described elsewhere [26, 27]. Nanoshells have found a range of

applications including SPR sensing of biomolecular interactions in blood, [28] pH

measurements, [29] enhancement of fluoresence signals [30] and for investigating

the interaction between ibuprofen and lipid bilayer membranes [31]. Very recently,

even the measurement of SERS signals inside NS has been reported by Zhang et al.

[32]. A particularly noteworthy application, the thermal ablation of cancer with

antibody modified NS, exploits local heating caused by SPR, which specifically

destroys soft tissue cancers with great success [33]. Depending on the chosen

application, the optical properties of NS can be tuned. Since our particular aim is

to demonstrate the potential of NS for biological Raman spectroscopic applications

we typically use particles of 150 nm diameter, consisting of a silica core of 120 nm

diameter coated in a 30 nm layer of gold, which exhibit a maximum absorbance at

780 nm where cells or tissue exhibits very low absorbance and low autofluorescence.

4.2 Biomolecular Attachment

Biomolecular detection has been demonstrated using several approaches which

facilitate SERS on nanoscale roughened noble metal surfaces or by using

nanoparticles in a “sandwich” format [34]. A few approaches for SERS detection

of proteins have used aptamers, which are oligonucleotide probes that bind target

molecules with high specificity [35]. In these cases, Raman active dyes are gener-

ally attached to one end of the aptamer and are drawn closer to the surface of the

SERS substrate during binding of the target protein leading to a large enhancement

of the dye spectrum [36, 37]. Perhaps the best characterized aptamer of this kind is

the thrombin-binding aptamer (TBA) [38], which can be used as an inhibitor of

blood coagulation. The wealth of characterization data available for this aptamer

makes it an ideal candidate to use as a model-system for the development of new

detection methods. A stacked G-quadruplex structure is an important motif adopted

by the aptamer upon binding thrombin and its disruption has been shown to

destabilize the aptamer/protein complex [39]. Having these features in mind, we

speculated that by monitoring the SERS spectrum of this motif, we could detect

aptamer/protein binding. The ability to measure molecular binding events in real

time, without labeling, is critically important in aiding our understanding of

biological processes [40–43].

A recurring problem of SERS is spectral reproducibility which is often attributed

to variability in nanoparticle preparations or variability in nanoparticle aggregation.

Quality controlled and commercially available APTES modified glass slides and

AuroshellTM NS can be used to assemble a very convenient substrate for SERS

spectroscopy where NS form small aggregates with a size of ca. 0.5–5 mm diameter

on the surface [44] and which often comprise NS multilayers (Fig. 3.1). NS

aggregation gives rise to the formation of “hot-spots,” which are areas of enhanced

electromagnetic field. Similarly, other reproducible NS-based SERS platforms have

been reported with controlled regular monolayers or distributions of single and

paired NS [45]. In order to maximize the plasmon resonance, it is important to
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choose the right laser wavelength – this allows the maximum signal strength from

the lowest laser power. The field enhancement which gives rise to SERS decays

rapidly within a tightly confined zone surrounding the nanoparticles, therefore the

best way to obtain good signal is through the direct attachment of the molecule of

interest to the metal surface. The most common way of attaching biomolecules

covalently to a gold surface is through the use of a thiol-linker which can be readily

attached to most molecules and the separation between the surface and the molecule
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can be tuned through the use of a suitable spacer [46, 47]. Specifically, we attached

the aptamer to the gold surface using a thiolated 6x thymine linker which allows

improved secondary structure formation and aptamer–target interaction. Presenta-

tion of the aptamer was further improved by blocking unreacted surface sites on the

gold surface with a layer of mercapto-hexanol, which also serves to reduce

nonspecific binding (Fig. 3.2) [48]. This also has an important influence on the

Raman spectrum of the surface bound oligonucleotide as can be seen from Fig. 3.3.

The first spectrum shows a strong signal in the NS aromatic ring shift region at

around 1,450–1,600 cm�1 which we attribute to nonspecifically bound aptamer.

The second spectrum, after MCH incubation for 30 min and washing in buffers

shows only comparatively weak signal (e.g., the ubiquitous DNA phosphate stretch

at �1,080 cm�1) – we attribute this difference to a rearrangement of the aptamer

layer caused by surface passivation.

When measuring spectra of biological molecules and probing biomolecular

interactions, it is important to ensure that the sample is not uncontrollably heated

as a result of the measurement. Local plasmonic heating has been described for

a variety of nanostructures and has even been used for the thermal ablation of tumor

cells. Even though thermal ablation requires significantly higher laser powers than

we use for spectroscopy, we sought to determine whether plasmonic excitation leads

to local heating using our experimental conditions. Raman spectroscopy actually

provides themeans to investigate this since the ratio of anti-Stokes/Stokes intensities

is proportional to the temperature. Over the course of a 1.5 h long experiment with

continuous excitation using a laser power of�30 mWat RT, we acquired spectra and

plotted the anti-Stokes/Stokes intensity ratio [49]. The anti-Stokes and Stokes peaks

which we measure at �568 and 570 cm�1, respectively, can be assigned to the

CS-stretch and should be uniformly enhanced and abundant in signal in both inelastic

Raman scattering modes [50]. Figure 3.4 shows the spectrum at zero minutes.

One spectrum is the average of 10 acquisitions measured every 10 min. The
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anti-Stokes/Stokes ratios do not vary significantly over the period of themeasurement

and this finding confirms that no significant local heating occurs.

4.3 Conformational Changes

In order to demonstrate that G-quadruplex conformational changes can be probed

using Raman spectroscopy we first sought to investigate the intrinsic spectral

features of this structural motif using an oligo selected by Yoshida et al. [51] to

form a G-quadruplex (GQ). GQ modified nanoshells (referred to as NS-GQ) were

prepared the same way as NS-TBA (described above).

Immediately following attachment of the GQ oligo to the NS, we observed

a similar spectrum as for NS-TBA with the phosphate backbone stretch being the

most prominent feature around 1,080 cm�1 (Fig. 3.5). After 20 min incubation in

a buffer containing potassium and magnesium ions, which we had previously found

to promote GQ formation, the spectrum is significantly different. The SERS

spectrum of NS-GQ contains very distinct Raman features at 820, 1,132, 1,480

and 1,560 cm�1 (Fig. 3.5). We attribute these spectral changes to formation of the

G-quadruplex, and suggest that formation of a GQ structure positions key nucleo-

tides closer to the gold surface and in a better position to allow interaction between
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specific vibrational modes and the strong electromagnetic field caused by SPR. The

Raman spectral features of GQ correlate well with vibrational modes of its constit-

uent bases (guanine and thymine). In previous SERS studies by Halas et al. [52], it
was shown that the hybridization of oligonucleotides leads to changes in Raman

shifts. The same authors have also described the correlation between dsDNA

orientation and SERS signal intensity and found signal increases depending on

the angle between the molecule and the surface [53].

To investigate the temperature-dependent behavior of this oligonucleotide and to

illuminate the coherence between Raman signal and oligonucleotide secondary
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structure, a melting experiment, shown in Fig. 3.6, was conducted by gradually

heating the sensor from 30�C to 70�C with subsequent slow cooling to RT to allow

secondary structure reformation. On temperature increase the signal decreases

suggesting the gradual loss of secondary structure. Careful cooling back to RT

leads to the same characteristic Raman shifts and intensities, and shows that the

formation of theGQmotif is completely reversible. Further experiments confirmed that

this apparent melting behavior was not caused by a temperature-dependent loss in NS

absorbance (Fig. 3.6b). This simple experiment therefore confirmed that the changes in

SERS signal can be safely attributed to changes in molecular conformation.
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4.4 Using SERS Spectral Changes to Detect Aptamer-Protein
Binding

Having established that SERS can be used to detect changes in the secondary

structure of an aptamer, we sought to detect the conformational change in

a thrombin-binding aptamer (TBA) caused by binding to thrombin. As shown

above the SERS spectrum of the TBA functionalized NS has only a few distinct

features including the phosphate backbone stretch at 1,090 cm�1 aliphatic vibra-

tional modes at 850–900 cm�1, aromatic vibrational modes at 1,000 cm�1, and

heterocyclic ring vibrational modes between 1,200 and 1,300 cm�1 and between

1,550 and 1,600 cm�1 [49]. In these conditions, the secondary structure of the

oligonucleotide does not form when not bound to thrombin. On incubation with

10 nM thrombin for 30 min at room temperature there are significant spectral

changes. Figure 3.7a shows a comparison of the signal obtained after incubation

with 10 nM thrombin with a series of control experiments. Most importantly, only

on incubation with thrombin does the aptamer spectrum change and on incubation

with different nonspecific proteins such as bovine serum albumin (BSA), insulin,

and human serum (HS) the aptamer spectrum does not significantly change.
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The spectral features of the aptamer/thrombin complex are significantly similar

to those of the GQ shown above and some can be similarly attributed to vibrational

modes of guanine and thymine. Broad and weak features such as those between

900 and 1,000 cm�1 as well as 1,250 and 1,330 cm�1 and a very broad feature

covering the region around 1,400 cm�1 can be attributed to vibrational modes of the

protein as can be seen in the SERS spectrum of thrombin also shown in Fig. 3.5b.

In summary, the sharp Raman features which appear after incubation with 10 nM

thrombin at 822 cm�1, 1,140, and 1,558 cm�1 can be assigned to the combined

C20-endo and C30-endo modes of the 20-deoxyribose sugars, the C─O─C stretch at

1,140 cm�1, and guanine ring modes at 1,558 cm�1. At 1,480 cm�1, we observe

another feature with lower intensity which can also be assigned to a guanine ring

mode [49]. Further signal increases can be assigned to vibrational modes of protein,

such as the amide III backbone vibration at 1,220 cm�1, CH2 stretching mode at

1,440–1,460 cm�1, or tyrosine aromatic ring vibrations at 1,610 cm�1 [54, 55].

A control experiment using a random oligonucleotide did not show any changes on

thrombin incubation (Fig. 3.8).

To study the reproducibility and the reusability of the sensor, successive washing

steps were performed with solutions of 8 M Urea and 0.2 M Ca2+-EDTA followed

by re-incubation with 10 nM thrombin. Urea was chosen to destabilize the protein

aptamer complex and Ca2+/EDTA was chosen to disrupt the G-quadruplex.

Spectra recorded after washing exhibit the low intensity unbound signal and signal

increases repeatedly after incubation with 10 nM thrombin – these two states can be
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with 10 nM of thrombin in binding buffer. Also shown are SERS spectra of NS with

mercaptohexanol and the spectra for NS with TBA plus MCH
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cycled between in a reversible fashion (Fig. 3.9). This Figure also compares the

characteristic binding signals of the protein/aptamer complex with those from

control measurements. Furthermore, we observe the same spectral changes when

incubating the sensor with thrombin doped into human serum (Fig. 3.9 last row)

confirming that we can observe this specific biomolecular interaction even in

a complex biological matrix and obtain the same signal.

To determine the limit of detection (LOD) for thrombin detection, a freshly

prepared NS-TBA spot was incubated with different concentrations of thrombin.

The concentrations of target protein in solution ranged from 0 to 50 mM increasing

in steps of 1 order of magnitude in concentrations beginning with 500 yM. A blank

sample, containing no analyte, was also measured to determine the detection limit,

which is defined as the average plus 3 standard deviations of the blank measure-

ment. Different protein concentrations were incubated with NS-TBA for 30 min

and spectra taken as described before, raising the protein concentration continu-

ously (Fig. 3.10). Between every further incubation, a washing step with buffer was

included to remove unbound thrombin from the sensor. The first significant data

point above the limit of detection lies at 50 aM and this sensor can therefore

comfortably detect in the sub-femtomolar region.
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Fig. 3.9 Washing and target incubation cycles of NSTBA with 10 nM thrombin. Graph shows

intensities of dominant peaks. Peak intensities are highly reproducibly at every incubation cycle.

A further incubation in which 10 nM thrombin was dissolved in a 1% solution of human serum

produced similar peak intensities. Control experiments incubating only with bovine serum

albumin, insulin, and human serum do not show any increased signals compared to the washed

sensor [49]
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4.5 Intracellular SERS

The NS used in this work are designed to be excited with lasers in the NIR region,

which have excellent transmittance through tissue. To date these NS have been

added to cells for tumor destruction through plasmonic heating, but as demonstrated

above they also have excellent potential for use in spectroscopic investigations of

biomolecules [28, 49].

This section therefore demonstrates the use of NS to acquire spectra from the

intracellular environment of living and viable NIH/3T3 mouse fibroblast cells.

First, spectra from nonenhanced Raman measurements collected using detached

living NIH/3T3 cells were compared with SERS spectra from NS inside NIH/3T3

cells on quartz coverslips (UQG Ltd., Cambridge). In order to obtain a detectable

bulk Raman spectrum, 50 detached single cells were probed using 50 mW laser

power with a 785 nm laser for an acquisition time of 180 s per cell. SERS spectra

were collected on cells incubated for 3 h with 300 fM of NS. After locating the gold

nanoparticle light scattering pattern spectra were acquired for 5 s with a laser power
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Fig. 3.10 Result of the limit of detection (LOD) determination for NS-TBA in binding buffer for

the cognate target protein human a thrombin. The sensor was incubated with protein concentra-

tions between 500 yM and 50 mM. The red line indicates the LOD (mean plus 3 standard

deviations of the blank measurement) [49]
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of 3 mW at the sample. The SERS spectra were taken in several single living cells at

different locations (Fig. 3.11). Comparing the two different kinds of Raman

measurements some features are clearly visible in the bulk Raman as in the SERS

spectra, such as the peak at around 1,005 cm�1 attributable to phenylalanine or

the Amide-III mode and the beta sheet band at 1,215 cm�1. However, we see no

DNA-related peaks in the SERS spectra; this is expected if NS are only found in

the cytosol. Other peak assignments can be found in Table 3.1. Equation 3.1

shows the assumptions made in order to estimate the intracellular surface enhance-

ment. Four aspects of the measurement are compared: the probed volume, laser

power, acquisition time, and signal to noise. The calculated estimate for the

enhancement of the Raman signal of cytosolic compounds with NS has been

determined to be 1010 compared to nonenhanced Raman measurements. This

number is in reasonable agreement with the reported enhancement factor of 1012

for NS used in vitro [26, 46].

EFest ¼ Volbulk
VolSERS

� Tbulk
�TSERS �

Ibulk
ISERS

� SNSERS

SNbulk

(3.1)

EFest: Enhancment factor estimate

Volbulk: Total cellular volume probed using bulk native Raman

VolSERS: Cytoplasmic volume probed by SERS where
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Fig. 3.11 (a) Averaged Raman spectrum of 50 different NIH/3T3 fibroblast cells measured at

a 785 nm excitation wavelength, 50 mW laser power at the sample for 180 s. (b–e) SER spectra

taken by excitation of NS in different cells at the same wavelength with 5 s acquisition time and

3 mW laser power at the sample [56]
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VolSERS¼NSEAmaxvol – NSvol where NSEAmaxvol represents the volume of a sphere

with radius 10 nm greater than the NS wherein SERS enhancement is expected

and NSvol represents the volume of a nanoshell

Tbulk: Acquisition time for unenhanced Raman measurements of cells

TSERS: Acquisition time used for SERS of cells with NS

Ibulk: Laser power used for unenhanced Raman measurements

ISERS: Laser power used for SERS measurements

SNbulk: Signal to noise ratio for unenhanced Raman spectra

SNSERS: Signal to noise ratio for SERS spectra

Although we have demonstrated a method for intracellular Raman investiga-

tions, the actual information which can be acquired is rather nonspecific. For

a useful intracellular sensor high specificity to either certain cellular conditions,

like pH or redox potential, or for the detection of marker molecules for different

cellular processes is desirable.

Table 3.1 Comparison of Raman shifts in single cell and intracellular SERS measurements.

Values in columns a to e are taken from corresponding spectra in Fig. 3.11 [56]

Cell Raman Assignment for Raman features SERS from NS in cells

a) b) c) d) e)

640 C─C twist in Tyrosine 646 642 644

675 C─S stretch in Cysteine 678 684

720 C─N stretch in lipid/adenine 736 737

783 DNA: O─P─O backbone stretch in T/C

825 Out of plane ring breath in tyrosine 825

856 In plane ring breathing mode tyrosine 848 850

893 C─C skeletal stretch in protein 900 905 896

941 C─C skeletal stretch in protein 967 972

1,008 Sym. ring breathing mode phenylalanine 1,005 1,005 1,007

1,036 C─H in plane bending mode phenylalanine 1,037 1,038 1,036

1,100 DNA: O─P─O backbone stretching

1,109 DNA: O─P─O backbone stretching

C─N stretch in polypeptide chains 1,133 1,138 1,139

1,166 C─C stretching in proteins 1,174 1,174

1,217 Amide III: beta-sheet 1,216 1,209 1,214 1,214

1,266 Amide III: beta-sheet/adenine/cytosine 1,275

1,329 Guanine 1,323 1,329

1,354 Polynucleotide chain (DNA bases)

Possible porphyrin stretches 1,375 1,366

1,465 (v (C¼C)+v (C─C)+v (C¼O .-. H)) 1,485 1,475

Aromatic ring stretches 1,516 1,511

1,543 Lipid stretches 1,535 1,528 1,534

Tyrosine stretch 1,570 1,593 1,570

1,595 Ring mode (Adenine/guanine)

1,619 C¼C bending in phenylalanine and tyrosine 1,616

1,677 Amide I: alpha-helix
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In order to measure pH, we used NS functionalized with 4-mercapto benzoic

acid (4MBA). Intracellular pH determination has been demonstrated by

Kneipp et al. using 4MBA modified gold nanoparticles where the particles were

probably located in lyzosomes [57]. For the use of a nanosensor, it is of high

importance that surface functionalities remain intact whilst inside the cell and that

spectra are not complicated by signals originating from foreign molecules adhering

to the sensor surface. We used 4MBA functionalized NS for this simple test as

4MBA is known to easily form self-assembled monolayers on Au surfaces [12, 29].

The spectra (Fig. 3.12) of 4MBA-NS inside cells and free in media do not show any

obvious differences suggesting that the monolayer is stable and that there is little
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Fig. 3.12 (a) TEM image taken of a single NS in NIH/3T3 fibroblast cell located near the nuclear

membrane. (b) SERS spectra of 4 mercaptobenzoic-acid functionalized NS in NIH/3T3 fibroblast.

Overlying spectra depict NS-4MBA in solution (black) and inside NIH/3T3 cells (red) determin-

ing the pH to be 7.4 and 6.5, respectively [56]
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nonspecific adsorption to the surface. The dominant features in the spectra are the

aromatic ring breathing modes at 1,081 and 1,590 cm�1. Other less intense features

describe the S-C stretching mode of the thiol function at 527 cm�1, different

carboxyl modes at 860 cm�1 (d(COO─)), 1,150 cm�1 (C─COOH), 1,430 cm�1

(�COO�), and at 1,700 cm�1 the protonated carboxylic acid group (�COOH),[29]

which are all dependent on the pH of the surrounding solution. Spectra in Fig. 3.12b

show that the pH can be determined in growth media and inside the cell. By

comparing the intensity ratios of the peaks at 1,430 and 1,700 cm�1 in both spectra

with those from a pH calibration curve, the pH can be determined as 7.4 in media

and 6.5 in the cell. A similar approach was recently reported for intracellular

imaging by using mixed monolayers of 4-MBA modified polyethyleneglycolthiols

on NS as reported Bishnoi et al. [58].

In order to demonstrate a useful intracellular nanosensor, it is crucial to show

that introduction of the sensor to the cell has no detrimental effects on normal cell

physiology. This final section describes an investigation of nanoshell uptake,

pathway of uptake, and cellular response.

4.6 Nanoshell Uptake

In order to investigate nanoshell uptake by cells we incubated fibroblast cells with

gold NS under a variety of treatments. When we incubate the cells with NS

suspended in standard tissue culture media (DMEM) we can see several particles

inside the cell. Under these incubation conditions, we find that most NS are

encapsulated in a lipid vesicle, and we assume that the NS have picked up this

coating on their journey through the plasma membrane. Notably, when we incubate

the cells with NS suspended in serum-free media, the majority of particles are to be

found free of any coating in the cytoplasm. While we still do not fully understand

the uptake mechanism, this is an important finding since it demonstrates the

potential for targeted delivery of NS to specific cellular locations through control

of culture conditions [56].

4.7 Cell Viability

Whenever you add material like nanoshells to a cell, especially when the purpose is

to monitor cellular physiology, you need to ensure that the material does not

adversely affect the cell’s physiology. To this end, we carried out three important

assays: one which measures cell viability and two others which look for markers of

cell death. Figure 3.13a shows the result of a cell viability assay carried out using

increasing concentrations of NS. Cells were seeded at relatively low coverage and

their growth monitored as a function of time. A control sample of cells, grown in the

absence of nanoshells, was included for comparison. It is clear from the data that

even up to high concentrations of NS the cells continue to grow normally, which

suggests that NS do not affect cell growth. In order to rule out the possibility that
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Fig. 3.13 Investigation of the response of murine fibroblast cells incubated with different con-

centrations of NS. (a) Cell viability test conducted with the Cell-Titer-Blue assay over 4 days

incubation of cells with a range of NS concentrations between 0 and 300 fM (0–1,800 NS/cell).

(b) Assays of apoptosis and necrosis markers at two selected NS concentrations (10 and 300 fM),

results show no difference to untreated cell controls
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some cells were growing normally while others were dying, we measured markers

of apoptosis (caspase) and markers of necrosis (extracellular lactase), including

negative and positive controls for comparison. Again, it is clear (Fig. 3.13b) that the

level of cell-death markers is not significantly different from an untreated sample

and significantly lower than a sample in which cell death had been induced. These

measurements confirm that NS can be used to measure SERS spectra from distinct

intracellular environments without affecting cell physiology.

5 Conclusions and Future Perspective

In the past decade SERS has become a hugely important technique for the study of

biological systems. Its utility has been demonstrated in a variety of systems

spanning from fundamental studies of drug–membrane interactions to applications

in in vitro diagnosis. One of the challenges in measuring reliable, quantitative SERS

spectra is the development of reliable, reproducible surfaces on which to measure

these spectra. Nanoshells are an excellent example of such an engineered nano-

structure whose absorbance can be tuned to work well with biological systems and

whose strong plasmon resonance allows SERS spectra to be collected from single

particles. We have used this chapter to illustrate the general utility of nanoshells for

biological investigations by focusing on specific examples from our lab. The

surface sensitivity of SERS allows conformational changes to be measured and

we have used this aspect to probe conformational switching in a G-quadruplex

oligonucleotide. The ability to probe conformational changes has led us to use

SERS to measure protein concentration on the basis of changes in aptamer structure

caused by protein binding. This finding opens the door to a general method of

protein detection using SERS and structure-switching aptamers, although new

methods of aptamer selection and design may be required in order to generate

a broader suite of functional aptamers. As a probe of biomolecular structure, SERS

is not limited to investigations of nucleic acid structure and we are currently using

a similar approach to investigate peptide structural changes [59].

The broad utility of SERS makes it an attractive alternative to fluorescence for

intracellular imaging and it can be used to measure pH in mouse fibroblast cells.

Importantly, delivery of NS to cells can be controlled and shows promise for

selective targeting of specific organelles. In a complex living system such as

a cell, it is important to establish that adding an imaging contrast agent such as

a modified nanoparticle does not have an adverse effect on physiology. Investiga-

tions using a variety of assays have determined that cells continue to grow in an

unperturbed manner and do not undergo either programmed or necrotic cell death.

Since several research groups have established the principal of intracellular SERS

imaging, there is a need for a much greater array of modified nanoparticles which

can probe, for example, a larger range of protein concentrations, biomolecular

interactions, small molecule concentrations, or states such as redox potential.

Furthermore, in order to ensure that measurements are made in specific locations,

there is a need to improve targeting of nanoparticles to specific organelles in

3 Biomedical SERS Studies Using Nanoshells 71



a predictable and reproducible manner. While this will entail a considerable inter-

disciplinary research effort, it is essential to ensure the translation of this technique

from a niche area of physical science research to a technique of choice for life

scientists.
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Naturally Inspired SERS Substrates 4
N. L. Garrett

1 Definition of Topic

This topic concerns the application of naturally occurring nanostructures to surface-

enhanced Raman spectroscopy.

2 Overview

Surface-enhanced Raman scattering (SERS) is a powerful spectroscopic analytical

tool with a wide range of applications. Many market sectors benefit from SERS, in

fields as diverse as: clinical diagnostics, pharmaceuticals, forensics, environmental

evaluation, and biochemical studies. Demand for improved sensitivity, throughput,

specificity, and cost efficiency in industry constantly drives advances in assay

technology. This chapter outlines the recent advances in SERS substrate production

inspired by naturally occurring nanostructures and their application to the problem

of detecting protein-binding events.

3 Introduction

Since the turn of the twentieth century, interesting optical effects from optically

small metal interfaces and structures have been the subject of much scrutiny.

Molecules adsorbed onto rough metal surfaces, particles, or island films exhibit

dramatically different optical properties to those of the free molecules [1]. Perhaps
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the most widely known effect of this nature is surface-enhanced Raman scattering

(SERS) where the Raman signal from molecules adsorbed onto suitable metallic

substrates can be millions of times stronger than that from the free molecule.

The SERS effect has found wide application in biology, medicine, electrochemis-

try, and materials science through such techniques as SERS of single molecules,

nanostructures and transition metals, tip-enhanced Raman Scattering (TERS),

surface-enhanced hyper-Raman scattering (SEHRS), ultraviolet-excited

SERS (UV-SERS) [2]. Other examples of such metal enhancement exist,

such as surface-enhanced infrared absorption [1] and plasmon-enhanced

spectroscopy [2].

Recently, several reports have demonstrated the potential of SERS as a label-

free readout for monitoring protein-binding events [3–5]. The potential for low

detection limits and higher sensitivities available with SERS have been exploited in

recent biological assay research [6–8] but this has been limited by the irreproduc-

ible enhancement provided by the substrates available for aqueous experiments,

such as colloidal metals. Due to the requirement for conjugation of colloidal

metallic particles to give substantial enhancements and the change of enhancement

with aggregation, colloidal-based SERS methods are not reproducible, and metallic

particles are prone to settling out of suspension during scanning.

Many available SERS substrates require the analyte to be deposited and dried

prior to scanning. This is unsuitable for most biological analytes, such as proteins,

since the process of desiccation alters their configuration and hence their Raman

spectrum [9]. Drop-coated deposition has been claimed to produce un-enhanced

Raman spectra of proteins analogous to those obtained from aqueous proteins [10]

by providing a “natural” environment. However, with protein structure being

strongly dependent upon the hydration of the molecule, it is essential that aqueous

conditions are maintained in order to perform rigorous investigation of proteins.

Protein-binding systems are complex interactions which require optimal protein

structure for binding to occur. Variation in pH, hydration, and temperature can

profoundly alter on protein structure, thus preventing binding events which can lead

to a dramatic reduction in the detection sensitivity [11].

SERS assays using proteins have traditionally required highly complex systems

with multiple interactions to produce a detectable event [3, 5], usually with colloi-

dal noble metal particles or a SERS chemical label providing the means of detecting

binding events. These assays can provide high sensitivity to low levels of analyte in

solution, but the interaction of metal colloids and chemical SERS marker molecules

has the potential to adversely affect the biological molecules of interest. Intricate

multiple-stage assays are undesirable for complex biological systems, where assays

are required to be highly robust if they are to be of use. More cutting-edge assays

have used dielectric-core metal-coated nanoshells bioconjugated to antibodies [5,

12–14]. These assays produce excellent sensitivity combined with low levels of

undesired biological interaction between the label and the analyte. However, with

the nanoshells free in solution, SERS spectra can be difficult to reproduce unless the

analyte is spun down using centrifugation or immobilized in some manner; these

processes can be damaging to some biological samples.
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The ideal substrate for SERS would provide highly reproducible SERS

enhancement factors of the order of 106 or higher. Other requirements include

the ability to perform rapid SERS biological assays whilst the samples are

hydrated, which are sensitive over a range of concentrations that are comparable

with ELISA and other highly sensitive assaying techniques. A principle challenge

to providing these qualities in a SERS substrate is designing a suitable nanostruc-

ture that is not prohibitively expensive to produce or use in high through-put

applications. In search of less expensive methods for SERS substrate production,

in recent years scientists have taken inspiration from naturally occurring

nanostructures.

Scientists in a broad variety of fields exploit various forms of nanostructures

inspired by nature [15]. Naturally occurring nanostructures that have evolved for

functions involving visual appearance have been the subject of a remarkable surge

in research interest [16–20]. This has built upon a range of somewhat earlier studies

[21, 22]. Numerous insects, birds, and plants exhibit a wide array of complex

periodic and quasi-periodic ultrastructure. Their nanostructures can contribute to

many biological functions: highly unsaturated color appearances for short- or long-

range conspecific communication [23, 24]; angle-independent color [25] and spec-

ular or diffuse broadband appearances [26] for specialized camouflaging; linearly

[24] or circularly polarized reflection [27] for high-level communication, represent

a few of these.

One investigation into the optical properties of cicada wings found that the

“quasiperiodic” nanostructured antireflective coating on the chitinous wing sur-

faces provided an excellent SERS substrate, with enhancement factors of approx-

imately 106 [28]. These structures have been reproduced using a biotemplating

approach for silver-coated nanoimprinted optical fibers in SERS sensing [29]. The

imprinting procedure involved producing heat-cured elastomer casts of cicada wing

segments, imprints of which were formed on wet polymer in contact with glass

fibers under a three-step curing procedure. Although the silver-coated substrates in

this study were found to be robust and inexpensive, the SERS spectra from

thiophenol monolayers deposited onto these imprinted nanofibers were found to

provide approximately 50% lower enhancement factors than those of the cicada

wings themselves. Since silver coatings are prone to forming prohibitively thick

oxide layers over time, the production of these substrates on an industrial scale

would require a more chemically inert and biocompatible coating, such as gold.

Gold is known to produce lower SERS enhancement factors than silver, sometimes

by as much as a factor of 102 [30] and hence would reduce the imprinted nanofibers’

enhancement factors significantly.

Another recently developed naturally inspired silver-coated SERS substrate

employed the use of algae diatomic microshell monolayers which yielded maxi-

mum enhancement factors of 106 [31]. The substrates produced in this method were

not macroscopically homogeneous, instead exhibiting a large degree of structural

variability across the substrate which could prove to provide inconsistent SERS

spectra. A variety of production methods for macroscopically homogeneous two-

dimensional SERS substrates have been developed, including chemical etching,
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electron-beam lithography, chemical etching, colloid immobilization, annealing of

metal ion-implanted silicon, and nanosphere lithography [32–35]. The substrates

produced using these techniques provide reproducible SERS enhancement factors

of the order of 105–107. Unfortunately, these production methods are generally

prohibitively expensive, complex, and ultimately unsuitable to mass production.

Since the substrates’ nanostructures are too delicate to withstand cleaning, they are

only suitable for single use. For these reasons, cheaper, faster, and more reproduc-

ible manufacturing processes are required. This chapter discusses the research

undertaken which attempts to address this issue by identifying and reproducing

naturally occurring nanostructures for use in SERS.

4 Experimental and Instrumental Methodology

4.1 Preparation and Characterization of SERS Substrates

Since there is such a wide variety of naturally occurring nanostructures with

different sizes, spacing, and periodicities of the surface features, it is to be expected

that not all will be suitable for SERS. Therefore, when selecting candidate struc-

tures for further investigation, one is posed with the question of how to determine

which are most suitable. Some naturally occurring nanostructured surfaces have

been found to exhibit color changes after being coated with gold, as a result of

localized surface plasmon resonances (LSPRs) causing selective photon absorption

[36]. Given that LSPRs are a major contributing factor to the SERS effect, it is

perhaps reasonable to select and compare potential nanostructured SERS candidate

materials on the basis of such color changes after metal deposition. The nanostruc-

tured surfaces may also be compared with the shape, spacing, and pitch of struc-

tures on well-established SERS substrates using electron microscopy. However,

these methods are not always sufficient to determine which nanostructured surface

will provide the most effective SERS substrate. For this, a quantitative approach

must be taken.

In order to determine the efficacy of a SERS substrate for a given adsorbed

molecule, it is necessary to quantify the degree to which the substrate increases the

Raman scattered signal with respect to the non-SERS Raman scattered signal of the

same molecule. This “enhancement factor” (EF) is most usually defined as:

EF ¼ ISERS NSurf=

IRS NVol=
;

where NVol and NSurf are the average number of molecules within the focal volume

for the non-SERS Raman measurement, and the average number of adsorbed

molecules on the SERS substrate within the focal volume, respectively [37]. The

value for EF is therefore obtained by determining the average enhanced Raman

signal intensity per molecule adsorbed to the substrate surface and dividing this

value by the average signal obtained per molecule in bulk solution or solid.
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A variety of molecules have been used for determining the enhancement factors

of SERS substrates, including Rhodamine 6, crystal violet, and thiophenol. The

choice of molecule in this task is nontrivial since resonance and “pre-resonance”

effects may artificially skew the calculated EF, especially for dye molecules.

Although the Raman cross sections for dye molecules are known to be larger than

those for smaller molecules by up to 106 times, it is often not appreciated that pre-

resonance effects mean these dyes may still exhibit large Raman cross sections even

under nonresonance conditions [37]. Enhancements from pre-resonance effects can

contribute as much as 10� to the EF when the excitation laser used is up to as much

as several hundred wavenumbers below the molecule’s electronic transition wave-

length. The pre-resonance effect has been shown to lead to calculated EFs that are

several orders of magnitude greater when dye molecules are used in preference to

smaller molecules. These findings prompted the postulation that the highest

reported calculated SERS enhancement factors may, in fact, have been several

orders of magnitude larger than they would have been if smaller molecules had

been used.

Thiophenol, also known as benzene thiol, is a small molecule that does not

exhibit the pre-resonance issues of dye molecules. Thiophenol has been shown to

produce relatively stable monolayers on silver and gold surfaces which make it

a convenient reference compound for SERS substrates [28, 29, 38, 39]. When the

SERS substrate is immersed in an ethanolic solution of thiophenol, the sulfur

groups form covalent bonds with the metal surface, forming self-assembled mono-

layers over time, as illustrated in Fig. 4.1.

The standard preparation technique for these monolayers in SERS experiments

is immersion of the substrate for 10 min in a 10 mM ethanolic solution of

thiophenol [28, 29, 40]. The resulting enhanced Raman spectra obtained from the

thiophenol monolayers exhibit well-characterized peaks as shown by Garrett et al.

in Fig. 4.2 [40]. For the SERS spectra of the thiophenol monolayers shown in

Fig. 4.2, Garrett et al. gave peak assignments of the most prominent Raman bands

based on those given in previous work [41, 42] as follows; 1,574 cm�1 (C–C

stretching); 1,072 cm�1 (in plane C–C–C stretch and C–S stretching); 1,022 cm�1

(out of plane C–H stretching); 999 cm�1 (out-of-plane C–C–C stretch); 630 cm�1

(out-of-plane C–C–C and C–S stretching) [40].

Enhancement factors of naturally occurring nanostructures typically range from

106 for gold-coated structures, such as cicada and butterfly wings, and 107 for

silver-coated structures [28, 40]. The choice of metal is very important when

producing SERS substrates. Silver is expected to give a greater SERS enhancement

than gold due to the greater participation of interband transitions in silver’s dielec-

tric function. However, since silver oxidizes rapidly, SERS substrates coated with

silver have a short shelf life compared with those coated in gold. Additionally,

silver may react with molecules being investigated with SERS. For these reasons,

gold is often preferred to silver, especially for applications where the substrate

needs to be inert, in spite of the lower enhancement factors achieved.

To prepare naturally occurring nanostructures for SERS, the samples must be

sectioned, cleaned, mounted onto a suitable medium (such as a glass substrate), and
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Fig. 4.2 SERS spectra of a thiophenol monolayer on a butterfly wing coated with 70 nm silver

(left) and an un-enhanced Raman spectrum of neat thiophenol in solution (right), with permission

from [40]
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Fig. 4.1 Schematic diagram illustrating the formation of a self-assembled monolayer (SAM) of

thiophenol on a gold surface
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coated with the metal of choice. The method of sectioning and mounting is

nontrivial and the choice of mounting method will depend on the intended exper-

imental procedure. For example, when affixing sections ofGraphium weiskei wings
to ultraclean glass microscope slides SERS substrates, Garrett et al. used an optical

adhesive (Norland Optical Adhesive, Cranbury, USA) that cured under ultraviolet

light [40]. This adhesive formed a strong bond with the glass that was able to

withstand immersion in acidic solutions for hours at a time, as well as maintaining

its integrity during metal deposition under vacuum. Some of the most reliable

methods for coating substrates with metal in a controllable fashion are physical

vapor deposition techniques such as sputter coating and thermal evaporation. In

these processes, metal is deposited on a surface at a controlled rate (often monitored

using a quartz crystal microbalance), first forming island films, and gradually

producing continuous layers of metal as the deposited thickness increases. Once

coated in metal, the samples may then be characterized using electron microscopy

and by using a characterization compound such as thiophenol to determine the

SERS enhancement factors.

One of the main purposes of identifying naturally occurring nanostructures for

use in SERS is to produce novel substrates. Many methods have been used to

manufacture nanostructures for SERS substrates, including electron beam lithog-

raphy, chemical etching, colloid immobilization, annealing of metal ion-implanted

silicon, and nanosphere lithography [32–35]. As explained earlier, although these

methods provide reproducible substrates with high enhancement factors, they are

time consuming and often prohibitively cost inefficient for single-use substrates.

Therefore, alternative manufacturing processes have been investigated to produce

copies of nanostructures found in nature for use in SERS. The work undertaken to

investigate naturally occurring nanostructures on butterfly wings by Garrett et al.

and cicada wings by Stoddart and Kostovski et al. for SERS will now be described,

together with their techniques for replicating the nanostructures.

4.2 Butterfly Wings as SERS Substrates for Protein-Binding
Assaying

Butterfly wings have long been known to exhibit nanostructured surfaces composed

of a structural protein, chitin [21, 43, 44]. These structures give rise to a wide range

of startling optical effects such as vivid coloration and iridescence. The G. weiskei
butterfly investigated for use as a SERS substrate is shown in Fig. 4.3 [40]. SEM

images of the dorsal side of the wings shown in Fig. 4.4 indicated that the blue,

purple, and pink regions (marked A – F on Fig. 4.3) exhibited conical

nanostructures innervated with hair-like scales, which were similar to the Sensilla
trichodea found on a different variety of Graphium butterfly reported elsewhere

[45]. The conical nanostructures, shown in Fig. 4.4, were typically found to be

�2 mm in height and �1 mm in diameter at their widest point.

In contrast to the brightly colored regions of the butterfly wings, the brown areas

were found to be covered by shield-shaped scales as shown in Fig. 4.5, which were
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Fig. 4.4 SEM images of the brightly colored regions of G. weiskei typically found in regions A–F
of Fig. 4.3, illustrating the macroscopic hair-like scales (Sensilla trichodea) that are characteristic
of these regions and the quasi-periodic nanocone structures found between them (Reproduced with

permission from [40])
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approximately �200 nm in length and �80 nm in width. These regions did not

exhibit any nanoscale features suitable for use in SERS, and so were disregarded for

the remainder of the study.

To demonstrate the application of these butterfly wing SERS substrates to the

problem of protein-binding detection, Garrett et al. devised a protein-binding assay.

There are a variety of methods for binding proteins to a metal surface, some of

which depend on the amino acid composition of the protein, others of which do not.

Direct adsorption via covalent bonds between sulfur groups in proteins and metal

surfaces has been used with some success [43]; however, this method is unsuitable

for use in Raman spectroscopy-based assays, as nonspecific binding may result in

a wide variety of conformational orientations of the molecules with respect to the

metal’s surface. This can lead to Raman spectra that are difficult to reproduce. Not

only that, but the analyte may bind to the metal as well as the antibody, which can

lead to noisy spectra.

Other methods of protein binding to metals involve the formation of self-

assembled monolayers (SAMs) of linker molecules. Self-assembled monolayers

of linker molecules can be straightforward to produce [44, 45] and enable a greater

degree of specificity for antibody binding, both in terms of molecular conformation

on the SAM surface and in terms of which protein is bound. The model immuno-

assay was performed by conjugating avidin onto the metalized wing surfaces and

using the SERS spectra to detect biotin binding as a function of biotin concentra-

tion. The linker molecule 3-mercaptopropanoic acid (MPA) forms covalent bonds

with metals via the terminal sulfur groups and can be conjugated to proteins via

their NH2/COOH groups using carbodiimide coupling. When forming monolayers,

the MPA molecules can orient themselves in different conformations with respect

to the first carbon atom (that which is bound to the sulfur atom). These conforma-

tions are termed gauche and trans configurations, as shown schematically in Fig. 4.2.

Fig. 4.5 SEM image of the

shield-shaped scales covering

the brown regions on

G. weiskei
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The ratio of gauche to trans configurations in the monolayers is affected by

a number of factors including pH, concentration of the molecule in solution, the

time over which the SAM is allowed to form, and properties of the metal

surface [46].

Immediately after immersion in a solution of MPA, the monolayer packing

density on the metal surface is low and the trans conformation predominates.

Over time, as more molecules adsorb to the metal surface, the gauche confor-

mation becomes more common. With silver, the metal surface has a tendency to

oxidize in aqueous environments which results in desorption of molecules from

the monolayer over time; thus the molecular orientation tends toward the trans
configuration (Fig. 4.6).

The ratio of gauche to trans configured molecules may be determined by

examining the Raman spectrum. For MPA, the 654 cm�1 band is characteristic

for a gauche S-C-C chain and the 735 cm�1 band is characteristic for a trans
conformer [48–50]. The relative peak heights for the gauche and trans Raman

peaks gives an indication of the relative proportions of the number of molecules in

these orientations. In the gauche conformation, the terminal binding groups of MPA

are less able to bind with proteins during conjugation, so a monolayer of binding

molecules in the trans conformation is preferable. In order to determine the

optimum deposition time for MPA, a time study of the gauche: trans peak heights

was undertaken.

In order to functionalize the metal-coated substrates with MPA, they were

immersed in an ethanolic solution of 0.02 M MPA. The MPA layer was activated

using a solution of 0.002 M ethyl dimethylaminopropyl carbodiimide (EDC) and

0.005 M n-hydroxy succinimide (NHS) in 2-(N-morpholino) ethanesulfonic acid

(MES) buffer solution (20 mMMES, 0.1 M NaCl, pH5). The carboxylate groups of

the MPA react with NHS in the presence of EDC to form NHS-esters which can

then react with amine groups of proteins. After 15 min of activation, the metalized

trans

COOH

 COOHCH2
CH2

CH2CH2

 S  S

gauche

3-mercaptopropanoic acid

Fig. 4.6 A schematic

diagram depicting the

chemical conformation of

gauche and trans
configurations of

3-mercaptopropanoic acid
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samples were rinsed in phosphate buffered saline (PBS) at pH 7. 50 mL aliquots of

avidin solution (Sigma Aldrich) at 10 mg/mL in PBS at pH 7 were deposited onto

each silvered wing section, and left to incubate for 30 min at 4�C. After incubation,
the samples were rinsed in PBS pH 7 and immersed in a quenching solution of 1 M

ethanolamine in PBS for 30 min at 4�C to deactivate any unreacted NHS-esters.

Following immersion in the quenching solution, the silvered samples were rinsed in

PBS pH 7. Aliquots of biotin solutions over a range of concentrations were then

added and allowed to bind for 20 min at 4�C. The samples were then rinsed in

Millipore water (PURITE, Oxford, UK) and the active area kept hydrated under

a droplet of PBS to prevent the proteins from denaturing.

Normal (un-enhanced) Raman spectra of biotin and avidin were obtained using

the following procedure. Aqueous solutions at working concentrations of the

various chemicals used throughout these experiments were deposited onto

aluminum-coated glass microscope slides. Once these drops had dried sufficiently

to produce the characteristic “coffee ring” shaped deposition, normal Raman

spectra were acquired for comparison with the SERS spectra.

The nanoconical arrays found on the butterfly wings were replicated using

a reactive ion etching (RIE) technique illustrated schematically in Fig. 4.7, which

was first devised by Weekes et al. [46]. Briefly, glass substrates were spin-coated

with a 1.5 mm thick layer of PMMA, which was then annealed at 180�C. Nano-
structured arrays were produced by forming hexagonally ordered monolayers of

390 nm diameter polystyrene microspheres upon the PMMA, which were then used

as masks for reactive-ion etching (RIE). Reactive ion etching was applied for 8 min

in oxygen plasma produced by a 15 W RF source at a base pressure of oxygen at

50 mTorr.

PMMA layer spun-coated
onto glass substrate and
annealed at 180ºC

Polystyrene microspheres
are deposited in a hexagonally
ordered array

Reactive ion etching in oxygen
plasma results in controllable
nano-pillar formation

Fig. 4.7 Schematic diagram depicting the reactive ion etching (RIE) technique used to produce

arrays of nanoscale pillars of polymer on a glass substrate
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The RIE samples produced using this technique were formed over areas of

�1 cm2. These samples could easily be broken up to create dozens of samples

ready for batch-coating with metal, thus providing an efficient means of substrate

production. Their SERS enhancement factors were determined in the same manner

as for the butterfly wing substrates, and were found to be of similar magnitude.

The RIE biomimetic wing substrates were coated with silver and gold, and

investigated in the same manner as the butterfly wings. When imaged using SEM,

as shown in Fig. 4.8, they were found to exhibit highly ordered and regular,

reproducible arrays of nanopillars.

4.3 Cicada Wings for SERS and a Simple Lithographic Technique
for Replicating Their Nanostructure

The optical effects of the quasi-periodic tapered papillary structures found on the

surfaces of cicada wings were initially investigated by Stoddart et al. [28]. As

illustrated in Fig. 4.9, using scanning electron microscopy, they found that the

pattern generated by these nanostructures on the wing surface was generally

hexagonal within domains of between 1 and 2 mm2. Unlike the G. weiskei butterfly,
this structural morphology was found to be the same in the cicadas irrespective of

gender, and was identical on both the upper and lower surfaces of the wings.

Sections of wing samples from Cicadetta celis cicadas were coated in a layer

of high purity (99.99%) silver 60 nm thick using a Kurt J Lesker CMS-18HV

electron beam deposition system controlled by a quartz crystal microbalance.

These cicada wing substrates were found to produce a SERS enhancement

factor of 106 when self-assembled monolayers of thiophenol were formed on

their metalized surfaces. More recent work by Kostovski et al. has focused on

Fig. 4.8 SEM images of the biomimetic nanopillar substrate with pillar heights of 524 nm peak-

to-peak distances of 390 nm
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trying to replicate these cicada wing nanostructures for high throughput, high

precision, and cost-effective SERS substrate production [29, 47].

The techniques employed by Kostovski et al. have involved nanoimprint

ligthography, initially using a relatively labor-intensive technique illustrated in

Fig. 4.10. In this method, moulds were made of 9 mm2 sections of Cyclochila
australasiae cicada wing by drip coating them with an elastomer solution

(h-PDMS). Filling of the nanostructure with the elastomer was encouraged by

degassing the sample under vacuum for 10 min, after which time the wing was

placed coated side down onto a glass wafer.

The elastomer was cured by heating at 60�C for 12 h before the structure was

pried off the wing manually with a scalpel blade. Once formed, these moulds were

used to imprint nanostructures onto polymer coatings attached to the end of optical

fibers, which was cured using a combination of heating and exposure to ultraviolet

light. Finally, the optical fiber tips were coated in silver deposited at an angle of 60�

to the fiber’s long axis. The cicada wings, nanostructures, and optical fibers are

illustrated in Fig. 4.11.

Although effective, this nano imprint lithography technique produced sub-

strates with slightly lower SERS enhancements than those provided by the wings

themselves. Additionally, the multistage method described is time consuming

and labor intensive. However, Kostovski et al. recently improved upon this

technique using a more rapid method for imprinting arrays of optical fibers, as

illustrated in Fig. 4.12.

The optical fibers were loaded in an array of up to 40 fibers each placed in an

individual U-shaped groove cut into an aluminum block, shown in Fig. 4.13. This

technique allowed multiple fibers to be imprinted with the cicada wing mould in

a simple and rapid manner that was not critically reliant upon alignment. The

resolution obtained with this method was better than 15 nm, producing bidirectional

optical fiber prober for SERS with enhancement factors only slightly less than those

obtained from the original structures on the cicada wings.

Fig. 4.9 SEM images to illustrate the nanostructures on gold-coated C. celis cicada wings taken
(a) at an angle to the surface of the wing, and (b) from a direction normal to the upper surface.

Scale bars are 1 mm and 2 mm in (a) and (b) respectively (Reproduced with permission from [28])
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Fig. 4.10 Schematic process diagram illustrating the method used by Kostovski et al. to repro-

duce the nanostructures found on cicada wings, reproduced with permission [29]
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5 Key Research Findings

To determine the enhancement factors of G. weiskei wings and the biomimetic

analogs made using reactive ion etching, Garrett et al. estimated the number of

Raman counts per molecule in the SERS spectrum of the substrates by assuming

that the thiophenol monolayer was at maximum density [40]. The maximum

coverage of alkanethiols on thermally evaporated gold substrates has been shown

to be 21%; 2.5 � 1014 molecules/cm2 �0.1 � 1014 molecules [48]. Assuming

maximum metal coverage, this provides a conservative estimate for the enhance-

ment factor, since maximum density monolayers of alkanethiols typically take 1–2 h

to form, whereas SERS substrates have typically been characterized using SAMs of

thiophenol formed over 10 min [49], hence in order to be able to compare the

substrates investigated in this study with others reported elsewhere, it was necessary

Fig. 4.11 (a) A photograph of the Australian greengrocer cicada. SEM images of (b) the

nanotemplate of the cicada wing nanostructures (the scale bar is 500 nm), (c) the inverse h-PDMS

mould, (d) an optical fiber exhibiting the polymer nanostructure replica, (e) the replica coated in

silver, and (f) a macroscopic image of the imprinted fiber (Reproduced with permission from [29])

Fibre array ready
for imprinting

Wind
forward

Fibres self-align
to mold topography.

UV exposure through
mold and thermal
treatment cures polymer.

Retract

Peeling sticky-tape
unloads the imprinted
fibre array.

Sticky-tape grips fibres,
allowing retraction.

Completed array.

Fig. 4.12 A process schematic diagram of the rapid, self-aligned array-imprinting sequence used

by Kostovski et al. to reproduce nanostructures on optical fibers using a nonplanar mould

(Reproduced with permission from [47])
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to use this reduced SAM formation time. The area of the substrate illuminated by the

objective was calculated from the Airy disc diameter; hence the number of

thiophenol molecules in the focal area was estimated at 6.0 � 106 � 1.3 � 104.

A range of metal thicknesses was explored, in order to determine the optimum

deposition thickness. Average enhancements over three wing sections and thirty

scans were taken for each data point, the standard errors of which were too small to

Fig. 4.13 SEM image of the diced “U-grooves” (a), and a photograph of the fiber-array (b) self-
aligning against a nonplanar mould, as used by Kostovski et al. (Reproduced with permission from

[47])
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Fig. 4.14 Enhancement factor of metalized wing nanostructures as a function of metal deposition
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depict on the graph in Fig. 4.14. The enhancement factor depends on a combination of

the metal thickness over each nanocone, the geometric feature sharpness (both at the

tips of the nanocones and at the cavities at their bases), and the nanocone spacing.

Therefore, as the deposited metal thickness increases, these features will be changed,

causing both the intensity and resonant wavelength of the surface plasmons to be

altered, which has led to the graph shape shown in Fig. 4.14. The difference in peak

thickness and intensity for gold and silver arises from their differing dielectric

constants.

When corrected for acquisition times, the maximum enhancement factors for the

metalized G. weiskei wing surfaces were found to be 1.9 � 106 � 5.8 � 104 for

gold, and 1.6 � 107 � 1.8 � 105 for silver. For the biomimetic substrates, the

maximum enhancement factors were 1.1 � 106 � 5.1 � 104 for gold and 1.4 � 107

� 1.7 � 105 for silver [40].

The MPA molecule binds to metal surfaces via a covalent bond from the sulfur

group. If the concentration of MPA molecules on a metal surface is high, the

molecules tend to orient themselves in a trans configuration, whereas if the con-

centration is low, the MPA molecules will have a higher instance of gauche
configuration. In the gauche configuration, the protein-binding site of the MPA

molecule is less accessible than those in the trans configuration; the optimal MPA

deposition time was determined by performing depositions for a range of times and

comparing the ratios of the gauche and trans peaks (at 654 and 735 cm�1, respec-

tively) [50–52]. After immersing metalized wing substrates in ethanolic solutions of

MPA for a range of times up to 18 h, the optimal deposition time was determined as

2 h. Upon activation of the MPA monolayer, the carboxyl band at 900 cm�1 shifted

to 928 cm�1, indicating that the carboxyl group was dissociated (Fig. 4.15).

Once avidin molecules were bound to an MPA monolayer, SERS spectra were

acquired (see Fig. 4.16). The most prominent peaks in the hydrated avidin SERS

spectrum were tentatively assigned to phenylalanine (1,001 cm�1, 1,030 cm�1),

tryptophan (759 cm�1, 875 cm�1, 930 cm�1, 960 cm�1, 1,001 cm�1, 1,357 cm�1,

1,546 cm�1, and 1,580 cm�1), tyrosine (827 cm�1, 852 cm�1), C–C stretching

(930 cm�1), COO symmetric stretching (1,400 cm�1). These peak assignments

corresponded well with the spontaneous Raman spectrum of avidin (see Fig. 4.17).

The amide I and amide III regions were located at 1,665 and 1,237 cm�1, respec-

tively. Each avidin peak lay within 6 cm�1 of the same peak assignments for the

lyophilized avidin spectrum reported by Fagnano et al. [53]. A 6 cm�1 discrepancy

is reasonable given the conformational changes that can occur between hydrated

and lyophilized proteins, combined with the 2–3 cm�1 limit of resolution of the

system.

It was found that upon binding to biotin, the intensity of the 960 cm�1 tryptophan

peak increased relative to the 1,001 cm�1 phenylalanine peak (see Fig. 4.17), as

reported by Fagnano et al. [53]. Since the avidin-binding site contains the amino

acids phenylalanine, alanine, asparagine, and tryptophan [54], the 960 cm�1 tryp-

tophan peak and the 1,001 cm�1 phenylalanine peak were chosen as binding

indicator peaks for investigation in the SERS assay. The amide I and amide III

bands did not change significantly upon addition of biotin.
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Upon addition of biotin, two distinct peaks were found in the avidin-biotin

complex spectra which were indicative of the complex formation, 975 and

1,000 cm�1, which were attributed to the avidin-binding site amino acids phenyl-

alanine, alanine, asparagine, and tryptophan [54, 55]. It was found that the

1,000 cm�1 peak decreased in strength relative to the 975 cm�1 peak with increas-

ing biotin concentration as shown in Fig. 4.19; an attribute exploited to perform a

biotin assay. When plotted on a log scale as shown in Fig. 4.18, the assay gave a log-

linear response over a range of 0.5–1,000 nM (equivalent to 0.12 ng/mL–0.24mg/mL)
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Fig. 4.16 SERS spectra of avidin bound to gold-coated wing (right) and the avidin-biotin

complex bound to gold-coated wing (left) (Reproduced with permission from [40])
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Fig. 4.15 SERS spectra of MPA (a) prior to activation with EDC/NHS, (b) after activation

(Reproduced with permission from [40])
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solutions of biotin suspended in buffer solution. The limit of detection of this assay

was 0.2 nM (49 pg/mL).

Gold-coated butterfly wing nanostructures can provide excellent SERS

substrates for use with protein assaying without the need for dehydrating the

sample – a major advantage over other nanostructures surfaces used as SERS

substrates. The entire avidin/biotin assay took no more than 4 h from surface

conjugation to SERS scanning, which is comparable to some of the more rapid

ELISA assays commercially available. The volume of analyte used was very small

(only 30 mL), which would be an advantage for applications in areas such as

forensics where it is often impractical or impossible to perform assays on large

volumes of analyte.

When coated with 90 nm of gold, the substrates produced were found to provide

consistent enhancement for up to 2 weeks after evaporation, when stored in

a dessicator. Silver-coated substrates generally provided enhancement factors that

were only consistent when used within 48 h after evaporation, due to oxide layer

formation. In addition, gold is known to be markedly more biologically inert than
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Fig. 4.17 Normal Raman spectra for avidin (a) and avidin-biotin (b) (Reproduced with permis-

sion from [40])
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Fig. 4.19 SERS spectra of metalized wing-bound avidin exposed to a range of biotin solution

concentrations (Reproduced with permission from [40])

P
ea

k1
: P

ea
k2

 r
at

io

1.16

1.14

1.12

1.10

1.08

1.06

1.04

1.02

Biotin Concentration (nM)
0.1 1 10 100 1000 10000

Fig. 4.18 Ratios of the heights of the peaks at 975 cm�1 (peak 1) and 1,000 cm�1 (peak 2) in the

SERS spectra of the avidin-biotin complex for gold-coated butterfly wings for a range of concen-

trations of biotin in buffer solution (Reproduced with permission from [40])

94 N.L. Garrett



silver, hence gold was preferred for biological applications in spite of the fact that

the resulting enhancement factor was �10� smaller than that obtained with silver.

In order to demonstrate the potential for mimicking the conical nanostructures of

the butterfly wings for commercial applications, a simple reactive ion etching

technique was employed. The biomimetic substrates showed excellent SERS

enhancement factors (1.1 � 106 with a 90 nm coating of gold and 1.4 � 107 for

a 70 nm coating of silver), and preliminary biocompatibility experiments showed

that these substrates exhibit the remarkable property of enabling SERS signals to be

obtained when the scanning area is submerged under a droplet of buffer solution.

Future experiments will focus on combining these biomimetic substrate production

techniques with nanotransfer printing methods in order to speed up production

times and reduce costs, for use with biological applications.

6 Conclusions and Future Perspective

One of the main advantages of the wing-based SERS assay devised by Garrett et al.

was the large range of analyte concentrations over which a log-linear response was

measured (0.12 ng/mL–0.24 mg/mL) without the need for dilution of the analyte, as

illustrated in Fig. 4.18. Until now, SERS assays have been effective over typical

analyte concentration ranges spanning only one to two orders or magnitude [3, 4, 7,

8, 14], while ELISA assays have been made with effective concentration ranges of

pg/ml to ng/mL [52]. This assay technique has bridged the gap between SERS and

ELISA assays, potentially paving the way for commercially viable SERS substrates

for undertaking assays of wet biological samples. Since SERS provides detailed

structural and chemical information about assay analytes, with effective concen-

tration detection ranges as large as those used in ELISA, SERS could become

a much more effective immunoassay choice.

Now that the efficacy of biomimetic substrates for SERS protein assays has been

proven, the next stage of research in this field should involve developing a rapid

production method of these substrates. The reactive ion etching technique

employed to produce the biomimetic substrates in this chapter have yielded highly

reproducible nanostructured arrays over areas 1 cm2 in size after only an 8 min

exposure to the oxygen plasma, which could then be broken down to produce up to

25 substrates. Subsequent evaporation of gold took �2.5 h for up to 12 substrates

simultaneously, depending on the thickness of metal required. The total time taken

to produce 25 such biomimetic substrates using the techniques outlined above is

estimated at 4 h, although for industrial applications this could be greatly improved

by adopting a production line technique.

Elastomer templates for nanoimprinting of the type devised by Kostovski et al.

for their optical fiber nanoimprint lithography could be used to rapidly reproduce

the butterfly wing nanostructures or those produced by reactive ion etching. This

would further reduce production time and costs. Whatever means are employed to

improve the production techniques for these butterfly and cicada wing substrates,

it is clear that there is great potential for their application in biosensing.
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Nonlinear Raman Scattering Spectroscopy
for Carbon Nanomaterials 5
Katsuyoshi Ikeda and Kohei Uosaki

1 Definition of the Topic

Nonlinear Raman scattering spectroscopy is a multiphoton spectroscopy that

enables access to vibrationally excited molecular levels. Through nonlinear optical

processes, this technique allows us to study rich molecular information which

cannot be reached by linear optical method.

2 Overview

Nonlinear vibrational spectroscopy provides accessibility to a range of vibrational

information that is hardly obtainable from conventional linear spectroscopy. Recent

progress in the pulsed laser technology has made the nonlinear Raman effect

a widely applicable analytical method. In this chapter, two types of nonlinear

Raman techniques, hyper-Raman scattering (HRS) spectroscopy and time-

frequency two-dimensional broadband coherent anti-Stokes Raman scattering

(2D-CARS) spectroscopy, are applied for characterizing carbon nanomaterials.

The former is used as an alternative for IR spectroscopy. The latter is useful for

studying dynamics of nanomaterials.
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3 Introduction

After the discovery of fullerenes or carbon nanotubes [1, 2], carbon nanomaterials

have become of significant interest for many applications because of their unique

electrical, optical, and mechanical properties [3–9]. For example, single-walled

carbon nanotubes (SWNTs) can behave as semiconductors or metals, depending on

their chirality [10]. Many attempts are, therefore, made to develop chirality-

selective synthetic methods [11, 12]. Vibrational spectroscopy is indispensable in

materials science because the analysis of vibrational spectra can tell us a great deal

about the chemical identity and even the environment of the molecule being

detected. Indeed, linear vibrational spectroscopy, for example, infrared absorption

(IR) or Raman scattering (RS), are widely utilized in various research fields because

of their convenience. However, much more detailed characterization is often

required for further understanding properties of nanomaterials. In this sense,

nonlinear spectroscopy should be useful for such an analysis; higher-order optical

phenomena can, in principle, give us rich information that is hardly obtainable from

conventional linear spectroscopy [13]. For example, sum-frequency vibrational

spectroscopy (SFVS), which is one of the well-known second-order nonlinear

spectroscopy, can probe interfacial chemical information; such selectivity is not

expected in the conventional linear spectra [14].

In linear and nonlinear Raman spectroscopy, vibrational transitions are indi-

rectly induced; incident and scattered photon energies are much larger than vibra-

tional energy of molecules. Hence, these spectroscopic methods have several great

advantages for in situ measurements or microscopic observations [15]. Moreover,

electronic information is available in addition to vibrational information when

incident photons are in resonance with molecular excited states. This chapter

deals with two types of nonlinear Raman spectroscopy: hyper-Raman scattering

(HRS) spectroscopy and broadband coherent anti-Stokes Raman scattering (CARS)

spectroscopy. As an application example, these methods are applied for character-

izing carbon nanomaterials.

4 Experimental and Instrumental Methodology

4.1 Selection Rules

Among various spectroscopic techniques, IR and RS are commonly utilized in

experimental science. IR-active modes and RS-active modes are known to be

mutually exclusive in centrosymmetric molecules because these optical processes

are realized as one-photon and two-photon transitions, respectively (Fig. 5.1). It is

important to obtain full vibrational information when characterizing materials.

Therefore, a combined use of both methods should be helpful for understanding

their chemical structures. However, this is practically difficult; due to relatively low

energies of infrared photons, IR spectroscopy sometimes faces problems, e.g., in

situ observation in IR-opaque aqueous solution. RS spectroscopy often suffers with
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fluorescence originated from an excited sample. Nonlinear spectroscopy provides

an opportunity to access many more vibrational modes under such conditions.

Linear and nonlinear optical processes are described as follows [16]. The dipole

moment m induced in a molecule placed in an electromagnetic field with frequency

of o is given by

mi ¼ m0i þ aij � EjðoÞ þ 1=2bijk : EjðoÞEkðoÞ þ � � � ; (5.1)

where m0, a, and b are the permanent dipole moment, the polarizability tensor, and

the hyperpolarizability tensor, respectively, and i, j, k refer to the molecular

coordinates. In this equation, the first-order expansion of the m0, a, and b in the

normal coordinate of vibration Q is, respectively, responsible for IR, RS, and HRS.

That is, in the case of HRS, hyperpolarizability modulations by nuclear vibrations

of molecules are represented as the expansion in the series of the normal coordi-

nates Q near the equilibrium b0:

bijk ¼ b0ijk þ
X
l

@bijk=@Ql

� �
0
Ql þ � � � ; (5.2)

and the second term stands for HRS. So, HRS is realized as an inelastic scattering

process accompanied with optical frequency doubling. Note that HRS is allowed

even in centrosymmetric media because the final state is different from the initial

state. Since this second-order effect is a three-photon process with two-photon

upward and one-photon downward transitions, as shown in Fig. 5.1, one can easily

understand that selection rules for HRS are rather similar to those for IR according

to the parity [16–18]. Moreover, HRS can access so-called silent modes, which are

IR- and RS-inactive, because of less restrictive selection rules in nonlinear optical

processes [18]. This feature is quite important as the analysis tool of molecules.

In a similar manner, one can also consider third-order nonlinear vibrational

spectroscopy. CARS is one of well-known third-order nonlinear optical phenomena

ωIR

ωvis ω = ωvis−Ω

virtual

vibrational level
ground

ω = 2ωvis−Ω

ωvis

ωvis

IR Raman hyper-Raman

Fig. 5.1 Energy diagram of IR absorption (IR), Raman scattering (RS), and hyper-Raman

scattering (HRS)
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used as vibrational spectroscopic tools [13]. As shown in Fig. 5.2, the CARS

process is realized as a combined process of Raman scattering events. Hence, the

selection rules for CARS are same as those for conventional RS. However, there is

a significant difference between CARS and other incoherent Raman processes (RS

and HRS). In the case of CARS, the first and second incident fields, with an energy

difference equal to a vibrational energy induce transition from the ground state to

a vibrational state with the same energy separation. Therefore, CARS is normally

utilized for selective observation of a single vibrational mode.

4.2 Hyper-Raman Scattering Spectroscopy and Microscopy

According to the selection rules, the HRS spectroscopy can in principle be used as

an alternative for IR spectroscopy [19]. Indeed, this nonlinear spectroscopy has

several advantages; IR-mode detection is possible even in IR-opaque media and its

spatial resolution is much better than IR microscopy. Moreover, HRS signals

appear in the doubled frequency region, which is far from the intense excitation

laser line, and hence, low-energy vibration modes are easily observable.

In spite of such remarkable features of HRS, spectroscopic applications of this

technique have been very limited so far because of the extremely small scattering

cross section, typically in the order of 10�65 cm4 per molecule [20]. However, the

recent progress in laser technology has made the effect a widely applicable analyt-

ical method, by combining with signal enhancement techniques. HRS signals can

benefit from electronic resonances to a molecular excited state and from plasmonic

resonances of a substrate metal surface [19–23]. In the former case, which is called

resonance HRS, the appearance of enhanced spectra is closely related to molecular

symmetries. On the basis of the vibronic theory [24], hyperpolarizability can be

expanded into three terms (Ziegler’s A, B, and C terms) according to the order of

the vibronic interactions:

b ¼ Aþ Bþ C: (5.3)

virtual

virtual

τdelay

virtual

CARS Time-resolved CARS
ground

ω2 ω2

ω1

ω1

ω1

ω1

ω = 2ω1−ω2ω = 2ω1−ω2 = ω1 +  Ω

ground

vibrational level vibrational level

virtual

Fig. 5.2 Energy diagrams of coherent anti-Stokes Raman scattering (CARS) and time-resolved

CARS
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In centrosymmetric molecules, HRS gains intensity via Herzberg–Teller term (the

first vibronic B-term), indicating that IR-active modes and silent modes

are enhanced. In the case of non-centrosymmetric molecules, however,

Franck–Condon mechanism (A-term) dominantly contributes to the enhancement.

Moreover, the mutual exclusive rules between HRS and RS are broken, and hence,

some of RS-active modes selectively appear in the spectra. In the case of plasmonic

enhancement, the spectral appearance is more sensitive to molecular orientations at

the metal surface because of the surface selection rules [25].

Figure 5.3 shows a schematic illustration of our HRS measurement system

[26–28]. A mode-locked Ti:sapphire laser (Spectra-Physics, Tsunami) was used to

induce HRS. Pulses of 70 fs at 790 nm with a repetition rate of 82 MHz were

spectrally narrowed by a custom-made laser line filter (Optical Coatings Japan).

The obtained pulse width was 14 cm�1 FWHM with a pulse duration of �1 ps

(measured by autocorrelation). These pulses were introduced into an inverted micro-

scope system (Nikon, TE-2000) with a 36�, 0.52 N.A. reflective microscope objec-

tive or a 100�, 1.49 N.A. oil-immersion microscope objective. Backscattered

photons were collected by the same objective and filtered by dichroic mirrors (Optical

Coatings Japan). Finally, HRS signals were detected by a charge-coupled camera

(Princeton Instruments, PIXIS: 400B) with a polychromator (ACTON, SP2500i).

4.3 Broadband CARS and 2D-CARS Microscopy

The conventional narrowband CARS process probes one particular vibrational

mode selectively. Conversely, so-called broadband CARS measurements, using

ultrashort pulsed laser sources, can probe multiple RS-active vibrational modes

simultaneously [19, 29–31]. In the case of two-beam broadband CARS method, one

of the two beams has a narrow bandwidth and the other a broad bandwidth. There-

fore, the technical issue is how to generate these beams from a single laser source.

Typically, subpicosecond pulses from a conventional solid-state femtosecond laser

Sample

Monochromator

SPF

BPF

CCD

DM

fs Laser
(790 nm, 70 fs)

narrowband

Fig. 5.3 Schematic

illustration of a fs-laser-based

hyper-Raman scattering

microscope system. BPF
narrow band-pass filter, DM
dichroic mirror, SPF
shortpass filter
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system are convenient for this purpose. A photonic crystal fiber and an ultra-narrow

band-pass filter are used to generate supercontinuum and narrowband pulses, respec-

tively, from these pulses [19, 29, 30]. A sub-10-fs ultrashort laser pulse can be also

utilized as a broadband light source [31]. The most important issue in this technique is

the momentum conservation in a wide frequency region. Since this phase-matching

condition is relaxed when the excitation beams are tightly focused, a microscope

system is suitable for the broadband CARS method [19].

The experimental setup for the broadband CARS is rather simple because only

two pulses are needed for three-color CARS emission, as shown in Fig. 5.4a;

a broadband first pulse impulsively promotes molecules to vibrationally excited

states through a two-photon Raman process, and a delayed narrowband second

pulse induces anti-Stokes Raman emission from coherent superpositions to the

ground state [29]. By changing the delay time for the second pulse, therefore, one

can expect to probe dynamical behaviors of multiple RS-active modes. Such a two-

dimensional observation in the time-frequency domains should be effective for

detailed analysis of nanomaterials.

b
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Fig. 5.4 (a) The energy
diagram of the three-color

CARS process, where the

pump and Stokes photons

(opump and oStokes) are

provided from the single

broadband pulse and the

probe photon (oprobe) from

the delayed narrowband

pulse. (b) Experimental setup

of a time-frequency

2D-CARS microscope: BPF
band-pass filter, PCF
photonic crystal fiber, LPF
longpass filter, SPF shortpass
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Our experimental setup of the 2D-CARS microscope is shown in Fig. 5.4b [32].

The 70-fs output from the Ti:sapphire oscillator was split into two beams. One of

the beams was introduced into a photonic crystal fiber (Crystal Fibre, Femtowhite

800) to generate a coherent supercontinuum. Then, the continuum was conditioned

with an 800 nm long-pass filter. The other beam was spectrally narrowed by the

custom-made laser line filter (Optical Coatings Japan, Dn ¼ 14 cm�1 FWHM). The

obtained two beams were introduced collinearly into the microscope objective lens.

The chirping of the broadband pump beam was carefully avoided so that the CARS

signals are obtained in a wide spectral region. The broadband CARS emission in

back-reflected direction was analyzed by the CCD spectrometer.

5 Key Research Findings

5.1 Recent Progress in Hyper-Raman Spectroscopy

5.1.1 Plasmonic and Molecular Resonance Enhancement of
Hyper-Raman Scattering

Since the HRS scattering cross section is so small, enhancement of the signal

intensity is indispensable for a practical use of the HRS technique in the field of

molecular science. As already mentioned, one of the methods for signal enhance-

ment is to use plasmonic resonances of metal nanostructures [20, 21, 25]. This

enhancement technique is called surface-enhanced hyper-Raman scattering

(SEHRS) because it is similar to that of surface-enhanced Raman scattering

(SERS). In SERS or SEHRS, both excitation absorption and scattered emission

benefit from plasmonic field enhancement. Therefore, the plasmonic enhancement

factor M is described as

MSERS ¼ ElocðoÞ
E0ðoÞ

����
����
2 Elocðo� OÞ
E0ðo� OÞ

����
����
2

and (5.4)

MSEHRS ¼ ElocðoÞ
E0ðoÞ

����
����
4
Elocð2o� OÞ
E0ð2o� OÞ

����
����
2

(5.5)

for SERS and SEHRS, where E0(o), E0(o�O), and E0(o�O) represent incident,
Raman-shifted, and hyper-Raman-shifted fields, respectively, and Eloc denotes the

localized field [33]. According to these equations, one can understand that MSEHRS

can be larger than MSERS when both of fundamental and harmonic resonances

contribute to the enhancement. Although colloidal aggregates of metal

nanoparticles are commonly used for SEHRS measurements, it is effective to

design and construct metallic nanostructures artificially [26] because plasmonic

properties of such structures are strongly dependent on their shape. A possibility of

the single molecular detection is now discussed with the SEHRS technique in spite

of the small scattering cross section [20].
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The other enhancement method is to use molecular electronic resonances

[19, 22, 23]. A most interesting topic in this enhancement method is so-called

molecular near-field effect reported by Kano et al. [34]. This effect, explained by

intermolecular vibronic coupling, makes HRS spectroscopy highly sensitive to

intermolecular interactions; one can observe HRS modes of solvent molecules

adjacent to the solute dye molecules via the intensity borrowing from the dye

molecules. That is, solvent-solute interactions are selectively observed without

impairment from signals of the bulk solvent. It is almost impossible to observe

a similar effect in resonance RS spectroscopy because of the unavoidable contri-

bution from Franck–Condon type resonance.

5.1.2 Resonance Hyper-Raman Spectra of Carbon Nanomaterials
In this section, we explain our recent results on resonance HRS spectra of fullerene

and carbon nanotubes [27, 28]. Although HRS has been mainly utilized for char-

acterizing dielectric materials in the field of physics, we believe that these examples

clearly show a possibility of HRS as a spectroscopic tool in the fields of molecular

science and nanomaterials science.

HRS Spectra of Fullerene
Buckminsterfullerene C60 has unique properties such as third-order optical

nonlinearity, superconductivity, and ferromagnetism [3–6, 28]. These properties

are related to the highly delocalized and strongly correlated p-electrons in the

spherical cage with the icosahedral Ih symmetry. It is of great importance to

study such a high degenerate electron-vibration coupling. In spite of many theoret-

ical and experimental efforts, however, our understanding of fullerenes is still

limited because of the elaborate network of the coupled electronic and vibrational

structures. According to the group theory, C60 has 174 internal degrees of freedom

with 46 distinct vibrational coordinates having the representation [35].

Gvib ¼ 2ag þ 1au þ 3t1g þ 4t1u þ 4t2g þ 5t2u þ 6gg þ 6gu þ 8hg þ 7hu (5.6)

The numbers of IR- and RS-active modes are 4 (4t1u) and 10 (2ag + 8hg), respec-

tively. All other modes are IR- and RS-forbidden silent modes (au, t1g, t2g, t2u, gg,

gu, hu). Conversely, the number of HRS-active modes are 22 (4t1u + 5t2u + 6gu +

7hu) including 18 silent modes. Since these HRS modes are mutually exclusive with

RS-active modes, combination of resonance RS and resonance HRS should be

useful for understanding the electron-vibration coupled system.

Microcrystalline films of C60 molecules (Strem Chemicals, Inc., 99.9% grade)

were obtained on a cover slip by evaporation of C60-saturated toluene solution. C60

molecules are known to occupy fcc lattice points in the solid phase, resulting in

symmetry lowering from Ih to Th. However, the symmetry-lowering perturbation is

almost negligible at room temperature. This is because intermolecular van der Waals

forces are much weaker than the intramolecular covalent forces within individual

molecules and, therefore, molecules at room temperature are freely rotating in the

lattice [36]. The measurement system was already described in the earlier section.
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Figure 5.5 shows vibrational modes of C60 microcrystals probed by the conven-

tional IR and RS spectroscopy. The RS spectrum, measured with 785-nm excita-

tion, showed all of RS-active modes, 2ag + 8hg, whereas the IR spectrum clearly

showed the IR-active modes, 4t1u, indicating that both spectra were consistent with

the theoretical calculations of a free C60 molecule.

HRS spectrum of the crystalline C60 is shown in Fig. 5.6. Peak positions of

theoretically calculated HRS-active and RS-active modes are also marked with

black and gray bars in the spectrum. The most intense peak at 0 cm�1 is due to

hyper-Rayleigh scattering, which has probably originated from magnetic dipole

contributions (second harmonic generation at the glass substrate surface was

negligible in the present experimental configuration) [37]. In the Stokes shift

region, there appeared several peaks: intense stretching vibrational modes around

1,300–1,600 cm�1 and bending vibrations around 500–800 cm�1. Compared with

the theoretical calculation, all of HRS-active modes of the icosahedral C60, that is,

the infrared-active t1u and the silent t2u, gu, and hu, were seen in the spectrum.

Moreover, Raman-active modes were also found in the spectrum; for example, the

270-cm�1 peak was obviously associated with the lowest mode of C60, Raman-

active hg(1) mode. A possibility of photodegradation or photopolymerization of C60

molecules [6] was excluded by Raman observation after the HRS measurement.

Presumably, it is due to the Franck–Condon type mechanism of the magnetic dipole

two-photon upward and electric dipole one-photon downward transitions.
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Fig. 5.5 (a) Raman spectrum

of C60 microcrystals excited

by 785-nm diode laser

radiation. (b) IR absorption

spectrum of C60

microcrystals, taken by the

KBr method. Theoretically

calculated Raman-active and

IR-active modes are marked

in the spectra [28]
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As for the observation of the silent modes, some other techniques are available:

inelastic neutron scattering, high-resolution electron energy loss, and low-

temperature fluorescence spectroscopy in neon and argon matrices [38]. Compared

to these techniques, HRS is more widely applicable under various experimental

conditions because it does not require ultrahigh vacuum or low-temperature con-

dition. Isotopic perturbations are also utilized for spectroscopic activation of silent

modes, but electron-vibration coupling properties may be also affected. Therefore,

the direct observation is meaningful for characterizing nanomaterials.

HRS Spectra of Single-Walled Carbon Nanotubes
Single-walled carbon nanotubes (SWNTs) can behave as semiconductors or metals,

depending on their chirality. Therefore, vibrational spectroscopy is indispensable for

characterizing chemical structures. Especially, resonance Raman spectroscopy is con-

sidered to be one of most powerful tools, which provides us rich information about

nanotube diameters or defect densities [10, 27, 39]. However, much more detailed

characterization is required for further development of carbon-based nanotechnology.

It has been theoretically predicted that achiral SWNTs (m ¼ n or m ¼ 0) possess

8 RS-active and 3 IR-active modes, whereas chiral SWNTs (0 < m 6¼ n) have 14

RS-active and 6 IR-active modes [10]. However, there are only few experimental

reports on the IR-active phonon modes because of the difficulty in detection [40, 41].

The difficulty is, in part, because SWNTs do not support a static dipole moment, and

hence much weaker dynamic dipole moment has to be taken into account. Moreover,

CNT samples usually contain carbon impurities that may induce similar IR absorp-

tion, making IR assignments much more difficult. Under these circumstances, reso-

nance HRS spectroscopy is expected to be useful for characterizing SWNTs.

In the experiments, SWNTs with �0.8 nm diameter (95 wt% grade) were

purchased from Carbon Nanotechnologies, Inc. The quantity of 0.002 wt% of the

nanotubes were dispersed into 2,2,3,3-tetrafluoro-1-propanol by sonication for 1 h;

the solution was cast on a cover slip, and the solvent was allowed to evaporate.
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The sample density was high enough to exhibit ensemble-averaged spectra of the

nanotubes with diameter distribution.

Figure 5.7 shows a typical RS spectrum of the SWNTs measured by 785-nm CW

laser excitation. Three peaks of radial breathing modes (RBM) were found to be in

the range of 200–270 cm�1, suggesting that semiconducting SWNTs with diame-

ters of 0.9–1.2 nm were excited resonantly through the interband transitions of E22
S

[42]. The shape of tangential graphite-like modes (G-band) around 1,600 cm�1 also

suggests that the semiconducting SWNTs were in resonance [40]. In addition to

these first-order Raman bands, the disorder-induced band (D-band) was weakly

observed around 1,300 cm�1.

Among these three characteristic Raman bands, RBM should be HRS-inactive.

Figure 5.8 shows a HRS spectrum of the SWNTs excited by the spectrally narrowed

pulse radiation of 790 nm. In the frequency-doubled Stokes shift region, the

SWNTs showed significant peaks around the D- and G-band regions, but no

RBM in the spectrum, as expected. The highest peak at 0 cm�1 (395 nm) corre-

sponds to hyper-Rayleigh scattering, which is probably due to chiral SWNTs [43].

It is known that the position of the Raman D-band shows excitation energy

dependence [44]. The 790- and 395-nm excited D-bands indeed appeared around

1,300 and 1,390 cm�1, respectively [27]. According to the D-band position in the

HRS spectrum, both fundamental and harmonic resonances to intermediated states

were thought to contribute to the enhancement of the HRS intensity. Conversely,

the G-band shape, which is decomposed into G+ and G�, suggested the contribution
of harmonic resonances to the E11

M transition. The observed HRS G�-band was

able to be fitted with Breit–Wigner–Fano (BWF) type line shape, which is charac-

teristic in Raman spectra of metallic SWNTs [45].

The IR modes are theoretically expected to be around 680, 780, 870, 1,250,

1,360, and 1,500 cm�1 in addition to the D- and G-bands. Though Fig. 5.7 seems to

display several tiny structures around the expected regions, the question is whether
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Fig. 5.7 Raman spectrum of

SWNTs excited by 785-nm

CW radiation. The observed

peaks around 1,590, 1,300,

and 260 cm�1 correspond to

the tangential graphite-like

modes (G-band), the disorder-

induced modes (D-band), and

the radial breathing modes

(RBM), respectively [27]
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the observed HRS peaks are truly associated with IR modes. In this connection, we

note that HRS and RS transitions are mutually exclusive only in centrosymmetric

systems. In non-centrosymmetic systems such as chiral SWNTs, however, certain

Raman modes can be HRS-active. In the case of resonance HRS, such Raman modes

gain intensity via the Franck–Condon type mechanism (Ziegler’s A-term) [24].

Nevertheless, one could assume that the present resonance HRS spectra included

information on the IR-active modes of the SWNTs, because of the absence of RBM.

The previously reported IR spectrum of SWNTs exhibited many more peaks

compared with the theoretical prediction, and then these peaks were tentatively

assigned to second-order modes [40]. In the case of IR absorption, the existence of

carbon impurities always impaired detection and assignment of intrinsic SWNT’s

IR-active modes so severely that careful purification of samples was essential.

Conversely, resonant HRS spectroscopy can exclude such a possibility. By mea-

suring chirality-controlled SWNTs, detailed information will be available from

HRS measurements.

5.2 Recent Progress in Broadband CARS Microscopy

5.2.1 Three-Color Broadband CARS Microscopy
Conventional CARS spectroscopy is carried out using the two-color CARS process

induced by continuous-wave or narrowband pulsed laser sources. On the basis of

the progress in the broadband pulsed laser technology, broadband CARS methods

are now drawing much attention [29–31]. One of most remarkable examples is
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Fig. 5.8 Hyper-Raman scattering spectra of SWNTs excited by ps-pulsed radiation of 790 nm

from the mode-locked Ti:sapphire laser. SWNTs exhibited the G-band and D-band peaks in

addition to the hyper-Rayleigh scattered peak [27]
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a single-pulse CARS; a spectrally controlled broadband single pulse plays three

roles: pump, Stokes, and probe beams [46]. In a practical use, however, two-pulse

CARS spectroscopy is rather simple. Another advantage of the two-pulse CARS

method is the capability to obtain temporal information of vibrational modes by

observing delay-dependent CARS signals. Since the broadband CARS can obtain

multiple vibrational modes simultaneously, the time-resolved broadband CARS can

probe vibrational information in time-frequency domains. We will show in the next

section our example of the two-dimensional observation of SWNT phonons by using

the time-resolved broadband CARS [32].

5.2.2 2D-CARS Spectra of SWNTs
In semiconducting SWNTs, spectroscopic studies showed that the electronic

excited states were excitonic in character with extraordinary high binding energy

because of exciton wave function localization [47–49]. Due to such a strong

electron-phonon coupling, SWNTs are expected to exhibit special electron trans-

port properties such as superconductivity [7]. Moreover, ultrafast modulation of the

electronic and optical properties could be possible via coherent control of SWNT-

lattice vibration through the strong electron-phonon coupling [50]. To study inter-

actions and dynamics of electrons and phonons in SWNTs is of great importance for

understanding their unique properties.

In spontaneous resonance RS spectroscopy, which provides vibrational infor-

mation in frequency domain, dynamical information is averaged out and convoluted

in line shapes of the spectra. Hence, there is a practical limitation to extract

information about phonon dynamics from frequency domain due to inhomogeneous

broadening of line shapes. On the other hand, pump-probe spectroscopy is a useful

technique to probe directly electron-phonon dynamics in time domain. In the

typical pump-probe method like time-resolved electronic absorption, however,

phonon dynamics appears as decaying oscillatory components; the phonon infor-

mation is obtained by the Fourier transform. Therefore, the sensitivity and fre-

quency resolution in this technique are relatively low especially for high-frequency

phonons due to the limitation of the laser pulse duration. In the case of conventional

time-resolved CARS [51], frequency-domain information is not available without

scanning of excitation wavelength. Since decoherence processes could be accom-

panied with a frequency shift or modulation, there are both practical and funda-

mental considerations in time-frequency 2D spectroscopy for more detailed

dynamical studies. In this sense, 2D broadband CARS spectroscopy is useful for

studying dynamical behaviors. To demonstrate this technique, we focus on dynam-

ics of G- and D-bands of SWNTs. Since the D-band intensity is related to defect

density in graphitic structures, both as-produced and UV-irradiated SWNTs were

utilized for the experiments.

Figure 5.9a shows a resonance anti-Stokes Raman spectrum of UV-irradiated

SWNTs measured by using quasi-monochromatic excitation with the narrowband
790-nm beam (1.57 eV), containing information about the electron-phonon cou-

pling in frequency domain. The characteristic Raman bands, G- and D-bands, were

clearly observed. The relatively large D-band indicates the introduction of defects
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in the SWNTs. Although the anti-Stokes Raman intensity is proportional to the

population of optical phonons, it is often much larger than the value expected for

thermal equilibrium in the case of SWNTs because Stokes and anti-Stokes Raman

scattering can gain intensities from different nanotubes [52].

The 2D-CARS spectra for the same SWNTs are shown in Fig. 5.9b. To our

knowledge, this is the first example of CARS spectra of SWNTs in a wide fre-

quency region including G- and D-bands. (So far, there have been few reports on

CARS emission from SWNTs even in conventional narrowband CARS at single

frequency [53].) At the time delay of 0 ps, a nonresonant background signal was

observed as a sum of various multiphoton processes [19]. After the background rise

vanished, the induced G-band peak still remained with the picosecond-order decay,

indicating coherent vibrations of the nanotube lattices. Conversely, the D-band

vanished immediately after the excitation. Since CARS probes coherent vibrations

generated by pairs of pump and Stokes photons, the observed D-band behavior

suggests that the D-phonons has low coherency. Such incoherent D-band

behavior is consistent with the double resonance mechanism [44]. In this mechanism,

the zone-boundary D-phonons are allowed by the combination with elastic electron

backscattering in the Brillouin zone because of the momentum conservation. In other

words, the D-band resonance involves an incoherent electron scattering process

mediated by a lattice defect. Conversely, the excitation of the zone-center G-phonons

is not accompanied with incoherent electron-defect scattering, resulting in the coher-

ent vibrations of the lattices. That is, the time-frequency 2D spectra directly showed

the difference of the resonance mechanisms between G- and D-phonons.

Interestingly, the G-band shape in the time-resolved CARS spectrum is slightly

different from those in the conventional Stokes and anti-Stokes Raman spectra; the

G� intensity was weaker in the time-resolved CARS spectrum. It is known that the

G� line shape in spontaneous Raman spectra is significantly affected by resonances

to metallic SWNTs; a characteristic broadening is observed as a result of reso-

nances between phonons and an electronic continuum (plasmons) [54]. Although

the present excitation energy is mainly resonant to semiconducting SWNTs, a small

contribution from metallic SWNTs is still expected [55]. By considering these

circumstances, the observed difference in the G� peak could be due to the fast

relaxation of the G-phonons in metallic SWNTs. Indeed, a pump-probe study on

RBM dynamics suggested that coherence was not generated in metallic SWNTs

[56]. For further discussion, individual SWNT should be examined with time-

resolved CARS spectroscopy.

Next, the relaxation process of G+-phonons is analyzed by assuming that the

inhomogeneous contribution is small and the response function can be modeled as

an instantaneous rise at a delay time T0 followed by an exponential decay with time

constant T2/2. Here, the total dephasing time T2 is expressed by using the pure

dephasing time tph and the population lifetime T1 as follows [51]:

2

T2
¼ 2

tph
þ 1

T1
(5.7)
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The experimental data was fitted, as shown in Fig. 5.10, to a convolution of this

response function with the instrument response function. As the result, the decay

time T2/2 was estimated to be 1.1 � 0.1 ps. Recently, the population lifetime T1 of
G-phonons was measured by incoherent time-resolved anti-Stokes Raman scatter-

ing and the lifetime was found to be 1.1–1.2 ps in semiconducting SWNTs [57].

Therefore, one can reasonably assume tph>> T1 at room temperature. This result is

consistent with the conventional Raman line width of semiconducting SWNTs [58].

The observed short lifetime of the G-phonons implies anharmonic mode coupling

between G-phonons and RBM-phonons [59]. In fact, a frequency modulation of the

G mode by the RBM has been reported, suggesting the anharmonic coupling

between these vibrations [56].

6 Conclusion and Future Perspective

Nonlinear Raman spectroscopy has several unique features because of being the

multiphoton optical processes. Although we focused on characterizing carbon

nanomaterials in this chapter, these features must be generally useful for spectros-

copy of nanomaterials. According to the selection rules, the second-order HRS can

access IR-active modes and some of the silent modes. Since the scattered signals are

detectable even in IR-opaque media, the HRS spectroscopy can be useful as an

alternative of IR spectroscopy in biochemical imaging or electrochemical research.

From the viewpoint of the optical diffraction limit, furthermore, nonlinear optical

spectroscopy has much better spatial resolution than the linear one [15]. This is

because the excitation efficiency of higher-order nonlinear effects is proportional to

the high-order powers of the excitation light intensity, and the signals are dominantly

generated from the focused spot. Indeed, CARS has become a popular tool for depth-

resolved imaging in the fields of materials science and biochemical research.
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The small cross sections in multiphoton processes are of course a weakness of

nonlinear spectroscopy. Especially in microscopy, this problem becomes serious

because of the small volume of a sample. By the use of the signal enhancement

techniques, however, the disadvantage can be turned into an advantage of back-

ground-free selective measurements. For example, the combined use of HRS with

the plasmonic enhancement provides us a chemical imaging with nanoscale spatial

resolution; when a laser-illuminated metal tip is located adjacent to a sample

surface, signal enhancement is locally induced near the tip. This spatial resolution

is expected to overcome optical diffraction limit. Such tip-enhanced spectroscopy

has already been reported in conventional CARS [15].

Time-resolved measurements are also one of the advantages in multiphoton

spectroscopy. In the case of nanomaterials, physical and chemical properties are

largely affected by interaction with surrounding environments. Therefore, the

dynamical study should be useful for characterizing nanomaterials from the view-

points of nanodevice applications.
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Ag/Carbon Nanotubes for
Surface-Enhanced Raman Scattering 6
Han-Wei Chang, Ping-Chieh Hsu, and Yu-Chen Tsai

1 Definition of the Topic

The surface-enhanced Raman scattering (SERS)-active substrates were prepared by

electrodeposition of Ag nanoparticles in multiwalled carbon nanotubes

(MWCNTs)-based nanocomposites for SERS sensor application.

2 Overview

The novel SERS-active substrates were prepared by electrodeposition of Ag

nanoparticles in the MWCNTs-based nanocomposites. The formation of

Ag-MWCNTs nanocomposite was characterized by scanning electron microscopy

and energy dispersive X-ray spectroscopy. The application of the Ag-MWCNTs

nanocomposite in SERS was investigated by using rhodamine 6G (R6G). The

present methodology demonstrates that the Ag-MWCNTs nanocomposite is suit-

able for SERS sensor.

3 Introduction

For the past two decades, SERS has been widely studied due to its high sensitivity

and specificity [1–5]. It is a powerful tool for determining vibrational spectra of

probe molecules on roughened metal substrates [6, 7]. In general, there are two

simultaneously operative mechanisms to describe the predominantly SERS effect:
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electromagnetic enhancement mechanism (EM) and chemical enhancement mech-

anism (CHEM) [8]. The EM mechanism is based on the amplified electromagnetic

fields generated upon excitation of the localized surface plasmon resonance of

roughness nanostructures surface [9–12] and the CHEM enhancement is based on

the polarizability of the molecule induced from electronic resonance/charge trans-

fer between probe molecules and roughened metal substrates. Various metallic

materials such as Ag [13], Au [14], and Cu [15] have been developed and inves-

tigated as SERS-active roughness substrates. Accordingly, it is of special interest to

fabricate the SERS substrates from rough surfaces to nanostructures of metals

materials. Recently, many reports have shown the deposition of various metal

nanoparticles onto the surface of carbon nanotubes (CNTs) for SERS active sub-

strates [16–18]. The combination of metal nanoparticles and CNTs was effectively

utilized to enhance the SERS effect [11, 17, 18]. Currently, many techniques have

been developed to obtain SERS-active substrates, including Langmuir–Blodgett

(LB) [19, 20], self-assembly [19, 21, 22], lithography [9, 23], and electrodeposition

[17, 18, 24].

3.1 SERS

Raman spectroscopy is commonly used as a detection method for noninvasive

identification and molecule sensing. It offers many advantages, such as fluorescent

counterparts, monitoring molecule excitement at any wavelength, and narrow peak

width, and it can represent a chemical fingerprint between the molecular composi-

tion and structure [25]. However, conventional Raman scattering have some limits

that include extremely small cross section and the interference of fluorescence

[26, 27], which leads to the need for intense laser excitation sources and a large

number of molecules to give adequate signals.

In 1974, Fleischman et al. found that Raman scattering of adsorbed pyridine

species on Ag electrodes could be enhanced by several orders of magnitude [28].

This phenomenon is called SERS. The SERS effect is observed by analyte molecules

adsorbed upon roughened metallic surfaces, and Raman scattering intensity can be

enhanced for several orders of magnitude greater than in solution or on an ordinary

smooth metal surface. The magnitude of the enhancement in Raman scattering depend

on the chemical nature of the adsorbed molecules and the roughness of the surface [7].

Furthermore, the SERS spectroscopy shows the possibility of overcoming the rela-

tively low sensitivity of Raman spectroscopy and the suppression of fluorescence.

SERS has continued to attract much attention for its potential applications in electro-

chemistry [29], optics [7], catalysis [30], and biological sensing devices [5, 11, 35].

There are two types of SERS mechanisms, which are responsible for the

observation of the SERS enhancement [8]; one type is the long-range EM effect

and the other is the short-range CHEM effect. The EM effect is believed to be the

result of localized surface plasmon resonance electric fields (hot spot) set up onto

the roughened metallic surfaces [9, 10, 31]. The probe molecules residing within

these hot spots will be strongly excited and subsequently emit amplified Raman
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signals. The Raman enhancement factor attained in EM effect was typically in the

range of 106–1010. The CHEM results from the charge-transfer excitation of analyte

molecules [32]. This normally brings about an additional SERS enhancement factor

in the order of 102. The two mechanisms operating simultaneously can be observed

in SERS, but it is widely believed that the EM effect plays a greater role in SERS

enhancement than the CHEM effect.

Further enhancement of the SERS can be achieved through precise control over

the parameters at the metal particle size scale [10] Most SERS-active substrates

were made from pure metallic nanostructures such as metal nanoparticles [33–35],

metal particle arrays [5], roughened metal surfaces [36], or a combination with

metal nanostructures and other nanomaterials [17, 18, 29, 37–39]. Recently, many

strategies have shown the adsorbation of molecules on the surface of Ag and Au

substrates for SERS applications [40]. SERS-active Ag nanostructures substrates

are required to satisfy certain conditions with good reproducibility and stability

[39]. For this reason, it is indispensable to develop and optimize the methods to

prepare the SERS-active Ag substrates [41].

3.2 Methods to Prepare SERS-Active Ag Substrates

In recent years, there are many effective methods for the preparation of SERS-

active Ag substrates. These include Langmuir–Blodgett (LB), self-assembly,

lithography, and electrodeposition.

3.2.1 Langmuir–Blodgett (LB)
The LB techniques are a powerful tool used to assemble large-scale monolayers of

hydrophobic metallic nanoparticles on a water surface [42]. The advantages of the

LB techniques are the good reproducibility of the metallic nanoparticles substrates

and the ability to disperse the particles on the surface of water [43]. Recently, the

LB methods have received interest as a process for the fabrication of thin films

SERS substrates.

Lu’s group has developed a novel technique for synthesizing high-density

nanoparticle thin film by LB techniques on a water surface and transferring the

particle monolayer to a polymer membrane as SERS substrates. They found that the

optical response of the Ag nanoparticles on polymer film are a dependence of

temperature and demonstrated the capability to create highly ordered particle film

by heating the film to temperature above the polymer’s low critical solution

temperature [44]. The high-density particle film prepared via LB techniques can

be easily obtained, and the particle distance can be optimized to approach the

strongest coupling between adjacent particles and match the plasmon resonance

wavelength to the laser excitation wavelength [45]. These properties make the high-

density particle film for use in SERS and for developing a highly specific label-free

biomolecular sensing. The high-density Ag particle film has a strong affinity to

R6G, and it is able to enhance the scattering signal and demonstrates the tunable

plasmon coupling between high-density nanoparticles [46].
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Tao’s group demonstrated a good SERS substrate using aligned monolayers of

Ag nanowires by LB techniques and found that a unique feature can arise when

synthesizing the Ag nanowires to sharp vertices, noncircular pentagonal cross

sections, and interwire coupling. By using aligned monolayers of Ag nanowires

as SERS substrates, the detections of thiol, 2, 4-dinitrotoluene, and R6G on

Ag nanowires substrates have a high electromagnetic field enhancement factors

(2 � 105 for thiol and 2, 4-dinitrotoluene, 2 � 109 for R6G). The enhancement

factors change is caused by the specific interaction of the nanowires (sharp vertices,

noncircular pentagonal cross sections, and interwire coupling) that result in larger

field enhancement factors, offering higher sensitivity and enabling SERS experi-

ments with a broad selection of excitation sources [47].

Chowdhury et al. demonstrated Rhodamine 123 (Rh 123) monolayer organized

on the Ag island film by the LB techniques. Results showed that the Rh 123

molecules in a monolayer on the Ag island film offered a high SERS activity.

The huge SERS enhancement intensity confirms the charge transfer interaction

between the Rh 123 and the Ag island film by physisorption of Rh 123 on the Ag

island film [48].

3.2.2 Self-assembly
The self-assembly technique has attracted much attention since they were observed

by Decher in 1991 [49]. Self-assembly is the fundamental principle that provides

the precise control of the resulting assemblies and the thickness of an individual

layer on the nanometer scale by variation in the bulk concentration of the metal

colloids suspension, deposition time, pH, and transport conditions [50]. Recently,

the functionalization of metal nanoparticles has opened up new opportunities

for the construction of nanostructured self-assembly films to fabricate novel

SERS-active Ag substrates.

Peng et al. have applied l-DNA networks-Ag nanoparticles hybrid films as

highly rough and stable SERS-active substrates to develop sensors. The l-DNA
networks-Ag nanoparticles composite were self-assembled from l-DNA networks

onto cetyltrimethylammonium bromide-capped Ag nanoparticles coated on the

charged mica surface until the desired number of bilayers was reached. The self-

assembled techniques have the capability to create a large amount of Ag particles

and the higher surface roughness of hybrid films with the increase in the number of

bilayers. The rough metallic hybrid films have been used for the sensitive analytical

tool. A strong SERS effect could be easily explored when methylene blue adsorbed

on these hybrid films [50].

3.2.3 Lithography
Lithography techniques such as nanosphere lithography and electron-beam lithog-

raphy are ideal methods to fabricate the reproducible SERS substrates [51]. They

have been shown to improve the substrates performance by controlling the size and

shape of colloidal nanoparticles and interparticle spacing [52]. Lithography tech-

niques are simple to implement and of low cost. These advantages make them

suitable platforms for the fabrication of SERS-active substrate.
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Jesus et al. indicated that the nanolithography fabrication of metal–polymer

substrates can be applied to detect R6G and 1, 10-phenanthroline with SERS. The

results confirm that the nanolithography technique not only reduces cost, but also

creates SERS substrates with very high sensitivity that largely improve the quan-

titative detection of trace amounts of an analyte [53].

It has been shown that [54] a pattern of gold nanograin aggregate structures with

diameters ranging between 80 and 100 nm with interstitial gap of 10–30 nm were

fabricated by an e-beam lithography. The results demonstrated that reproducible

Raman signals can be achieved when the concentration of myoglobin protein is

attomole (10�18). The use of e-beam lithographically for the preparation of gold

nanograin aggregate structures provides a novel approach for the optimization of

reproducible SERS substrates.

3.2.4 Electrodeposition
The electrodeposition technology has proven to be the least expensive, effective,

and readily adoptable method to deposit Ag substrates for reliable SERS substrates

with good reproducibility. It allows the preparation of nanostructure patterns by

controlling the amount of composition, deposition time, temperature, and applied

potential. The SERS substrates prepared by electrodeposition were a good candi-

date for the fabrication of a reproducible substrate. In principle, most of the metals

including Au [55], Cu [56], and Ag [57–59] can be electrodeposited from aqueous

solutions.

Recently, Sun et al. [60] proposed to fabricate Ag nanostructures by electro-

chemical deposition of Ag in anodic aluminum oxide templates with each pore

diameter of 100 nm. The morphology of Ag substrates was characterized by

FESEM. The length of the Ag nanowires is estimated to be about 2 mm from the

FESEM images. In addition, the SERS enhancement factor calculated for Ag

nanowires SERS substrates is approximately 106 in magnitude. The Ag nanowire

arrays are expected to have important applications in the development of high

sensitivity SERS-based substrates.

Tourwe’s group developed the SERS-active electrodes by electrodeposition.

During the electrodeposition process, the Ag electrode has been grown on the

diamond paste electrode through a simple galvanic reaction between an

aqueous solution which contains 0.5 M LiNO3 and 5 � 10�4 M AgNO3. The

experimental results revealed that the reproducibility of SERS-active electrodes

allows performing quantitative measurements at various probe molecule

concentrations.

Luo et al. [61] demonstrated a simple method for the preparation of SERS active

Ag nanostructures substrates by deposition of Ag nanoparticles into the designed Si

holes. The morphologies of the Ag nanostructures were observed with SEM. The

diameters of the Ag nanoparticles were found to be 40–60 nm. With increasing

deposition time, flower-like Ag nanostructure commenced crystallization to form

near the edge of the bottom surface of the Si microholes. These Ag nanostructures

exhibited strong SERS enhancement, which provided an excellent platform for

monitoring the R6G molecules by SERS technology [62].
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3.3 CNTs-Metal Nanoparticles Composites

CNTs have attracted much attention due to their high chemical stability, high

mechanical strength, large surface area, high electrical conductivity, and thermal

stability [63]. Recently, many reports have been shown the deposition of various

metal nanoparticles onto the surface of CNTs, such as platinum [64], plumbum

[65], gold [16, 66], and Ag [16, 67]. Metal nanomaterials have received consider-

able interest because of their particular optical, electronic, and magnetic properties.

The unique characteristics of nanoparticles are usually prepared with the control of

size and shape. The introduction of metal nanoparticles to CNTs is mainly stimulated

by their characteristic interfacial interactions to produce a novel nanocomposite that

combines the properties of two nanoscale materials [16]. The CNTs-metal

nanoparticles composites have been used in a wide range of applications, such as

sensors [70] and SERS [16, 66]. In SERS, the localized surface plasmon resonance

achieved by metal nanoparticles provides a strong and highly confined electromag-

netic field. Thus, several research groups have successfully combined metal

nanoparticles on the surface of CNTs and have attracted attention in SERS. Kumar

et al. [68] compared the effect of SERS from before and after depositing Ag

nanoparticles on CNTs. The substrate of CNTs-Ag nanoparticles showed a strong

SERS enhancement [16]. The average intensity increased almost 134,000-fold when

Ag nanoparticles were deposited on CNTs. Guo et al. reported on a simple method for

preparing effective CNTs/TiO2/Ag SERS substrates. The SERS effect was investi-

gated using the molecular probe 4-aminothiophenol adsorbed on the surface

of a CNTs/TiO2/Ag. It was found that stronger SERS activity was obtained for

CNTs/TiO2/Ag substrates than the normal Raman spectrum of solid 4-ATP [69].

In order to prepare CNTs-metal nanoparticles composites, the CNTs need to be

well dispersed. The poor dispersion of CNTs in liquid media has limited the

research progress in many fields. Recently, polymers are potential choices to

disperse CNTs into aqueous media for the noncovalent method. Several groups

have reported that the use of noncovalent method provided a useful and effective

method to improve the dispersion of CNTs in a polymer liquid media. Zhang’s

groups [70] demonstrated a simple method for the dispersion of single-walled

carbon nanotubes (SWCNTs) in Nafion solution. The method could significantly

improve the dispersion of SWCNTs. The Nafion aqueous solution–dispersed

SWCNTs provide many promising and important applications. Zhang et al. [71]

focused on the modification of MWCNTs by noncovalent method. They showed

a new method to enhance the dispersion of MWCNTs in chitosan (CHIT) by the

effect of pH. Chitosan provided a good biocompatibility and maintained the

property of MWCNTs. A good biocompatibility makes the CHIT/MWCNTs sys-

tem useful for various biomedical applications to improve the physical and chem-

ical properties of materials.

This work is to introduce the SERS-active surface prepared by electrodeposition

of Ag nanoparticles in MWCNTs for SERS chemical sensor application. R6G,

a dye molecule, is chosen as a probe molecule because it has been well investigated

by SERS.
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4 Experimental and Instrumental Methodology

4.1 Preparation of Ag-MWCNTs-Nafion Nanocomposite

The ITO substrates were rinsed thoroughly with the aid of ultrasonic agitation in

isopropyl alcohol, acetone, and distilled water for 15 min, respectively. Then, they

were dried with a stream of high purity nitrogen. The MWCNTs-Nafion solution

was made by adding 10 mg MWCNTs in the l mL 0.5 wt% Nafion solution and

ultrasonic agitation for 1 h to form a homogeneous solution. The prepared solution

was spin-coated on a sheet of ITO substrate. The solvent was allowed to evaporate

at room temperature in the air. Then, the MWCNTs-Nafion-coated ITO substrate

was immersed in 0.1 M KNO3 solution containing 10 mM AgNO3. The electro-

chemical deposition of the Ag nanoparticles was conducted at �0.3 V versus

Ag/AgCl (3 M KCl) at desired charges. Finally, the Ag-MWCNTs-Nafion-modified

ITO substrates were obtained.

4.2 Preparation of Ag-MWCNTs-Alumina-Coated-Silica (ACS)
Nanocomposite

A MWCNTs-ACS solution was made by dispersing 15 mg MWCNTs in a 1 mL of

1 wt% ACS (DuPont) aqueous solution (pH 2) with the aid of ultrasonic agitation

for 2 h. The prepared MWCNTs-ACS homogeneous solution was spin-coated on

a sheet of ITO substrate. The solvent was allowed to evaporate at room temperature

in the air. Electrodeposition of Ag nanoparticles on MWCNTs-ACS-coated ITO

substrate was carried out in an electrochemical cell that consisted of 0.1 M KNO3

solution containing 10 mM AgNO3 and a constant potential of �0.3 V versus

Ag/AgCl (3 M KCl) was applied under stirring condition.

5 Key Research Findings

5.1 Ag-MWCNTs-Nafion Nanocomposite for SERS

SERS-active substrates were prepared by attaching Ag nanoparticles in the

MWCNTs-Nafion for SERS chemical sensor application. The preparation of Ag

nanoparticles onto the surface of CNTs by one-step electrochemical method is

considered as an effective procedure when compared with others which are time

consuming and the impurity might be involved during the preparation. The FESEM

images of MWCNTs-Nafion nanocomposite before and after electrodeposition of

Ag nanoparticles are shown in Fig. 6.1a, b, respectively. Figure 6.1b reveals that

the Ag nanoparticles, with an average diameter of approximately 100 nm in the

MWCNTs-Nafion nanocomposite and some nanoparticles, aggregated to form

large Ag particles. The Ag particle size greater than 100 nm is efficient for SERS

at 633 nm excitation [72]. The EDS was used to confirm the formation of Ag in
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MWCNTs-Nafion nanocomposite. The EDS patterns of MWCNTs-Nafion

nanocomposite before and after electrochemical deposition of Ag nanoparticles

are shown in Fig. 6.2a, b, respectively. It indicates that C is the major element

which is derived from MWCNTs and Nafion. The Ag element can be identified in

Fig. 6.2b after the electrochemical deposition of Ag nanoparticles. The prepared

Ag-MWCNTs-Nafion nanocomposite was used to detect the typical SERS active

probe molecule such as R6G. For the determination, the Ag-MWCNTs-Nafion-

nanocomposite-modified ITO substrates were placed on the bottom of a liquid cell

with 35 mL aqueous solution. Two control experiments at the Ag-coated and

Ag-carbon black (CB)-Nafion-coated ITO substrates were performed for compar-

ison. The Raman spectra of 10�4 M R6G in aqueous solution at the surfaces of

MWCNTs-Nafion, Ag, Ag-CB-Nafion, and Ag-MWCNTs-Nafion-modified ITO

substrates are shown in Fig. 6.3a–d, respectively. The peaks at 1,186, 1,310,

1,362, 1,509, and 1,650 cm�1 are observed at all the surfaces. The strong peaks at

1,362, 1,509, and 1,650 cm�1 in the SERS spectra can be assigned to aromatic C–C

Fig. 6.1 FESEM images of

MWCNTs-Nafion

nanocomposite before (a) and
after (b) electrochemical

deposition of Ag

nanoparticles
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stretching vibrations and indicated that the R6G were adsorbed on the surface of

Ag-MWCNTs-Nafion. The characteristic Raman peaks in Fig. 6.3 were in agree-

ment with other works [47, 72–74]. The SERS intensity of R6G obtained at

the surface of Ag-MWCNTs-Nafion is higher than those at the surfaces of Ag

and Ag-CB-Nafion. The results show that the three-dimensional nanostructure of
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Fig. 6.2 EDS patterns of MWCNTs-Nafion nanocomposite before (a) and after (b) electrochem-

ical deposition of Ag nanoparticles (Reprinted with permission from Ref. [18]. # 2009 Elsevier)
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Fig. 6.3 Raman spectra of 10�4 M R6G in aqueous solution on the surfaces of MWCNTs-Nafion

(a), Ag (b), Ag-CB-Nafion (c), and Ag-MWCNTs-Nafion (d) modified ITO substrates (Reprinted

with permission from Ref. [18]. # 2009 Elsevier)
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MWCNTs-Nafion is a suitable matrix for Ag nanoparticles loading for SERS sensor

applications. Different concentrations of R6G were added into the liquid cell in

order to evaluate the potential applications of the Ag-MWCNTs-Nafion-

nanocomposite-film-modified ITO substrates. Raman spectra of Ag-MWCNTs-

Nafion to the additions of varying concentrations of R6G in aqueous solution are

shown in Fig. 6.4. It can be seen that the Raman intensities increased with

successive addition of R6G. These results demonstrate that R6G can be detected

with the Ag-MWCNTs-Nafion substrates. The calibration curve of Raman peak

intensity (at 1,509 cm�1) at the Ag-MWCNTs-Nafion-modified ITO substrates

to the addition of varying concentrations of R6G in aqueous solution is shown

in the inset in Fig. 6.4. The linear range is 10�8–10�5 M with a correlation factor

of 0.994.
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Fig. 6.4 Raman spectra obtained at Ag-MWCNTs-Nafion-modified ITO substrate for successive

additions of R6G concentrations of 10�8 (a), 10�7 (b), 10�6 (c), 5 � 10�6 (d), 10�5 (e), 5 � 10�5

(f), 10�4 (g) M in aqueous solution. The inset shows the calibration curve of Raman peak intensity

(at 1,509 cm�1) of R6G obtained at Ag-MWCNTs-Nafion-modified ITO substrate (Reprinted with

permission from Ref. [18]. # 2009 Elsevier)
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5.2 Ag-MWCNTs-ACS Nanocomposite for SERS

It has been reported that ACS provides an effective way for dispersion of CNTs in

aqueous solution in electroanalytical applications [75, 76]. The FESEM images of

MWCNTs-ACS-coated ITO, and Ag-MWCNTs-ACS-coated ITO are shown in

Fig. 6.5a, b, respectively. It can be seen in Fig. 6.5a that the MWCNTs are well

dispersed in the MWCNTs-ACS nanocomposite. The formation of Ag in

MWCNTs-ACS after electrochemical deposition can be seen in Fig. 6.5b. Ag

particles were with diameters about 100 nm in the MWCNTs-ACS nanocomposite

and exhibited some spherical nanostructures. The Ag nanoparticles are in electrical

contact with the ITO substrates throughout the MWCNTs-ACS nanocomposite.

The Ag particle size prepared by this method is suitable and provided a high number

of good hot spots for SERS.

In order to compare the SERS performance between the Ag-MWCNTs-ACS-

coated ITO and Ag-coated ITO substrates, the Raman intensity for R6G at the

Fig. 6.5 FESEM images of

MWCNTs-ACS (a) and
Ag-MWCNTs-ACS (b)
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Fig. 6.6 Raman spectra obtained at the surfaces of Ag-coated ITO (a) and Ag-MWCNTs-

ACS-coated ITO for 10�4 M R6G in aqueous solution (Reprinted with permission from

Ref. [17]. # 2009 Elsevier)
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Fig. 6.7 Raman spectra obtained at the Ag-MWCNTs-ACS-modified ITO substrate for succes-

sive additions of R6G concentrations of 10�9 (a), 10�8 (b), 10�7 (c), 10�6 (d), 10�5 (e), and 10�4

(f) M in aqueous solution. The inset shows the Raman peak intensity at 1,509 cm�1 of R6G drawn

as a function of the R6G concentration in a logarithmic scale at the Ag-MWCNTs-ACS-modified

ITO substrate (Reprinted with permission from Ref. [17]. # 2009 Elsevier)
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Ag-MWCNTs-ACS-coated ITO and Ag-coated ITO substrates were studied. The

Raman spectra of the R6G in aqueous solution at the surfaces of Ag-modified ITO

and Ag-MWCNTs-ACS-modified ITO substrates are shown in Fig. 6.6a, b, respec-

tively. The Raman intensity of R6G obtained at the Ag-MWCNTs-ACS-coated

ITO is greater than that of Ag-coated ITO. It can be seen that the Ag- MWCNTs-

ACS-coated ITO has a considerable effect on the Raman spectra with improve-

ments of more than four times of magnitude as compared with the Ag-coated

ITO. This may be attributed to the large surface area of MWCNTs. These results

indicate that the Ag-MWCNTs-ACS nanocomposite is a highly SERS-active

substrate. Raman spectra of Ag-MWCNTs-ACS nanocomposite to the additions

of varying concentrations of R6G in aqueous solution are shown in Fig. 6.7 and

the Raman peak intensity of R6G at 1,509 cm�1 obtained at the Ag-MWCNTs-

ACS-coated ITO versus different R6G concentration in a logarithmic scale is

shown in the inset in Fig. 6.7. The Raman intensities of R6G at 1,509 cm�1 vary

linearly with the concentration of R6G in the range of 10�9–10�5 M. These results

indicate that the Ag-MWCNTs-ACS nanocomposite is suitable for SERS-active

substrates.

6 Conclusion and Future Perspective

In conclusion, it has been shown that the SERS techniques offer a means of

sensitive detection of probe molecules. An efficient and simple SERS-active sub-

strate prepared by electrodeposition of Ag on MWCNTs has been developed. The

prepared Ag-MWCNT nanocomposites exhibited good SERS performance and also

featured a simple application process. The technique may have a potential use for in

situ determination of analytes. Therefore, such a work will lead to a very promising

future for applications in SERS chemical sensors.
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Raman Spectroscopy of Carbon
Nanostructures: Nonlinear Effects and
Anharmonicity

7

A. P. Naumenko, N. E. Korniyenko, V. M. Yashchuk, Srikanth
Singamaneni, and Valery N. Bliznyuk

1 Definition of the Topic

We have analyzed the influence of the annealing temperature, structural disorder,

and the frequency of a continuous excitation laser radiation nL on the first- and the

second-order Raman spectra of several nanostructured carbon materials including

single-wall carbon nanotubes (SWCNT), SWCNT-polymer composites, and nano-

structured single-crystalline graphites. Consideration of the high-order nonlinear

effects in Raman spectra and anharmonicity of characteristic Raman bands (such as

G, G0, and D modes) provides important information on the vibration modes and

collective (phonon-like) excitations in such 1D or 2D confined systems

2 Introduction

Raman spectra of various carbon nanostructures, which include fullerenes (0D),

nanotubes (1D), and graphene (2D), have been a subject of intensive studies over

the last two decades [1–8]. The Raman spectra of these carbon nanostructures have
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been employed to identify their atomic and electronic structure. For example, so-

called radial breathing mode (RBM) and graphitic modes of carbon nanotubes are

sensitive to the diameter and electronic nature (metallic and semiconducting) of

carbon nanotubes. Even more recently, it has been demonstrated that the second

harmonic of the defect mode in Raman spectra can be used to precisely differentiate

between single and bilayer graphene structure [9]. Furthermore, the vibrational

signature of these nanostructures is important for advanced applications such as

carbon nanoelectronics (determination of electronic properties), nanocomposites

(level of dispersion and orientation), and nanosensors (detection of strains) [10–15].

While the fraction of the surface atoms in any nanoparticluate system is high

(typically up to 50–90%), the same reaches 100% in the case of single-walled

carbon nanotubes (SWCNT). SWCNT and fullerenes exhibit high nonlinear

susceptibilities in infrared and visible range of light due to their enhanced vibration

anharmonicity, high electron polarizability, and electron delocalization [16]. These

peculiarities can possibly result in highly nonequilibrium vibrational modes and

electronic states due to nonlinear interaction of thermally excited vibration modes.

The latter effects, in our view, are responsible for the high functional activity of

nanoparticles and other activated media. Therefore, detailed studies of physical

properties of SWCNT are very important for both basic research in the field of

materials science and practical applications. In this context a comparative study of

the vibrational spectra of SWCNT and various types of graphitic materials seems to

be crucially important.

Consideration of high-order nonlinear effects in Raman spectra should give

important information on anharmonicity of vibration modes, which in turn provides

a deeper insight into physical properties and structure of carbon materials and their

response to a continuous laser radiation. In this chapter, in addition to the above-

stated data, we report on the vibrational bands of SWCNT in the range of overtones

of 2nD,G (D and G modes) in the range of 2,680–3,180 cm�1 as well as their sum

harmonics nD+nG and nG+nRBM including contribution provided by a low fre-

quency breathing mode nRBM�160 cm�1. We performed a comparative study of

the first- and the second-order Raman spectra of SWCNT with their flat analogs –

several graphitic materials including single crystals of highly oriented pyrolytic

graphite (HOPG). We have analyzed the influence of the annealing temperature,

structural disorder, and the frequency of a continuous laser excitation nL on the

Raman spectra of such carbon nanomaterials. We demonstrate that the doublet

G-band of SWCNT is analogous to a corresponding Raman band of graphite and

corresponds to a disordered state of the latter. The study of the harmonic Raman

bands allowed characterization of anharmonicity of the vibration modes. We have

found a correlation between the anharmonicity of G and D Raman modes of

SWCNTs and the wavelength of the Raman excitation lL. The anharmonicity of

the D mode is shown to increase while those of the G mode to decrease with the

laser frequency increase. Simultaneously, a significant enhancement of the har-

monics’ intensities with the frequency of the laser radiation has been observed.

These effects together with the observed anomalous behavior of the vibration

anharmonicity highlight a requirement of addressing the question of the influence
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of a coherent laser radiation on the physical properties of nanotubes. Finally, we

also discuss and compare the fine structure of the Raman spectra observed for

SWCNT and graphitic materials as those having similarity in their carbon

hybridization.

3 Experimental and Instrumental Methodology

Raman spectroscopy of completely black materials like graphite or carbon black

became possible only after lasers began to be applied as a source. In the first

publication by F. Tuinstra and J. L. Koenig [17] devoted to Raman scattering in

graphite a 488 nm line (�300 mW) of an Ar-ion laser was used to induce the Raman

spectrum; the 514.5 nm line was used occasionally. The scattered light was

observed at 90� angle from the incident beam. To resolve Raman scattering peaks

from the Rayleigh scattering, a double monochromator (Spex 1400) was used. The

single crystals of graphite were mounted on a goniometer head to observe the

Raman scattering at different orientations of the crystal with respect to the incident

beam. The pellets of the microcrystalline samples were mounted in such a way that

the incident beam made an angle of 30� with the flat front surface. The illuminated

area of the samples (�10 mm in diameter) was examined with the aid of an optical

microscope, which was mounted on top of the sample holder.

Since the time of the first detection of the Raman spectrum of graphite, the

Raman equipment has progressed to further advancement. Nowadays Raman and

resonance Raman spectra of various materials, especially SWCNTs, can be

acquired using standard commercial micro-Raman spectrometers and lasers

[18, 19]. Typical measurements use a back-scattering geometry and 50�, 80�,

and 100� objective lenses. The Raman spectra from SWCNTs are excited by

different discrete lines from Ar-Kr and He-Ne lasers1 and lines from continuous

range of Ti:Saphire and Dye lasers. Laser powers �10 mW are typically used.

Excitation with several laser lines gives more realistic characterization of the

diameter distribution in the sample due to resonance conditions achieved for

various wavelength-nanotube diameter combinations [20].

In the present work, because of strong absorption in graphite and carbon

materials at optical frequencies (the absorption coefficient is 2.4–2.6 cm–1 and the

skin depth at lL ¼ 514.5 nm is about 400 Å), the Brewster backscattering geometry

was used in Raman experiments. Particularly several lines of Ar+ laser with the

wavelength of 514.5, 488, and 476.5 nm and power of �50 mW were selected with

1Argon ion visible lines (8 UV lines and 2 IR lines are ignored): 454.6, 457.9, 465.8, 472.6, 476.5,

488.0, 496.5, 501.7, 514.5, 528.7 nm; Krypton ion visible lines (4 UV and 8 IR lines are ignored)

406.7, 413.1, 415.4, 468.0, 476.2, 482.5, 520.8, 530.9, 568.2, 647.1, 676.4 nm. The most common

HeNe lasers by far produce light at a wavelength of 632.8 nm in the red portion of the visible

spectrum. Green (543.5 nm), yellow (594.1 nm), and orange (604.6 and 611.9 nm) HeNe lasers are

also available but are not nearly as “efficient” as the common red type ones since the spectral lines

that need to be amplified are much weaker at these wavelengths (http://www.repairfaq.org)
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a prism located outside of laser resonator and a cylindrical lens was used to focus

light in a 10�0.1 mm2 spot. It is worth mentioning that the larger illuminated area

can efficiently eliminate the local heterogeneity (more reliable data) and minimize

the probability of radiation damage (heating) of the sample due to resonance

absorption. The spectra were detected by an automated double spectrometer DFS-24

(LOMO, Russia), equipped with a cooled photo multiplier and registration system

working in a photon counting mode. In connection to numerical analysis, the

spectra were digitalized in wide frequency range with a fixed increment (from

1 up to 5 cm–1). As the scattering cross sections of the carbon materials under study

are relatively low, additional measures were taken for noise minimization. Partic-

ularly, for relatively broad �3–5 cm�1 Raman bands, long signal acquisition time

and optimal numerical flattening with a variable spectral window were applied for

enhancing the signal to noise ratio.

Untreated SWCNTs were purchased from Carbolex Inc. The AP Grade carbon

nanotubes were 50–70% pure with nickel and yttrium catalysts making up the

remainder. The nanotubes dispersed in the selected solvent (chloroform) were

filtered through Anatop filters with a pore size of 200 nm (Whatman). The filtration

process resulted in high purity of SWCNT as depicted in the AFM images

(Fig. 7.1). Graphite samples (“NII Grafit,” Moscow, Russia) were used as reference

samples and have been previously studied by X-ray diffraction and Raman scatter-

ing techniques. For structural characterization of the samples, DRON-1.5 X-ray

diffractometer was employed either in powder diffraction mode (polycrystalline

samples) or in surface reflection mode (single crystals).

The careful analysis of observed Raman bands included several steps: determi-

nation of line positions and line shapes; deconvolution of multiple peaks; finding

a b

5 μm 2 μm

Fig. 7.1 (a) Large scale AFM (using Autoprobe CP microscope in tapping mode) image showing

the SWCNT mat with high purity confirming the complete removal of the metal catalyst residue

and (b) Higher magnification image showing the uniform diameter of SWCNT cast on a silicon

substrate
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relative intensity and spectral position of individual lines in composite Raman

bands upon laser energy variation. Following mathematical treatment procedures

included fittings of multiple peaks subtraction of the normalized spectra performing

the second derivative spectra analysis; and analysis of the asymmetry and fine band

structure. Detailed study of the individual components of Raman doublets has been

applied based on consideration of the mathematical procedures of the normalized

spectra subtraction and the second derivative of the original Raman spectra. In the

latter case, the spectral position of the individual components could be revealed

even in cases of strong overlap of the bands. We demonstrate below how interpre-

tation of the bands is possible based on the existence of sharp edges of the bands and

their one-side “smearing” under conditions of reduction of the crystallite size.

Useful information about the existing fine structure of the bands was also extracted

from the analysis of the second derivatives of corresponding Raman spectra.

4 Key Research and Finding

4.1 Overview

Raman spectroscopy has been used as one of the most important techniques suitable

for investigation and characterization of carbon and graphitic materials including

carbon nanotubes. For the first time, carbon nanotubes were studied with this

technique in 1991 (multiwalled carbon nanotubes MWCNTs [21]). Raman spectra

of SWCNTs were reported in 1993 in two papers submitted independently [22, 23].

First Raman spectroscopy was used as a tool for characterizing the purification and

synthesis process, as well as to study physical properties. Nowadays, Raman

spectroscopy has developed to a powerful tool for structural characterization of

SWCNTs. In 1997, Rao et al. [7] have shown a dependence of the Raman spectra of

SWCNTs bundles on the excitation laser energy EL, due to a strong resonance effect
between EL and van Hove singularities in the joint density of electronic states in

SWCNTs. Next year, it was shown by M.A. Pimenta et al. that Raman spectra could

be used to distinguish between metallic and semiconducting SWNTs [24]. The next

important event in the history of Raman studies of carbon nanotubes happened in

2001 when Jorio et al. [5] demonstrated the possibility of detecting Raman spectra

from a single isolated single-wall carbon nanotube. The suggested procedure has

enabled direct determination of the structural parameters of SWCNTs from their

Raman spectra. Appropriate reviews on the structure and properties of carbon

nanotubes can be found in several recent publications [2, 25].

Raman spectra of SWCNTs as well as the most common experimental tech-

niques of their characterization have been also thoroughly discussed in literature

[3, 26]. The strongest Raman bands of SWCNTs are the RBM band (radial

breathing mode in the range 100–300 cm–1), and the G-band (tangential mode at

around 1600 cm–1) as shown in Fig. 7.2 [27]. Two more characteristic, but weaker

bands are the D-band (disorder-induced band in the range 1300–1400 cm–1) and the

G0-band (sometimes called D*-band) at around 2600–2800 cm–1.
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The RBM is an important phonon mode in Raman spectra, which provides

information on the nanotubes geometrical parameters. The RBM frequency is

inversely proportional to the tube diameter oRBM ¼ 248 dt= (cm–1) (see Ref. [5])

for isolated SWNTs on a SiO2 substrate and oRBM ¼ 234 dt= þ 10(cm–1) for nano-

tube bundles [28, 29].

The existence of the D-band in Raman spectrum of disordered and ion-implanted

graphite, different carbon structures (amorphous and diamond-like carbon) was

known for a long time [30, 31] but its origin was not understood for several decades.

The energy of the D-mode in Raman spectra depends on the wavelength of exciting

laser line [32, 33]. Thus, while increase of the energy of excitation by 1 eV causes

48 cm�1 upshift (to higher frequency) of the D-mode line, its overtone shifts at

96 cm–1/eV. In the case of single-wall carbon nanotubes, a resonance effect

similar to that in sp2 hybridization-type carbons is observed. Raman studies of

SWCNT bundles, [34–37] and isolated SWNTs, [38–44] revealed a dispersive

behavior – that is, changing of the characteristic bands position depending on

the excitation energy. Frequency shifts of the D-mode of 38 cm–1/eV (overtone
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Fig. 7.2 Most important Raman lines of single-wall carbon nanotubes as excited with three

different laser lines. RBM radial breathing mode, D defect-induced line, G graphitic line, D2
overtone of D-line, G2 overtone of G-line. The thin straight lines indicate the dispersion of the

modes. All spectra in one slot were normalized to unit height (Reprinted with permission from

Kuzmany H, Plank W, Schaman CH, Pfeifer R, Hasi F, Simon F, Rotas G, Pagona G,

Tagmatarchis N (2007) Raman scattering from nanomaterials encapsulated into single-wall carbon

nanotubes. Journal of Raman Spectroscopy 38 (6): 704–713, John Wiley & Sons, Ltd.)
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90 cm–1/eV), 53 cm–1/eV (overtone 106 cm–1/eV) for SWNT, and 43 cm–1/eV for

MWNT have been reported [45]. Thomsen and Reich first calculated the Raman

spectra of the D-mode using the concept of double resonances (DR) [46]. The DR

Raman theory works well for explaining the dispersive character of this band and

relevant to these features of second-order spectra [47]. The DR also describes the

strong intensity of G0-band and overtones in SWNTs Raman spectra. Within the DR

concept, Raman scattering is considered as a fourth order process (see Fig. 7.3)

[46, 48]. The activation process responsible for the appearance of the D peak and

involving two neighboring K points of the Brillouin zone (Fig. 7.3a) is shown in

Fig. 7.3c. This Figure demonstrates a laser induced excitation of an electron/hole

pair and electron–phonon scattering with an exchanged momentum q�K as well as

possible scattering events due to defects and electron/hole recombination. The DR

condition is reached when the energy is conserved in all the above transitions.

A similar process to Fig. 7.3c is possible “intra-valley” as shown in Fig. 7.2b. This

process activates phonons with a small q, resulting in the so-called D0 peak, which
can be seen around�1620 cm�1 in a defect graphite [49]. In Ref. [50] the disorder-

induced D-band and some other non-center Raman modes of graphite and single-

wall carbon nanotubes have been assigned to phonon modes in the corresponding

Brillouin zones.

Fig. 7.3 (a) 2D Brillouin zone of graphene showing characteristic points K and G and “Dirac

cones” located at the six corners (K points). (b) Second-order double resonance scheme for the D0

peak (close to G); (c) Raman spectral process for the D peak (involving two neighboring K points

of the Brillouin zone K and K0). EL is the incident laser energy. (After Ref. [46, 48])
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The G-mode in SWCNTs has correspondence to G-band in graphite. However,

in contrast to the latter, which describes as the anti-phase displacements of the two

dissimilar carbon atoms in the same unit cell, multiplicity (splitting) of this band in

SWCNTs is caused by curvature effects arising from “wrapping” of a graphene

sheet into a tube [51]. This curvature dependence generates a diameter dependence,

thus making the G-band a probe also for the tube diameter, while the G-band

frequency dependence on externally induced strains is very rich but still controver-

sial [52]. The G peak of SWCNTs can be fit with two components: G+ and G�

[53–57]. Semiconducting SWCNTs have sharp G+ and G� peaks, the metallic ones

have a broad downshifted G�. The G+ and G� peaks are commonly assigned to

longitudinal optic LO (axial) and transversal optic TO (circumferential) modes,

respectively. Authors of Ref. [58] presented a set of simple formulas which

quantitatively explained a series of experiments, ranging from the slopes and the

G-peak full width at half maximum (FWHM) parameters in graphite to the G�

peak’s position and G� FWHM diameter dependence in SWCNTs. For metallic

nanotubes, G+ and G� peaks are traditionally assigned to TO (circumferential) and

LO (axial) modes, while for semiconducting SWNTs G+ and G� peaks are assigned

to LO (axial) and TO (circumferential) modes.

The second-order Raman spectra2 from 1,700 to 3,300 cm–1 are relatively weak

and broad compared to the first order Raman spectra. There are many papers devoted

to the second-order Raman processes in graphite [49, 59–62] and carbon nanotubes

[8, 34, 63]. The interpretation of the spectral behavior of the second-order bands in

terms of DR have been done [3, 64, 65]. The corresponding phonon is involved in an

inter-valley scattering process of “in-plane” modes (LO or TO) around the K-points

in the two-dimensional (2D) Brillouine zone (BZ, Fig. 7.4) [66, 67].

The phonon dispersion relation around the K-point can be obtained from the

G0-band of the corresponding Raman spectra [57]. Some other bands of the second-

order spectrum, namely, M, iTOLA, G0, 2iTO, and 2G bands, have been assigned in

References: [37, 68, 69] (see definitions in the text below).

The observed M feature near 1,750 cm–1 for SWCNT bundles and for several laser

lines is shown on Fig. 7.5 [68]. This feature have been analyzed in terms of two

components with frequencies o�
M and oþ

m , where the lower frequency mode o�
M

exhibits a weakly dispersive behavior (Do�
M� 30 cm�1 as EL is varied from 1.58 to

2.71 eV), while the frequency oþ
m is basically independent of EL. These two features

near 1,750 cm�1 are attributed to overtones of the out-of-plane (oTO), infrared-active

mode at 867 cm�1 in graphite. Here, the M+ feature is identified with an intra-valley

(q ¼ 0) scattering process, and the M� with an inter-valley (q ¼ 2k) process (see

Fig. 7.5b). A downshift of about 20 cm�1 occurs for both theM+ andM�-band features

2If the two-phonon state is formed from phonons belonging to the same branch of the phonon

dispersion curves and have equal energy, the corresponding state is called an overtone. If the two-

phonon state represents the sum or difference of two phonons with unequal energy the state, it is

termed a combination.
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in SWCNTs relative to 2D graphite because of diameter-dependent curvature effects.

The M-band modes are further enhanced in SWCNTs by van Hove singularity effects,

and by symmetry-breaking effects associated with SWCNT curvature.

The higher-frequency iTO+LA combination mode3 is highly dispersive and up

shifts from 1864 to 2000 cm�1 as EL varies from 1.58 to 2.71 eV [68]. This feature

can be assigned as a combination mode not seen in graphite, but enhanced by the

q ¼ 2k double-resonance process. The experimental dispersion of this feature is

shown in Fig. 7.5a. Figure 7.5b demonstrates the relation of this mode dispersion to

phonon branches in 2D graphite [3].

Weak features have been recognized around 2450 cm–1 [8]. Since this band has

no or very small dispersion irrespective of EL the authors assigned it as “q ¼ 0”

branch of DR Raman scattering as discussed in graphite [70].

So-called intermediate frequency modes (IFM) lie in the spectral region between

oRBM and oG (600–1100 cm–1) [3]. Some of IFMs, which have the dispersive

dependence on laser excitation energy, are attributed to combination modes

described by DR theory.

3This band called iTOLA because it is attributed to a combination of two intra-valley phonons: the

first from the in-plane transverse optical branch (iTO) and the second phonon from the longitudinal

acoustic (LA) branch, iTO+LA, where the acoustic LA phonon is responsible for the large

dispersion that is observed experimentally [69].
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symmetry directions (full circles). The dashed line is a cubic-spline interpolation to the TO-
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(Reprinted with permission fromMaultzsch J, Reich S, Thomsen C, Requardt H, Ordejón P (2004)

Phonon dispersion in graphite. Physical Review Letters 92 (7): 075501-1-4. Copyright (2004) by

the American Physical Society)
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4.2 Comparative Analysis of Raman Spectra of Carbon
Nanotubes and Graphite

In addition to many other publications dealing with the so-called G-band of the

Raman spectra of SWCNT, we consider the structure of the fundamental bands

together with the structure of their harmonics 2nG and 2nD, and their sums nG + nD
and nG + nRBM. Figure 7.6a shows the review Raman spectra of SWCNT, single
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and isolated single-wall carbon nanotubes. Physical Review B 66 (15): 027403-1-4. Copyright

(2002) by the American Physical Society)
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crystal of HOPG and of polyurethane-based nanocomposite containing 2%

SWCNTs under excitation with 514.5 nm.

One can see that G-band is characterized with the highest intensity in the spectra

(Fig. 7.6a). It should be noted as well that the SWCNT 2nD band is noticeably

higher in intensity in comparison with the main D band, which can be seen from the

lower curve 1. Broadband noise is typically not strong in Raman spectra of SWCNT

but became more noticeable for the bulk systems (graphite and polymer-SWCNT

composite, curves 2 and 3 in the Fig. 7.6a). SWCNT possess also a low-frequency

vibration mode at nRBM � 160 cm�1 corresponding to radial oscillations of carbon

atoms in plane of the cross section, which exhibits a strong variation with nanotube

diameter [7]. The SWCNT vibration spectra show a sum harmonic signal nG+nRBM
with a spectral shape, which will be discussed below.

Raman spectra of SWCNT in the range of D- and G-bands and the second-

order bands under excitation with various wavelengths are shown in Fig. 7.6b–d,
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Fig. 7.6 Review spectra of SWCNT (1), HOPG single crystal (2) and polyurethane/SWCNT

(2%) composite (3) under excitation with 514.5 nm (a), and fragments of Raman spectra of

SWCNT in the spectral region corresponding to D-band (b), G-band (c) and a region of the

second-order harmonics 2nG, 2nD and nG + nD (d) under excitation with 514.5 (1), 488 (2) and

476.5 nm (3). Insets in Fig. 7.6a show variation of the intensity in the region of the most intensive

bands nG and 2nD. The spectra shown in Fig. 7.6b for different lL values are displaced in vertical
direction
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correspondingly. The D band is characterized with a fine structure of the

spectrum containing at least five spectral components (Fig. 7.6b). Reduction of

the wavelength of the excitation lL causes shift of the D band maximum to

higher frequency. In addition, the side components of this peak, for instance,

those at 1326 and � 1425 cm�1, are enhanced in their intensities. The effect is

more pronounced for lower frequency component, which may be due to strength-

ening of the contribution from sp3 hybridization. This can be explained as

condition close to a resonance as well as by appearance of vibration states of

carbon materials in the region of high wavevectors.

Natural graphite has the maximum of D band near 1375 cm�1, which corre-

sponds to limiting frequencies of the longitudinal acoustic branch near the edge of

the Brillouin zone. This maximum is shifted to 1350 cm�1 position for highly

disordered graphite samples (e.g., for polycrystalline graphite with a crystallite size

reduced to� 200 Å). The intensity of the D-band in Raman spectra of the disordered

graphite samples often can exceed that of the G-band. As an example, the graphite

sample with the size of crystallites � 103 Å has the D-band approximately twice the

intensity of G-band. However, SWCNT’s structure is characterized with smaller

structural distortions and therefore the intensity of D-band in their Raman spectra is

typically weak.

The G-band of nanotubes in Raman spectra is shifting to lower frequencies with

the increase of the energy of excitation photons (Fig. 7.6c), which is contrary to the

effect of higher frequency shift of the D-band position and behavior of the graphitic

materials, which are characterized with a hypsochromic shift. We believe the

behavior of the G-band of SWCNT Raman spectra is the result of two mutually

exclusive trends. On one hand, due distortions in the crystalline structure of the

graphitic layers, the G-band maximum shifts to higher frequency range similar to

the behavior observed in disordered graphite samples. On the other hand, due to

cylindrical symmetry of the nanotubes (i.e., bending of the grapheme layer) the

electron states of the latter are characterized with higher contribution from sp3

hybridization, which leads to decrease of the frequency of C-C skeleton vibrations

of the carbon frame. Competition of these two trends has different effect in different

parts of the Brillouin zone, which can be visualized by variation of the excitation

frequency and observation of phonon excitation corresponding to different

wavevectors. One should expect that variation in the hybridization of carbon

atoms corresponding to different structures will appear first of all in the region of

higher wavevectors. In fact, this region corresponds also to the case where such

variations are easier to detect. Particularly, for lL ¼ 514.5 nm, the frequency of the

SWCNT G-band maximum nSWCNT ¼ 1592.5 cm�1 is higher compared to the

frequency of the G-band of isotropic polycrystalline graphite nG(200 Å
´
) ¼

1587 cm�1 having the size of crystallites of 200Å
´
, while the position of these

bands is reversed (nSWCNT¼ 1588 cm�1, nG (200 Å
´
)¼ 1590 cm�1) for lL¼ 488 nm.

The effect can be explained by the appearance of two opposite trends in different

regions of the Brillouin zone. Generally, by lowering the lL, G-band in Raman

spectra of SWCNTs are displaced bathochromically. However, lowering the
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temperature to 4 K causes high frequency shift of nG and gives an evidence for

strengthening of the C–C bonds in nanotubes, which is in contrary to the behavior of

other crystalline forms of carbon.

In the region of the second-order bands, a weak sum harmonic (i.e., nD+nG band)

is observed (Fig. 7.6d) in addition to 2nD and 2nG harmonics. As the frequency of

the laser excitation radiation nL increases, the intensity of the harmonic bands as

well as the intensity of the broadband noise also increases but not the intensities of

the fundamental bands, which apparently remain the same. In order to separate

useful vibration bands, the broadband noise was approximated with a linear or

a quadratic power function and was subtracted from the corresponding Raman

spectra. As discussed above, the intensity of the allowed transition of 2nD harmonic

was significantly higher than the intensity of the fundamental D band (nD). It was
also higher than the intensity of the 2nG harmonic despite the fact that in the region

of the main bands the intensity of the fundamental G-band was dominating.

Comparison of the position and shape of G-band of carbon nanotubes and

various graphite samples is shown in Fig. 7.7. The G-band of SWCNTs has

a doublet structure 1570–1592 cm�1 (curve 1 in Fig. 7.7). Due to the fact that

distortion of the “graphene layer” along the nanotube main axis is minimal, the

comparison of nanotube Raman spectra with the variation of the G-band of HOPG

(possessing a low level of distortions) is reasonable. In view of this similarity, we

have compared the Raman spectra of a single crystal and a polycrystalline samples

(with the oriented grains) possessing the crystallites of the size 300 Å (curves 2 and

3 in the Fig. 7.7). The increase of the disorder in graphite (in the samples of natural
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Fig. 7.7 Comparison of Raman spectra for carbon nanotubes (1) and normalized G-bands of

a single crystalline (2) polycrystalline anisotropic graphite sample with oriented grains and

L�300 Å (3) and the difference spectrum corresponding to the curves 2 and 3 (4). All spectra

correspond to room temperature and excitation with lL¼514.5 nm and are normalized to the

maximum of the intensity of the corresponding Raman band. The difference spectrum (4) is

multiplied by a factor of 3 for better comparison with the other spectra
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and polycrystalline isotropic graphite) results in broadening and shift of the G-band

maximum to higher frequencies while the lower wavelength edge of the band being

practically unaffected. Simultaneously, enhancement of the broadband noise has

been observed.

Figure 7.7 shows Raman spectra corresponding to nG bands of the graphite

samples under study as well as their difference spectrum and gives a comparison

with corresponding spectrum of the nanotubes recorded under excitation with the

wavelength lL ¼ 514.5 nm. As can be seen, the main maxima of the difference

spectrum are in good agreement with the maxima of G-band position for SWCNT.

The difference spectrum also demonstrates that disordering of the crystalline

structure of anisotropic polycrystalline graphite (with oriented grains of the size

�300Å
´
) is stronger in comparison to the nanotubes, which is evident from rela-

tively high intensity of the other Raman bands. In particular, low frequency

1543 cm�1 maximum in the subtraction spectrum corresponds to an additional

band with the intensity strongly depending on the wavelength of excitation. Its

intensity considerably increases when the Raman spectrum is excited with shorter

wavelength (lL ¼ 488 nm). Furthermore, the two high frequency bands (1608 and

1622 cm�1) exhibit similar behavior, that is, their intensities also increase under

conditions of smaller wavelength excitation in natural and isotropic graphite sam-

ples. Therefore, the doublet structure of the G-band can be related to a distortion of

the graphene layer, which is supported by the increase of the intensity for this band

in comparison to the graphitic G-band (see inset in Fig. 7.10a).

4.3 Harmonic Bands and D+G Sum Mode

In this section, we aim to compare the shape of fundamental Raman bands and their

harmonics. Due to high variation of the corresponding intensities, it is natural to

compare the bands after normalization to the corresponding maxima. It is worth

noting that the positions of maximum of the 2nD harmonic maximum and the D-

band shift to higher frequencies with nL increase while the maxima of the

corresponding G-bands shift to lower frequencies. Comparison of the harmonic

bands 2nG, 2nD for SWCNT and graphite single crystals is illustrated in Fig. 7.8a, b.

In comparison to D and G harmonics in graphite single crystal, the

corresponding SWCNT bands are significantly shifted to a lower frequency

range. Despite the fact that nG-band for nanotubes has higher frequency than

corresponding band in graphite (1592 cm�1 vs 1582 cm�1) giant frequency shifts

are observed for 2nD and 2nG harmonic bands (56 and 63 cm�1 correspondingly) as

can be seen from comparison of Fig. 7.8a, b. Considerable broadening of the

G harmonic vibrational band of SWCNT in comparison to that of the graphite

single crystal sample can be also seen.

Comparison of the shape of the first-order peaks (nD and nG) and corresponding

second-order harmonics (2nD, 2nG) for the case of lL ¼ 476.5 nm excitation is

shown in Fig. 7.9a, b. The frequencies of the first-order spectra have been doubled

for such comparison which gives a fair assessment between the experimentally
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observed and the calculated values based on the fundamental bands harmonic

spectra of 2nD and 2nG. Comparison of the first-order and the second-order bands

is interesting because of the possibility of observation of all available vibrational

states. In the latter case, even the states corresponding to the border of the Brillouin

zone and the opposite directions of the corresponding wavevectors of the

interacting phonon waves can be observed. On the contrary, only the states with

low wavevectors (k�0) can be detected for the first-order spectra. We estimate the

lowest limit of possible 2nD and 2nG harmonics broadening in our case. Under

conditions of phonon dispersion, the real bands of SWCNT harmonic oscillations

may be significantly broader. Therefore, the applied procedure for the comparison

between the first- and the second-order Raman bands gives deeper insight into

cooperative vibration modes of the nanotubes.
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Due to a pronounced anharmonic behavior, the maximum position of the

experimentally observed harmonic band 2nD is shifted to lower frequencies in

comparison to the theoretically calculated value. Therefore, the calculated band

of the harmonic vibration ID(2n) in Fig. 7.9a has been shifted 14 cm�1 to lower

frequencies to achieve a coincidence with the experimentally observed band. On

the other hand, in the case of 2nG harmonic, theoretical band position matches well

the experimentally observed maximum due much smaller anharmonicity of the

G mode for the nanotubes. Therefore, G- and D-bands show very different

anharmonic behavior as will be considered in more detail below.

First of all, the observed 2nD harmonic band is anomalously sharp in comparison

to the one theoretically calculated from the main D-band and does not have such

a pronounced internal structure as the latter (Fig. 7.9a). Due to a presence of two

maxima (around 1570 cm�1 and around 1592 cm�1) in the main G-band, one

should expect three peaks in the 2nG harmonic band (two peaks corresponding to

a doubled frequency of these two peaks and one peak corresponding to their sum)

with a spectral interval of �22 cm�1. However, this is not the case even with

consideration of a possible fine structure for the constituting bands. Relatively
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narrow width of the 2nD and 2nG harmonic bands and absence of the expected fine

structure in them (obviously present in the corresponding first order spectra) can be

due to a spectral compression effect, often observed in the nonlinear optics of short

pulses. As far as we know, such anomalous narrowness of harmonic vibration bands

was not observed before for condensed molecular systems. It can be probably

related to a typical signature of a nonlinear behavior of nanostructures, explained

by the higher contribution from the surface atoms in comparison to the bulk ones.

One can assume that due to high nonlinearity of SWCNT, nonlinear resonance

effects are observed even under conditions of their thermal excitation. Therefore,

we discuss in more detail the D- and G-bands’ anharmonicity in the next section.

The half-widths of the second harmonic bands 2nD and 2nG are 56 and 64 cm�1,

respectively (Fig. 7.9a, b). This is practically the same frequency shift as observed for

the maxima of these bands relative to similar bands observed in the single crystalline

graphite sample (Fig. 7.8a, b). The half-widths observed for the first-order vibration

bands nD and nG are 56 and 21 cm�1 correspondingly. The too narrow width of the

observed tone bands does not allow for a more definite conclusion as concerning

the appearance of cooperative effects in the vibration modes of the SWCNT.

Nevertheless, a significant role of nonlinear interactions of their excitations shows

the importance of their wave properties for the Raman spectra interpretation.

G-band of SWCNT’s Raman spectra is a relatively narrow peak as discussed

before. Therefore, the main contribution to the sum tone nD+nG is expected from the

more complex and broader D component. It should also be shifted to a higher

frequency by nG ¼ 1,588–1,592.5 cm�1 for correct comparison. Such comparison

of the fine structure of the sum tone nD+nG with the frequency shifted D-band of the

nanotubes is given in Fig. 7.9c. In order to achieve a good match of all the

peculiarities of the D-band possessing at least six spectral components, the math-

ematically calculated second harmonic band had to be additionally shifted to lower

frequencies by Dn ¼ 24 cm�1 to match the experimentally observed spectral

position. Therefore, the value of 24 cm�1 should be considered as the value of

Raman anharmonicity. A good agreement of the all spectral components of the fine

structure for the first- and the second-order harmonics (nD and nD+nG) registered for
several different excitation wavelengths and at different temperatures makes unam-

biguous interpretation of the observed fine structure in the spectra. This confirms

also good quality of the obtained spectra even for the weakest nD+nG bands (see

Fig. 7.6d). The intensity enhancement of the lowest and the highest frequency

components in the considered sum tone is observed. This is a typical signature of

a resonance Raman scattering and may be connected to a contribution from the

electronic states of carbon atoms with sp3 hybridization.

4.4 Deconvolution of the Vibration Bands into Elementary
Components

It is convenient to make a comparison of the different vibration bands of SWCNT

and graphite after deconvolution of the corresponding spectra into elementary
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spectral components. We applied Lorentzian shape of the constituting lines and

used the mean square procedure for spectra deconvolution with a variable spectral

position, intensity, and half-width of the individual lines. Subtraction of the broad-

band noise has been done prior to such mathematical procedure. The number of

reliable spectral component was determined from the corresponding second deriv-

ative spectra by the number of the negative minima in accordance to a standard

procedure. The deconvolution results for nanotube and graphite Raman bands are

shown in Fig. 7.10. The positions of the corresponding individual line maxima are

marked and the corresponding wave numbers are displayed in the Figures. The half-

widths of the main spectral components are presented in Table 7.1.

It is worth mentioning, that the half-widths of the main components of the nD
band of disordered graphite are approximately equal to those of the doublet

components of the nG band of SWCNT, which affirms the above conclusion

about considerable contribution of the graphene layer deformation to the formation

of the G-band in Raman spectra of such compounds. Figure 7.10b shows that

distortions of the graphitic structure lead to the intensity enhancement of the low-

frequency component (1352.6 cm�1) in the spectra, which is opposite to the trend

observed for the D-band. The latter band is shifting to higher frequencies under

increasing energy of the excitation photons (see Fig. 7.10b). Similarly, the distor-

tion of the structure and higher excitation frequencies are opposing each other in

their effect on the G-band. In accordance to Fig. 7.6c the nG band spectral compo-

nent positions are shifting to lower frequencies with the nL increase while an

opposite effect (i.e., shift to higher frequencies) is observed for this band if

structural distortions are enhanced in the system. It is worth noting that the shift

observed for nD and nG bands of SWCNT Raman spectra is analogous to the shifts

corresponding to deformation nd and valence nOH modes of water under conditions

of strengthening of the hydrogen bonding. Therefore, the vibration properties of the

nanotubes are affected by their exposure to the short wavelength radiation excita-

tion. Particularly, the D mode is more affected by excitation at higher frequencies,

which is confirmed by a notable increase of the nD and 2nD band spectral positions

while the G-band remains practically unchanged.

We have detected a large number of spectral components for all SWCNT Raman

bands under consideration. For instance, under excitation with 514.5 nm wave-

length, the G-band in our spectrum can be decomposed into eight constituting lines:

1516, 1534, 1551, 1569, 1592.5, 1605, 1615, and 1624 cm�1. The reliability of this

fine structure is proved by its exact reproduction under excitation with different lL
or at different temperatures as well as by simultaneous observation of the same fine

structure for G- and D-bands in the Raman spectra.

Table 7.1 Spectral positions and half-widths of the main spectral components of the most

intensive bands in Raman spectra of SWCNT and graphitic materials under study

Raman band nG, SWCNT nD, isotropic graphite 2nD, SWCNT 2nD, crystalline graphite

n, cm�1 1569 1591.5 1352.6 1373.4 2642 2677 2703 2733.7

dn, cm�1 20.8 13.5 21.7 15.3 33.2 32.5 40.1 26.4
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To conclude this section, we consider in short the connection between individual

components of the nanotube and graphite samples vibration bands. Figure 7.10c, d

demonstrates that the spectral components of the SWCNT’s Raman spectrum 2nD:
2642, 2677, 2707, and 2734 cm�1 make a good match with the components 2630,

2678, 2703, and 2733,7 cm�1 of the corresponding band in graphite. The only

difference is that the SWCNT’s band has two lower frequency component lines

with higher intensity, while the corresponding graphite’s band has the two higher

frequency lines of the composite band more intensive. This explains a higher shift

of the harmonic lines observed in nanotubes in comparison to a single crystal of

graphite. Some discrepancy of the spectral positions (especially of weak peaks

near the “wings” of the bands) may be ascribed to the accuracy of the applied

numerical deconvolution procedure in splitting of the bands into constituting

fine structure components. The observed pronounced changes in the intensity of

the individual components of the Raman spectra of SWCNT and graphite are in

good agreement with the suggested concept of the variation of electronic states

of carbon materials under the influence of strong high-frequency light

irradiation.

4.5 Anomalous Changes of Vibration Modes’ Intensities and
Anharmonicity in Raman Spectra of SWCNTs

We have compared the intensity of harmonic bands with one of G-bands, which has

weak dependence on the wavelength of excitation. As can be seen from Fig. 7.11a,

the intensity of 2nD harmonic band increases linearly under the excitation fre-

quency nL increase, and significantly exceeds the increase of the 2nG harmonic

vibration. When lL changes from 514.5 to 476.5 nm the intensity of the 2nD tone

increases 1.69 times. This is significantly higher than the theoretical value for the

Raman spectrum enhancement (1.36 in accordance to o4 law). These results cannot

be explained only by the resonance Raman spectrum enhancement mechanism due

to the fact that the multiplication factor is different for G- and D-band harmonics.

We explain the anomalous enhancement of the 2nD and 2nG tones by an opposite

frequency displacement of the main bands nD, nG and by a different variation of the

anharmonicity of D and G modes under excitation frequency nL increase.

The value of the vibration mode anharmonicity can be characterized by the

difference between the calculated values of the first-order tones and the experimen-

tally observed positions for the second-order maxima: DnD,G ¼ 2nD,G�n(2D,2G) and
DnDG ¼ nD+nG�n(D+G). Dependence of DnD,G and DnDG values on nL is shown in

Fig. 7.11b. One can easily see that the highest anharmonicity is observed for the

sum tone nD+nG. In the case of a long wavelength radiation lL used in our

experiments, the anharmonicity of the graphite G mode is higher than that of the

D mode. However, as nL increases, the anharmonicity of the D mode and of the sum

tone nD+nG increases while that of the G mode decreases. In other words, the

deviation of the G mode position from its theoretical frequency predicted by the

harmonic approximation is increasing for the nanotubes while the G mode of
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graphite shows an opposite behavior. Anomalous behavior is also manifested in

a strong dependence of the SWCNT material Raman bands on the wavelength of the

excitation lL, as well as in a difference in anharmonicity for different vibration bands.

Such unexpected variations of the anharmonicity can be explained by consider-

able variations of the main electronic state under influence of high frequency

excitation. Under these conditions the electronic states in the nanotubes vary in

such a way that deviation from the harmonic approximation is decreasing for

G mode but increasing for the D mode and the sum D+G tone.

The observed anharmonic behavior of the D mode is in good agreement with the

behavior of the second-order Raman bands despite the fact that such dependence

would be more natural for IR absorption spectra. It is known that the IR absorbance

of the tones is determined by the value of their anharmonicity. In Raman spectra,

the intensity of the bands depends on the second derivative of polarizability with

respect to coordinates: (da/dq)2. Therefore, in the Raman spectrum, the D mode

shows enhancement of the polarizability with the anharmonicity, which follows

from the variation of the electronic states in the system. For G mode, weakening of

the anharmonicity with nL increase is accompanied by a small increase in (da/dq)2.
Variation of the electronic state of carbon nanotubes might be related to the effect

of strong electron-phonon coupling. This effect is similar to electron–phonon

interaction enhancement observed near the melting transition temperature [71].

Figure 7.11c displays opposite temperature dependencies of D and G modes in

SWCNT and graphitic single crystals, which can be also related to the effects of the

electron–lattice interactions but requires additional studies.

4.6 The Sum Frequency Harmonic of the SWCNT Low
Frequency Mode

The increase in the frequency of excitation radiation causes the intensity of the Raman

nRBM mode to increase significantly. Such effect is in agreement with a suggested

concept of photo-induced variation of the electronic states. One more argument to

support this concept is the increase of Rayleigh shoulder intensity with the increase of

the excitation laser frequency. The main low-frequency nRBM mode appears also in

a region of the sum and difference frequencies – that is, nG�nRBM near intensive G-

band as can be seen in Fig. 7.10a. In this work, we consider only the sum tone band as it

is much more intensive than the difference mode. It is interesting to compare the

normalized shape of the low-frequency band nRBM�160 cm�1 and that of the sum tone

nG+nRBM near 1750 cm�1. For this comparison, the nG�1588–1592 cm�1 has been

subtracted from the sum band similar to the situation when nD was shifted to the sum

tone nD+nG region (Fig. 7.9c). The results of such comparison at two different

wavelengths of excitation radiation, with normalization to the corresponding maxima

are shown in Fig. 7.12a, b. First of all, one should note that the frequency position of the

low frequency nR mode is decreasing similar to the G mode behavior under excitation

frequency nL increase. Remarkably, under lL ¼ 514.5 nm the maxima of these bands

practically coincide, which justify a low value of the corresponding anharmonicity.

158 A.P. Naumenko et al.



N
or

m
al

iz
ed

 in
te

ns
ity

1.0

0.8

0.6

476,5 nm
197

158 cm−1
133

0.4

0.2

0.0

(νG + νR)−νG

νR

120 150 180 210
ν, cm−1

b

1.0

0.8

0.6

0.4

N
or

m
al

iz
ed

 in
te

ns
ity

0.2

0.0

120 150 180 210
ν, cm−1

νR

(νG + νR)−νG

144

162 cm−1

514,5 nm

a

In
te

ns
ity

 (
a.

u.
)

300c

200
150

Nanotube 295 K
514,5 nm

163
179

170

100

140 160 180 200
ν, cm−1

0

Fig. 7.12 Comparison of

normalized bands of low-

frequency mode and sum tone

nG+nRBM under excitation

with lL¼514.5 (a) and
476.5 nm (b); decomposition

of low-frequency “breathing”

mode of SWCNT nRBM to

individual components (c)

7 Raman Spectroscopy of Carbon Nanostructures 159



Contrary to the above considered harmonic bands, the band of the sum tone

nG+nRBM is much broader than the low frequency band. We explain this fact by a

well-pronounced doublet structure of G-band, which has appearance in the consid-

ered sum tone. This is also confirmed by the same spectral range between the

observed maxima and by similarity in the intensities of the corresponding consti-

tuting components of the doublet bands. More detailed analysis of the structure of

all the observed bands is required in the future.

In case of Raman spectra excitation with shorter wavelength radiation

(476.5 nm), more complex structure of the sum tone nG+nRBM is observed (see

Fig. 7.12b) similar to the D-band and sum tone nD+nG behavior represented earlier

in Fig. 7.10b. Importantly, the intensity of the low-frequency component of the sum

tone near 1720 cm–1 (corresponding to the 133 cm–1 component in the shifted

spectrum of comparison) significantly increased in intensity and a high-frequency

component appeared at 197 cm�1. Similar to high-frequency D- and G-bands, we

have made a quantitative study of the fine structure of the SWCNT low-frequency

mode nRBM. The results corresponding to excitation with 514.5 nm laser are shown

in Fig. 7.12c. This band can be reliably decomposed into four spectral components.

Remarkably, the half-widths of the most intensive component at 163 cm�1 is only

6.8 cm�1, which is less than a half of the narrowest component of the nG band in

nanotubes and confirms high quality factor of the low-frequency mode.

5 Summary and Future Perspective

Carbon nanotubes and graphite are excellent model systems to address fundamental

issues related to physical materials science. This is due to relative simplicity of

these materials containing just one type of atoms and small number of vibration

bands as well as possibility of variation of the contributions from sp2 and sp3 hybrid

states of carbon atoms within the same system. Raman spectroscopy is very

important and powerful tool for the study and characterization of graphitic mate-

rials and carbon nanotubes especially. In this article, we give a short review of the

achievements of the Raman spectroscopy in the study of the physical properties of

carbon nanotubes during the last decade.

The detailed analysis of the first- and the second-order Raman spectra of SWNTs

has been done. It is emphasized particularly that the second-order Raman features

are rich in information about electron and phonon structure of SWNTs, which

cannot be obtained from the first-order Raman spectra.

We report on the influence of a short-wave laser radiation on the properties of

SWCNTs. This effect is confirmed by considerable increase of the intensities of 2nG
and 2nD harmonics and of low-frequency radial mode nR in their Raman spectra

under increase of the energy of exciting photons. While the G-band intensity

remains almost the same, the intensity of the 2nD band increases �1.7 times

under excitation with 476.5 nm in comparison with 514.5 nm. Excitation with the

476.5 nm laser beam also leads to increase of the side bands in the fine structure of

the nD mode as well as nD+nG and nG+nRBM harmonics. We demonstrate that
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hypsochromic shift of nD and bathochromic shift of nG with nL increase are in

opposite direction to the spectral shift observed in graphitic materials due to their

structural distortions. The reported peculiarities are related to photoinduced elec-

tronic state variations.

We report on anomalous behavior of the observed anharmonicity for different

vibrational modes of SWCNT. This peculiarity appears in a strong dependence of

the anharmonicity on the wavelength of excitation as well as in the opposite trends

observed for different vibration bands. While the anharmonicity of the D mode

increases with the frequency of the excitation radiation (nL), the same of the G

mode decreases. The sum harmonic band nD+nG is characterized with the highest

anharmonicity while the same for a composed tone nG+nRBM is negligible. The

frequency dependence of the anharmonicity also supports the concept of variation

of the electronic states under the light excitation.

The structure of vibration bands of the first and the second order in SWCNT

Raman spectra has also been studied for ordered and disordered forms of graphite.

This was accomplished by decomposition of the complex spectral bands into

constituting components. We found proximity of spectral positions in most of

spectral components of the nanotubes and graphite and considerable variation of

their intensities. This also demonstrates variation of the electronic polarizabilities

and can explain anomalous shifts of the harmonic bands 2nG and 2nD for nanotubes

in comparison to corresponding bands of a single crystalline graphite. Narrow

width of the low frequency mode nRBM�160 cm�1 leads to reproduction of the

G-band structure in the sum harmonic band nG+nRBM�1750 cm�1 while the

complex structure of the broad nD band is remarkably reproduced in the nD+nG
sum tone. The narrow width of SWCNT’s 2nD and 2nG harmonics in the Raman

spectra may be related to group synchronism effects [72].
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Confocal Surface-Enhanced Raman
Microscopy at the Surface of Noble Metals 8
H. Dietz, G. Sandmann, A. Anders, and W. Plieth

1 Definition of the Topic

The optical and spectroscopic properties of nanoparticles are of interest for

a wide variety of methodic and technical fields of applications. The investigation

of nanoparticles requires convincing characterization methods with high spatial

resolution. The surface-enhanced Raman spectroscopy is a sensitive tool for

characterizing the chemical structure of metal nanoparticles like gold, silver,

or copper. If combined with local confocal microscopy it becomes a method

for delivering optical and geometrical information of nanosize metallic structures.

This method is called confocal surface-enhanced Raman spectroscopic (SERS)

microscopy. The fundamentals and significance of confocal SERS microscopy

are described based on literature data and recent results of own studies.

2 Overview

Various routes for the preparation of silver and gold nanoparticles were introduced.

Controlled electrodeposition of silver and gold nanoparticles by the electro-

chemical double-pulse technique delivers samples with varying particle size from

10 to 500 nm and varying particle density.

Confocal SERS microscopy combined with subsequent local scanning electron

microscopy (SEM) is able to deliver valuable optical and chemical information

on the location of SERS active spots. The method as to how to retrieve in the

electron micrograph the active spots seen in the confocal images is explained.

The spots were analyzed with respect to band position and spectral intensity.
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The optical and spectroscopic data of the local nanoparticle structures investigated

showed that SERS is a local and time-dependent phenomenon, because (1) only few

particles are Raman active particles, (2) strongest enhancements in SERS are

obtained from particle agglomerates, (3) typically the Raman radiation is emitted

from irregular structures like the necks between two or more particles agglomerated,

(4) a time-dependent behavior characterized by intensity fluctuations was observed.

In the investigated range from 10 to 500 nm, no significant influence of the

particle size was observed.

3 Introduction

The surface of nanoparticles of the coin metal group is known to show, after

structural modification, substantial enhancement of the Raman signal of adsorbates.

This effect is the basis of surface-enhanced Raman scattering (SERS). For more

than 30 years, SERS has been developed to a sensitive spectroscopic method

for detecting molecules adsorbed at gold, silver, and copper surfaces. Though

the phenomenon of surface-enhanced Raman scattering is still under discussion,

it is widely accepted that the origin of SERS is closely correlated to the enhance-

ment of (1) the local electromagnetic field at the surface of small metallic

nanoparticles and of (2) the charge transfer between the adsorbed molecules and

the metal particles [1–4]. An additional chemical enhancement (3) called resonance

Raman scattering (RRS) is observed if the energy of the laser excitation is resonant

with a molecular transition [4]. To increase the detection sensitivity, SERS and

RRS can be combined to surface-enhanced resonance Raman scattering called

SERRS.

Theoretical and experimental studies demonstrated that the electromagnetic

field enhancement is substantially increased at surface sites having local geometric

singularities. In particular, enormous field enhancement occurs at the junction

between two or more almost touching nanoparticles [5–7] due to plasmon coupling.

For spacings of 1–2 nm, maximum enhancement factors of about 1010–1011 were

calculated [6, 8].

In combination with strong chemical enhancement, huge factor values of the

order 1014 were observed [9] and single molecule SERS became possible [10, 11].

The critical magnitude of the electromagnetic enhancement needed for single

molecule detection, however, is still under discussion [12]. In general, due to the

high structural sensitivity and the complex interaction of molecule and electromag-

netic environment, quantification of SERS has been challenging. Nevertheless,

surface-enhanced Raman scattering is a sensitive analytical technique for the

investigation of surface species.

The SERS method is therefore often used for a variety of applications in medicine,

biophysics, and microelectronics. As the SERS effect seems to be a local phenom-

enon, SERS as a method delivering chemical or molecular information should be

combined with spatial microscopy (Fig. 8.1).

168 H. Dietz et al.



With SERS spectroscopy, the initial nanoparticle formation at the beginning of

the electrocrystallization process can be studied, providing new insight into the

fundamentals of electrodeposition. Surprising phenomena like band splitting,

sometimes observed when monitoring the SERS activity of an adsorbed molecule

in the process of electrocrystallization, indicates interaction between particle

growth and SERS activity [13]. The question whether SERS sites of high activity

and growth centers are identical can only be clarified by focusing on spatially

resolved Raman microscopy.

It is evident that the properties of nanoparticle structures depend not only on the

individual particle size, particle shape, or the degree of size dispersion but also on

their spatial distribution and the degree of aggregation or film formation. Therefore,

before investigating the optical and electronic properties of nanoparticles, it is

important to gain knowledge of how to control the particle size, particle density,

and spatial distribution.

Research has to be focused on two topics:

1. Searching for appropriate preparation techniques of nanoparticles leading to

SERS-active particle arrays with preferably tailored structure

2. Optical and spectroscopic characterization of the SERS-active structures formed

by means of spatially resolved Raman microscopy

The spatial resolution of the Raman signals can be achieved by using scanning

confocal microscopy combined with spatial SERS imaging. The confocal laser

microscope (Sect. 4.2) provides optical images of high resolution combined with

improved depth of sharpness [14]. To improve the attribution of SERS signals to local

structures the confocal images were compared with local SEM images (Sect. 5).

Electron Microscopy
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(double pulse technique)
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and distribution

SERS

Chemical information

I [a.u.]

500 1000 1500

500

1500

n [ cm−1]

1510 2050

20

15

10

5

y 
 [μ

m
]

1,0 ⋅104

1,5 ⋅104

5 ⋅103 

x [μm]

~

Fig. 8.1 Raman microspectroscopy as combination of surface-enhanced Raman spectroscopy

and confocal microscopy
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SERS active structures can be prepared by a variety of chemical physical and

electrochemical methods described in Sect. 4.1. The chemical preparation of

colloidal nanoparticles is frequently used (Sect. 4.1.1). An interesting electrochem-

ical preparation procedure is the so-called double-pulse technique. This method is

an electrochemical tool for controlling the metal deposition with respect to particle

size and particle density (Sect. 4.1.2).

An interesting alternative approach to study the SERS activity of substrate

structures without using noble metal particles is the so-called tip-enhanced SERS

spectroscopy. In this case, a scanning gold or silver tip of a tunneling microscope is

used to generate local SERS signals (Sect. 4.2).

In the following, it will be demonstrated that confocal surface-enhanced Raman

microscopy is a powerful tool for exploring optical and spectroscopic properties

of molecules adsorbed on silver and gold nanoparticles. It is shown that confocal

Raman microscopy coupled with high-resolution electron microscopy has the

potential to deliver detailed information about the structure of points of high

Raman intensity the so-called hot spots.

4 Experimental and Instrumental Methodology

4.1 Preparation of SERS Active Surfaces

4.1.1 Common Preparation Methods
Common methods for the fabrication of metallic nanoparticle arrays are electron

beam lithography, photolithography, laser ablation, colloidal synthesis, electrode-

position and, in recent time, nanosphere lithography for which a monodisperse

nanosphere template acts as deposition mask. A review on advances in preparation

of nanomaterials with localized plasmon resonance is given in [15].

Lithographic methods are able to generate very uniform nanoparticle arrays and

can be used to monitor the preparation process. In combination with additional

techniques, even various three-dimensionally shaped structures can be formed (see,

e.g., [16]). However, lithographic methods suffer from the limitation that the small

interparticle spacings required for huge electromagnetic enhancement are not

technically feasible.

High levels of SERS activity can be expected if nanoparticle substrates were

prepared by colloidal chemical methods because colloidal particles tend to aggre-

gation, thus forming the narrow interparticle spacings needed for plasmon coupling.

A traditional technique for the preparation of silver colloids is the sol formation

according to Lee et al. [17].

This method is based on the chemical reduction of the metal salts in citrate

solution. Metal-dye adsorbates will be formed if a dye in extremely diluted solution

is added. The surface enhancement depends on the precipitation conditions, type

and charge of the adsorbing dye molecule, the degree of colloidal aggregation, and

many other factors [18–20], so that a full understanding of the chemistry at colloidal
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surfaces is difficult and the aggregation process can be hardly controlled. There is

also the disadvantage that extraneous ions adsorbed within the preparation process

can affect the SERS spectrum.

Besides these chemical methods, electrochemical techniques are of interest. This

is because the electrodeposition is a convenient and fast method for the preparation

of metallic nanoparticles on large areas of conductive substrates. However,

for precise and systematic investigation of the nanoparticle properties control of

the particle size, form and distribution is necessary. From this point of view, the

classical electrodeposition technique from solution is not so successful, as

the homogeneity in particle size and spatial particle distribution is presumably

disappointing in comparison to the invasive tip-directed SPM routes [21] or

deposition techniques into nanotemplates.

In order to decrease dispersion in particle size during electrodeposition,

two important principles should be taken into account. Firstly, the crystal seed

formation has to occur spontaneously, thus preventing progressive nucleation.

Secondly, the crystal growth has to be conducted at a slow rate, that is, at low

overpotential. Penner et al. [22–26] has elucidated the importance and coherence of

these fundamental principles.

His research group successfully started extensive investigations on the electrode-

position of silver [24–26] and gold [26] nanoparticles on graphite surfaces. Combined

with Brownian dynamic simulations for the growth of metal nanoparticle ensembles

[22, 23], the work focused on the development of nontemplate, electrochemical

routes to dimensionally uniform metal structures.

The simulation results clearly showed that particle-size dispersion is not

only caused by a progressive type of nucleation but also, and in particular, by

the spatially random distribution of nuclei initially produced in the nucleation

process [22]. Even in the case of instantaneous nucleation, polydispersity

occurred increasingly, depending on the extent of inter particle diffusion

coupling, a consequence of the growth of the individual diffusion zones

around the particles. Size heterogeneity inevitably increases as a function of

growth-time, if inter particle diffusion coupling occurs. To prevent diffusion

controlled growth, Penner proposed decreasing the overpotential of the electrode-

position process to below a threshold value of about�75 mV [23]. The experiments

carried out under these conditions (where metal particles grow independently

of their neighbors), revealed that extremely narrow particle distributions are

attainable [26].

4.1.2 Double-Pulse Technique as an Electrochemical Tool for
Controlling Particle Structure

The ideal method for transforming both principles, which favor monodispersity into

an experimental procedure, can best be attained by applying the potentiostatic

double-pulse technique. This method, introduced by Scheludko, Todorova,

Kaischev, and Milchev [27, 28], is based on an extremely short nucleation

pulse of high cathodic polarization, followed by a much longer growth pulse at
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low cathodic overpotential [29, 30]. Thus, crystal seed formation can be

exclusively transferred into the first pulse and crystal growth can be conducted

at a slow cathodic overpotential of 20 mV within the second pulse without

new nucleation. Course and fundamentals of the double-pulse method are depicted

in Fig. 8.2.

Based on a model on the features of the double-pulse technique, various

structures of silver nanoparticles grown onto a thin ITO film covered glass plate

were generated and characterized [30]. With this method, the conflict between both

optimal conditions for nucleation and growth is partially defused. This is due to the

amount of small seed additionally nucleated at the higher polarization and resolved

as soon as the potential is switched over to the lower polarization of the growth

pulse. The interaction of the pulse parameters was modeled, thus forming the basis

for how the electrodeposition process of noble metal clusters can be variably

controlled.

Silver
The electrodeposition of silver nanoparticles on 1.32 cm2 ITO substrates was

performed in separate Teflon cells of 12 ml volume using a standard three electrode

setup, as previously described for silver particles [29, 30]. The electrolyte

used for the silver deposition contained 0.1 M KNO3, 0.1 M KCN, and 0.01 M

AgNO3 per liter.

A HEKA PG284/IEC potentiostat/galvanostat was used for the double-pulse

deposition. In a first pulse of high overpotential, nucleation was forced and in

Electrochemical
Sample Preparation

Substrate :      ITO Film (180 nm) on Glass 

Electrolyte I :  10 mM AgNO3, KCN, KNO3

Electrolyte II : 5 mM HAuCl4

Adsorbate :    Rhodamin 6G

Cluster Sizes : 20 − 500 nm 

Investigated : 150  − 500 nm
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Fig. 8.2 Schematic representation of the double-pulse method utilized for the preparation of

silver and gold clusters
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a second pulse of small overpotential of about �20 mV referred to the open circuit

potential (OCP), the nuclei were directed to grow to a predetermined size.

In the case of silver deposition, the OCP was �680 mV versus SCE after

deposition, the nucleation pulse potentials E1 and the deposition time t1 and t2
were varied. The growth pulse potential E2 was –700 mV versus SCE. The averaged

diameter of the silver cluster deposited was about 200 nm. The samples with

particles were taken from the preparation bath and carefully washed and dried in

a desiccator.

In the case of silver nanoparticles, carbonaceous impurities remained on the

particle surface or were absorbed from the ambient atmosphere after the transfer

to the Raman microscope. As revealed by the measurements (Sect. 5.2.1,

Fig. 8.10), the Raman active species were graphite and nanocrystalline carbon,

a typical experience in surface analysis. In the literature, the origin of carbon

contamination is discussed in detail [31, 32]. One general source of contamination

is the metal preparation procedure. The carbon dioxide of the laboratory air

might act as another source if reacting with the alkaline electrolyte on the

cluster surface after removing the sample from the cluster preparation apparatus.

Ions from the preparation electrolyte adsorbed on the substrate surface

(e.g., CN�) might also be a source for carbon, despite a careful rinsing after the

deposition process.

Gold
The electrodeposition of gold was made in an acidic electrolyte of 0.005 M HAuCl4
per liter. The open circuit potential (OCP) after deposition was +820 mV versus

SCE. The pulse potentials were varied between +800 and +600 mV versus SCE.

Particles between 10 and 500 nm diameter were prepared.

In the case of gold nanoparticles, no signals of nanocrystalline carbon could be

found. Therefore, in the following experiments, the dye Rhodamin 6 G was used as

SERS active molecule. It shows an additional resonance effect (surface-enhanced

resonance spectroscopy, SERRS). The samples were dipped into an aqueous

solution of 10�7 M Rhodamin 6 G per liter for 12 h and subsequently dried in the

desiccator.

4.2 Confocal Raman Microscopy

For investigating nanoparticle structures by means of a Raman microscope, it is

necessary to increase the spatial resolution and depth of sharpness of the Raman signal.

While commercial Raman spectrometers collect the scattered light from a laser

spot of size 1 mm at best and the Raman spectra also include information of sample

regions above and below the focal plane, the implementation of confocal micros-

copy can improve the optical resolution and the depth of sharpness. The method

leads to better image definition. Confocal microscopy means point illumination and

that a small aperture is placed in the optical path so that only the scattered light

located in a thin focus plane can reach the detector. The aperture-dependent spatial
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resolution is improved toward the Abbe refraction limit of about half of the

wavelength used or approximately 300 nm. As a result of scanning confocal

microscopy, a real three-dimensional picture of the nanoparticle structure can be

generated (Sect. 5.2).

For overcoming the limit of light microscopy and further improvement in spatial

resolution, the implementation of scanning near-field microscopy (SNOM) by

means of a local illumination probe is an interesting approach [33–35]. The method

is based on the field enhancement in the cavity between a sharp metal tip and the

sample. In combination with Raman spectroscopy, this scanning probe technique is

called tip-enhanced Raman spectroscopy (TERS) and enables high-resolution

spatial microscopy with a lateral resolution of 50 nm [35]. Bouhelier [36] has

reviewed advances in this field.

The combination of SERS and optical near field microscopy (SNOM) can be

therefore an ideal technique to carry out real locally resolved Raman microscopy

delivering both chemical and optical information. A similar alternative could be the

combination of Raman spectroscopy and AFM.

Instead of SNOM, in many cases, particularly if the sample is to be screened

for Raman active spots and their spatial distance is more than half of the

wavelength of the laser, it is also confocal Raman microscopy that delivers

enough morphological and spectral information on both nanoparticle structure

and SERS activity, respectively. Thus, confocal Raman microscopy is inter-

esting for a wide variety of applications in biology, medicine, and technological

materials research.

Combining confocal Raman microscopy with scanning electron microscopy, the

SERS active spots can be retrieved in the SEM image, if the active sample region

has been labeled before investigating.

A Raman microscope typically consists of an inverse microscope equipped with

a monochromator and a photon counting system. Typical equipment (Figs. 8.3, 8.4)

consisted of a modified inverse microscope Zeiss Axiovert combined with one

or two Avalanche photodiodes (SPCM-AQR-14) to measure the luminosity of

a sample spot. The sample could be scanned using a scan table (Physik Instrumente

GmbH) with a resolution of 10 nm. The microscope was equipped with a

HeNe-laser (l ¼ 633 nm, used for Au particles) and a frequency doubled Nd:

YAG-laser (l ¼ 532 nm), used for Ag particles. Excitation light and scattered light

were separated via a dichroitic mirror (beam splitter), as can be seen from Fig. 8.3.

In the beam path also a holographic notch filter (Kaiser Optical Systems, 6.0 O.D.)

were installed for rejecting back-scattered excitation light of the excitation

wavelength. Two modes could be applied: (1) the topography mode without

using the notch filter, and (2) the Raman/fluorescence mode with use of the

notch filter. For Raman measurements, the Stokes shifted photons were collected

at l > 540 nm (Ag particles) and l > 642 nm (for Au particles). Spectra could

be recorded with a 300 mm spectrograph (SpectraPro 300i, Acton, grating

1,200 lines/mm) equipped with a liquid-nitrogen cooled CCD detector. Scanning

electron microscopy (SEM) images of the same sample regions were made with a

Gemini 982 (Zeiss), subsequently to the optical measurements.
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Fig. 8.4 Confocal scanning microscope used for Raman microscopy
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5 Key Research Findings

5.1 Control of the Nanoparticle Preparation by Means of the
Double-Pulse Technique

Recent investigations on the electrodeposition of silver demonstrated that

the double-pulse method is a suitable technique for controlling the nanoparticle

preparation, if the pulse parameters are carefully chosen and adjusted to the desired

particle structure [29, 30]. Whereas particle density can be controlled via

the overpotential and duration time t1 of the nucleation pulse E1, the particle size

can be enlarged by the growth time t2 (Fig. 8.5, [30]).
Exclusive particle growth without additional nucleation formation is found

for low particle densities until 1/mm2, thus minimizing dispersion in particle

size. Responsible for this is the transition moment between nucleation

pulse and growth pulse. During the nucleation pulse, a Gaussian distribution of

N nuclei with radii r> rcrit (Z1) are formed as a result of progressive nucleation and

growth (Fig. 8.6a) [29]. With the transition to the extremely low overpotential Z2 of

the growth pulse, the critical radius increases to the value rcrit (Z2).

As a consequence, dissolution of under critical r < rcrit (Z2) occurs (Fig. 8.6b).

Only the larger particles r> rcrit (Z2) are stable enough to survive. The particle size

A1

A2 B2

500 nm 500 nm

500 nm 500 nm

B1

t1
t1 = 60 ms t1 = 200 ms

E1 = −1550 mV

t2

90 s

180 s

Fig. 8.5 SEM images of silver clusters on ITO substrates deposited at E1 ¼ �1,550 mV in

dependence of t1 and t2; E2 ¼ �700 mV; (A1) t1 ¼ 60 ms; t2 ¼ 90 s; (A2) t1 ¼ 60 ms; t2 ¼ 180 s;

(B1) t1 ¼ 200 ms; t2 ¼ 90 s; (B2) t1 ¼ 200 ms; t2 ¼ 180 s; [30]
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distribution is then cut off with respect to under critical particles, leading to

narrower particle size distribution at marginal polydispersity. Only at high

particle densities (>10/mm2) nanoparticle aggregation occurs accompanied by

slight decrease in mean particle density as a result of diffusion coupling effects

(Fig. 8.6c).

N

η1,A

η1,B

⏐η1,A⏐>> ⏐η1,B⏐

rCRIT(η2,A)

rCRIT(η1,B)

rCRIT(η2) r

a

b C

r > rCRIT(η2) r < rCRIT(η2) r < rCRIT (η2)
under strong

undersaturation

diffusion
zone

Fig. 8.6 Features of the double-pulse technique; Model on the influence of the transition moment

between nucleation pulse and growth pulse in the course of the double-pulse deposition

on the Gaussian particle distribution formed after the nucleation pulse [29]; (a) Gaussian

particle distribution of N nuclei with radii r > rCr (Z1) for different over potentials of the first

pulse (jZ 1Bj << jZ1Aj). The hatched area of the Gaussian distribution corresponds to the number

of stable particles with radii r> rCr (Z2), whereas the white area of particles of under critical size is
amputated as these particles dissolve. (b) Representation of the result of the particle cut off, small

(dark) particles dissolve but larger particles (white) survive under the lower overvoltage of the

growth pulse.(c) If a small particle lies in the diffusion zone of a larger particle the under saturation

can favor the dissolution of the smaller ones
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The preparation regime and experimental experience was transferred to the

generation of gold nanoparticles onto ITO and glassy carbon substrates. It was

shown that various nanoparticle structures with particle sizes from 10 to 500 nm

could be prepared [37].

Figure 8.7 shows that, analogous to the preparation of silver clusters, the

particle size of gold can be controlled in electrodeposition. Figure 8.7a shows

the particle ensemble formed after the nucleation pulse. Figure 8.7b shows the

particles after the second pulse. Normally, particles formed during the first pulse

(Fig. 8.7a), are growing in the second pulse. However, the electrode has anodic

character at the beginning of the growth pulse, if the growth potential (of

+800 mV in Fig. 8.7b) is only few mV below the Nernst equilibrium potential

(+820 mV). This is due to the negative shift of the reversible potential of an electrode

covered by smaller nanoparticles [38, 39]. Thus, dissolution of small nanocrystallites

is initially observed, as seen by comparing Fig. 8.7a and b. This is an example of

Ostwald ripening.

If the overpotential of the second pulse is substantially increased, the large

particles grow under diffusion control, while the smaller nanoparticles dissolve

(diffusion coupling). Characteristic surface structures are developed (Fig. 8.7c).

500 nm

1 mm

c

ba

500 nm

Fig. 8.7 SEM images of isolated gold clusters electrodeposited on ITO covered glass [37]. (a)
Single pulse (E1 ¼ �100 mV/ ¼ 0.1 s), (b) double-pulse (E1 ¼ �100 mV/0.1 s; E2 ¼ +800 mV/

90 s), (c) double-pulse (E1 ¼ �100 mV/0.1 s; E2 ¼ +600 mV/90s)
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5.2 Confocal Microscopy and Microspectroscopy

5.2.1 Silver
Based on the model on the features of the double pulse parameters [29, 30], samples

with isolated clusters and low particle density were electrochemically prepared

from cyanide solution, as explained in Sect. 4.1. The particles, having a diameter of

about 200 nm, were partially aggregated (Fig. 8.8a, b, c).

In Fig. 8.8a, confocal images of an active sample zone I in the topography mode

are shown. Subsequently, the notch filter is brought into the light beam, eliminating

the laser light. Fluorescence and Raman scattered light can pass through the filter.

The image of fluorescence and Raman scattering is shown in Fig. 8.8b. Only two
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Fig. 8.8 Optical images (at an active zone I) of isolated silver clusters electrodeposited onto ITO

by means of the double-pulse method (E1 ¼�1,550 mV; E2 ¼ �700 mV, 25 s) [37]: (a) Scanning
confocal microscopy image (topography mode), (b) Raman/fluorescence image of the same

sample area, (c) SEM image corresponding to (a) and (b)
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distinct light spots appear in the image, which are marked with the cursor and are

then compared with the topography image (Fig. 8.8a). An apparent enhancement

factor can be obtained from the comparison of the technical data of topographic and

molecular imaging. A factor of 1010 was found for silver.

The result of this comparison is that the location of the Raman/fluorescence

spots and the center of the clusters are not identical. The Raman/fluorescence spots

are located close to surface structures, for example, the necks of the cluster

agglomerations. To get even more insight into the surface structure around the

light spots of Fig. 8.8b, the corresponding SEM image of the same structure could

be found and is presented in Fig. 8.8c. There is clear evidence that the center of the

Raman spot is a structure with two or more clusters in contact.
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Fig. 8.9 Optical images (at an active zone II) of isolated silver clusters electrodeposited onto ITO

by means of the double-pulse method (E1 ¼�1,550 mV; E2 ¼ �700 mV, 25 s) [37]: (a) Scanning
confocal microscopy image (topography mode), (b) Raman/fluorescence image of the same

sample area, (c) SEM image corresponding to (a) and (b)
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The investigation was repeated for another active area II of the same sample. In

this area, besides single isolated particles also loosely aggregated clusters are to be

seen (Fig. 8.9a, c). The five distinct light spots found in the Raman image

(Fig. 8.9b) were again marked with the cursor and compared with the topography

image (Fig. 8.9a). Again, the Raman/fluorescence spots are located in the neck

zones of the cluster aggregates that could be retrieved in the SEM image (Fig. 8.9c).

It is also important to note that substantial SERS-activity found only originated

from a few nanoparticles forming particle aggregates. Typically, single isolated

particles were less active [40], as also confirmed by other groups [5].

The Raman spots are caused by nanocrystalline carbon adsorbed on isolated

silver particles [41]. An example for such a Raman spectrum is shown in Fig. 8.10.

The broad structure between 2,500 and 5,000 cm�1 is caused by fluorescence.

The Raman bands in the region at 1,350 cm�1 (D-band) and 1,590 cm�1

(G-band) as well as the secondary Raman bands between 2,500 and 3,000 cm�1

were observed in the experiments. The carbon lines mainly agree with

results reported in the literature [42]. Only the splitting of the D-band is different

and may be indicative for probing a small number of carbon nanocrystallits.

The domain size of the carbon can be estimated from the intensity ratio of the

D- and G-bands according to Tuinstra and Koenig [42]. Similar experiments of
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Fig. 8.10 Raman spectrum of a few carbon nanocrystallites adsorbed on a silver particle [41]
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Moyer et al. [41] demonstrated that the two dimensionally domain size of nano-

crystalline carbon was found to be in the order of 10 nm. Additional spectroscopic

Raman measurements on nanocrystalline carbon adsorbed at separate isolated

silver nanoparticles revealed temporal fluctuations in the peak intensities of

the characteristic carbon bands and intermittent on/off behavior [41]. The SERS

literature (e.g., [5, 10, 11]) frequently reports this phenomenon, called “blinking.”

Most authors interpreted the “blinking” that only few nanocrystallites were

involved.

Vosgröne and Meixner [18, 19] clearly demonstrated and explored in samples

with R6G at very low concentration several inhomogeneous spectroscopic

features like inhomogeneous line broadening, line splitting, spectral diffusion

and wandering which appeared in addition to intermittent intensity fluctuation.

These features attributed to single molecule properties usually disappear in the

ensemble average.
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Fig. 8.11 Optical images of R6G covered isolated gold clusters electrodeposited onto ITO by

means of the double-pulse method [E1 ¼ �100 mV (30 ms); E2 ¼ 600 mV (90 s)]; (a) Scanning
confocal microscopy image (topography mode), (b) Raman/fluorescence image of the same

sample area, (c) SEM image corresponding to (a) and (b). Two active zones I and II were

found. The confocal image could be retrieved within the SEM image by means of cross marking
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5.2.2 Gold
Results on confocal Raman microscopy of Rhodamin 6 G adsorbed on gold

particles are presented in this chapter. The local microscopic information on

SERS active spots can be supported by SEM. This approach is demonstrated in

Fig. 8.11. Before starting the investigation on gold nanoparticles electrodeposited

on ITO glasses, the sample surface was scratched by means of a sharp scalpel, thus

forming a cross as marker. The cross was discovered in the white-light image and in

the confocal topographical image (Fig. 8.11a). It served as point of reference for

searching and retrieving SERS active areas in the confocal topography

image and subsequently in the SEM image. The confocal images (Fig. 8.11a, b)

and subsequent the SEM image (Fig. 8.11c) shows two active zones I and II located

above the cross.

Figure 8.12 shows the active zone I of Fig. 8.11 enlarged. The active spot A, the

medium-active spot B and, for comparison, the nonactive point C are marked in
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Fig. 8.12 Optical images of R6G covered gold clusters within the active zone I marked in

Fig. 8.11 (active zone I at higher resolution); (a) Scanning confocal microscopy image (topogra-

phy mode), (b) Raman/fluorescence image of the same sample area, (c) SEM image corresponding

to (a) and (b). Two active points A and B could be found. The confocal image could be retrieved

within the SEM image by means of cross marking
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the confocal images (Fig. 8.12a, b). By means of the white-light images, these

points could be retrieved within in the SEM image and subsequently marked

(Fig. 8.12c). Thus, better local information on the active spot area of aggregated

nanoparticles is obtained. It is seen that the active spot A is located at the surface

of an aggregated gold particle.

Spectral SERS information of the active spot A can be derived from stationary

measurements. The basis of this type of experiment is to center the spot A and to

hold it in the excitation focus of the confocal microscope.

Figure 8.13 shows a sequence of subsequent SERS spectra 1–69 taken at point A.

The SERS activity is time dependent and fluctuating. At the very beginning of the

stationary measurements, substantial SERS activity of the strong Rhodamin 6 G

peaks at 1,510 and 1,270 cm�1 is not visible. With time, SERS activity increasingly

develops accompanied by smaller fluctuations. After longer times, the SERS

activity again decreases.

To demonstrate the time-dependent spectral behavior, two Raman spectra

within the sequences 10–39 of Fig. 8.13 are shown in Fig. 8.14. The strongest

R6G peaks at 1,180 cm�1 (C–H in plane bend), 1,510, and 1,575 cm�1
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Fig. 8.14 Two SERS spectra within the sequences 10–39 of Fig. 8.13 (point A)
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(both aromatic C-C stretch vibrations, based on literature data) are marked with

arrows. There are small deviations in intensity and peak position from sequence to

sequence and the peak positions are fluctuating around the average value of

literature data.

Figure 8.15 shows a sequence of subsequent SER spectra 10–69 from the

point B in zone I having lower luminosity compared to point A. As expected,

the lower luminosity also correlates to smaller SERS intensity, as seen from the

strongest peaks at 1,510 and 1,270 cm�1. Again time dependence of the peak

intensities is observed. The strongest enhancement does not concern the aromatic

stretch vibration but is found for the Raman peak near 1,300 cm�1 (1,270 cm�1),

thus supporting that the enhancement is dependent on the adsorption position and

the distance to the metal.

Figure 8.16 shows the active zone II of Fig. 8.11 enlarged. Again, the most

active points in the confocal images were marked and could be retrieved in

the SEM image. The results demonstrate that only a few particles show

SERS-activity.
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6 Conclusion and Future Perspective

Silver and gold nanoparticles were generated electrochemically and investigated

with confocal Raman microscopy. The combination of surface-enhanced Raman

spectroscopy with confocal microscopy accompanied by subsequent scanning

electron microscopy provided an image of the geometrical structure of the Raman

spots.

The results confirm that the extreme enhancement factors of SERS are local

effects. The “hot spots” were connected with surface irregularities and the strongest

effects were seen on points of cluster agglomeration. An explanation might be that

the polarizability tensor in this region has strong components perpendicular to the

surface-enhancing charge transfer and Raman intensity. The results clearly dem-

onstrate that the origin of the hot spots is not just an interference pattern of the
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Fig. 8.16 Optical images of R6G covered gold clusters within the active zone II marked in

Fig. 8.11; (a) Scanning confocal microscopy image (topography mode), (b) Raman/fluorescence

image of the same sample area, (c) SEM image corresponding to (a) and (b). The confocal image

could be retrieved within the SEM image by means of cross marking
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electromagnetic plasmon fields [43]. Possibly, due to the huge enhancement in the

junctions of particle aggregates, no significant effect of the particle size was

observed contrary to reports in the literature [11, 44].

The results obtained from R6G molecules adsorbed on gold particles also

revealed various dynamic spectroscopic features like fluctuations in intensity and

even sporadically slight changes in spectral position. As the R6G concentration is

relatively high compared to the amount of gold nanoparticles present and thermal

effects can be excluded, the only possible explanation for the dynamic behavior

seems to be fluctuations of the enhanced electromagnetic field [43]. Additionally,

spatial and time-dependent changes in the orientation of the adsorbed molecule in

the field may be also responsible for the fluctuations.

The understanding of spectroscopic phenomena of metal clusters is the basis for

applications of surface-enhanced Raman spectroscopy to deposition studies of SER

active metals. From the different methods, SERS is the most promising one because

it makes possible the in situ monitoring of additives in the growth process. The

experiments have shown that the Raman active structures are not identical with the

growth centers of the deposition process. Nevertheless, the special structures

showing Raman activity are irregularities, which will have adsorption properties

very similar to the growth centers making still the investigation of additives with

SERS very attractive.
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19. Vosgröne T, Meixner AJ, Anders A, Dietz H, Sandmann G, Plieth W (2005) Electrochem-

ically deposited silver particles for surface enhanced Raman spectroscopy. Surf Sci

597:102

20. Hildebrand P, Epding A, Vanhecke F, Keller S, Schrader B (1995) Molecule-specificity of

surface enhanced Raman scattering. J Mol Struct 349:137

21. Ullmann R, Will T, Kolb DM (1993) Nanoscale decoration of Au(111) electrodes with Cu

clusters by an STM. Chem Phys Lett 209:238

22. Fransaer J, Penner RM (1999) Brownian dynamics simulation of the growth of metal

nanocrystal ensembles on electrode surfaces from solution. I. Instantaneous nucleation and

diffusion-controlled growth. Phys Chem B 103:7643

23. Penner RM (2001) Brownian dynamics simulations of the growth of metal nanocrystal

ensembles on electrode surfaces in solution: 2. The effect of deposition rate on particle size

dispersion. Phys Chem B 105:8672

24. Zoval JV, Stiger RM, Biernacki P, Penner RM (1996) Electrochemical deposition of silver

nanocrystallites on the atomically smooth Graphite basal plane. J Phys Chem 100:837

25. Zoval JV, Biernacki P, Penner RM (1996) Implementation of electrochemically synthesized

silver nanocrystallites for the preferential SERS enhancement of defect modes on thermally

etched Graphite surfaces. Anal Chem 68:1585

26. Liu H, Penner RM (2000) Size-selective electrodeposition of mesoscale metal particles in the

uncoupled limit. J Phys Chem B 104:9131

27. Scheludko A, Todorova M (1952) Bull Acad Bulg Sci Phys 3:61

28. Milchev E, Vassileva E, Kertov V (1980) Electrolytic nucleation of silver on a glassy carbon

electrode. J Electroanal Chem 107:323–336

29. Sandmann G, Dietz H, Plieth W (2000) Preparation of silver nanoparticles on ITO surfaces by

a double-pulse method. J Electroanal Chem 491:78

30. Ueda M, Dietz H, Anders A, Kneppe H, Meixner A, Plieth W (2002) Double-pulse technique

as an electrochemical tool for controlling the preparation of metallic nanoparticles.

Electrochim Acta 48:377

31. Taylor CE, Garvey SD, Pemberton JE (1996) Carbon contamination at silver surfaces: surface

preparation procedures evaluated by Raman spectroscopy and X-ray photoelectron spectros-

copy. Anal Chem 68:2401

32. Norrod KL, Rowlen KL (1998) Removal of carbonaceous contamination from SERS-active

silver by self-assembly of decanethiol. Anal Chem 70:4218

33. Wessel J (1985) Surface-enhanced optical microscopy. J Opt Soc Am B 2(9):1538
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Raman Spectroscopy for Characterization
of Graphene 9
Duhee Yoon and Hyeonsik Cheong

1 Definition of the Topic

Raman spectroscopy is a spectroscopic tool to probe scattering of light by phonons

in graphene and used to study the structural and electronic properties.

2 Overview

Raman spectroscopy is one of the most widely used characterization tool in the

study of graphene, a two-dimensional hexagonal crystal of carbon atoms. Owing to

the resonant nature of the light scattering process, fairly strong signals are detected

in spite of the fact that only one monolayer of atoms is probed. In graphene

research, Raman spectroscopy is used not only as an indispensible characterization

tool to identify the number of layers, but also as a probe to investigate the

mechanical, electrical, and optical properties. Here, important recent progress in

Raman spectroscopic characterization of graphene is reviewed.

3 Introduction

3.1 Graphene

Graphene is a two-dimensional lattice of carbon atoms arranged in a honeycomb

structure. It is the basic building block of all graphitic materials based on sp2
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carbon-carbon bonding, including graphite, carbon nanotubes, and fullerenes.

Graphite is a periodic stack of graphene sheets; a carbon nanotube is a result of

rolling up a sheet of graphene into a cylinder; and fullerenes result when graphene is

wrapped into a soccer-ball-like structure. Graphene has attracted much attention

due to its remarkable electronic [1–3], optical [4], and mechanical properties [5]

resulting from its peculiar electronic band structure. Although graphene’s band

structure has been studied theoretically for many years [6], experimental work on

single graphene started in earnest only after Novoselov et al. [7] succeeded in

isolating single layer graphene by mechanical exfoliation. So far, most of the

cutting-edge studies on graphene’s physical properties have used mechanically

exfoliated graphene samples which usually exhibit superior electrical properties,

although the quality of large-area graphene samples grown by chemical vapor

deposition or by thermal treatment of SiC wafers is improving in many aspects.

Mechanically exfoliated graphene on 300-nm SiO2 covered Si substrates can be

easily identified through ordinary optical microscopes as shown in Fig. 9.1. This

makes Raman spectroscopy a particularly convenient tool in graphene study since

one can easily find graphene and measure a Raman spectrum from a particular

location of the sample using a standard micro-Raman spectroscopy system. In this

chapter, the use of Raman spectroscopy for characterization of graphene is

reviewed. A general review of graphene’s electronic properties and other physical

properties is beyond the scope of this chapter and the readers are encouraged to

refer to more comprehensive reviews available elsewhere.

3.2 Crystal Structure

Figure 9.2 shows the crystal structure of graphene and its reciprocal lattice. Each

unit cell, indicated in shade, contains two carbon atoms, A and B. The two unit

vectors, a1 and a2, are also shown. For multilayer graphene or graphite, the Bernal

Fig. 9.1 Optical microscope

image of graphene on SiO2/

Si. The lightest-colored area

corresponds to single-layer

graphene
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stacking (or AB stacking) is the most common configuration. The Bernal stacking is

formed by putting a B carbon atom of the second layer on top of an A carbon of the

first layer or vice versa. In graphite, the interlayer spacing is 0.335 nm, which is

often taken as the “thickness” of a graphene single layer. The Brillouin zone of

graphene is shown in Fig. 9.2b. It has a hexagonal shape, and the high symmetry

points are the G point at the zone center, theM point in the middle of the hexagonal

sides, and the two inequivalent K and K0 points at the hexagonal corners.

3.3 Band Structure

Three of the four valence electrons of a carbon atom in graphene are involved in sp2

bonding and contribute little to the electronic properties. Practically, one needs to

consider only the remaining electron in the p state. Since each unit cell has two

carbon atoms, two p electrons need to be considered. The electronic band structure

can be described with a reasonable accuracy in the framework of the tight-binding

approximation [6]. If only the nearest-neighbor interaction is considered, one gets

E�ðkx; kyÞ ¼ �g0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4 cos

ffiffiffi
3

p
kxa

2
cos

kya

2
þ 4cos2

kya

2

s
; (9.1)

where g0 is the nearest-neighbor hopping energy, a ¼ ffiffiffi
3

p
a0 is the magnitude of the

principal unit vector, and a0 ¼ 0:142 nm is the distance between nearest neighbors.

Figure 9.3 illustrates the two energy bands E+ and E�. Of particular interest is the
dispersion of the bands near K or K0 points. One can write k ¼ K + k, where k is the

crystalmomentumvector relative to theK point. Then, it is straightforward to show that

E�ðkÞ ¼ e�ðkÞ ¼ ��hvF kj j; (9.2)

where vF is the electronic group velocity and vF ¼ ffiffiffi
3

p
g0a=2�h � 106m=s. Although

this is a very simple approximation, it faithfully reproduces most important features

of the band structure calculated with the more sophisticated ab initio numerical

many-body GW calculation [8]. The most significant implications are: (1) graphene

kx

B
K

b1

MΓ

K�

A

a

b2

ky

y

x

a1

a2

bFig. 9.2 (a) Graphene’s
lattice structure and (b) its
reciprocal lattice

9 Raman Spectroscopy for Characterization of Graphene 193



is a zero-gap semiconductor and (2) the energy dispersion near the band extrema is

linear. Since each unit cell has two p electrons, the lower (negative) energy branch

is completely filled and the upper (positive) energy branch is completely empty at

zero temperature. The linear dispersion implies that the effective mass is zero.

Therefore, one cannot use the Schrödinger equation with an effective mass in

describing the behaviors of electrons in graphene. One should rather use a Dirac

equation for massless relativistic fermions, and K and K0 points are hence called

“Dirac points.” Many interesting properties of graphene are direct results of such

Dirac nature of the electrons. Figure 9.4 shows the band structures of graphene

calculated using the density functional theory and the more sophisticated GW
approximation. The linear dispersion of the bands near the K point is evident in

either calculation.

3.4 Raman Scattering in Graphene

Raman spectroscopy has been established as one of the most important characteriza-

tion tools in graphene research. Graphene’s peculiar band structure plays an important

role in Raman scattering as well. Figure 9.5 is the phonon dispersion of graphene. The

highest energy branches have linear dispersions near the G and K points due to Kohn

anomalies [9] resulting from strong electron-phonon interaction [10].

Figure 9.6 shows typical Raman spectra of graphene and graphite. The Raman

spectrum of graphene is dominated by two prominent features. The G band near

1,580 cm�1 is due to the degenerate zone-center (G) optical phonon mode with E2g

symmetry, which is found in most graphitic materials [13]. Because of the energy
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Fig. 9.3 Energy band structure of graphene calculated with tight-binding approximation
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band structure, the Raman scattering process for q ¼ 0 phonons is resonant for any

excitation laser energy in the infrared and visible range (see Fig. 9.7.). This

resonance explains a rather strong intensity of this Raman band despite the fact

that the material being probed is only one atomic layer thick. The strong band at

�2,680 cm�1 is due to a two-phonon scattering involving A1
0 phonons near the K

point and is called the 2D band, whereas some people prefer to call it a G0 band.
A photoexcited electron (or hole) near a K point can be scattered to a nearby K0

point by emitting a phonon. In order to conserve the total momentum, the emitted

phonon must have a momentum of magnitude � K � K0j j � Kj j. Therefore,

a phonon near the K point of the Brillouin zone is involved. Then, another phonon

of the same momentum should be emitted before the electron and the hole recom-

bine to emit Raman scattered light. Figure 9.8 illustrates this process. This is

a doubly resonant process, which explains why the 2D band is usually stronger
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Fig. 9.4 Energy band structure of graphene. Solid thick lines: density functional theory with local
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than the G band although it is due to a two-phonon scattering process. The triple

resonance process [14], where the electron and the hole scatter simultaneously, can

also explain the two-phonon scattering.

There are also some weak features in the Raman spectrum. The most important

is the D band near 1,355 cm�1 due to a one-phonon scattering involving a phonon

near the K point and scattering due to defects [15]. The scattering process for this

band is explained in terms of a double resonance scattering between the K and K0

points [14] similar to the case of the 2D band. It is absent or extremely weak in

a spectrum from pristine graphene but becomes visible when there are significant

amount of defects in the graphene sample, its intensity correlating with the defect

density [16].

4 Experimental and Instrumental Methodology

4.1 Micro-Raman Spectroscopy

Since mechanically exfoliated graphene samples are very small (typically <100 �
100 mm2), confocal micro-Raman systems are used. For routine measurements of

Raman spectra, commercial micro-Raman spectrometer systems are good enough.

For more flexible configuration of measurements, however, custom-built systems

are preferred. Figure 9.9 is a schematic of a typical confocal micro-Raman spec-

troscopy system. Since the Raman scattering process in graphene is resonant

regardless of the excitation laser energy, one may use any laser wavelength from

infrared to near ultraviolet. The excitation laser light is sent to the sample through

a microscope objective. The focusing of the laser spot on the sample is monitored

by a digital video camera. Scattered light is collected by the same objective and sent

to a spectrometer through a focusing lens. A holographic notch filter or a dielectric

edge filter is used to block the laser light from entering the spectrometer. A CCD

multichannel detector collects dispersed photons and records the spectrum. The

spatial resolution is determined by the laser wavelength and the numerical aperture

(N.A.) of the objective. For an Ar-ion laser line of l ¼ 514.5 nm and an objective

with N.A. ¼ 0.6, the theoretical laser spot diameter is 1.22l/2N.A. ¼ 500 nm. The

spectral resolution is determined by the focal length of the spectrometer, the groove

density in the grating, and the pixel size in the CCD detector. A typical resolution

value is 1–2 cm�1. In order to remove unwanted wavelength components from the

laser, for example, plasma discharge lines, a spike filter or a prism monochromator

can be used. Also, a spatial filter can be used to remove unwanted spatial mode

components from the laser beam, and a beam expander may be used to expand the

beam to the optimal size for the input aperture of the objective. These will ensure

that the smallest possible laser spot size is achieved. In order to move the sample

laterally, a two-axis xy translation stage is used. If one uses a computer-controlled

motorized stage, one can raster scan the sample to obtain Raman images. Alterna-

tively, the beam steering mirror can be controlled with servo motors to scan the

laser spot on the sample.
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4.2 Polarization

Polarized Raman spectroscopy has proven to be a powerful tool in the study of

the properties of graphene. The polarization analysis of the Raman scattered light

provides valuable information on the symmetry-related properties. For complete

polarization analysis, the polarizations of the excitation laser beam as well as

the Raman scattered light entering the spectrometer must be controlled. This can

be achieved with combinations of linear polarizers and wave plates. Care must be

taken in order not to introduce instrument-induced polarization anisotropy. Since

the throughput of a spectrometer is usually polarization dependent, the polariza-

tion direction of the light entering should be kept the same by using a half-wave

plate just before the light enters the spectrometer. Another factor is the beam

splitter. The reflectivity and the transmittance of the p wave are significantly

different from those of the s waves for the incident angle of �45�, which is close

to Brewster’s angle. Therefore, the p wave component of the scattered light

has a higher transmittance at the beam splitter than the s wave component.

As a result, even when the signal from the sample is isotropic, it may appear

anisotropic if the polarization-dependent transmittance of the beam splitter is not

properly taken into account. A separate calibration of the polarization dependence

of the transmittance is often necessary. Also, the wavelength-dependence of

the half-wave plates should be considered. Since the phonon frequencies in

graphene are fairly large, the retardation of a wave plate could be significantly

different between the G band and the 2D band, for example. Achromatic wave

plates, which produce fairly uniform retardation within �15% of the center

wavelength, produce far better result than ordinary zero-order or multiple-order

wave plates. Figure 9.10 illustrates a typical polarized micro-Raman measurement

setup [17].

4.3 Strain

Uniaxial strain breaks the in-plane isotropy and produces many interesting effects.

In order to apply strain, a piece of graphene is usually put on a flexible substrate.

When the substrate is bent, the top surface is stretched whereas the bottom surface

is contracted. One can use either the two-point bending or the four-point bending

method (Fig. 9.11) [18]. Since the graphene sample is much smaller than the length

of the substrate, the strain is essentially uniform across the sample in either case. As

a result, tension is applied if the graphene sample is on the top surface, and

compression is applied if the sample is on the bottom surface. Since graphene is

attached to the substrate by the van der Waals force, there is a limitation on the

maximum applied tension, typically less than 3%. In the case of compression,

buckling can happen as well. In order to prevent slippage of the sample, some

researchers deposit metal anchors on top of the graphene sample [19] or embed the

graphene sample in a polymer layer [20].

9 Raman Spectroscopy for Characterization of Graphene 199



5 Key Research Findings

5.1 Determination of Number of Graphene Layers

The most important application of Raman spectroscopy in graphene research is to

estimate the number of graphene layers [21–24]. It is by far the most straightfor-

ward method to identify single-layer graphene. Figure 9.12 shows the evolution of

the G, G*, and 2D bands as the number of graphene layers is increased [24]. The

intensity of the Raman G band increases with the number of layers up to seven

layers and then decreases for thicker samples (�23,�40 layers and graphite). The

shape of the G band does not vary, but the variation in the intensity is sensitive up

to seven layers. Therefore, the variation in theG band Raman intensity can be used

to approximately identify the number of graphene layers. The Raman G* band has
a small intensity, which does not vary much, as shown in Fig. 9.2b. This band

originates from a combination of the zone boundary in-plane longitudinal acoustic

(iLA) phonon and the in-plane transverse optical (iTO) phonon modes [25, 26].

The shapes of the G* bands are similar to each other, except for single-layer

Fig. 9.11 (a) A graphene

sample is placed in the middle

part of a flexible substrate; (b)
two-point bending; and (c)
four-point bending [18]
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graphene. The G* band of single-layer graphene is relatively sharp compared

to that for other thicknesses. Although the sharp shape of the G* band

could be evidence for single-layer graphene, the G* band has a low signal-to-

noise ratio.

The line shape of the 2D band of single-layer graphene is unique compared to the

others. It has a single Lorentzian line shape and a high intensity. The line shape of

the 2D band reflects the electronic band structure of graphene. In bilayer graphene,

the inter-layer interaction splits the conduction and valence bands into two each.

There are four possible pathways for the double resonance Raman scattering

process as shown in Fig. 9.13 [21, 25]. As a result, the 2D band is a convolution

of four Lorentzian lines. As the number of graphene layers increases beyond two

layers, the electronic band structure varies and approaches that of graphite [28, 29],

and as a result, the line shape of the 2D band approaches that of graphite. From

Fig. 9.12c, it is evident that the 2D band can be used as an exact fingerprint of

graphene layers for one to four layers.

By using the Raman imaging technique, one can visualize areas of different

thickness. Figure 9.14a is an optical microscope image of a graphene sample that

has areas with different thickness. Areas with different shades are observed.

Figure 9.14b is an atomic force microscope (AFM) topography image obtained

from the area indicated by the dotted square in Fig. 9.14a. The number of graphene

layers is estimated by using cross-section profiling of the AFM image. The Raman

scanning was performed on a 30 � 40 mm2 region. Figures 9.14c–e are images for

the Raman G band intensity, the 2D band intensity, and the ratio of the intensity of

Fig. 9.12 Evolution of the (a) G band, (b) G* band, and (c) 2D band in the Raman spectrum as

functions of the number of graphene layers [24]
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the 2D band to that of the G band, respectively. The boundaries between areas with

different numbers of layers are well distinguished in Fig. 9.14c because the G band

intensity is sensitive to the number of layers. On the other hand, the boundaries are

not well distinguished in Fig. 9.14d, except for the single-layer area because the 2D
band intensity of single-layer graphene is much larger than the others. Because the

G band intensity increases and then decreases as the number of graphene layers

increases, there may be a case where the G band intensities are the same for areas

with different numbers of graphene layers. Since the 2D band intensity tends to

decrease as the number of graphene layers increases, one can better estimate the

thickness in such cases by comparing the intensities of the G and the 2D bands.

Figure 9.14e is the image of the ratio of the intensity of the 2D band to that of theG band.

Fig. 9.13 (a–d) Schematic view of the electron dispersion of bilayer graphene near the K and K0

points showing both p1 and p2 bands. The four double resonance Raman scattering processes are

indicated. The wave vectors of the electrons (k1, k2, k1
0, and k2

0) involved in each of these four

processes are also indicated [27]. (e) Typical 2D band spectrum with the four components is

indicated

10 μm 5 μm

36

5 4
1

5
6

7

10 μm 10 μm 10 μm

a b c d e

Fig. 9.14 (a) Optical microscope image and (b) AFM (contact mode) image of a graphene

sample. Images of (c) the G band intensity, (d) the 2D band intensity, and (e) the ratio of the

intensity of the 2D band to that of the G band [24]
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As expected, areas of different thicknesses are more clearly resolved. Therefore, by

combining the intensity images of theG and the 2D bands, one can reliably estimate the

number of graphene layers.

5.2 Interference Effect

The fact that graphene, which is only single atomic layer thick, can be observed

through an optical microscope is a major factor in making experiments with

graphene accessible to many researchers. The visibility of a graphene layer on

a substrate is a result of an optical contrast enhancement due to interference effect

in the dielectric layer of the substrate. Most graphene samples are made on Si

substrates with an oxide layer on the top. Multiple reflections of the illuminating

light in the SiO2 layer between Si and graphene result in an interference which

enhances or suppresses the optical contrast. As seen in Fig. 9.15, the optical contrast

is a sensitive function of both the wavelength of the illuminating light and the

thickness of the SiO2 layer [30]. A similar interference effect plays a role in Raman

spectroscopy. Figure 9.16 illustrates the effect of the interference on the Raman

intensities [31]. The Raman intensities of the G and 2D bands are strong functions

of the thickness of SiO2 layer (Fig. 9.16a). As the thickness is increased from

240 nm, the observed intensities increase first and show the highest values at the

thickness of �280 nm for the G band and �290 nm for the 2D bands, respectively.

Since the two maxima occur at different wavelengths, the resulting observed I2D/IG
ratio varies greatly; the maximum of the intensity ratio is around 9.3 and 6 times

higher than the minimum (Fig. 9.16b).

The interference effect can be quantitatively analyzed using a multireflection

model (MRM) of the Raman scattered light. In this model, the absorption and

scattering processes are treated separately [31]. Since the difference in the wave-

lengths of the excitation laser and the scattered light is significant, these differences

and concomitant differences in the index of refraction should be taken into account.

The interference either enhances or suppresses the Raman intensity, and the

enhancement factors relative to the case of a free-standing graphene film can be

calculated as functions or the excitation laser wavelength and the thickness of the

SiO2 layer (Fig. 9.17). Figure 9.17c shows that the ratio of the enhancement factor

of the 2D band to that of theG band is a strong function of both the laser wavelength

and the SiO2 thickness. The intensity ratio of the 2D and the G band is often used in

the analysis of Raman data in an effort to eliminate the effects of external factors

such as equipment alignment that may vary in each measurement. However,

Fig. 9.17c demonstrates that care must be taken when comparing such ratios

obtained from different measurements. It should also be noted that this kind of

interference effect is not unique to Raman measurements but applies to any

spectroscopic measurements of thin samples on dielectric layers. Appropriate

choice of the dielectric layer thickness therefore can significantly enhance the

measured signal in such cases.
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5.3 Effect of Charge Carriers

Controlling the charge carrier type and density is a key to electronic device

application of graphene. Most of the studies so far have used either a back gate

(through the substrate) or a top gate to induce charge in the graphene layer.

Chemical doping of graphene with metal adatoms [32], ammonia [33], or other

gases [34] has been tried, and both electron and hole doping have been reported.

The effect of doping can be studied with Raman spectroscopy, too. It is well known

that the frequency and the linewidth of the Raman G band are sensitive functions of

the doping density [35, 36]. The dependence of the graphene’s Raman spectrum on
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the charge carrier density is due to suppression of Kohn anomaly [9, 10] by charge

carriers. The physical origin of the Kohn anomaly in graphene can be explained in

terms of a virtual process in which a phonon excites an electron from the valence

band to the conduction band creating an electron-hole pair, and the phonon is

re-created when the electron and hole recombine (Fig. 9.18). When the charge

density increases such that the Fermi energy EF is larger than 1
2
�hoG, a half of the

phonon energy, such electron-hole pair creation becomes impossible due to the

Pauli principle. This suppresses the Kohn anomaly, and as a result, the G band

blueshifts. The linewidth also becomes smaller because the phonon lifetime

increases due to the blockage of the decay channel. The 2D band also depends on

the charge density [37], although it is not as well understood.

The charge density dependence of the Raman spectrum can be used to estimate

chemical doping of graphene samples [38]. The frequency of the G band, in

combination of its linewidth, can be used as an indicator of the charge density of

a graphene sample. However, it should be noted that the G band frequency can be
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Fig. 9.17 Plots of calculated Raman enhancement factors of (a) G band and (b) 2D band as

functions of the thickness of SiO2 layer and the wavelength of the laser. (c) Ratio of the

enhancement factor for the 2D band to that of the G band, F2D/FG [31]
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Fig. 9.18 Dependence of (a) the linewidth and (d) frequency of theG band. (b) Broadening of the
G phonon due to decay into electron-hole pairs. (c) TheG-phonon decay into the electron-hole pair
is forbidden by the Pauli principle at high charge densities. (e) Renormalization of the G-phonon
energy by interaction with virtual electron-hole pairs. (f) Virtual electron-hole pair transitions with
energy ranging from 0 to 2 EF are forbidden [35]

Graphene
Au/SiN

Laser power meter

Si

Fig. 9.19 Schematic of the

experimental setup for

graphene thermal

conductivity measurement.

The laser power meter

measures how much of the

excitation power is absorbed

by the graphene sample [46]
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shifted due to other external factors such as residual strain. The linewidth may also

increase when there are structural defects in the sample. Therefore, the estimation

of the charge density from a Raman spectrum is only approximate.

5.4 Thermal Effect

Unlike most solids, graphene has a negative thermal expansion coefficient near the

room temperature. A theoretical calculation [39] predicts a negative thermal expan-

sion coefficient value for temperatures up to 2,300 K and beyond, whereas an

indirect estimation obtained by analyzing the ripples formed on graphene mem-

branes suspended across trenches on SiO2/Si substrates [40] gives a negative

thermal expansion coefficient only up to �350 K and a positive value at higher

temperatures. The negative thermal expansion would cause a blueshift of the

Raman band as the temperature is increased. However, an analysis of anharmonic

effects predicts a redshift instead [41]. There are a few measurements of the

temperature dependence of the Raman spectrum of graphene. Calizo et al. reported

a linear coefficient of @oG=@T ¼ �0:016cm�1/�C for the single layer and

�0.015 cm�1/�C for the bilayer graphene between 83 K and 373 K [42]. On the

other hand, Allen et al. reported a larger value of �0.038 cm�1/�C for chemically

derived graphene in the temperature range 22–400�C [43]. Chae et al. monitored

the local temperature of the probed spot by monitoring the ratio of the Stokes and

anti-Stokes signals and obtained a strongly nonlinear dependence of the G band

frequency between 300 K and 1,600 K [44].

The thermal conductivity of graphene has been estimated by using Raman

spectroscopy. In a typical experiment, a graphene sample is heated with

a focused laser beam which doubles as the excitation source for Raman scattering

(Fig. 9.19). An initial measurement [45] on a graphene sample suspended over

a trench gave a very large value of �5 � 103 W/m·K. Similar measurements on

samples suspended across a circular hole give smaller values of 2.5� 1.1� 103 W/

m·K [46] and �6 � 102 W/m·K [47]. The thermal conductivity becomes smaller if

the sample is supported on a substrate [46, 48].

5.5 Strain Effect

Uniaxial or biaxial strain applied to a sheet of graphene alters the interatomic

distance and modifies the crystal structure, two of the fundamental parameters

that determine the properties of graphene. Strain engineering, modifying the struc-

tural and electronic properties of graphene with applied strain, is therefore

attracting much attention. When uniaxial strain is applied, the in-plane symmetry

is broken, and as a result, the degenerate Raman G band splits into two peaks, G+

and G� (Fig. 9.20). Since the splitting is proportional to the applied strain [18, 19],

one can use the splitting to estimate the built-in uniaxial strain.
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Furthermore, the polarization dependence of the two peaks can be used to

determine the crystallographic orientation of a graphene sample. The intensities

of the G+ and G�peaks follow the simple expressions [18, 19]:

IGþ / cos2ðyin þ yout þ 3’sÞ
IG� / sin2ðyin þ yout þ 3’sÞ;

(9.3)

where yin and yout are the polarization directions of the excitation laser and the

Raman scattered photons with respect to the strain direction, respectively, and ’s is

the relative angle between the strain axis and the zigzag direction of the graphene

crystal (Fig. 9.21). If one sets the polarization of the incident laser parallel with the

strain direction so that yin ¼ 0, the above expressions take a simple form:

IGþ / cos2ðyout þ 3’sÞ
IG� / sin2ðyout þ 3’sÞ

(9.4)

Therefore, by measuring the intensities of the strain-split peaks as functions of

the analyzer direction, one can extract ’s. This would unambiguously determine the
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crystallographic direction of the graphene sample. Depending on the experimental

setup, one may alternatively set yout ¼ 0 and measure the intensities as functions of

yin as in Fig. 9.22. The 2D band also splits under strain and shows polarization

dependence [49], although its interpretation is much more complicated because the

double resonance two-phonon scattering reflects both the phonon dispersion and

the electronic band structure.

5.6 Edges

Since an edge of a graphene sample is a kind of a line defect, it induces defect-

mediated Raman scattering. The Raman D band near 1,355 cm�1, which becomes

significant only when there are significant amount of defects, becomes visible near

edges. Figure 9.3a illustrates the double resonance intervalley scattering process that

gives rise to the D band [50]. An electron near aK point with a wave vector~k is excited
by absorbing an incident photon. The set of all electron wave vectors that can

participate in the absorption forms a circle with a radius k ¼ j~kj about the K point.

The electron is then scattered by emitting a phonon of wave vector ~q to a point on

a circle with a radius k0 ¼ j~k0jabout a nearby K0 point. The electron is then scattered

back to ~k by a defect with wave vector ~d ¼ �~q, followed by the electron-hole

recombination that emits a scattered photon. Figure 9.3b shows (1) the armchair and

(2) the zigzag edges. An edge destroys the translational symmetry in the direction

perpendicular to it, and as a result, the momentum conservation requirement in that

direction is relaxed. Therefore, the armchair edge can contribute to a process in

Fig. 9.23a with ~d ¼ ~da and the zigzag edge with ~d ¼ ~dz. In Fig. 9.3c, it is evident

that whereas ~da can connect two states on the circles about the K and K0 points, ~dz
cannot. Therefore, a perfect zigzag edge would not contribute to the D band. Further

theoretical analysis predicts that theD band signal from a perfect armchair edgewould

be maximum if the polarizations of the excitation and the collection of scattered

photons are both parallel to the armchair edge direction [50, 51].

incident laser polarization

analyzerq in

qout

js

strain axis

x

yFig. 9.21 Coordinate system

in the analysis of polarization

dependence of Raman

spectrum from strained

graphene
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In real samples, however, the edges are never perfectly armchair or zigzag. There

are many imperfections and usually armchair and zigzag edges are mixed. There-

fore, Raman spectra from such edges would contain contributions from both

armchair and zigzag components. One can expect that an “armchair-like” edge

with predominantly armchair structure would show higher D band intensity than

a “zigzag-like” edge. Several authors [50, 52] have imaged the D band intensity of

graphene samples and correlated the polarization dependence and intensity with the

edge types. Edges showing stronger polarization dependence are identified as being

“armchair-like.” However, due to the “roughness” of the edges, the identification of

the edge types from the D band Raman scattering is not very conclusive [51, 53].

5.7 Stacking

The discussion in Sect. 4 of the Raman spectrum of bilayer and multilayer graphene

is valid only for Bernal (AB) stacked graphene. Mechanically exfoliated graphene

from crystalline graphite usually exhibits such characteristics. However, multilayer
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graphene produced by thermal treatment of SiC or by chemical vapor deposition

often show incommensurate stacking as evidenced by Moiré patterns in scanning

tunneling microscope images [54, 55]. The splitting of the conduction and valence

bands in Bernal stacked bilayer or multilayer graphene, and the resultant broaden-

ing of the Raman 2D band is a result of interlayer interaction. However, when

subsequent layers are not Bernal stacked, the interlayer interaction, which is already

weak in Bernal stacked graphene, becomes even weaker, and the electronic and

vibrational structures of such multilayer graphene resemble those of a collection of

independent single-layer graphene pieces. The shape of the Raman 2D band in such

cases resembles that of single-layer graphene, showing a single Lorentzian

lineshape [56, 57]. This has an important implication on the scheme for determi-

nation of the number of graphene layers as discussed in Sect. 4. The lineshape of the

2D band by itself should not be taken as a definitive indicator of the number of

layers in situations where non-Bernal stacked multilayer formation is possible.
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6 Conclusions and Future Perspective

Raman spectroscopy has proven to be an invaluable tool in graphene research

owing to the unique features of graphene’s physical properties. In addition to

characterization of structural parameters, which is usually the typical realm of

Raman characterizations, the electronic and transport properties can be investigated

with Raman spectroscopy. Several new techniques are also being developed. For

example, combining atomic force microscopy (AFM) with Raman imaging allows

investigators a unique opportunity to study the correlation between microscopic

structures and the Raman characteristics. Surface-enhanced Raman scattering

(SERS) or tip-enhanced Raman scattering (TERS) have been attempted with

mixed results [58, 59]. It is certain that Raman spectroscopy will be an integral

part of graphene research for the foreseeable future.
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50. Cançado LG, Pimenta MA, Neves BRA, Dantas MSS, Jorio A (2004) Influence of the atomic

structure on the Raman spectra of graphite edges. Phys Rev Lett 93:247401

51. Casiraghi C, Hartschuh A, Qian H, Piscanec S, Georgi C, Fasoli A, Novoselov KS, Basko DM,

Ferrari AC (2009) Raman spectroscopy of graphene edge. Nano Lett 9:1433–1441

52. You Y, Ni Z, Yu T, Shen Z (2008) Edge chirality determination of graphene by Raman

spectroscopy. Appl Phys Lett 93:163112

53. Gupta AK, Russin TJ, Gutiérrez HR, Eklund PC (2009) Probing graphene edges via Raman

scattering. ACS Nano 3:45–52

54. Varchon F, Mallet P, Magaud L, Veuillen J–Y (2008) Rotational disorder in few–layer

graphene films on 6H–SiC(000–1): a scanning tunneling microscopy study. Phys Rev B

77:165415

55. Li G, Luican A, Lopes dos Santos JMB, Castro Neto AH, Reina A, Kong J, Andrei EY

(2009) Observation of Van Hove singularities in twisted graphene layers. Nat Phys 6:109–113

56. Poncharal P, Ayari A, Michel T, Sauvajol J–L (2008) Raman spectra of misoriented bilayer

graphene. Phys Rev B 78:113407

57. Ni Z, Wang Y, Yu T, You Y, Shen Z (2008) Reduction of Fermi velocity in folded graphene

observed by resonance Raman spectroscopy. Phys Rev B 77:235403

58. Schedin F, Lidorikis E, Lombardo A, Kravets VG, Geim AK, Grigorenko AN, Novoselov KS,

Ferrari AC (2010) Surface enhanced Raman spectroscopy of graphene. ACS Nano 4:5617–5626

59. Saito Y, Verma P, Masui K, Inouye Y, Kawata S (2009) Nano–scale analysis of graphene

layers by tip–enhanced near–field Raman spectroscopy. J Raman Spectrosc 40:1434–1440

214 D. Yoon and H. Cheong



SERS Hot Spots 10
Robert C. Maher

1 Overview

Hot spots are highly localized regions of intense local field enhancement believed

to be caused by local surface plasmon resonances (LSPR). Formed within the

interstitial crevices present in metallic nanostructures [1–4], such hot spots have

been claimed to provide extraordinary enhancements of up to 1015 orders of

magnitude to the surface-enhanced Raman scattering (SERS) signal (proportional

to |E|4) [5] in areas of subwavelength localization [6, 7]. As a result, hot spots are

critically important for SERS and, if in sufficient density, can dominate the prop-

erties of any SERS active substrate within which they reside. Given their charac-

teristics, hot spots are now widely acknowledged to be a prerequisite for the

observation of single-molecule SERS and set the limit for the achievable spatial

resolution for SERS as applied to scanning probe microscopy with high chemical

specificity also known as tip-enhanced Raman spectroscopy (TERS). As a result of

their importance to SERS, hot spots have generated a great deal of interest in the

last 5 years. This review summarizes the key results from recent theoretical and

experimental investigations focused on improving the understanding of the char-

acteristics of SERS hot spots and their control.

2 Introduction

When surface-enhanced Raman spectroscopy (SERS) was discovered in 1974 by

Fleischman, Hendra, and McQuillan, it was initially attributed to a surface concen-

tration effect rather than to a surface enhancement effect [8]. The foundations of the
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theory and understanding of SERS were developed by Van Duyne [9], Moskovits

[10], and others [11] in the years immediately following with great progress in the

understanding being achieved [12]. As a result of this work, average enhancement

factors for typical SERS substrates were found to be 106–108 and two enhancement

mechanisms were proposed to explain the SERS phenomenon, the electromagnetic

(EM) and the chemical or charge transfer (CT) mechanisms [13, 14]. The EM

mechanism arises due to the presence of enhanced electromagnetic fields localized

to within a few nanometers of a nanostructured metallic surface formed by surface

plasmon resonances. The enhanced electromagnetic fields decay exponentially

from the surface and thus result in enhanced optical processes within those mole-

cules in close proximity to the surface. The EM enhancement is believed to provide

the majority of the normal SERS enhancement (104–105) [12]. The CT enhance-

ment results from resonant charge transfer effects between a molecule that is

strongly chemically adsorbed onto the surface and the metal itself and is believed

to contribute 102–103 to the enhancement. Thus, the EM mechanism is believed to

be the dominant enhancement mechanism, providing the majority of the enhance-

ment while being less molecularly dependent than the CT mechanism which should

only be active for molecules that strongly interact with the surface.

At this point, it is important to clarify what is meant by the enhancement factor

before discussing hot spots further. Typically, the enhancement factor is calculated

as the ratio of the detected Raman signal under SERS conditions compared to the

signal obtained under normal conditions, for equal numbers of active molecules and

surface area exposed to the laser beam. This value is proportional to the intensity of

the local electromagnetic field (E) to the fourth power, i.e., |E|4 which results from

the enhancement of both the incident and emitted photons [15]. Throughout the rest

of the chapter, the enhancement factor that is quoted refers to this: the enhancement

of SERS intensity, rather than that associated with the local electromagnetic field

unless otherwise stated.

It was suggested early in the development of SERS that the majority of the signal

originated from a small fraction of the total number of adsorbed molecules residing

within highly localized areas of strong enhancement, or hot spots [16]. At the time,

these hot spots were primarily believed to be due to highly advantageous binding sites

where the contribution to the enhancement from the chemical enhancement was

maximized. The enhancement factor for a molecule adsorbed at such a site was

postulated to be at least one or two orders of magnitude larger than average estimates

which considered all adsorbedmolecules. Such hot spots were shown to be an essential

feature in SERS, for instance, it was verified that covering the SERS active silver

electrode with only 3% of electrodeposited Pt or Ti completely quenched the SERS

effect which was attributed to the preferential deposition on the hot spots [17, 18].

However, interest in SERS waned due to the irreproducibility, the molecule

specific nature, and relatively low enhancements inherently associated with SERS

measurements which prohibited the development of the effect for possible appli-

cations. SERS was consigned to being characterized as an experimental curiosity.

This changed with the observation of single-molecule SERS in 1997 by two

independent studies by Nie and Emory [22] and Kneipp et al. [23], which sparked
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a renaissance in SERS. Hot spots were proposed as the source of the high signal

enhancement required to allow for the detection of single molecules. While average

enhancement factors for ensemble SERS measurements had typically been esti-

mated to be 103–106, the enhancement factors for hot spots thought to be respon-

sible for the single-molecule SERS were estimated to be as high as 1012–1015.

However, differences in the experimental conditions led to different conclusions.

For example, Kneipp et al. reported the observation of Raman spectra from

single molecules of crystal violet in an aqueous solution of aggregated silver

nanoparticles. This was broadly in line with the prevailing theory of SERS in that

clusters will contain extremely intense localized electromagnetic fields in the

interstitial spaces due to local surface plasmon resonance interactions. However,

Nie and Emory reported single-molecule SERS for rhodamine 6G (Rh6G)–

adsorbed to silver nanoparticles, not only for clusters but also for isolated

nanoparticles where the electromagnetic enhancement is relatively weak. This

suggested that the majority of the enhancement originated from molecules adsorbed

to preferential binding sites and raised questions about whether hot spots in

aggregated nanostructures were a feature of the aggregate geometry or the inclusion

of hot particles.

Figure 10.1 summarizes the different types of generic hot spots that have been

proposed in the literature. These include (a) those formed between two closely

spaced nanoparticles by the coupled plasmon, (b) hot spots formed at sharp

nanoscale geometrical features through the “lightening rod” effect, and (c) highly

enhancing chemically active binding sites. The ambiguity in the exact enhancement

mechanism at work within the observed hot spots and the number of active

molecules, the magnitude of hot spot enhancement, and the lack of a robust method

to define the single molecular signature have led to much debate within the

literature [24, 25]. However, it is clear that the properties of any SERS active

λ = 559 nm

enhancement factors
on the surface:

colloid 2 nm

a b

c

108 107
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105

Fig. 10.1 Examples of different types of generic hot spot: (a) The hot spot formed between two

closely placed nanoparticles resulting from a coupled plasmon resonance, (b) The hot spot formed

at a sharp geometrical feature and (c) surface complex formed when a molecule adsorbs strongly

onto a metal surface (Figure reproduced from Refs. [19, 20] and [21])
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substrate where hot spots contribute to the observed signal will be completely

dominated by them in the low concentration limits important for many proposed

applications. As a result a thorough understanding of the behavior of these hot spots

is of critical importance not only for our fundamental understanding of SERS but

for its development for applications.

In this chapter on SERS hot spots, I will cover recent results of both theoretical

and experimental studies approach. The review will be split into the following

sections:

• The fundamentals of hot spots

• Idealized hot spot control – Tip-enhanced Raman spectroscopy

• Hot spots and the single molecule

• Imaging SERS hot spots

• Fabricating SERS hot spots

• Applications of SERS hot spots

It should be noted that while this chapter is focused on hot spots for SERS, hot spots

are of significant interest for other surface-enhanced spectroscopies such as surface-

enhanced fluorescence [26, 27] and surface-enhanced infrared absorption [28, 29]

as well as the related field of plasmonics [30–32]. The natural link between SERS,

the local surface plasmon resonance, and plasmonics has attracted a great deal of

interest from the field of plasmonics in recent years. Such hot spots are potentially

important for a variety of applications including plasmonic waveguides, plasmonic

lithography [33–35], nano-optical waveguides [36], molecular traps [37], and

plasmonic lasers [38, 39].

3 Basic Methodology

Before the results of recent investigations into the nature of SERS hot spots are

reviewed, it is useful to very briefly cover the techniques and methodologies that are

commonly applied to their study. The exploration of SERS hot spots has come to

involve a diverse array of characterization and fabrication techniques including:

Raman spectroscopy has matured into a standard experimental technique over

the years with sophisticated systems readily available from several manufacturers

including Jobin Von and Renishaw. Such systems are easy to set up and use and,

typically, include some form of data analysis present in the control software. More

recently, there has been a drive to combine Raman systems with high-resolution

topographic mapping using atomic force microscopy (AFM) stages [40] and

advanced data analysis techniques such as principle component analysis in order

to obtain high-resolution chemical and topographic surface characterization over

large areas. Costs have come down drastically in recent years due to integration,

miniaturization, and standardization of components, and several handheld Raman

spectrometers are now available at reasonable cost, opening up new possibilities

for applications.

Computational simulations have provided a theoretical backdrop for many

experimental measurements focusing on the electromagnetic enhancement
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mechanism. In principle, the interaction of the incident electromagnetic radiation

and the nanostructured metallic SERS substrates involves a solution of Maxwell’s

equations for a given geometry. In general, this is not a trivial task and exact

solutions can only be obtained for simplified geometries such as isolated spheres

using Mie theory. More complex arrangements of spheres and other simplified

nanoparticle geometries can be simulated analytically, for example, with general-

ized Mie theory [41]. However, although such simplified geometries can provide

a great deal of insight into the characteristics of SERS hot spots, they fail to capture

the full details of the majority of experimental situations. A range of numerical

solutions to Maxwell’s have been developed in response to this challenge which

have been recently reviewed by Zhao et al. [42].

High-resolution imaging has vastly improved since the discovery of SERS

allowing for the in-depth characterization of SERS active substrates. It is now

possible to investigate areas of the substrate on a scale appropriate to the

subwavelength confinement of electromagnetic energy which is known to occur

within hot spots. The techniques of scanning electron microscopy (SEM) [43],

transmission electron microscopy (TEM) [44], and atomic force microscopy (AFM)

[45] have all been applied to the topographical characterization of SERS active

substrates which exhibit hot spots at high resolution. Such information can be

correlated to high-resolution Raman mapping allowing hot spot geometries to be

investigated in detail. This structural information can then be directly used in

computational simulations to gain a more detailed understanding of hot spot

characteristics. As well as this, near-field scanning optical microscopy (NSOM)

[46] has been applied to image the plasmonic response of SERS active substrates

below the diffraction limit allowing for a direct comparison with theory.

Fabrication of hot spots has become more easily realizable as techniques such as

electron-beam lithography (ebeam) [47] and focused ion beam (FIB) [48] are

readily available and capable of defining features reproducibly with resolution

reaching a few nanometers. Such high-resolution control allows for the creation

of metallic structures on a scale appropriate for hot spots. These techniques have

allowed for the creation of isolated hot spots of varying geometries which can

then be perfectly defined and modeled in computational simulations. As a result,

these substrates allow for an unprecedented comparison between theoretical

and experimental investigations. However, while these techniques allow for

careful control of hot spot parameters, they are inherently low throughput and

prohibitively expensive making them unsuitable for anything other than research

purposes. In order to harness the power of hot spots for applications, several

“bottom-up” schemes have been developed to allow for the large-scale produc-

tion of SERS substrates with high concentrations of hot spots with well-defined

average properties for applications. These techniques usually rely on sophisti-

cated chemical preparation of colloids in solution and will be reviewed

in Sect. 4.4.

These techniques have been instrumental in advancing our understanding of

SERS hot spots. The more interesting results from recent years involving these

techniques are reviewed in the following section.
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4 Key Research Findings

Results will be split into various sections the first of which will be fundamentals of

hot spots. This will include a summary of the most important developments in the

theory of SERS hot spots for both the EM and CT enhancement mechanisms. The

second section will cover developments in tip-enhanced Raman spectroscopy

(TERS) which represents the idealized hot spot. Then some issues regarding hot

spots and the single molecule will be tackled such as the magnitude of enhancement

required for single-molecule detection, the effects of molecular orientation with

respect to the hot spot as well as the possible influence of optical forces. Sections 4.4

and 4.5 will cover developments in the imaging and fabrication of SERS hot spots,

respectively, which have important implications for theoretical modeling as well

control of SERS hot spots. The chapter will conclude by summarizing some of the

applications of SERS hot spots that have been recently reported.

4.1 Hot Spot Fundamentals

In recent years, it has become accepted within the SERS community that hot spots

primarily arise from intense and highly localized electromagnetic fields caused by

local surface plasmon resonances (LSPR). However, questions over the precise

magnitude of the enhancement present at such locations have led some to suggest

that there must be a “chemical” aspect to hot spots. In this section, the key results

from recent work focusing on the fundamentals of hot spots with regard to these two

components are summarized.

4.1.1 Electromagnetic Hot Spots
Many theoretical studies have been performed over the years investigating hot spots

formed by the interaction of light with metallic nanostructures. The majority of

these studies have investigated the interstitial spatial location of enhanced field

using a two sphere model, schematically shown in Fig. 10.2a. This has the advan-

tage of being relatively simple and thus readily solved while providing a good

physical insight. These early studies showed that the EM enhancement for such

a dimer is strongly dependent on the particle size, shape, separation as well as the

dielectric properties of the surrounding environment and the metal itself and the

arrangement with respect to the polarization direction of the incident light. Several

studies suggested that such junctions may lead to strong highly localized enhance-

ments which may possibly reach a factor of 1011 [2, 49–54]. Other systems of hot

spots that have been investigated previously include linear particle chains [53, 55]

and self-affine fractal silver clusters [56, 57].

More recently, Le Ru and Etchegoin have been particularly active in developing

the fundamental understanding of SERS – particularly with regard to electromag-

netic hot spots. It was pointed out that most of the previous studies have concen-

trated on simply determining the maximum enhancement and have ignored

questions related to the spatial distribution of enhancements. Le Ru and Etchegoin

220 R.C. Maher



pointed out that while this approach can be important for determining if a certain

geometry might provide sufficient enhancement to observe single molecules, it is

only relevant for systems where a molecule can be specially placed within the

hot spot. For example, the enhancement factor precisely at the hot spot formed

between two 25-nm silver nanoparticles separated by 2 nm as a function of incident

wavelength is shown in Fig. 10.2b. Typically, it is very difficult to achieve the

precise molecular control required in order to position a molecule within the hot

spot experimentally and thus, a more general approach to calculations can be

instructive. Their studies have primarily focused on the simplified two sphere

model of a hot spot. They began by confirming the results of previous studies in

that the maximum enhancement is critically dependent on the separation between

the particles, the radius of the particle, the dielectric material of the particle, and the

dimer’s orientation with respect to the polarization of the incident light. For

example, the maximum enhancement of the hot spot increases significantly as the

separation was decreased and for spheres of smaller diameter where the curvature

of the surface is increased consistent with previous studies. As well as this the

maximum enhancement was found to be increased for silver particles compared to

gold through the visible range. This is due to the interband transitions present in

gold in this range due to the differing optical properties of the two metals. The

highly uniaxial nature of the hot spot formed by the two particles was also

confirmed with optimal enhancements obtained when the incident field polarization

matched the hot spot axis [59]. However, it was shown that although the maximum

enhancement was found to vary significantly with sphere radius, separation, and

material, this variation actually reflected a global scaling factor which applied to the

entire distribution.

More relevant were their findings related to the spatial distribution of enhance-

ments surrounding a hot spot. It is well known that hot spots are intrinsically highly
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Fig. 10.2 (a) Schematic of simplified dimer geometry formed by two spheres of radius a separated
by g for electromagnetic calculation. (b) Enhancement factor at the hot spot formed between two

silver 25-nm spheres separated by 2 nm. The dipolar plasmon resonance occurs at lRes ¼ 448 nm

with other peaks due to higher order interactions (Figure reproduced from Ref. [58])
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localized with the enhancement dropping by several orders of magnitude over only

a few nanometers [54]. However, no study had previously tackled the extent of

the spatial distribution of enhancement for a hot spot in detail and considered the

implications for SERS measurements. To investigate this, Le Ru et al. studied the

enhancement distribution at the surface of two spherical silver nanoparticles with

radii of 25 nm separated by 2 nm. For this system, the maximum enhancement due

to the dipolar interaction between the spheres on resonance at 448 nm was found to

be 1.9 � 1010 at the hot spot while the minimum enhancement was only 1.5 � 103.

The average enhancement in the electromagnetic field at the surface of the particles

at 6.7 � 107 was found to be significantly smaller than the maximum. Similar

results were found for closely spaced gold nanoparticles as well as sharp gold tips in

close proximity to a gold surface as shown in Fig. 10.3. Clearly, there is a large

variation in the enhancement across the surface of the particles – over seven orders

of magnitude for this case of silver nanoparticles. Although these characteristics of

the spatial distribution of the enhancement for the hot spot were investigated on

resonance, the distribution was shown to be essentially identical for all wavelengths

in the visible range.

Such large variations in enhancement have significant implications for SERS

experiments. For example, it was shown that if we consider a uniform distribution

of molecules on the nanoparticle surface, then the enhancement for a molecule

located directly at the hot spot will be 285 times larger than the average.

Thus, a molecule located directly at the hot spot will contribute as much signal as

285 other molecules, dominating the detected signal. Such skewed distributions are

Fig. 10.3 (a) Enhancement

factor distribution in a hot

spot formed between two gold

nanoparticles separated by

2 nm plotted on a logarithmic

scale. (b) TERS enhancement

factor distribution for a gold

tip over a gold surface

separated by 2 nm in air

(Figure reproduced from

Ref. [19])
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well described by the Pareto distribution [60] and in this case, 80% of the SERS

signal will originate from only 0.64% of the population. This coupled with the

extremely small size of the analyte and highly varying enhancement can already

explain, to a large degree, the fluctuations characteristic of many SERS measure-

ments when surface diffusion of the molecules is taken into account, as will be

discussed in Sect. 4.3.3.

Additional enhancement of the local electromagnetic field may arise from the

confinement of electromagnetic energy at sharp corners or edges due to the increas-

ing confinement of the surface charge density. Figure 10.4a and b show the

enhancement factor as a function of wavelength and distance-dependent SERS

enhancement factor for hot spots formed between the gold dimer and sharp gold

tip in close proximity to a gold substrate shown in Fig. 10.3. There are clear

differences in the wavelength and intensity of the enhancement maxima as well

as in the distance dependence of the enhancement. This shape effect, commonly
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referred to as the “lightening rod” effect, was recognized early as a possible

contribution to the SERS enhancement and although it is not absent from Mie

theory, it is not particularly well demonstrated in simulations involving two spher-

ical particles. Although the effect of such structures has been investigated previ-

ously [49, 52], Boyack and Le Ru used exact T-matrix electrodynamic calculations

to further investigate both the size and shape effects on the SERS enhancement for

silver and gold metallic nanoparticles [61]. They showed the localized surface

plasmon resonances are redshifted for elongated nanoparticles for polarization

along the long axis and that the hot spot localization for the dipolar surface plasmon

resonance is primarily controlled by the shape rather than the size of nanoparticles

involved [61]. The spatial distribution of the enhancement on the particle surface

was also found to be significantly different in comparison to that obtained on a

sphere with the enhancement being magnified at the tip of the elongated nanopar-

ticle, particularly when the incident light is polarized along the long axis. As

with their previous simulations of hot spots located between spherical metallic

nanoparticles, the spatial distribution of local field enhancements for elongated

nanoparticles was found to be largely independent of incident wavelength and well

described as a Pareto distribution. This was shown to be true for both silver and gold

nanoparticles, albeit with a lower overall enhancement for the gold.

It was shown that the particles have to be significantly elongated in order

to obtain enhancement factors similar to those for a hot spot formed between

two spherical particles. The enhancement increased dramatically as the protrusion

was “sharpened” with enhancements of up to 1011 for a protrusion apex of 30�.
Interestingly, it was found that the enhancement decreases away from the hot spot

before increasing again. This clearly shows that the presence of sharp protrusions

on a nanoparticle could lead to enhancements sufficient for single-molecule detec-

tion from single particles, particularly if effects such as resonant excitation are also

contributing. The existence of such features on single nanoparticles is quite likely in

some cases given that the majority of nanoparticles in a colloidal suspension

are highly irregular due to their nano-crystallite nature rather than perfectly spher-

ical as assumed for many computational simulations. This result has significant

implications for the single-molecule detection from single nanoparticles as will be

discussed in Sect. 4.3.

Other hot spots have been considered theoretically such as those formed within

grooves [62] or within particle chains [63, 64]. Such hot spots will show the same

Pareto-like distribution of enhancements in the spatial sense although other param-

eters may change compared to the simple gap hot spot considered above. For

example, Wang et al. investigated the effects of the number particles within a

strongly coupled chain of particles on the generated hot spots [64]. They demon-

strated that the resonance peaks of the particles are increasingly redshifted as the

number of particles is increased due to the near-field coupling between the particles.

They also showed that the field enhancement of the hot spots formed between the

particles may be maximal for chains of more than two particles depending on the

exact parameters of the near-field coupling between the particles [64].
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There have also been significant developments regarding the theoretical inves-

tigation of electromagnetic field distribution. Perassi et al. have proposed a novel

approach based on the computation of the variation in the volume trapped between

a constant surface surrounding the nanoparticle and the nanoparticle surface bound-

ary as a function of the enhancement itself [65]. The technique not only has several

computational advantages, such as rigorous convergence criteria, but also allows

for the average enhancement, localization, and distribution of the hot spot to be

visualized more easily.

In recent years, many of the aspects of the electromagnetic enhancement mech-

anism have been confirmed through experimentation driven by improvements in the

reproducibility and resolution of fabrication techniques. Nanofabrication of well-

defined nano-antennae of different geometries has brought the correlation of exper-

imental and theoretical investigations to a new level of accuracy. Mirkin and

coworkers have been particularly active in the development of on-wire lithography

(OWL) [67] which allows for nanodisk arrays to be fabricated with precisely

controlled geometries. These efforts have shown that parameters, such as disk

thickness and separation, play a crucial role in SERS. Figure 10.5 shows the

correlation of experimental measurements and theoretical simulations of the SERS

intensity as a function of segment length for smooth and rough rods formed using

OWL. These and other studies have confirmed features of the electromagnetic

enhancement mechanism such as the effect of the interparticle separation on the

near-field coupling including the surprising result that the largest enhancements do

not occur for the smallest gaps. This and other fabrication methods will be reviewed

in Sect. 4.5.

4.1.2 Chemically Enhanced Hot Spots
SERS active hot spots were first suggested relatively early in the history of SERS by

Moerl [16] and Pettinger [68]. However, these hot spots were primarily attributed to

localized regions of highly optimized chemical enhancement – i.e., specific binding

sites, rather than localized surface plasmon resonances. The chemical enhancement

mechanism can be viewed as originating from the resonant enhancement of

a charge transfer process within the metal-adsorbate complex [12]. Two distinct

effects can occur within these complexes which can then contribute to the detected

Raman signal. Firstly, electrons from the metal can be excited to unoccupied

molecular orbitals of the adsorbed molecule and back to the metal or electrons

from the occupied molecular orbitals can be excited into the Fermi level of the

metal and back to the adsorbed molecule. These processes can leave the molecule in

a vibrationally excited state, enhancing the Raman signal. The magnitude of the

enhancement arising from this process is about two orders of magnitude [69] which

is relatively small in comparison to the enhancement provided by the electromag-

netic contribution. As well as this it is only applicable to molecules adsorbed

directly on to the metal. As a result, chemically active hot spots are much less

influential overall, nevertheless, there have been some interesting developments

regarding their contribution.
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The observation of single-molecule SERS by Nie from single particles in 1997

revived interest not simply in hot spots but specifically the contribution due to

the chemical enhancement [22]. At the time it was believed that the electromagnetic

contribution to the enhancement for a single particle did not provide the enhance-

ment of 10–15 orders of magnitude that was believed to be necessary for single-

molecule detection. Otto, in particular, has suggested that it is unlikely that the

single-molecule signals can be explained exclusively by electromagnetic hot

spots and must therefore contain a significant contribution from the chemical
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enhancement [70]. Indeed, Kall et al. have pointed out that relatively large mole-

cules such as globular proteins cannot physically fit into the small gaps between

metallic nanostructures normally associated with LSPR hot spots. Thus, the

enhancement experienced by the molecule is greatly reduced below the threshold

for SM-SERS. Despite this there have been several reports of the observation of

SM-SERS from proteins such as hemoglobin. Clearly, in these cases, there is room

for contributions to the enhancement from additional modes of enhancement such

as the CT resonance enhancement described above to allow for the detection of

single molecules.

Peyser-Capadona and coworkers have gone further, suggesting that the CT

enhancement mechanism may, in some cases, be strong enough to allow single-

molecule observation – even in the absence of an EM contribution [71]. Their

claims were based on experimental measurements on clusters of only a few Ag

atoms encapsulated within peptide scaffolding which are unable to support plasmon

resonances due to their small size.

Such large enhancement factors for localized and isolated hot spots from

few atom Ag clusters arising from only the chemical enhancement under certain

conditions are supported by calculations. Zhao working with Jensen and Schatz

used time-dependent density functional theory (TDDFT) to investigate the adsorp-

tion and Raman response of pyrazine molecules [21]. Figure 10.6 shows the Raman

response of (a) isolated pyrazine compared to that of pyrazine complexed to the

vertex of a (b) one and (c) two 20 Ag atom clusters with enhancements of 102 and

105 predicted, respectively. Small clusters of Ag atoms have little or no plasmon

response, suggesting that the chemical enhancement can be quite significant and

certainly may allow for enhancement hot spots.

However, there are few studies which predict such large chemical enhancements

while several similar TDDFT studies on different molecules predict much lower

enhancements [72–74]. For example, a study of pyridine complexed to a 20 atom

Ag cluster by the same group predicted much lower enhancement factors. Factors

on the order of 10 for the static chemical enhancement, 103 for charge transfer

effects, and 105 for the electromagnetic contribution emphasized that the chemical

enhancement is a much smaller contribution in general [72].

More generally, many experimental studies have found the contribution from the

chemical enhancement to be on this order. For example, the role of the chemical

enhancement in the case of SERS hot spots has been recently investigated by

Shegai and coworkers using spectroelectrochemistry [75]. They estimated the

contribution from the chemical enhancement to have a lower limit of three orders

of magnitude through the comparison of the intensity of 4-mercapto-pyridine

(4MPy) to that of rhodamine 6 G obtained on the same type of SERS surface.

This relatively large chemical enhancement was attributed to a resonance with the

transfer of an electron from the metal to the adsorbed molecule. Such spectroelec-

trochemical investigation of individual hot spots not only allows the characteriza-

tion of the interplay between the chemical and electromagnetic enhancement

mechanisms but also will allow for the detailed study of the redox properties of

single molecules.
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4.2 Idealized Hot Spot Control: Tip-Enhanced Raman
Spectroscopy (TERS)

Tip-enhanced Raman spectroscopy (TERS) offers the best possible control of the

characteristics a single hot spot [76, 77]. Controlling the characteristics and spatial

positioning of a SERS active hot spot with respect to molecules of interest is

a challenge fundamental to the development of SERS both for understanding and

application. TERS involves the combination of an extremely sharp metalized tip

with the spatial control of a scanning probe microscope (SPM) such as an AFM.

When under illumination, the electromagnetic field is enhanced at the apex of the

tip due to the LSPR and results in enhanced Raman scattering from molecules in

close proximity [78, 79]. Thus, as with other SPM techniques, the resolution is

determined by the size of the tip which can be extremely sharp as shown in

Fig. 10.7a. The SPM feedback control allows for high-resolution control of both the

vertical separation between the tip and a surface as well as high lateral resolution.

This control allows precise positioning of the enhanced fields and, in principle,

allows the statistical properties of a single hot spot to be probed and compared to

theoretical predictions [80, 81]. Figure 10.7b shows the Raman signal obtained

from a submonolayer of brilliant cresyl blue dye when a metalized tip is either in

close proximity or retracted, along with the signal intensity detected as a function of

tip to surface distance.

However, the experimental implementation and interpretation of TERS mea-

surements is a significant challenge [83]. For instance, not only are all the normal

problems associated with SPM techniques present, they are combined with con-

trolling the molecular binding to the tip itself. The enhanced fields can lead to

enhanced photodegradation requiring careful control of the power of the incident

illumination. Care must be taken in the interpretation of TERS spectra as both the

tip and the sample must be exposed to the diffraction-limited laser spot. As a

result, the detected signal is a combination of an unenhanced Raman signal from

a relatively large surface area and a SERS signal from the enhanced near-field area

of the tip. The separation of these represents a significant challenge [79, 84].

Biological samples can be particularly challenging given that they present soft

interfaces and require aqueous environments where nonspecific binding of analyte

to tip can overwhelm molecular signals of interest.

Despite these difficulties, considerable progress on TERS has been achieved in

the last 5 years and single-molecule TERS spectra have been measured from an

increasing number of analytes. The detection of single molecules by TERS usually

requires a contribution from not only the enhanced electromagnetic fields of the

tip but also resonant Raman effects as well as an additional contribution from

a metallic substrate.

Single-molecule TERS (SM-TERS) was first reported for malachite green

adsorbed on planer metal surfaces by Raschke’s group in 2006. Single-molecule

detection was inferred from spectral diffusion and discretization of the Raman peak

intensities. They estimated that the coupling between the tip and the sample gave

rise to a Raman enhancement of 5 � 109 with the 633-nm laser being in resonance

10 SERS Hot Spots 229



with both the dye and plasmon and a spatial resolution below 10 nm [85]. However,

the initial claim based on fluctuating signals was met with some skepticism. Domke

and Pettinger argued that the high-field enhancements would lead to a rapid photo-

decomposition of the adsorbed molecules which would lead to carbon contami-

nation which is well known to cause spectral fluctuation [86]. Further work by

Raschke and coworkers utilizing careful control measurements ruled these contri-

butions out [87] and similar reports for single-molecule detection of brilliant cresyl

blue [82, 88] have confirmed single-molecule detection using TERS. The high

sensitivity and spatial control of TERS are now being utilized to study weak

phenomena such as hydrogen bonding in DNA bases [89].

Several studies have been carried out investigating the local field enhancement

of a metallic tip under illumination both for isolated metallic tips [20] and

for metallic tips when in close proximity to a metallic film [19, 90]. The fine

control afforded by TERS allows for a unique correlation and of theoretical and
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experimental aspects of SERS hot spots such as the distance dependence [91].

TERS has also been used to investigate the spatial distribution of enhancement for

hot spots of nanometer dimensions present on smooth Au films with high-resolution

tip-enhanced luminescence and Raman from benzotriazole molecules adsorbed

onto the surface [92].

Symmetry considerations under TERS conditions have recently been considered

as a method for obtaining molecular orientations [93, 94]. Berweger and Raschke

considered using the polar phonon mode selection rules for TERS to determine

nanocrystallographic information from solids [93]. TERS enables control of exper-

imental parameters required to extract information from the Raman tensor such as

the polarization- and k-vector-dependent field enhancement relative to the surface.

The selection rules were demonstrated for both near-field TERS and far-field

scatting from bulk and nanocrystalline LiNbO3.

4.3 Hot Spots and the Single Molecule

Hot spots are now widely acknowledged within the SERS community to be

prerequisite for the observation of single molecules due to the strong, highly

localized enhancements they provide. As a result of this, the specific nature of

SERS hot spots has significant implications for single-molecule SERS. Recent

results regarding the enhancement factor required for single-molecule detection,

molecular orientation within hot spots, statistics and fluctuations, laser forces in hot

spots, vibrational pumping and molecular control of molecules within hot spots are

reviewed here on their relation to SERS hot spots.

4.3.1 Enhancement Factors for Single-Molecule Detection
There has been much discussion within the literature regarding the enhancement

needed to observe single-molecule SERS since the initial reports of Nie and Emory

[22] and Kneipp [23]. These studies suggested huge SERS enhancements of the

order of 1014 to 1015 were not only responsible for single-molecule detection but

also necessary. Much discussion into the order of magnitude required for single-

molecule detection and the volume to which it extends from the hot spot has

followed with many conflicting claims [24, 95, 96]. More recently, there has been

a growing consensus emerging that such figures are not only erroneously large but

will actually lead to the physical denaturation of any analyte. As a result, recent

estimates have been dramatically revised down to orders of 107–108.

Le Ru et al. demonstrated that a careful consideration of the minimum signal

required for detection, the Raman cross section of the molecules involved, and

the characteristics of the hot spot were required to determine the minimum

enhancement factor necessary for single-molecule detection using SERS [95].

Through this process they concluded that a minimum enhancement factor of 2 �
108 was required for detection of single molecules with bare Raman cross sections

of 10�27 cm2 sr�1. This is 106 times smaller than the 1014 initially claimed to

be essential for single-molecule SERS. The bare Raman cross section of many
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molecules in preresonance or full resonance with the incident light either meets or

exceeds this condition, suggesting that single-molecule SERS is far more common

than has been previously assumed.

But what about the mechanisms involved in single-molecule SERS? The elec-

tromagnetic mechanism has been shown to theoretically provide enhancement

factors up to 1010–1011 for LSPR hot spots. This would enable detection of both

resonant and nonresonant single molecules, and Dieringer et al. recently confirmed

that the electromagnetic mechanism is all that is required in order to explain single-

molecule sensitivity [97].

4.3.2 Molecule Orientation
SERS selection rules have been extensively studied for molecules adsorbed onto

flat planar metallic surfaces [98–100]. The fixed molecular orientation of molecules

that are chemically adsorbed to the surface with respect to the local field polariza-

tion at the surface can be expected to result in a strong modification of the relative

intensities of the Raman active modes compared to the response from a randomly

orientated population. Thus, the comparison of the Raman response from a ran-

domly oriented population to the highly orientated surface population can be used

to infer details regarding the adsorption geometry. Thus, the combination of surface

selection rules with hot spots raises the intriguing possibility of determining the

orientation of a single molecule and several attempts have been made [1, 101].

These studies have been complicated by the effect of the local field polarization

which overwhelmingly dominates any measurement. In order for such an analysis

to be valid, the molecule must adopt a fixed position with respect to the local

enhancement field which is only true for certain situations, for example, when the

molecule–surface interaction is particularly strong. Molecules with a preferential

adsorption geometry will also have a preferential orientation with respect to the

local field at the hot spot which tends to be perpendicular to the surface.

Molecules that interact less strongly with the surface will adopt a more random

orientation and the relative enhancement factors for the individual modes may be

different under SERS conditions compared to normal Raman conditions. Etchegoin

et al. have considered surface selection rules for hot spots utilizing the depolariza-

tion ratios of the different Raman active modes of benzene thiol under SERS and

normal Raman scattering conditions using both measurements and density func-

tional calculations (DFT) [95]. Under normal conditions the Raman depolarization

ratio for different modes will be dependent on their symmetry [102]. Figure 10.8a

shows Raman spectra of benzenethiol for parallel and perpendicular polarization

and the corresponding depolarization ratios compared to DFT. Spectra and depo-

larization ratios from benzenethiol under SERS conditions are shown Fig. 10.8b.

The depolarization ratio is observed to be one third for all modes under SERS

conditions, and the breakdown of these depolarization ratios for modes of known

symmetry has been suggested as an indication of the molecular orientation [1, 4,

101, 103]. However, the local field enhancement in the hot spot is strongly

dependent on the coupling between the hot spot and the external excitation.

This is controlled by the angle between the polarization of the incident excitation
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and the axis of the hot spot. As a result, changes to the depolarization ratio for

molecules located within a hot spot as a function of the polarization of the incident

electromagnetic field result from the highly uniaxial nature of the hot spot rather

than a specific adsorption geometry [58, 104].

Recently, Berweger and Raschke considered the polar phonon mode selection

rules for TERS for the determination of nanocrystallographic information from

solids using TERS as discussed in Sect. 4.2 [93]. This is a very different situation

given that the location and orientation of the hot spot relative to the sample and

excitation are well characterized and could be extended to the study of molecular

adsorption on metals and other surfaces in the future.

4.3.3 Statistics and Fluctuations
Temporal fluctuation, or blinking, of the detected single-molecule signal has often

been cited in the literature as being part of the SERS “signature” of single mole-

cules [22, 23, 105, 106]. Several mechanisms have been proposed to explain these

fluctuations such as the Brownian motion of colloidal particles or molecular surface

diffusion [107]. For example, the strong localization of the hot spots limits the

number of molecules residing within a hot spot at any one time increasing the

effects of surface diffusion of adsorbed species [108]. Such fluctuations may even

be an inevitable consequence of the enhanced photochemical effects such as

photobleaching that will be expected to occur for molecules adsorbed to such

nanostructured surfaces where enhanced fields exist [109, 110]. These effects

have often been generalized under the “blinking” term with little discrimination.

However, it is important to note that signal fluctuations with magnitudes much

greater than the mean signal are a natural consequence of the unusual statistical

properties of these skewed enhancement distributions. Several efforts have been

made to experimentally measure the long tail distribution of enhancement in SERS

[111, 112].

Etchegoin et al. investigated the influence of such long tailed enhancement

distributions on SERS measurements involving any substrate dominated by the

influence of hot spots [58, 113]. In many previous studies, the presence of a Poisson

distribution of intensities has been presented as evidence of single-molecule detec-

tion. However, this analysis relies on the contribution of each and every molecule

being identical. This is a highly unlikely scenario given the strong spatial depen-

dence on the SERS enhancement within a hot spot. We are left asking if the single is

dominated by a single highly enhanced molecule or the combination of many

molecules with low enhancements.

Typically, this is difficult to investigate experimentally as measurements involv-

ing ultralow concentrations where there is less than a single molecule in the

scattering volume at any particular moment suffer from issues of statistical signif-

icance. These effects have been simulated for low (100 randomly adsorbed mole-

cules) concentration up to high concentration (7,850 randomly adsorbed molecules)

corresponding to complete monolayer formation [58]. A strongly skewed distribu-

tion in the simulated detected SERS intensities was found to persist with up to

500 molecules adsorbed to the nanoparticle surface. Large intensity fluctuations
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were predicted even at this relatively high concentration and may even persist for

monolayer coverage due to the strong first layer effect of SERS. These fluctuations

are a direct manifestation of the strong localization of the hot spot and its intrinsic

enhancement distribution.

Given that fluctuations in signal intensity are expected even for relatively high

concentrations, it is difficult to use them as a convincing indication of single

molecular signatures. Etchegoin and Le Ru went on to propose a bi-analyte method

as a proof of single-molecule detection which has been used and further developed

by other groups [114–116]. Goulet and Aroca have investigated the nature of the

analyte concentration and hot spot localization through the fine concentration

control allowed by Langmuir Blodgett monolayers coupled with the bi-analyte

technique for single-molecule SERS identification [117]. Single-molecule detec-

tion was observed at a concentration that resulted in 1–10 molecules of each dye

occupying the area illuminated by the laser (approximately 1 mm [2]). Clearly, this

is much larger than the ultralow concentrations used in many previous studies. The

appearance of single-molecule SERS at these concentrations was attributed to the

spatial coincidence of the target analyte with the highly localized electromagnetic

hot spot.

Signal fluctuations can be controlled and used as a characterization tool in some

cases. Dos Santos and coworkers electrochemically controlled the time dependent

intensity fluctuations of the SERS response of Rh6G and congo red (CR) adsorbed

onto roughened silver electrodes to investigate the nature of SERS hotspots [118].

The fluctuations were attributed to a small number of SERS active molecules

probing the highly enhanced fields of hot spots in real time. The cationic and

anionic natures of Rh6G and CR, respectively, allowed the intensity distribution

of the dyes to be controlled in a mixed solution. Such potential controlled SERS

dynamics suggest that spectroelectrochemical investigation of single-molecule

reduction and oxidation should be possible under optimal conditions.

4.3.4 Molecular Control in Hot Spots and Laser Forces
Experimental investigation of SERS hot spots is particularly challenging as a result

of their highly localized nature. In recent years, sophisticated strategies have been

developed by several groups to reproducibly and precisely place molecules within

the hot spot in a controlled way. Controlled placement of molecules directly within

the hot spot allows for the enhancement factor distribution to be studied in detail.

These studies have allowed the long tail enhancement distribution to be probed

and demonstrated the dominant contribution from the small number of molecules

present directly within the hot spot.

Camargo et al. were able to isolate molecules within the hot spot formed

between two closely spaced silver nanocubes using an oxygen plasma etch [119].

Fang et al. utilized the photoinduced burning of benzenethiolate molecules on a

film of 330-nm nanospheres coated with silver to investigate the distribution of

enhancement from substrate containing SERS hot spots [111]. The benzenethiolate

molecules form a close packed self-assembled monolayer on the surface ensuring

the detected signal is a sum of the full enhancement distribution, for which the
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average enhancement was approximately 106. Molecules were removed from the

surface through a series of increasingly intense laser pulses with the molecules

progressively burned away with lower enhancements. Figure 10.9a shows the

Raman spectra obtained from the substrate after exposure to an increasing number
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of laser pulses. A clear decrease in Raman intensity is observed with increasing

numbers of pulses indicating an increasing degradation in film coverage. This

allowed the full distribution of enhancements to be probed, as shown in Fig. 10.9b,

with the minimum and maximum being 104 and 1010 respectively. From this, it was

deduced that 24% of the detected SERS signal is provided by only 63 out of 106

molecules.

Rather than investigating hot spots by removing molecules from a surface, Chen

et al. were able to deposit amorphous carbonaceous nanoparticles into a localized

hot spot using a modified electron-beam-induced deposition method (EBID) [120].

The carbon nanoparticles were deposited within a nanoslit cavity structure which

was coated with gold to create a SERS active surface where hot spots exist [121].

In recent years, interest in the influence of laser forces in SERS, and in regards to

single-molecule SERS in particular, has grown [122]. Laser forces become relevant

for highly focused laser beams where the strong electric field gradient will attract

dielectric particles and are the basis for optical tweezers. Such forces may become

relevant for the interaction of dielectric particles and molecules with electromag-

netic hot spots where the strong electric field might be expected to exert a signif-

icant trapping force. Optical forces under SERS conditions will have important

implications for the statistical interpretation of the single-molecule SERS signals

where molecules are normally assumed to be randomly positioned [122a]. The

importance of such effects will depend strongly on the type of binding of the analyte

to the surface and whether molecular surface diffusion might be active. The ever

popular SERS analyte, rhodamine 6 G, has been observed to move toward a tight

center of a tightly focused laser beam in a solution due to optical forces [123]. It is

reasonable to assume that such effects would be greatly enhanced within a hot spot

where strong gradients will exist. Such forces should scale with the intensity of the

incident laser and we might expect that a simple investigation of the optical signals

as a function of incident intensity would allow the existence of such forces to be

demonstrated. However, the additional complications of enhanced photoinduced

effects such as enhanced photochemistry have prevented a credible demonstration

of laser forces under SERS conditions. Laser trapping of metallic particles is

typically more difficult although Svedberg et al. were able to utilize optical forces

in order to fabricate hot spots for SM-SERS [124]. Issues arise when working with

nanometer scale objects using optical forces because the thermal energy associated

with the Brownian motion of the particle can be significant.

4.3.5 SERS Pumping
Kneipp and coworkers suggested in 1996 that the intense electromagnetic fields

present within SERS hot spots may lead to vibrational pumping of resident mole-

cules [125, 126]. The effect is of interest not only fundamentally but also due to its

potential as a metrological tool capable of estimating SERS cross sections of

molecules in hot spots. They inferred the influence of vibrational pumping based

on experimental observations of the power dependence of the anti-Stokes to Stokes

(aS/S) ratio (r) of rhodamine 6 G (Rh6G) and crystal violet (CV) absorbed onto

silver nanoparticles using off-resonant 830 nm excitation at room temperature.
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However, the observations generated a great deal of discussion within the literature

due to the relatively large cross sections implied by the measurements. Alternative

explanations such as resonance or heating effects were proposed by various authors

[127, 128].

Vibrational pumping under SERS conditions was conclusively demonstrated

through temperature measurements of the aS/S ratio of Rh6G adsorbed onto dried

silver colloids [129]. Under normal conditions, the vibrational population will

simply be proportional to the temperature and given by a Boltzmann distribution.

Under SERS conditions, each Stokes Raman process leaves an excited vibration

within the molecule resulting in an increase in the vibrational population. The

vibrational population may be significantly increased above the thermal level if

the Raman scattering cross section becomes large enough, i.e., for a molecule

within a hot spot. Under such conditions, the aS/S ratio is given by:

r ¼ IaS=IS ¼ saS
sS

n ¼ A
tsSIL
�hoL

þ e��hoV=kBT

� �
Equation 1 Anti-Stokes=Stokes ratio

(10.1)

where IaS (IS) is the anti-Stokes (Stokes) scattered intensity, saS (sS) is the anti-

Stokes (Stokes) cross section, n is the average phonon population of the mode, A is

the asymmetry parameter which accounts for the general case where saS 6¼ sS, t is
the vibrational lifetime, IL and oL are the laser intensity and wavelength, respec-

tively, T is the temperature, and ov is the vibrational frequency. �h and kB are the

usual constants.

It is clear from this expression that there are two major contributions to the

vibrational population during a SERS measurement, the first due to vibrational

pumping through Stokes Raman scattering and second due to the normal thermal

population. These are given by the first and second terms on the right hand side of

(10.1) respectively. The exponential dependence of the Boltzmann distribution for

the thermal population implies that the thermal population will decrease quickly

with temperature leaving only the contribution from Stokes pumping.

Measurements were performed over large spatial areas encompassing many

SERS active sites with extremely low power densities using a 676-nm laser

between room temperature and 10 K. This avoided sample degradation through

enhanced photochemical effects for the duration of the measurements. If the

vibrational population were purely thermal in nature, then no anti-Stokes scattering

would be expected at such low temperatures. However, clear nonthermal anti-

Stokes populations were observed at low temperatures as shown in Fig. 10.10a.

A full measurement of the aS/S ratio as a function of temperature, shown in

Fig. 10.10b, demonstrated clear evidence for vibrational pumping, with two

regimes observed where the vibrational population was dominated by the thermal

and pumping contributions. Extremely large cross sections on the order of 10�15–

10�16 cm2 for the Stokes Raman scattering of the various vibrational modes were

extracted from the experimental data using (10.1) once the lifetime had been

estimated from the peak widths.
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Such large cross sections tend to be significantly larger than estimates obtained

from the detected Stokes signal. The limitations of cross sections obtained through

vibrational pumping under SERS conditions were emphasized in a study of single-

molecule vibrational pumping under SERS conditions [130]. This was demon-

strated through the application of the bi-analyte SERS method extended to low

temperature regime to measure the SERS cross section using both vibrational

pumping and the normally detected Stokes intensity. Cross sections obtained

from vibrational pumping were found to be consistently larger than those obtained

by the Stokes intensity. Several explanations for this difference were suggested

including uncertainty in the A and t parameters used to extract the cross section

from pumping or the influence of non-radiative SERS processes.

A more recent study by Kozich and Werncke has cast doubt on the precise

mechanism of vibrational pumping under SERS conditions [131]. Sub-picosecond

time-resolved Raman spectroscopy was used to probe the populations of the

vibrational modes of Rh6G in a colloidal silver nanoparticle solution. Pronounced

nonequilibrium population distributions were observed for all the modes which

were slightly delayed with respect to the excitation pulse with the highest energy

mode being the most strongly affected. The vibrational population then decayed

with a common time constant of approximately 1 ps for all modes. Kozich and

Werncke ruled out Stokes Raman scattering and attributed the nonequilibrium

vibrational population to electronic excitations involving the metal-analyte surface

complex which then increase vibrational populations for all modes by fluorescence

and ultrafast internal conversion.

4.4 Visualizing SERS Hot Spots

The strong nanoscale localization of SERS hot spots presents a challenge for the

experimental visualization of real hot spots. It is relatively common to identify hot

spots through Raman mapping of samples which are then correlated to SEM of

TEM microscopy [6]. Hot spots can also be directly observed and characterized

using near-field visualization. This allows for the electromagnetic field distribution

to be directly probed with a simultaneous measurement of the surface topography

although at relatively high resolution compared to that of the hot spot. The

observations obtained from such microstructural analysis can be used to generate

simplified templates for fabrication of SERS active substrates with high hot spot

densities. Recent developments on the investigation of the structural properties of

SERS hot spots using high-resolution microscopy and near-field scanning optical

microscopy (NSOM) are summarized here.

4.4.1 Near-Field Visualization
The highly localized electromagnetic fields of SERS active substrates have been

studied for a number of years by various groups utilizing near-field visualization

techniques. The groups of Martin Moskovits and Vladimir Shalaev investigated the

electromagnetic field distribution of laser-excited optical modes of fractal clusters
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of silver colloids as early as 1994 using photon scanning tunneling microscopy

correlated to electromagnetic simulations [132]. Highly localized hot spots where

the intensity enhancement was found to be at least two times larger than the lowest

intensity were observed [132] while Bozhevolnyi et al. reported fluctuations in the

local intensity on the order of a factor of seven in near-field optical images of rough

gold surfaces [133]. Frequency dependent, highly localized resonances were

imaged in colloidal aggregates known to enable single-molecule SERS detection

using near-field measurements which at the time helped to explain some of the

characteristics of single-molecule signals [57]. Such intensities appear to be small

given the enhancements known to exist for SERS hot spots. However, as with all

near-field measurements, these investigations were limited by the finite tip resolu-

tion leading to a smoothing of sharp peaks and dips which results in a decrease or

averaging of the intensity observed. Despite this, near-field visualization techniques

can provide detailed information on the hot spot characteristics.

Zhang et al. directly imaged colloidal clusters of silver nanoparticles treated with

rhodamine 6G using scanning near-fieldmicroscopy [135]. They found that the SERS

intensity is greatest in localized areas of the clusters – smaller than 200 nm. However,

the locations of the hot spots were not necessarily observed to coincide with topo-

graphical features to which hot spots have normally been associated with such as

interstices between nanoparticles. This suggests the presence of highly enhancing

absorption sites on the surfaces or the field localization of surface plasmons being

focused away from such features for particular excitation wavelengths.

More recently, Lin et al. have investigated the localized electromagnetic field

distribution between two nanoparticles as a function of interparticle distance and

polarization of the incident light using NSOM [134]. Figure 10.11a shows the

optical response of gold nanoparticle pairs with separations of 0.8 and 2 radii as

a function of polarization. A clear dependence in the response is observed with angle

consistent with prediction from theory. Figure 10.11b shows NSOM images of a gold

nanoparticle pair for light polarized parallel and perpendicular to the hot spot,

emphasizing the importance of the coupling of the incident light to the hot spot

axis. Although the simplified two particle system represents a model system, the

results demonstrate the capability of NSOM in characterizing SERS substrates and

hot spots on a fundamental level for comparison with theory.

4.4.2 Correlation of High-Resolution Microscopy to SERS
High-resolution AFM, SEM, or TEM microscopy has been used in several studies

to investigate the microstructural properties of SERS active surfaces in correlation

to confocal Raman imaging. Nie and Emory used tapping mode AFM to investigate

the structures responsible for single-molecule SERS in their 1997 paper [22].

Single-molecule SERS was found to originate from a variety of structures includ-

ing few particle aggregates, single elongated particles, and spherical faceted

particles. Michaels et al. also used AFM to characterize small colloidal aggregate

structures shown to allow single-molecule detection [1]. These early studies

suggested that SERS hot spots resulted from faceted particles or aggregates of

two or more nanocrystals.
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More recent studies have reinforced the importance of hot spots generated within

the interstitial spaces between particles. Camden et al. used high-resolution TEM

imaging of colloidal nanostructures correlated with confocal Raman mapping to

investigate the structural characteristics of single-molecule SERS active sites [136].

The experiments were carried out using Rh6G with 532 nm resonant excitation to

maximize the Raman cross section and provide the best possible conditions for

single-molecule detection. Figure 10.12a shows high-resolution imaging of a dimer

shown to be single-molecule SERS active. This is correlated to both (b) Raman and

(c) dark field scattering spectra originating from the same structure. The high-

resolution imaging allows for the structure to be digitized and the electromagnetic

field distribution to be accurately calculated. The presence of interstitial gaps and

crevices was found to be critically important for single-molecule detection with the

simplest structures from which single-molecule SERS signals were detected

being dimers. In no case was isolated colloidal particles found to be single-molecule

SERS active.
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4.5 Fabricating SERS Hot Spots

The reproducible and controlled fabrication of SERS hot spots has become an

increasingly important area of research [137, 138]. The large-scale enhancements

of 108–1010 provided by hot spots are critically sensitive to the microstructural

geometry presenting a significant challenge both in terms of their rational design as

well as their fabrication. Controlled fabrication of hot spots is not only important

for developing the fundamental understanding of electromagnetic hot spots but also

imperative if SERS is ever going to fulfill its potential as an application. Numerous

methods have been developed ranging from sophisticated wet chemical methodol-

ogies which are pseudorandom and high throughput to the more controlled such as

electron-beam lithography. We first review chemical methods and then highlight

some of the nanolithographically produced structures frequently referred to as

nano-antennae.

4.5.1 Wet Chemical Protocols
The uncontrolled aggregation of silver or gold nanoparticles through the addition of

salts is typically the most common and successful method for preparation of SERS

substrates with a high density of hot spots [139]. Although such aggregates provide

strong SERS signals and are capable of single-molecule detection [23], they are

difficult to control and as a result highly irreproducible. This irreproducibility is

a combination of a lack of precise control in the aggregation conditions such as

temperature, concentration, etc., and a typically broad distribution of nanoparticle

sizes and shapes in the source colloidal solution. Such issues present many chal-

lenges for correlating scattering enhancements to specific hot spot features.

Great progress has been made in controlling both the size distribution and shape

of gold and silver nanoparticles in solution through the use of surfactants [140,

141]. Nonspherical particles with sharp corners and edges are particularly attractive

given that their high local curvatures give rise to highly concentrated local electro-

magnetic fields due to the lightening rod effect [54]. As a result, colloidal solutions

of a diverse range of nanoparticles with sharp edges for SERS applications have

been developed including cubes [142], nanorods [143], nanoshells [29, 144], prisms

[145, 146], nanowires [147, 148], nanostars [149], mesoflowers [150], and octopods

[151]. High-resolution SEM images of some of the nanoparticle shapes are shown

in Fig. 10.13.

Several methods have been developed to enable the growth of high aspect ratio

nanowires of gold and silver. Nanowire arrays have been used to demonstrate the

complex interaction of factors such as excitation incident angle [152] and polari-

zation [153] coupled with array properties such as the interstitial distances [147],

layer absorbance [154, 155], and dielectric environment. Carmargo used Ag

nanowires prepared by a modified protocol of AgNO3 reduction with poly(vinyl

pyrrolidone) and hydrochloric acid to investigate the activity of SERS hot spots

formed when an Ag nanocube was placed in close proximity orientated either face

nearly touching or one edge nearly touching [156].
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Improved control of the particle size and shape is only one aspect of the problem.

Great efforts have been made to control their relative position, even on

a pseudorandom level, in order to maximize the hot spot intensity and density

and to move away from the irreproducible and random aggregation by salts.

Sophisticated chemical functionalization of the nanoparticles has been developed

in order to control the degree of nanoparticle aggregation not only for SERS but

other optically active systems [157]. Most of these strategies exploit the strong

covalent binding between thiolated ligands and gold atoms in order to form highly

stable self-assembled monolayers [158, 159]. Such methods are becoming partic-

ularly important for biological sensing applications as will be discussed in the

following section.

Braun et al. demonstrated a variation on the chemically driven SERS active

system that enabled the creation of hot spots and the localization onto a substrate

using a short dithiol linker molecule as a model analyte in conjunction with

a microsphere patterning technique [160]. This strategy allowed hot spots to be

found easily and reliably using routine optical microscopy, reducing the time spent

mapping large areas locating the hot spots, and enabled the correlated investigation

through Raman spectroscopy combined with TEM.

Vlckova et al. demonstrated single-molecule SERS in self-assembled dimers of

silver nanoparticles [161]. The self-assembly process was driven by nanoparticle

functionalization with a bifunctional molecular linker (4,40-diaminoazobenzene)

which forms a molecular bridge between the particles. Molecules forming

the molecular bridge are then precisely positioned within the hot spot with the

molecular population being controlled by careful optimization of the linker to

Fig. 10.13 (a, b) SEM images of gold mesoflowers produced by Sajanlal et al. (c) SEM images

of silver nanocubes. Scale bar on the inset corresponds to 100 nm (Figure reproduced from

Refs. [150] and [142])
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nanoparticle concentration ratio. Single-molecule time-dependent SERS signal

fluctuations and molecular decomposition were studied in this and following

studies in small aggregates of silver nanoparticles functionalized by 4,400-
diaminoterphenyl molecular bridges [162].

The self-assembly process in these studies was driven by strongly interacting

groups which bind covalently to the metal surface [159]. However, several pro-

tocols for the dynamic formation of SERS hot spots using self-assembly have been

developed based on DNA hybridization or p–p interactions [159, 163, 164]. As

a result, a wide range of options for the controlled aggregation of silver and gold

nanoparticles are now available.

Langmuir Blodgett (LB) monolayers have been increasingly used to control and

optimize nanoparticle distributions and particle aggregation. Goulet working with

Aroca used LB monolayers as a controlled approach to the investigation hot spots

[117, 165]. Single-molecule SERS was achieved from a resonant dye mixed into

fatty acid LB monolayers deposited onto nanostructure Ag island films. Detailed

measurements as a function of analyte concentration showed that hot spots were

highly localized, encompassing only a few molecular sites and emphasized the

importance of the rare coincidence between hot spot and a single molecule involved

in single-molecule measurements. Several other groups have used LB to show that

the LB surface pressure is critical in controlling the SERS intensity through

controlling the aggregation state of the nanoparticles involved. Mahmoud and

El-Sayed have used LB to create monolayers of silver nanocubes [166] and gold

nanocages [167] as well as gold nanoframes [168].

4.5.2 Lithographic Techniques
While such wet chemistry methods enable the large-scale production of hot spots

which might be useful for applications, the pseudorandom control of hot spot

parameters limits the detailed study of fundamental hot spot properties. Advanced

lithographic techniques, such as electron-beam lithography [169] or nanosphere

lithography [170, 171], allow for greater control over particle shape and size as well

as interparticle separation [172]. However, there is some limitation of these tech-

niques given the local field enhancement and localization is so critically dependent

on geometrical variations below the resolution currently achievable. Despite this

a number of studies have utilized these techniques to investigate the properties

of hot spots formed in unusual geometries. Fromm et al. investigated the gap-

dependent optical coupling of two Au triangles orientated tip to tip in a bowtie

formation [173], as well as the chemical enhancement for SERS [174].

Numerous studies investigating the optical properties of precisely designed and

fabricated nano-antennae have harnessed many of the aspects of the theoretical

understanding of the electromagnetic enhancement mechanism. Figure 10.14a

shows UV–vis spectra correlated to SEM images of arrays of Au nanowells of

different aspect ratios [175]. The SERS response of the 610 cm�1 mode of Rh6G

adsorbed to Au nanowells as a function of the number of nanowells per unit area is

shown in Fig. 10.14b. Such studies have been extended to long-range arrays of

metallic nanocrescents [176] and Au/SiO2 nanodisks [177].
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Mirkin and coworkers have pioneered the development of on-wire lithography

(OWL) [67, 178]. OWL involves the electrochemical deposition of materials of

interest into porous alumina templates with controllable pore diameter. A schematic

of the scheme is shown in Fig. 10.15. The wires are released after deposition by

dissolution of the template. The deposition and template dissolution processes are

standard processes that are well established in the literature. OWL allows the

fabrication of metal nanodisk arrays with precise control of the disk thickness,

surface roughness [179], composite metals [180], and inter-disk separation [66].

Figure 10.15 shows high-resolution SEM images of the resulting rods demonstrat-

ing the control of segment separation and surface roughness. Such control enables

close comparison to theoretical calculations demonstrating the importance of the

electromagnetic mechanism [66].
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4.6 Applications of SERS Hot Spots

SERS holds great potential for a myriad of applications as a technique capable of

both single-molecule detection and simultaneous chemical identification. It is now

widely accepted that reproducible and reliable substrates containing a high density

of SERS active hot spots are required to achieve such sensitive trace detection.

A number of applications have been developed in the last 5–10 years including

biomedical [181, 182], security [183], and drug detection [184] among others.

This and progress in the development of inexpensive handheld Raman spectrome-

ters, and one shot disposable SERS substrates, have made the application of SERS

to real-world applications much more viable. A prominent example is that of the

application of SERS to glucose detection [185, 186]. However, many of these

applications have involved clever strategies employing SERS tags loaded with
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high molecular concentrations which are targeted to specific molecules of interest

through surface functionalization. Relatively few, if any, applications have been

developed which specifically take advantage of the strong SERS enhancements of

hot spots. This is partly because, in spite of a great deal of effort, enhancement is

typically gained at the expense of reproducibility.

We recently demonstrated a method that reproducibly exploits hot spots in metal

nanoparticle aggregates for the trace detection of disease-specific enzymes by

design [187]. The scheme, shown in Fig. 10.16a, involves the functionalization of

gold nanoparticle with thiolated short peptide sequences terminated by an N-

(fluorenyl-9-methoxycarbonyl) (FMOC) group. Nanoparticle aggregation is then

driven by p–p interactions between the terminating FMOC groups [157]. Hot spots
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are formed directly in between the nanoparticle with characteristics such as reso-

nance and enhancement intensity dependent on the peptide length and nanoparticle

size. As a result these properties can be precisely controlled. FMOC, with a strong

characteristic SERS response, also acts as a reporter molecule which is placed

precisely at the optimal hot spot position during the aggregation process as a result

of its role in the nanoparticle aggregation. The detected SERS intensity was then

a direct indication of the degree of nanoparticle aggregation.

The short peptide linker ligand is specifically designed to be cleaved by the

target enzyme in order to enable enzyme detection. Dissociation of the aggregates
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follows the addition of the enzyme to the solution as the peptide linker is cleaved,

aided by the electrostatic repulsion of the positively charged nanoparticles. The

average number of hot spots present within the scattering volume decreases as the

degree of nanoparticle aggregation reduces with the detected SERS signal decreas-

ing in response. Figure 10.16b shows the Raman spectra obtained from a solution of

aggregated nanoparticles before and 4 h after exposure to the enzyme at 7.2 nM

concentration. A clear decrease in the intensity of the characteristic peak of FMOC

is observed as a function of time.

The decrease in the SERS intensity can be monitored as a function of time for

different concentrations in order to determine the detection limits. Figure 10.17a

shows the UV–vis extinction spectrum of an aggregated colloidal solution. The

ratio of the D and A regions can be used as an accurate indication of the aggregation

state of the nanoparticles. This was used in order to compare the sensitivity of the

SERS detection scheme. Figure 10.16a shows the detection sensitivity for both

methods as a function of enzyme concentration. Extrapolation of the detection

trends suggests potential detection limits on the order of 0.003 ng/mL (10�13 M)

using SERS detection. This compares favorably to the current detection limit of

normal immunoassay detection of enzymes which is on the order of 10 ng/mL

[188]. Importantly, the detection of enzymes using such hybrid peptide-gold nano-

particle bioactive materials is typically faster with fewer intervening chemical steps

than current technology. They also offer flexibility as the functionalizing chemistry

can be tailored for the detection of many disease-specific enzymes.

Conclusions

Hot spots, or highly localized regions of intense local field enhancements,

formed by localized surface plasmon resonances, are now recognized as being

the dominant contributor to the detected SERS signals in the majority of

experiments. There has been rapid progress in the understanding of hot spot

characteristics in recent years and the geometrical characteristics of the

nanostructures in which they form are well understood due to excellent correla-

tion between theory and experiment which has been enabled by improvements in

nanofabrication techniques and theoretical simulations. Hot spots are still con-

sidered to be a prerequisite for single-molecule detection although the extraor-

dinary enhancements of up to 1015 have now been moderated to more reasonable

estimates approaching 108–109, while new understanding of fluctuation phe-

nomena and statistical nature of single molecular SERS has been gained through

a consideration of hot spot enhancement distribution profiles. The combination

of SERS and atomic force microscopy (AFM) has led to the combination of the

chemical specificity of Raman and spatial mapping of AFM in the form of tip-

enhanced Raman spectroscopy (TERS). However, a SERS substrate combining

a high density of SERS hot spots with molecular generality is still lacking.

Future research involving hot spots will most certainly be directed toward

applications, particularly in the areas of biomedical diagnostics and homeland

security.
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Immunoassays and Imaging Based on
Surface-Enhanced Raman Spectroscopy 11
Dae Hong Jeong, Gunsung Kim, Yoon-Sik Lee, and Bong-Hyun Jun

1 Definition of the Topic

This topic covers recent developments in technologies related to biomolecular

detection, including bioassay and imaging based on surface-enhanced Raman

spectroscopy (SERS). Bioassay includes molecular detection technologies that

monitor antigen-antibody association (immunoassay) and sequence-specific inter-

actions between two and more complementary strands of nucleic acids (hybridiza-

tion assay) as well as other molecules. Simultaneous multiple target detection and

imaging (multiplexing) of samples such as cells and tissues is discussed as one of

the unique features of SERS-based detection technology.

2 Overview

Enzyme-linked immunosorbent assay (ELISA) is currently the most popular and

common method for immunoassays. Enzymatic amplification, fluorescent antibody

assays, evanescent wave interference methods, and electrochemical methods have

been developed as alternatives during recent decades. Current successes in related

nanotechnologies and instrumentation have led to the development of biomolecular

detection systems based on SERS with higher sensitivity and more clear visualiza-

tion of bio-analytes. In an intrinsic configuration, the spectra or images of the

targets on cellular surfaces or in cells are directly measured and analyzed by

Raman spectroscopic methods. In an extrinsic configuration, binding, monitoring,

and quantification of the targets are performed by indirect measurement
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technologies utilizing SERS signature-encoded metal nanoparticles. Especially,

Raman scattering-based technologies have been recognized as very strong tools

for multiplexed detection and imaging owing to their very sharp and narrow

bandwidth that allows broad multiplexing within a narrow optical range as well

as ultrahigh sensitivity for detection due to surface-enhancement of Raman scat-

tering with properly engineered metal nanostructures.

Biomolecular detection based on SERS can be categorized into two parts. One is

for measurement and quantification of trace bio-targets such as proteins, DNAs,

peptides, and pH in cells. The other is for imaging of cells, tissues, and microor-

ganisms in cells. Since targets of interest in biological systems are multiple in many

cases, multiplexing can reduce the time and costs of characterization and analysis.

In addition, applicability of SERS-based detection is expanded by incorporating

multifunctionality to SERS probe particles.

3 Introduction

Raman spectroscopy, based on vibrational transitions, provides information about

the molecular structure, conformation, dynamics and interactions and so on. These

features give the opportunity for the recognition of biological molecules

and imaging of cells and tissues. However, Raman spectroscopy was not an

attractive bio-analytical methodology in the early days because the Raman scatter-

ing cross section is approximately 10 orders of magnitude smaller than the

absorption and fluorescence cross section of molecules. The sensitivity of

Raman spectroscopy is insufficient for real applications even when high laser

power is used.

However, the low sensitivity problem of Raman spectroscopy can be overcome

by the optical phenomenon called surface-enhanced Raman scattering (SERS),

which originates from the conjugation of molecules with the novel metal

nanomaterials such as gold or silver. After the first report of such a phenomenon

in 1974 [16], several techniques were developed for a wide variety of applications.

Current development in nanotechnology has accelerated the researches about SERS

to realize accurate, sensitive, selective, and practical sensing platform in several

areas including biomolecular detection.

Nowadays SERS has become a valuable tool in the biomedical field. Because the

SERS technique offers some superior advantages such as label-free, high sensitiv-

ity, and multiplexing capability, a lot of new analytical techniques based on SERS

have been developed for high-throughput screening of biological molecules as well

as immunoassay and bio-imaging or direct detection of trace chemicals and

molecules.

Here, we describe the bio-application of the SERS techniques focused on

immunoassay and imaging. It covers the developments in nanostructures for sub-

strates, configurations of measurements, imaging methods, and bio-conjugation

technologies.
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4 Experimental and Instrumental Methodology

4.1 Raman Spectroscopy

Raman spectroscopy is amethod formeasuring the spectrum of inelastically scattered

lights bymolecules andmaterials. The “Stokes” shifted lights have lower energy than

incident lights, and the “anti-Stokes” shifted have higher energy. The amount of the

energy shift corresponds to the energy gap between the initial and final states of

molecules (or materials) by the Raman process. Hence, depending on the energy of

incidence, electronic, vibrational, and rotational states can be involved. In most cases

of biological application, Raman spectroscopy refers to vibrational Raman spectros-

copy, and the “Stokes” shifted spectrum is utilized [1] (Fig. 11.1).

Raman peaks in the spectrum are displayed as frequency shifts from the incident

laser-line, or D�n ¼ �n0 � �n. Each peak corresponds to the energy of a vibrational

normal, which depends on molecular structure as well as the characteristics of

chemical bonds comprising each normal mode. Hence, Raman spectrum is called

the “molecular fingerprint” of the molecules and materials. Raman spectra of DNA

and proteins, for example, contain rich information on their chemical bonds and

structures. The Raman spectrum not only provides information about the structure,

conformation, and identity of the sample but also the dynamics and interactions

between biomolecules such as protein folding and DNA-protein interactions.

Raman spectroscopy can be used to detect normal modes of target molecules and

also to monitor spectra of Raman labels that are used for one of the spectroscopic

bar-codes. Raman bands in the vibrational Raman spectrum have intrinsically

narrow bandwidths of ca. 10 cm�1, which, for example, correspond to less than

0.5 nm width in the visible region below 800 nm. The fluorescence of dye

molecules has a broad bandwidth of 100 nm more or less. Hence, spectral overlap

between fluorescence bands is inevitable and limits their use for multiplexed

analysis. Quantum dots (QDs) have narrower bandwidth than dye-based fluores-

cence but still have broad bands that are several tens of nanometers. Light scattering

of noble metal nanoparticles caused by surface plasmon resonance is also

Raman shift

Δv = vo − vscattered

Stokes anti-Stokes

vscatteredvo 

Fig. 11.1 Schematics of

vibrational Raman process.

Stokes process gives scattered

lights that are lower in energy

than the incident light, and

anti-Stokes process gives

scattered lights that are higher

in energy than the incident

light
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considered as a good tool for tunable and non-bleaching labeling. However, the

resulting bandwidths are also close to 100 nm. This comparison exhibits that

Raman spectroscopy has more than 100 times the capacity for multiplex labeling

than other optical technologies in the visible range (Fig. 11.2).

Photo-excitation of molecules to their excited electronic states can lead to

photochemical modification into other molecules, which then causes decay of

fluorescence intensity with illumination time. Further, fluorescence signals are

subject to environmental changes since the lifetimes of excited molecules can be

quenched by surrounding molecules. Vibrational Raman scattering, however,

involves transitions between vibrational energy levels during the Raman process,

unless the energy of incident laser lights is tuned to a resonance condition with an

electronic transition. Hence, molecules have little chance to undergo photochemical

modification or intensity fluctuations due to the quenching of vibrational excited

states. Non-photo-bleaching and less signal sensitivity on environmental change

make Raman spectroscopy a unique and advantageous tool for quantitative bio-

labeling compared to luminescence- and isotope-based labeling tools, which suffer

intensity fluctuations or extrinsic and intrinsic decays.
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Fig.11.2 Optical spectra of various optical probes. (a) Photo-luminescence spectra of Q-dots

(from the work by Michalet et al. [2]), (b) scattering spectra of gold nanoparticles with different

aspect ratio (from the work by Jain et al. [3]), and (c) fluorescence spectrum of FITC (black line)
and SERS spectrum (red line) of benzene thiol with 514.5 nm photo-excitation (from the work by

Jun et al. [4]). Raman band has much narrower bandwidth than the others
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One important issue regarding bio-detections using optical tools is the choice of

spectral regions. Better sensitivity in detection as well as imaging with higher

contrast depend on the signal-to-noise ratio. Fluorescence emission, which arises

from endogenous fluorophores, is an intrinsic property of cells and is called “auto-

fluorescence,” appearing in the entire range of the visible region [5, 6]. The

majority of cell auto-fluorescences originate from mitochondria and lysosomes.

In tissues, the extracellular matrix, such as collagen and elastin, shows a relatively

high quantum yield [7, 8]. Imaging techniques based on the monitoring of

auto-fluorescence have been successfully utilized in order to obtain information

about the morphological and physiological state of cells and tissues. However,

escape from auto-fluorescence is necessary for applications such as the monitoring

of cellular composition following malignancy or classification of cells. Unless

resonance Raman techniques are employed, the laser-line for Raman excitation

can be almost freely chosen from the UV to near-infrared spectrum in order to

achieve the lowest background level from auto-fluorescence of the samples. The

near-infrared region currently draws interest for Raman analysis of cells and tissues

benefiting of minimal auto-fluorescence as well as less laser-induced damage and

deeper penetration into the tissue. Additionally, Raman spectrum using laser-lines

of UV to the near-infrared region suffers little spectral interference from water,

which allows Raman spectroscopy to be utilized for bio-analysis (Fig. 11.3).

4.2 Surface-Enhanced Raman Scattering (SERS)

Despite all the merits mentioned above, the Raman process is so inefficient

that only a small fraction of photons are inelastically scattered, resulting in

the Raman scattering cross section to be lower than 10�10 of the typical fluores-

cence cross section [9]. This feature limits the application of Raman spectroscopy
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for bio-detection. However, this disadvantage can be overcome by using an

optical phenomenon called SERS, which can observe even a single molecule

adsorbed on a specially engineered nanostructure of noble metals such as gold

and silver [10–13]. This phenomenon was discovered some 35 years ago [14–17]

and has been continuously studied in order to understand its nature and origin and

more recently to engineer optimal nanostructures for SERS [18]. The extraordi-

nary enhancement is attributed to two mechanisms: a highly localized effect

of the electromagnetic field near the metal surface [19, 20] and a chemical

resonance effect [21–23] (Fig. 11.4). The former explains 10–11 orders of mag-

nitude of signal enhancement while the latter explains 2–4 orders of magnitude.

This huge enhancement of Raman scattering ensures that Raman spectroscopy is

effective for ultrasensitivity and multiplexing in the field of bio-detections. Another

interesting point for SERS is the linear dependence of SERS intensity on the power

of incident light despite the extraordinary nonlinear effect of signal enhancement

[18]. This suggests that SERS technology can be used potentially for the quantita-

tive measurement of analytes with ultrahigh sensitivity. SERS also depends on the

wavelength of the incident laser lights. However, the resonance wavelength is
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Fig. 11.4 Schemes demonstrating two SERS mechanisms. (a) Local field concentration near the

gap between two particles [19]. The white spheres and polygons are silver, and the color scale bar
indicates the electro-magnetic field enhancement. The separation distance is 1 and 5.5 nm for the

first and second columns, respectively. The wavelength of the incident field is 514.5 nm with

vertical polarization, and (b) Possible charge transfer excitations between molecule and metal

[22]. The occupied and unoccupied molecular orbitals are broadened by the molecule-metal

interactions. Metal-to-molecule and molecule-to-metal charge transfers are indicated by arrows
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determined by the surface plasmon of the metal nanostructure. The resonance

conditions of the surface plasmon can be controlled and tuned for the purpose of

application by choosing a metal such as gold or silver and by controlling their size

and shape [24–26]. By considering application preferences such as avoidance of

auto-fluorescence and sensitivity, metal species and nanostructures can be chosen

and controlled for tuning of the resonance wavelength.

4.3 Nanostructures for SERS Substrates

An unexpected, large increase in Raman scattering was discovered while measuring

the Raman signals of chemicals adsorbed on a silver substrate that was electro-

chemically roughened in order to increase surface area and consequently the Raman

intensity [16]. Ever since this phenomenon was recognized as surface-enhanced

Raman scattering of molecules adsorbed on roughened coinage metal surfaces,

there have been a huge number of reports on increasing signal enhancement of

SERS substrates that utilized many different metals such as gold, silver, copper,

aluminum, etc., as well as various structures including electrochemically roughened

structures, lithographically fabricated periodic structures, colloidal nanoparticles,

chemically etched films and cold-deposited islands [27, 28]. Due to the pioneering

works of S. Nie and K. Kneipp, independently reporting that the Raman enhance-

ment factor of molecules adsorbed on isolated individual particles or small aggre-

gates can be increased up to 1014 times of normal Raman scattering [10, 11],

intensive studies have followed to explain this enormous enhancement.

The local electric field near the coinage metal nanoparticle is enhanced by

a factor, g, as in Eloc ¼ g � Einc, when the energy of the incident lights is resonant

with the surface plasmon of the metal nanoparticle. The electric field of scattered

light is expressed as the product of the molecular polarizability and electric field of

the incident lights that the molecules experience (Esca ¼ a � Eloc). A Raman-

scattered field is enhanced similarly. Therefore, if the wavelength of Raman-

scattered light is close to that of the incident light, ISERS will be enhanced by

a factor proportional to the forth power of the local field enhancement described as

ISERS / |a|2|g|4Iinc [18]. Theoretical studies by Xu and K€all [19, 20] and experi-

mental studies [12, 29] have supplied visual guides for nanostructure fabrication of

SERS hot spots, illustrating that electromagnetic fields are highly concentrated at

certain positions such as the gap between nanoparticles and sharp tips of triangular

nanoparticles and that the field concentration also strongly depends on polarization

of incident lights.

Based on these considerations, a great deal of current research on SERS has

focused on the controlled and reproducible fabrication of metallic nanostructures

that produce “hot spots” in which the molecules are appropriately and predictably

located for large Raman enhancement. Several strategies have been proposed for

engineering such hot structures for chemical sensing applications in a reproducible

and controllable manner. These include structures such as triangular nanoparticle

array [30], silver nanowire bundles [31, 32], Ag nanoparticle–assembled silica
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Fig. 11.5 Rationally fabricated SERS substrates. From (a) to (l), triangular nanoparticle array
[30], silver nanowire bundles [32], Ag nanoparticle–assembled silica nanoparticle (SERS dots)

[33], metal nanoparticle aggregates (COINs) [34], gold nanocrescent [49], gold nanoparticles with

thin oxide shells [50], hollow-type gold nanoparticles [35–37], gold nanorods [38–40], nanocubes

[41, 42], flower-like gold nanoparticles [43], nanodisks [46], and gold nanorods immobilized on

silica nanoparticles [48]
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nanoparticle (SERS dots) [33], small aggregates of Ag nanoparticles (COINs) [34],

hollow-type gold nanoparticles [35–37], gold nanorods [38–40], polydimensional

structure-like nanocubes [41, 42], flower-like gold nanoparticles [43], star-shaped

gold nanoparticles [44], dimeric nanospheres [45], nanodisks [46], encapsulated

silver nanoparticle aggregates [47], gold nanorods immobilized on silica

nanoparticles [48], gold nanocrescent [49], and gold nanoparticles with thin oxide

shells [50] (Fig. 11.5).

The selection of specific nanostructures relies on various aspects, and the choice

also influences the wavelength of a laser-line to be employed. The surface plasmon

resonance of spherical silver nanoparticles lies around 400 nm while that of their

dimers and aggregates shifts to red, covering the whole visible region and showing

maximum SERS enhancement around 500 nm. Gold nanoparticles have their surface

plasmon resonance around 500 nmwhile their dimers and aggregates shift to red from

500 nm to near-infrared. Therefore, in many studies, SERS measurements were

performed using a green laser-line such as a 514.5 nm laser-line for silver substrates

and a red laser-line such as a 632.8 nm laser-line for gold substrates, respectively. The

choice of a laser-line can be made even broader over the visible range by controlling

the shapes of the silver or gold nanostructures [51–54]. With the help of current

nanotechnologies, we can choose or develop nanostructures for SERS substrates for

optimal sensitivity during detection, reduction of background noise under given

experimental conditions, and designed functions such as multiplexing.

Fig. 11.6 In intrinsic configuration, SERS signals from the targets are measured. The targets can

be monitored by relative intensity changes in the spectrum caused by targets (Case 1) and also by

appearance of new SERS bands characteristic of the targets (Case 2)
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4.4 Configuration of Measurements (Intrinsic and Extrinsic
Approaches)

The application of SERS for bio-detection can be classified into two approaches:

intrinsic and extrinsic configurations. In the intrinsic configuration, the SERS

spectra of targets themselves are measured as shown in Fig. 11.6. The target can

be captured by receptors on a SERS-active substrate such as complimentary DNA

strands to target DNA. In this case, the SERS spectrum of the complimentary DNA

strands is observed before capturing the targets, and after the targets are bound the

SERS spectral changes are compared. Targets can bind to the bare surfaces of the

SERS-active substrates with affinities for metal surfaces. In this case, new SERS

bands originating from the targets appear once the targets are bound to the SERS

substrate. However, generally bare surfaces lack specificity for target binding.

In the extrinsic configuration, targets are monitored indirectly by measuring the

signals of SERS-encoded particles, which are composed of SERS-active metal

nanostructures, Raman reporter molecules linked thereon, and receptor molecules

for specific targets. The particles are employed to assay target biomolecules that

exist, for example, on the surfaces of cells and tissues, captured on biochips, or

floating in aqueous medium such as DNA in medium. This approach is useful for

targets that cannot be monitored successfully with intrinsic approaches. For exam-

ple, large molecules such as proteins and lipids have spectral features that are not

distinctive from one another due to similarities in chemical composition. They are

not effectively placed at SERS hot spots due to their large size, resulting in loss of

SERS detection sensitivity.

Fig. 11.7 In an extrinsic configuration, SERS signals from SERS probes indicate the presence of

targets. A typical schematic of sandwich assay (a) and targeting on cells and tissues (b)
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Typical utilization of SERS-encoded particles is illustrated in Fig. 11.7. SERS-

encoded particles can be applied to sandwich assays based on solid substrates that

have receptors such as antibodies. Once targets are captured by the substrate, the

SERS-encoded particles are engaged as SERS labels for specific binding to the

targets followed by readout of the SERS spectrum. SERS-encoded particles that

contain receptor molecules such as antibodies or biomarkers specific to certain

targets can also bind targets on tissue and cell surfaces. This strategy also applies to

floating cells in aqueous medium.

4.5 Direct Measurements

Intrinsic approaches focus on the detection of trace of chemicals and molecules with

unique Raman spectra that are small enough to bind at SERS hot spots such as tips

and crevices of metal nanoparticles. Direct measurement of small chemicals has

a long history in SERS. The SERS phenomenon itself was discovered by the mea-

surement of pyridine molecules adsorbed to a silver electrode that had been electro-

chemically roughened to increase the surface area and therefore the signal [16].

Fig. 11.8 Examples of direct measurements based on SERS. Conceptual schematics in (a) is re-
drawn based on the work of Green et al. [55]. Sensitive SERS substrate gives different SERS signals

for the probe only and probe/target hybrid. For example, Green et al. used DNA strands as the model

compound. The example in (b) is from the work of Kneipp et al. [59]. This approach uses the hot spot

generation from the colloidal aggregation induced by specific components such as salt, endosome, etc.
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There have been numerous studies reporting biomolecular detection using direct

SERS measurements.

One type of intrinsic measurement is based on a solid plate substrate as shown in

Fig. 11.8a. An example of this approach is the label-free detection of oligonucle-

otide molecules by measuring their SERS spectra using a silver-island substrate

[55]. This approach could distinguish differences in the SERS spectrum of probe

DNA strands and that of probe/target DNA strands after hybridization of target

DNA strands. Another type of intrinsic measurement is based on non-immobilized

nanoparticles as shown in Fig. 11.8b. For example, sub-micromolar detection of

DNA/RNAmononucleotides was reported by Bell and Sirimuthu [56]. Briefly, they

mixed a target solution with silver colloidal nanoparticles and aggregation-inducing

salts, expecting exchange reactions between the targets and pre-adsorbed citrate

ions as well as aggregation of silver nanoparticles for activation of SERS. Their

choice of MgSO4 salt as the aggregation-inducing agent caused colloidal aggrega-

tion for SERS hot spots generation and prevented deactivation of local field

enhancement, which was commonly observed for salt-induced aggregation using

chloride ions. Another group monitored enzymatic activity by measuring the

surface-enhanced resonance Raman spectroscopy (SERRS) spectrum of 8-

hydroxylquinolinylazo dyes, which was transformed from non-SERRS-active

structures to SERRS-active structures by lipase enzymes [57]. Catecholamine

secretion by rat phaeochromocytoma (PC12) cells is spatially resolved by measur-

ing the SERS spectra of dopamine and noradrenaline with silver colloidal

nanoparticles [58]. The direct insertion of metal nanoparticles into cells can be

performed as a different application of non-immobilized SERS probes.

Kneipp et al. injected gold nanoparticles into cultured eukaryotic cells and suc-

cessfully monitored SERS spectra of nanoparticle aggregates caused by subcellular

components such as endosomes [59].

4.6 Immunoassays Using Raman-Labels

As a conventional immunoassay technology, SERS-based immunoassay consists of

three steps as shown in Fig. 11.7a. First, a substrate with capture antibodies is

prepared. Second, targets are captured by dipping the substrate into sample solu-

tion. Third, treatment of SERS labels is performed, followed by reading of SERS

signals. The key steps in the assay are the preparation of good Raman labels and

maintenance of the biological activity of the capture antibodies. Various systems of

substrate-based immunoassays using Raman spectroscopy have been developed in

a similar manner.

Figure 11.9 illustrates a representative system of SERS-based immunoassays.

Rohr et al. first proposed an SERS-based immunoassay using dye-labeled anti-

bodies and silver-island films coated with a capture antibody [60]. In their system,

a silver-island film is used for the base substrate linked to the capture antibody as

well as the SERS-active substrate that enhances Raman signals of reporter mole-

cules when the reporter dye–linked antibody conjugate is bound to the captured
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antigen and the reporter dye gets close to the roughened silver surface. Dou et al.

demonstrated a new system involving antibody immobilized on a solid substrate

and antibody conjugate with azo compounds as reporter molecules adsorbed on

silver nanoparticles [61]. Except for the fact that they utilized an enzymatic reaction

to introduce reporter molecules, their system is a prototype of the most current chip-

based immunoassays using SERS technology (Fig. 11.9a). More recently, Porter

et al. proposed a very successful readout method for SERS-based immunoassay

employing a sandwich-type assay approach [62]. This method exploits gold film as

a base substrate which contains the capture antibody and a gold nanoparticle as an

SERS probe which contains capture antibody and reporter molecules. Plasmonic

coupling between gold nanoparticles and the gold film was utilized as signal-

enhancement strategy [63].

4.7 SERS-Based Imaging

Technical requirements for SERS-based imaging is almost the same as the detec-

tion technologies discussed above, but imaging technology rather focuses on

visualization of targeted area in cells and tissues. UV-resonance Raman spectros-

copy utilizes resonance-enhanced Raman signal from certain chromophores for

a b
Capture substrate preparation

Au substrate
linker molecule

capture
antibody

Extrinsic Raman Label (ERL) preparation

Assay procedure

antigen
(analyte)

Raman
reporter

detection
antibody

ERL

ERL measure
SERS

AuAu

Au

↑

+

+

SERS probe

SERS substrate

Reporter molecule

Antibody-conjugate

Glass or 
gold substrate

Fig. 11.9 A representative immunoassay scheme using SERS. (a) A general concept scheme.

SERS probe is composed of SERS substrate, reporter molecule, and antibody-conjugate, and

(b) An example of immunoassay procedure by Porter et al. [62]. This configuration uses plasmonic

coupling between gold nanoparticles and gold film to enhance probe signal
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imaging of targets but is only applicable for limited species with a proper optical

resonance. Near-infrared Raman spectroscopy minimizes background signals by

using spectral region that is free from auto-fluorescence and uses spectral changes

of certain functional groups such as amide and C–H functional groups. SERS has

been successfully used as an imaging technology by directly measuring targets such

as the case of monitoring neurotransmitter release in cells with an aid of silver

nanoparticles on top of cell membrane [58, 64–66], as well as by indirectly

measuring SERS tags [33, 67, 68]. Intriguing advantages using SERS-based imag-

ing include the broad applicability of SERS tags that basically uses optical signa-

ture of tags and biomolecular reactions that are utilized for binding and capturing

targets and the possibility of multiplexed imaging for various targets. The following

discussion is focused on SERS tags–based imaging.

Various SERS tags can be used for imaging. Each SERS tag is recognized by

unique SERS bands which are characteristic and distinctive between reporter

molecules. SERS-active nanostructures for SERS imaging can be categorized as

a single particle system and an assembled particle one. For a single particle system,

gold nanoparticle is mostly used. Currently, encapsulation of nanoparticle is pre-

ferred to protect SERS signal source and adsorbed reporter molecule for better

biocompatibility, and to allow easy bio-conjugation at the particle surface. In many

cases, spherical gold nanoparticle was mostly utilized as well as gold nanorods [69]

in order to increase signal sensitivity and tune optical region of less auto-

fluorescence and background signals. Hollow-type gold nanoparticles were also

applied to the SERS label-based imaging [36].

In order to get higher signal sensitivity, strategies for assembling nanoparticles

were utilized to make SERS “hot spots.” As assembled nanoparticle systems, two

approaches are worthy of note. Well-controlled silver nanoparticle aggregates with

reporter molecules named COINs can give high SERS sensitivity attributed to local

field concentration at or near the gaps between assembled nanoparticles [34, 70].

Nanoparticle assembly on silica core gives ensemble-averaged SERS signature as

well as large signal intensity due to large surface area that is SERS active [33].

Silica core and shell leave room for additional functionalities such as incorporation

of fluorescence dyes in shell [71, 72] or magnetic particle in core [73–75].

Binding between SERS tags and targets relies on biochemical reactions, such as

antibody–antigen association, and DNA hybridization as in the case of sandwich

immunoassay discussed in the previous section. However, while target capture to

substrate and successive tagging by SERS labels are required in immunoassay

detection (Fig. 11.7a), only one step of target capture by SERS tags is necessary

in imaging (Fig. 11.7b). A more detailed scheme and an example of SERS-based

imaging are illustrated in Fig. 11.10. The number of spectrally distinguishable

SERS tags can be numerous, up to hundreds, by simply comparing Raman band-

width within visible optical range from 400 to 700 nm. Three different SERS tags

are chosen as examples in Fig. 11.10. These tags are encoded with SERS reporter

molecules and bio-conjugated for specific biomarkers expressed on the surfaces of

cells or tissues. Once the SERS tags bind to target molecules on cellular or tissue

surfaces, SERS spectra are obtained point-by-point in a two-dimensional area of
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interest. Since each SERS tag has distinguishable SERS bands, three different

SERS intensity maps for each tag can be obtained simultaneously from a single

set of Raman scans.

4.8 Bio-conjugation and Surface-Modification Technologies
for Biological Applications

SERS probes have SERS-active nanostructures that can be bio-conjugated. They

are either single nanoparticles or assembled nanoparticles of gold or silver metal,

and reporter molecules are located close to or on the surfaces. They are bio-

functionalized by adsorption of biomolecules such as proteins [76], DNAs

[77, 78], and the other biomarkers [79] on the metal surface. In many cases,

a metal affinity group like thiol-containing linkers is used to immobilize biomole-

cules to the metal surface as shown in Fig. 11.11. In the cases of encapsulated

probes, biomolecules are linked to shell surfaces while reporter molecules are

adsorbed on metal surfaces. Coupling biomolecules to the shell surface can be

accomplished by several methods using carboxyl, amine, thiol, and hydroxyl group

of biomolecules, which were well reviewed by Rusmini et al. [76]. Among many

approaches, the utilization of active ester that is to be coupled with the amine group

[80] and maleimide for coupling with thiols in biomolecule [33] are most widely

used. These immobilization methods can be easily applied to carboxyl or amine

group containing materials regardless of their core composition as shown in

Fig. 11.11 (d � e).

In the active ester method, the shell surface is functionalized with carboxyl

group with or without spacer, and then activated by carbodiimides such as N,N0-
dicyclohexylcarbodiimide (DCC), N,N0-diisopropylcarbodiimide (DIC), and 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimides (EDC)[70, 80]. Additives, such

as N-hydroxybenzotriazole (HOBt) or N-hydroxysuccinimide (NHS), are often

added to increase yields and decrease side reactions. Activated carboxyl group

reacts easily with the amine group of biomolecules. When the shell is

functionalized with the amine group, it can be directly converted to active ester

using N,N0-disuccinimidyl carbonate (DSC) and 4-(dimethylamino) pyridine

(DMAP) [80]. In the maleimide method, the shell surface is functionalized with

the amine group, coupled with a bifunctional linker which contains maleimide

group, and then reacted further with the thiol group of biomolecules forming sulfide

bonding [33]. Since cysteines are not as abundant as lysines in biomolecules,

random immobilization is less likely to occur.

In immunoassay and in vitro imaging, bovine serum albumin (BSA) is most

widely used as a blocking agent for preventing nonspecific binding. Simply, BSA is

treated to target substrate together with SERS tagging materials [33, 71, 74, 83].

However, this approach is hard to be applied in in vivo assay because of the weak

affinity between SERS tagging materials and BSA, which can be detached from the

tagging materials in in vivo condition. The surfaces of SERS tagging materials may

also be modified with bio-inert, hydrophilic molecules such as polyethylene glycol
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(PEG) to reduce nonspecific binding by a mechanism known as the “steric repulsion

effect” [84]. Some groups have immobilized nanoparticles and BSA stably by

cross-linking BSA using glutaraldehyde [70] or by using reduced BSA [43]; and

other groups have used casein instead of BSA [80].

5 Key Research Findings

SERS-based bio-detection relies on the quality of SERS probes in respect of signal

sensitivity, reproducibility, feasibility of quantitative analysis, and multiplexing

ability. Recently, Lim et al. reported a synthetic method for SERS-active gold-

silver core-shell nano-dumbbells (GSNDs) [85]. The nano gaps of GSNDs could be

controlled to detect a single DNA molecule and they could be used as highly

sensitive bio-labeling probes enabling quantification and multiplexing. Another

innovative technique, so-called shell-isolated nanoparticle enhanced Raman spec-

troscopy (SHINERS), was reported by Li et al. [50]. Thin silica or alumina shell of

2 nm maintained a highly intensified local field to photo-excite target molecules on

the shell surface and also prevented deactivation of surface plasmon of gold nano-

core by target molecules that could adsorb on metal surface. This group success-

fully identified minute amounts of hydrogen on a single-crystal silicon wafer,

probed the surfaces of yeast cells, and detected the insecticide parathion on an

orange peel. These new techniques have the potential to be used for in situ analysis

with a much greater level of sensitivity as a substrate for direct measurements and

as an SERS tag for indirect measurements (Fig. 11.12).

Immuno-assay technology based on SERS has been developed by many research

groups. Among them, the Porter group established a good strategy for immunoassay

utilizing single gold nanoparticle with reporter molecules as SERS label, gold film

as target capture substrate as well as SERS signal enhancing platform using

plasmonic coupling between gold nanoparticles and the gold film [63], and readout

method [62]. They could detect femto-molar prostate-specific antigen (PSA) [81].

The quality of the SERS probe is essential for the success of SERS-based

immunoassays. In order to improve the quality of the SERS probe, there have

been many attempts to optimize the choice of metal and the nanostructure. The

SERS probe that is conjugated with antibody requires adsorption of reporter

molecules. Co-adsorption methods for antibody and the Raman reporter with

mixed monolayer have been widely used as in the case of Porter et al. [86].

While successful in simultaneous detection of multiple targets, Porter noticed

a partial desorption of weakly adsorbed antibody as well as re-adsorption of the

other Raman label. They proposed a bifunctional coating method to overcome this

“cross talk” problem, using a bifunctional reporter molecule that had a reactive

moiety for covalent coupling to an antibody [81]. These SERS tags are not shielded

from the external environment and therefore are prone to spectral changes by

molecular contact. Glass-coated, analyte-tagged gold nanoparticles (GANs) have

been demonstrated by Mulvaney et al. [87], whereas encapsulated gold

nanoparticles with PEG groups were demonstrated by Qian et al. [88] in order to
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overcome nonspecificity of silica encapsulation to proteins and cell surfaces [89].

Since hollow-type gold nanoparticles (HGNs) have hot spots located on a pinhole in

the hollow particle structure, they result in strong enhancement of about ninefold

higher than that of single nanoparticles [90]; HGNs have been demonstrated by

Choo et al. [36].

While many of these SERS-tags are based on a single nanoparticle, there have

been different approaches employing multiple nanoparticles within a single SERS

tag. Clustering of a few silver nanoparticles with reporter molecules termed as

composite organic-inorganic nanoparticles (COINs) confers higher signal strength

by SERS “hot spots” between silver nanoparticles [34]. A silver nanoparticle-

embedded silica core system was developed to enjoy a large ensemble-averaged

SERS effect due to a large surface area with many SERS “hot spots” [33]. The

surface was further encapsulated with a silica shell, and a bifunctional linker group

(3-maleimidopropionic acid N-hydroxysuccinimide ester) was introduced for bio-

conjugation (Fig. 11.13).

Several SERS tags have been successfully applied to imaging such as cells and

tissues. Wabuyele et al. demonstrated the potential of SERS-based imaging
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Fig. 11.13 Various types of SERS tags. (a) Utilization of bifunctional reporter [81], (b) glass-
coated, analyte-tagged gold nanoparticles (GANs) [87], (c) hollow-type gold nanoparticle [36], (d)
aggregates of a few silver nanoparticles (COINs) [34], (e) encapsulated SERS tag with silver

nanoparticle-embedded silica core (SERS Dot) [33], and (f) pegylated gold nanoparticle [88]
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technology using cells that had passively uptaken silver nanoparticles linked with

cresyl violet [91]. Schl€ucker et al. reported in situ detection of antigens on tissue

surfaces by measuring SERS signals from gold nanoparticles with aromatic Raman

labels covalently linked to the corresponding antibodies [67]. Kim et al. prepared

silica-encapsulated silver nanoparticle assemblies on silica core and obtained

specifically targeted cell images for HER2 and CD10 biomarkers [33]. Sun et al.

detected PSA and CK18 on tissue surfaces simultaneously using two different

SERS labels composed of silver nano-aggregates with reporter molecules [70].

Hu et al. reported imaging of membrane proteins on cells using CN SERS band of

a cyano-labeled SERS probe [64]. In order to reduce measurement time in large

area imaging such as for tissue samples, spectrally separated fluorescence from

Raman bands was introduced to the silica-encapsulated silver nanoparticle assem-

blies and they were successfully applied for fast locating target area with fluores-

cence followed by multiplex SERS imaging of BAX and BAD antibodies for

apoptosis in tissue sample [72]. The same group applied fluorescent SERS labels

to find cancer stem cells in lung by tracking three biomarkers simultaneously as

well as screening of the targeted area by fluorescence staining [71]. The Choo group

also presented SERS imaging for HEK293 cells expressing PLCg1 using Au/Ag

core-shell nanoparticles [83]. The Nie group reported biocompatible and nontoxic

nanoparticles for in vivo tumor targeting and detection based on pegylated gold

ba
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c

Merge

S420 S421 S440 S466 S470

Raman Shift (cm−1)
500 1000 1500 2000

best-fit

autofluorescence

BFU

multiplex
spectrum

AOH

R
am

an
 In

te
ns

ity
 (

a.
u)

Fig. 11.14 Representative imaging studies using SERS labels. (a) An example of cells after

passive uptake of silver nanoparticles linked with cresyl violet [91], (b) An example of simulta-

neous imaging of two biomarkers on tissue surfaces using COINs [70], and (c) An example of

in vivo multiplex imaging [92, 93]
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nanoparticles and surface-enhanced Raman scattering [88]. This group could

overcome nonspecificity of silica encapsulation to proteins and cell surfaces.

The Gambhir group applied SERS-based multiplex imaging for in vivo live

animal study [92, 93]. Briefly, they injected SERS nanoprobes into the tail vein

of a mouse and obtained SERS images of their natural accumulation in the liver

(Fig. 11.14).

SERS probe has evolved into multifunctional ones with additional functions

such as heating, fluorescence coloring, and magnetization. Several groups have

reported that SERS-based multifunctional materials could be used for broad appli-

cations such as therapy, cell separation, or SERS-based imaging. Kennedy et al.

prepared water-soluble carborane-functionalized nanoparticles [94]. Since

carboranes are boron-rich species and the B-H Raman stretch signal falls in

a spectroscopically silent region of a cell (1,800–2,700 cm�1), they can be used

for boron neutron capture therapy (BNCT) and SERS monitoring. Maltzahn et al.

demonstrated SERS-coded gold nanorods as a multifunctional platform for

multiplexed near-infrared imaging and photothermal heating [95]. The gold

nanoparticles were designed to have an excitation wavelength of 785 nm for

near-infrared SERS and an absorption wavelength of 810 nm for photothermal

heating. Fluorescent SERS probes were introduced for fast tracking targeted area

and multiplex imaging of targets. They were successfully applied for tissue analysis

of large surface areas such as targeting BAX and BAD antibodies for the detection

of apoptosis in tissues [72] and tracking bronchioalveolar stem cells (BASCs) with

multiple biomarkers [71]. Magnetic property was combined with SERS label and

used for separation of targets. Gong et al. developed sandwich assay method for

cancer antigen detection by combining the Ag/SiO2 core-shell nanoparticles

embedded with rhodamine B isothiocyanate dye molecules as Raman tags and

the amino group–modified silica-coated magnetic nanoparticle as immobilization

matrix and separation tool [96]. They could avoid complicated pretreatment and

washing steps. Jun et al. incorporated magnetic nanoparticle into SERS labels,

which were composed of silica core and silver nanoparticle assemblies, and applied

them for detection of biomarkers of breast-cancer cells and separation of targeted

cells [74] (Fig. 11.15).

6 Conclusions and Future Perspectives

Nowadays, surface-enhanced Raman scattering (SERS) has became a valuable

detection tool in various research fields. This is attributed to several advantages

of SERS technology. SERS-based technology is regarded as one of the most

powerful tools for multiplexing due to its narrow band width. Optically bleach-

less characteristics of Raman scattering and surface-modification technology of

SERS labels open an optimistic route for their potential utilization as a quantitative

analysis method. There is still enough room for optimization of sensitivity of

SERS-based detection methods since SERS sensitivity can rise up to the single

molecule detection level. Optimization of both sensitivity and reproducibility is one
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of the difficult problems. Along with optimization of various parameters in SERS-

based detection methods, successful application of multiplexing in biological

studies and medical fields can reduce repetitive and demanding processes and

consequently will serve as a powerful detection method.

Multiplexed in vivo imaging is one of the important successful achievements of

SERS-based assay technology in bio-related fields. Its medical application can

serve as a simple and cheap diagnostic tool supporting traditional medical services

such as diagnosis of cancers.

Technical improvement in instrumentation such as laser and optics will decrease

the instrumentation cost and cause Raman instruments more accessible. The devel-

opment of table-top SERS equipment and their application to bio-related fields

would make SERS nanomaterials more popular in the medical and diagnostic fields.

This can be used not only for low-priced research instrument but also for fast

screening tools of hazard materials and biomaterials in the street.
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In Situ Raman Spectroscopy of Oxidation
of Carbon Nanomaterials 12
Sebastian Osswald and Yury Gogotsi

1 Definition of the Topic

In situ Raman spectroscopy during heating in a controlled environment allows for

a time-resolved investigation of the oxidation kinetics of carbon nanomaterials and

can identify changes in material structure and composition during oxidation. In this

chapter, we describe the application of in situ Raman spectroscopy to determine

conditions for selective oxidation and purification of carbon nanotubes (CNT) and

nanodiamond (ND).

2 Overview

The ability to synthesize carbon nanostructures, such as fullerenes, carbon

nanotubes, nanodiamond, and mesoporous carbon; functionalize their surface; or

assemble them into three-dimensional networks has opened new avenues for

material design. Carbon nanostructures possess tunable optical, electrical, or

mechanical properties, making them ideal candidates for numerous applications

ranging from composite structures and chemical sensors to electronic devices and

medical implants.

Unfortunately, current synthesis techniques typically lead to a mixture of dif-

ferent types of carbon rather than a particular nanostructure with defined size and
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properties. In order to fully exploit the great potential of carbon nanostructures, one

needs to provide purification procedures that allow a selective separation of carbon

nanostructures, and methods which enable a control of size and surface functiona-

lization. Oxidation is a frequently used method for purification of carbon materials,

but it can also damage or destroy the sample.

Here we describe how to employ in situ Raman spectroscopy to determine the

conditions for selective oxidation and purification of carbon nanotubes (CNT) and

nanodiamond (ND); measure and control their crystal size; and improve the fun-

damental understanding of effects of temperature, quantum confinement, and

surface chemistry on Raman spectra of nanocrystalline materials.

3 Introduction

Carbon is the basis of all life on earth, and without a doubt, one of the most versatile

elements known to man. More than ten million carbon compounds are known

today, many times more than that of any other element. Carbon itself exists in

several allotropes. Its flexible electron configuration allows carbon to form three

hybridization states which lead to different types of covalent bonding. The most

representative macroscopic forms of carbon are graphite and diamond. In 1985,

Kroto et al. discovered a third carbon allotrope, the fullerenes. While their exper-

iments aimed at understanding the mechanisms by which long chained carbon

molecules are formed in interstellar space, their results opened a new era in

science – the beginning of nanotechnology.

Today nanotechnology includes the synthesis, characterization, and application

of a variety of nanostructured materials. Different carbon nanostructures exist

simultaneously at the nanoscale, including carbon nanotubes, carbon onions,

nanodiamond (ND), and diamondoids, all showing unique and novel properties [1].

The physical and chemical properties of nanostructures differ significantly from

that of bulk materials of the same composition. For example, a decrease in the crystal

size results in an increase in the surface/volume ratio, which is becoming exceptionally

high when entering the lower nanometer range. As a result, properties are primarily

determined by the shape of the crystals and their surfaces. Therefore, controlling both

the size of nanostructures as well as their surface chemistry appears to be crucial.

Unfortunately, current synthesis techniques, such as chemical vapor deposition,

arc discharge, laser ablation, or detonation, typically lead to a mixture of various

nanostructures, amorphous carbon, and catalyst particles rather than a particular

nanostructure with defined properties, thus limiting the number of potential appli-

cations [1]. Even if pure materials were available, the size-dependence of most

nanomaterial properties requires a high structural selectivity. In order to fully

exploit the great potential of carbon nanostructures, one needs to provide purifica-

tion procedures that allow for a selective separation of carbon nanostructures, and

methods which enable size control and surface functionalization.

Several purification techniques have been developed and are either based on

treatments in acids and bases, or involve the processing of other toxic substances.
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While these techniques are widely used, they do not provide sufficient purity.

Liquid phase purification is not an environmentally friendly process and

requires corrosion-resistant equipment, as well as costly waste disposal processes.

Alternative dry chemistry approaches, such as catalyst-assisted oxidation or ozone-

enriched air oxidation, also require the use of aggressive substances or supplemen-

tary catalysts, which result in an additional contamination. Moreover, in many

previous studies “trial and error” rather than insight and theory approaches have

been applied. As a result, a lack of understanding and limited process control often

lead to extensive sample losses of up to 90%. Because oxidation in air would be

a controllable and environmentally friendly process, selective purification of carbon

nanomaterials, such as CNT and ND, in air is very attractive. In contrast to current

purification techniques, air oxidation does not require the use of toxic or aggressive

chemicals, catalysts, or inhibitors and opens avenues for numerous new applica-

tions of carbon nanomaterials.

Until recently, selective oxidation of carbon nanomaterials has not been opti-

mized or was considered not feasible as in the case of ND [2]. However, for the

production and application of nanostructures on an industrial scale, it is very

important to develop a simple and efficient route to selectively remove sp2-bonded

carbon from nanodiamond and amorphous carbon from nanotubes with minimal or

no loss of diamond or nanotubes.

In situ Raman spectroscopy allows for a detailed and time-resolved investigation

of the kinetics of complex physical/chemical processes such as oxidation. Using in

situ Raman spectroscopy, one is able to monitor the oxidation and related structural

changes of carbon nanostructures in real time, in order to identify the optimum

purification conditions.

While oxidation is mainly used for purification of carbon nanostructures, it may

also be an efficient tool for size control and surface modification. By selectively

oxidizing, for example, smaller carbon nanotubes or diamond crystals, it can

provide a simple technique for narrowing size distributions in carbon nanomaterials.

Finally, modification of the porosity (activation) of carbon is another example of

controlled oxidation and may allow optimization of the pore structure and surface

area of nanoporous carbide-derived carbon (CDC) for various applications.

4 Experimental Methodology

4.1 Oxidation of Carbon Nanomaterials

In a typical in situ Raman study, CNT samples are heated in a heating stage,

operated in air or controlled environment between 20�C and 600�C. Powders
must be dispersed in a solvent, such as ethanol, to produce a thin film of CNTs

on a glass slide. The samples are then kept in the heating stage and placed under the

microscope of the Raman spectrometer. The oxidation process described in this

chapter followed two different heating procedures. The first procedure

(nonisothermal) includes heating from room temperature up to 600�C at a rate of
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5�C/min while holding each measurement temperature for about 4 min. Spectra

were taken in steps of 50�C in the range from 50�C to 350�C, followed by 25�C
steps from 350�C to 400�C and 10�C steps from 400�C to 600�C. After reaching the
desired temperature, the sample was cooled down at 20�C/min until reaching 80�C
and then cooled at 10�C/min down to room temperature. In the second oxidation

procedure (isothermal), samples were heated at 50�C/min and exposed to the

desired temperature. In that case, Raman spectra were acquired every 15 min

after reaching the dwell temperature. After 330 min, samples were cooled down

with 50�C/min rate until reaching 80�C followed by cooling at �10�C/min to room

temperature. Sample size and conditions in the hot stage also influence the oxida-

tion reaction. A potential problem might be an insufficient air circulation and

oxidation in the oxygen-lean O2–CO–CO2 atmosphere. However, experiments

with the opened stage showed no significant changes in the results, suggesting

that the influence of the small sample volume is negligible.

Oxidative purification of ND powders was conducted under isothermal condi-

tions using the heating stage and a tube furnace. Isothermal experiments included

two steps: (1) rapid heating at 50�C/min to the selected temperature and (2) isother-

mal oxidation for 5 h in ambient air at atmospheric pressure. ND powders used for

crystal size characterization were oxidized for 2, 6, 17, 26, and 42 h at 430�C, in
a closed tube furnace in static air at atmospheric pressure.

4.2 Raman Spectroscopy and In Situ Studies

Raman analysis is performed using Raman microspectrometers in backscattering

geometry. Analysis of nanodiamond requires the use of ultraviolet (UV) excitation

and spectra were recorded using a Raman spectrometer with a 325-nm HeCd laser.

Visible (VIS) Raman spectra were acquired using a 514-nm Ar-ion laser, a 633-nm

HeNe laser, and a 785-nm semiconductor diode laser.

In situ Raman studies were performed using a heating/cooling stage placed

under the Raman microscope. Long focus objectives are required to protect the

equipment against the heat produced by the stage. To minimize the influence of

sample inhomogeneities, every measurement should be done at the same spot

during in situ experiments. All Raman measurements must be repeated multiple

times to produce statistically reliable results.

5 Key Research Findings

5.1 Oxidation and Purification of Carbon Nanomaterials

The oxidation of carbon materials such as coal, charcoal, or graphite has been

investigated for decades, and is well known as a powerful route to modify the

physical and chemical properties of carbon materials. While the reaction of oxygen

with carbon surfaces is one of the simplest reactions involving elemental carbon, it
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is also one of the most important reactions for a wide range of technological

applications, such as heterogeneous oxidation catalysis, carbon activation, space-

craft engineering, fuel-efficiency, emission control, and surface functionalization,

to mention a few. Until recently, carbon-oxygen reactions had three main functions:

(1) burning carbon to produce energy, (2) increasing surface area and porosity of

a material by removing carbon atoms from the surface (activation), and (3) forma-

tion of organic functional groups on the carbon surface (functionalization). How-

ever, during the recent years, researchers have recognized the great potential of

carbon-oxygen reactions in carbon nanotechnology and took advantage of another

important function: the selectivity of the oxidation process toward different forms

of carbon.

The structural diversity of carbon at the nanoscale exceeds that of all other

materials [1]. Detailed information on the nature of the material and the structure-

dependency of the oxidation kinetics is thus crucial for providing the required

selectivity. While some nanomaterials, such as carbon nanotubes, have been stud-

ied extensively and are generally well understood, other nanostructures such as

nanodiamond (ND) have received much less attention. However, in order to study

their properties and open avenues for new applications, one has to provide

a material of high purity and defined composition.

Although much progress has been made in both synthesis and purification of

carbon nanomaterials, commercial samples still contain nanostructures of different

size, shape, and composition. As-produced carbon nanomaterials are frequently

composed of mixtures of CNTs, fullerenes, carbon onions, amorphous carbon and

graphite, which are structurally different and possess different reactivity. Since the

oxidation kinetics are closely related to structural features, reaction rates and

activation energies are expected to differ for the distinct carbon forms, which is

an important issue for oxidation-based purification or surface functionalization. In

analogy to graphite [3–6], oxidation of a carbon nanostructure [7–9] can be

described by a first-order reaction, with respect to the carbon component.

Therefore, depending on the temperature, the oxidation of carbon nanomaterials

can be understood as an overlap of several first-order oxidation reactions resulting

from different nanostructures present in the sample. The resistance against oxida-

tion increases with the level of graphitization and is lowest for amorphous carbon.

However, while CNTs and other carbon nanomaterials are highly graphitized,

curvature effects lower the activation energy, compared to that of graphite or

graphene.

A large number of existing oxidation methods can be classified into dry chem-

istry (gas-based) and wet chemistry (liquid-based) approaches. Liquid phase oxi-

dation involves treatments in concentrated or diluted acids (e.g., HNO3, H2SO4,

H3PO4) and/or bases (e.g., NaOH, KOH) [10–15]. One advantage of liquid phase

oxidation is the ability to control the purification process and reaction rates by

adjusting the concentrations of reactants. Simultaneous dissolution of metal impu-

rities in parallel to oxidation of carbon phases is also possible. At the same time,

liquid phase oxidation techniques suffer from many disadvantages. Despite being

effective oxidation reactants, acids and bases are environmentally harmful and
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require corrosion-resistant equipment in order to run the process and to store and

transport aggressive oxidizers. In some cases, oxidation with acids, bases, or oxides

introduces foreign elements and leads to additional impurities, such as nitrogen-

and sulfur-containing compounds, chlorine, chromium, etc., which alter the intrin-

sic characteristics of the carbon material and need to be removed in additional

purification steps. Especially heavy metal compounds cannot be ignored and may

result in a costly waste disposal process. To overcome the disadvantages of liquid

oxidizers, some alternative purification techniques have been elaborated. Dry

chemistry approaches are based on high-temperature reactions in gases such as

air, oxygen, carbon dioxide, or ozone [10–12, 15–18].

While oxidation has been used extensively to modify and activate macroscopic

forms of carbon on an industrial scale, most of the studies reported in literature

provide only a qualitative description of the oxidation kinetics, and lack

a fundamental understanding of the physical and chemical processes occurring at

the nanoscale. The various types of carbon used in these studies were often simply

referred to as “coke” or “carbon soot,” even though they are characterized by

distinct differences in crystal structure and surface terminations. Therefore,

a comparison of available data is often difficult and interpretation of the results

may lead to ambiguous conclusions.

In many experiments, the energy required for the oxidation of carbon materials is

significantly lower than the activation energy predicted by theoretical calculations

[19]. The process of lowering the activation energy by providing alternative

reaction pathways is called catalysis [20]. Catalysts enable reactions that would

be impossible in their absence, or serve to accelerate oxidation reactions. The

catalyst itself is not consumed during the reaction and may participate in multiple

catalytic cycles [20]. Therefore, even small amounts of catalysts in the sample can

significantly affect the oxidation reaction.

A large number of different inorganic materials, ranging from noble metals to

salts and oxides of alkali and alkaline earth metals, were found to catalyze the

reaction of carbon with gaseous reactants such as O2 or CO2 at elevated tempera-

tures [19]. The common property of these materials is that they are able to form

several oxidation states in the temperature regime of the oxidation process.

Although catalytic reactions are not fully understood and the subject of ongoing

research, it is generally agreed that catalytic processes result from oxidation/

reduction cycles on the carbon surface.

The effects of catalysts on the oxidation temperature can be significant. For

example, lead (Pb), copper (Cu), silver (Ag), iron (Fe), platinum (Pt), and nickel

(Ni) were found to lower the ignition temperature of graphite powder from 740�C to

382�C, 570�C, 585�C, 593�C, 602�C, and 613�C, respectively [21]. In all of these

cases, the concentration of the metal in the sample was <0.2 wt.%. While catalysts

are widely used for large-scale production of chemicals and play an important role

in biological processes, they are considered as impurities in the case of carbon

nanomaterials as they alter their properties and limit the number of potential

applications.
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Although oxidation has been used to purify carbon materials, oxygen-carbon

reactions have been shown to drastically alter physiochemical properties, such as

wettability and adsorption characteristics. Moreover, oxidation can easily induce

damage to carbon materials or even destroy the sample. This is of particular

importance in the case of carbon nanostructures. Thermogravimetric analysis

(TGA), which measures changes of mass during oxidation processes, has been

widely used to determine the purification conditions [22–24]. However, TGA

does not provide information on what type of carbon is removed from the sample

or to what extent nanostructures are damaged.

In order to successfully apply oxidation methods to carbon nanomaterials, one

has to systematically study their interactions with gases and liquids, monitor

changes in structure and composition, and simultaneously follow the reaction

kinetics of the different carbon nanostructures. This has been partially achieved

for carbon nanotubes [25–27], which have been thoroughly studied, but remains

a major challenge for other forms of carbon, including ND or carbon onions.

5.2 Oxidation of Carbon Nanotubes

CNTs are commonly classified into single-walled (SWCNTs) and multi-walled

(MWCNTs) nanotubes [28]. SWCNTs consist of a single graphene layer rolled

up into a hollow cylinder and are either metallic or semiconducting, whereas

MWCNTs are comprised of two, three, or more concentrically arranged cylinders

and exhibit only metallic character. Double-wall carbon nanotubes (DWCNTs) are

the most basic members of the MWCNT family. The special role of DWCNTs

should be emphasized, as they are the link between SWCNTs and the more complex

MWCNTs and, therefore, of great interest for a fundamental understanding of these

novel nanostructures.

Current synthesis techniques are usually unable to provide large quantities of

pure CNTs with well-defined physical and chemical properties [28]. The as-

produced material is typically a mixture of different types of CNTs, amorphous

carbon, catalyst particles, and defective or damaged tubes, all of which may impair

potential applications. Another major challenge for a large number of applications

rises from the strong tendency of CNTs to agglomerate and arrange in bundles.

Oxidation provides a great potential for the purification and functionalization of

carbon nanomaterials. In situ Raman spectroscopy during oxidation of CNTs

enables a time-resolved investigation of the oxidation process and can identify

changes in material structure and composition in real time, allowing for an accurate

determination of the optimal oxidation conditions.

5.2.1 Thermal Stability and Oxidation Behavior of Carbon Nanotubes
The oxidation behavior of CNT samples depends on various factors. While the

thermal stability of an individual CNT is defined by its structure (e.g., diameter,

number of walls, defect density), the oxidation behavior of bulk samples containing
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millions of different nanostructures is mainly determined by the size-distribution of

the CNTs, as well as contents of amorphous carbon and other impurities such as

metal catalyst and surface functionalities. Due to the complex composition of most

CNT samples, an accurate interpretation of thermal analysis data is unfeasible

without sufficient information on synthesis conditions and potential post-treatments,

such as acid-purification. Even if the composition of the sample is known, deter-

mining the reaction kinetics is difficult and remains a major challenge due to the

simultaneous contributions of the various factors. Therefore, in addition to thermal

analysis, complementary structural characterization methods, such as in situ Raman

spectroscopy and HRTEM are required to allow for a correct data interpretation and

a better understanding of the reaction kinetics.

A generally accepted oxidation model for CNTs has been proposed by Ayajan

et al., wherein the fullerene-like caps are oxidized first, followed by a layer-by-layer

gasification of the outer walls [9]. The oxidation of the fullerene-like CNT caps was

found to be preferential to oxidation of CNT sidewalls due to the larger curvature

and presence of pentagons [8]. However, Shimada et al. revealed that defects within

the wall structure (e.g., vacancies, dislocations, cracks) significantly lower the

activation energy and may be more reactive than the pentagonal defects of the caps

[7]. In case of MWCNTs, activation energies ranging from 225 up to 292 kJ/mol

have been measured [29, 30] and were in good agreement with the theoretical

predictions [31]. Oxidation studies on SWCNT samples showed activation energies

of 119–183 kJ/mol, depending on the material and fitting procedure used during

data analysis [24, 29]. It should also be mentioned that the obtained data represents

an average value, resulting from many individual CNTs within a broad diameter

distribution of most CNT samples. The resistance of SWCNTs toward oxidation is

lower than for the larger MWCNTs and bulk graphite. The corresponding activation

energies are around 121, 292, and 265 kJ/mole [29]. A higher activation energy of

MWCNTs compared to graphite maybe explained by the elimination of reactive

edges in nanotubes.

Furthermore, the values of the activation energies depend on the analysis method

used. In addition, concentration of defects, homogeneity, and morphology of the

sample, presence of catalyst particles, and other synthesis-related factors must be

taken into consideration during the analysis of the measured data and interpretation

of the results. Therefore, literature data on activation energies of carbon

nanomaterials vary widely.

Figure 12.1 summarizes the most important kinetic parameters of the oxidation

of different CNTs used in this study. Activation energies of SWCNTs and

MWCNTs reported in literature are shown for comparison and represented by

the shaded area. Our samples of as-received DWCNTs (�187 kJ/mol) and

MWCNTs (�195 kJ/mol) were found to exhibit similar activation energies

which may not be expected, considering the large differences in size and tube

curvature. However, the presence of metal catalysts (Fe) and the large number of

structural defects in MWCNTs lower the activation energy and decrease the

significance of size and curvature on the thermal stability. The importance of

defects and catalyst particles on the oxidation resistance of CNTs is evident when
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comparing as-received and vacuum-annealed MWCNTs. Evaporation of Fe and

healing of defects during annealing at high temperatures leads to a 35% increase

in the activation energy from 195 to 265 kJ/mol. While one can argue whether the

defects are considered as material specific and thus as a characteristic of

MWCNTs, these results demonstrate the importance of detailed information on

structure and composition of CNT samples for the analysis of reaction kinetics,

and may also explain the large variations reported in literature. For the DWCNT

sample, catalytic reactions are less likely since the containing metal particles are

less active in catalyzing the carbon-oxygen reaction. The measured activation

energy is therefore expected to be closer to the actual value of the CNTs.

However, in the case of DWCNTs, the reaction heat produced by the exothermic

oxidation of larger amounts of amorphous carbon may distort the results.

Activation energies of DWCNTs are slightly higher than values reported for

SWCNTs, as expected (Fig. 12.1). The activation energy of vacuum-annealed

MWCNTs is in sound agreement with literature data, while as-received

MWCNTs exhibit smaller activation energies due to the catalytic effect of iron

inclusions. Although the activation energies of DWCNTs and as-received

MWCNTs were found to be similar, the reaction rate of DWCNTs is significantly

higher than that of MWCNTs at any given temperature. As a consequence, the

maximum weight loss (highest oxidation rate) of DWCNTs (�485�C) occurs at
much lower temperatures compared to as-received MWCNTs (�550�C). Also,
the oxidation of the DWCNT sample starts at lower temperatures (�350�C) due to
a higher content of amorphous carbon.
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Fig. 12.1 Oxidation kinetics of different types of CNTs. The shaded areas indicate the range of

values reported in literature. The x-axis represents the temperature at which the maximum weight
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Brindley-Sharp-Wendeworth [32] (large open symbols) and Arrhenius (small full symbols) plots.
The horizontal arrows indicate the temperature range in which the samples are completely
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5.2.2 Raman Spectra of Carbon Nanotubes
The vibrational modes of an individual SWCNT can be derived from the phonon

structure of two-dimensional graphite (graphene) by applying a zone-folding pro-

cedure that considers the one-dimensionality of CNTs and a chirality-dependent

confinement [33]. Due to CNT’s complex structure, their Raman spectra show

many size- and chirality-dependent features. In this section, however, only the

most prominent first and second order Raman features will be discussed.

The G band is the most intense peak in the Raman spectrum of CNTs

(Fig. 12.2) and closely related to the Raman active in-plane E2g mode of

graphene where the two atoms of the graphene unit cell are vibrating tangential

against each other, giving rise to a single Lorentzian peak at �1,582 cm–1 [34].

Unlike graphite, the G band of a SWCNT consists of two main components

centered at �1,590 cm–1 (G+) and �1,570 cm–1 (G–), respectively, each

consisting of three separate Raman modes (A1g, E1g, and E2g). The G+ feature

is associated with tangential vibrations along the tube axis. The G– band results

from tangential vibrations along the circumferential direction of the CNTs and is

softened due to the curvature of the tubes. DWCNTs show G band features

comparable to that of SWCNTs [35]. Although less pronounced, the splitting

between G+ and G– is evident [35]. However, a wider diameter distribution and

additional inner tube–outer tube interactions complicate the deconvolution of the

G band. Most MWCNT samples show very broad diameter distributions ranging

from 5 to >100 nm, and even the smallest inner-tube diameters are usually well

above 2 nm. Therefore, curvature effects and confinement-related changes that

distinguish the Raman spectra of SWCNTs from that of graphite are less

pronounced for MWCNTs, becoming weaker with increasing number of walls

[36]. The splitting of the G band is negligible and smeared out due to the

overlapping Raman signal of various tube diameters within an individual

MWCNT, in addition to ensembles of different MWCNTs commonly present

in commercial samples [37]. Due to the different contributions, the G band of

MWCNTs predominantly exhibits a weak asymmetric line shape, with a peak

maximum close to that of graphite (1,582 cm–1). However, isolated MWCNTs

with very small inner-tube diameters were found to show a distinct splitting of

the G band, which, in some cases, is even more pronounced than that for

SWCNTs [38].

SWCNTs, DWCNTs, or MWCNTs with very small inner-tube diameters show

another size-dependent Raman feature in the low-frequency range referred to as

radial breathing modes (RBMs) [35, 39, 40]. The RBMs are considered as a clear

indicator for the presence of CNTs, since this Raman feature is unique to CNTs and

is not observed for other carbon materials. As suggested by the name, the RBM is

a bond-stretching, out-of-plane mode, where all carbon atoms vibrate simulta-

neously in the radial direction. The RBM frequencies are between 100 and

400 cm–1 and were found to be inversely proportional to the tube diameter

[41–43]. In case of DWCNTs and small-diameter MWCNTs, RBM frequencies

higher than 200 cm–1 are ascribed to inner tubes while lower frequencies can be

associated with both, inner and outer tubes [44, 45]. SWCNTs typically exhibit
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a narrower diameter distribution compared to the DWCNTs. Thus, SWCNT sam-

ples typically show a lower number of RBM peaks, but with a higher relative

intensity compared to the RBM intensity of DWCNTs. Moreover, the RBM spectra

of DWCNTs are an overlap of the Raman signals coming from both inner and outer

tubes resulting in a wider frequency range, but with a lower intensity. It is important

to note that due to the enhancement effect, which selectively amplifies the Raman

signal from nanotubes that are in resonance with the incoming laser radiation, RBM

intensities recorded using a single excitation wavelength do not reflect the real size

distribution of CNTs in the sample.

In addition, CNTs exhibit several Raman features whose frequencies change

with changing excitation wavelength. A prominent example for this unusual behav-

ior is the disorder-induced D band which results from a defect-induced double-

resonant process [46]. In the “molecular” picture, the D band originates from the

breathing vibrations of aromatic rings in the honeycomb lattice. A quantitative

description of the D band intensity in graphene was recently derived by Sato et al.

[47]. The intensity ratio between D and G band (ID/IG) is often used to evaluate the

disorder in carbon materials or estimate the amount of defects in the graphitic walls

[48]. For example, DWCNTs typically show a larger ID/IG ratio compared to

SWCNTs. A lower ID/IG value for the SWCNT sample suggests a smaller concen-

tration of structural defects and/or amorphous material. Tuinstra et al. proposed to

use ID/IG as a probe for the size of graphite microcrystals [49]. Their approach

has been modified by several authors and was also applied to carbon nanomaterials

[50–52]. However, it should be mentioned that the crystallite size estimated by

Raman spectroscopy corresponds to homogeneous vibrational domains, not the

particle size.

Another disorder-induced Raman peak, known as D’ band, can be found around

1,620 cm–1 [53]. The D’ mode does not exist in pure graphite, but is observed for

intercalated graphite compounds and MWCNTs. The peak has been assigned to the

in-plane vibrations of the outer parts of graphite domains [54, 55].
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5.2.3 Elimination of the D Band from Raman Spectra of Carbon
Nanotubes

Since the intensity ratio between the D and G band (ID/IG) indicates the degree of
disorder in carbon materials, elimination of amorphous carbon and disordered

structures upon oxidation can be monitored using in situ Raman spectroscopy.

Figure 12.3a shows the in situ Raman spectra of DWCNTs recorded during

heating from 25�C to 600�C in air. A linear downshift of all peaks is observed

with increasing temperature [45]. The thermal shift of the D, G+, and G– bands

will be discussed in more detail in the following section. The intensity of the

D peak, which results from defects and disordered carbon, starts to decrease at

�430�C until it completely disappears around 510�C. Another important obser-

vation is that the intensity changes of D and G band at high temperatures follow

different trends (Fig. 12.3a). While the D band intensity decreases, the G band

exhibits a continuous increase in intensity within the same temperature range.

A quantitative analysis of the Raman data (Fig. 12.3b) shows that the intensity of

the G band starts to increase at �440�C, reaches a maximum around 500�C, and
decreases to its original values when reaching 600�C. As shown in Fig. 12.3b, the
decrease in D band intensity occurs at temperatures 20–30�C higher than the

increase in G band intensity. Therefore, the initial decrease in ID/IG appears to be

mainly due to the increase of the G band intensity. An explanation for the early

intensity increase of G band may be the possible removal of hydrocarbons (the

tube synthesis was conducted in a hydrogen-containing atmosphere) and disor-

dered carbon, which were shielding the Raman signal from the CNTs. The fact

that the G band’s absolute intensity starts to increase around the same temperature

as the D band decreases seems to support this hypothesis. Further evidence is

provided by the fact that a higher intensity (200–300%) of the G band was

observed (same sample spot) after cooling to room temperature in every experi-

ment. When an already oxidized sample was used for the in situ Raman studies, no

increase in G band intensity was observed. In this case, there was no disordered

carbon on the tube surface which could influence the Raman signal of the tubes.

Figure 12.3c compares the high-frequency Raman spectra of the DWCNT sample

before and after heating (measured at room temperature). The graph demonstrates

that the splitting of the G band is more pronounced after heating. The tempera-

ture-induced shift of the peaks is not completely reversible. This can be explained

by the removal of amorphous carbon and highly defective CNTs. Since the G+

peak (�1,590 cm–1) does not depend on the tube diameter [56] its position should

not change after oxidation of smaller tubes and their decreasing contribution to

the total Raman intensity. The G+ peak is slightly sharpened, but shows little shift

in frequency. However, the G– band depends on the tube-diameter and is, there-

fore, affected by the oxidation of the smaller CNTs, leading to irreversible

changes in peak positions and larger G band splitting. The RBM range shows

no significant changes (Fig. 12.3d), indicating that the overall size distribution of

the DWCNT sample has not been changed. New peaks observed between 475 and

690 cm–1 were assigned to metal oxides, formed by oxidation of remaining

catalyst impurities.
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The most noticeable effect during the in situ Raman studies was the near

complete disappearance of the disorder-induced D band after oxidation

(Fig. 12.3c). These results show that for the DWCNT sample, the D band originates

mainly from amorphous carbon present in the sample and not from defects in the

wall structure of the nanotubes. While the concentration of defects probably

increases during the oxidation, disordered carbon and the associated D band

disappear completely. However, it is well known that only metallic CNTs

contribute to the D band intensity [57]. Therefore, the absence of any Raman signal
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between 1,300 and 1,400 cm–1 could also indicate a selective removal of metallic

CNTs, or the presence of exclusively highly ordered, defect-free DWCNTs.

5.2.4 Nonisothermal Oxidation of Single- and Double-Wall Carbon
Nanotubes

Figure 12.4a, b show the in situ Raman spectra of SWCNTs and DWCNTs,

respectively, recorded during heating from 25�C to 600�C (in air) using 633-nm

laser excitation. Both samples exhibit a linear wavenumber downshift for both

D and G bands with increasing temperature. The value of temperature-induced

shifts of the G band frequencies in the DWCNTs Raman spectra is between the

values of SWCNTs and graphite, as expected [58]. In the case of DWCNTs

(Fig. 12.4a), ID/IG starts to decrease above 450�C until the D band nearly disappears

upon reaching 550�C. In the case of SWCNTs (Fig. 12.4b), no significant changes

in ID/IG are observed below 400�C. However, between 400�C and 500�C,
a decrease in ID/IG together with a decrease in both D and G band intensities

serve as a clear sign for the oxidation of both disordered carbon and CNTs. Changes

in the RBM frequency range after oxidation confirm these assumptions (Fig. 12.4d).

The increase in intensity of the peak at 337 cm–1 in the Raman spectra of DWCNTs

(Fig. 12.4c) after oxidation may be explained by oxidation of outer tubes and the

resulting increase in the Raman intensity of the smaller inner tubes. However, it

may also originate from remaining metal catalysts and the corresponding oxides

formed during heating. Because oxidation of DWCNTs increases the relative

amount of catalyst particles in the sample, the contribution of catalyst impurities

to the Raman spectrum is expected to increase during heating. We also observed

new peaks (475, 520, and 683 cm–1) appearing at temperatures >500�C which can

be attributed to cobalt oxide. Similar to DWCNTs, the peak at �388 cm–1 in the

Raman spectra of SWCNTs (Fig. 12.4d) is expected to result from catalyst particles

or other impurities in the sample. The intensity of this Raman feature does not

change after oxidation, while lower frequency peaks, corresponding to larger and

more stable SWCNTs, show a noticeable decrease in intensity. The origin of the

observed behavior of D and G bands in the case of DWCNTs can be explained by

the removal of disordered carbon, which shields the Raman signal of the CNTs. The

SWCNT sample, showing no increase in G band intensity, contains less amorphous

carbon compared to DWCNTs. Since the SWCNTs were purified after synthesis,

we attribute the observed D band intensity to defects in the wall structure of the

nanotubes, rather than amorphous carbon. This assumption is supported by the fact

that D and G bands behave in a similar manner at temperatures above 400�C.
Changes in the RBM range of the SWCNTs after oxidation also affirm this

hypothesis (Fig. 12.4d). Small diameter tubes showing higher RBM frequencies

start to decrease in intensity at elevated temperatures or even disappear after

oxidation.

Figure 12.5 shows the in situ Raman analysis of the low frequency RBM range

for DWCNTs, acquired using three different laser excitation wavelengths. The

intensity of the peaks between 220 and 280 cm–1 decreases constantly during

heating from room temperature to 400�C (Fig. 12.5a). Since there are no observable
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changes in the D and G band shape or intensity, the differences cannot be attributed

to structural changes or selective oxidation of CNTs. However, RBM frequencies

are strongly related to the electronic band structure through the resonance effects.

Therefore, temperature-induced changes in electronic density of states may affect

the intensity of the RBM signal at elevated temperatures and lead to the observed

temperature-dependence. Removal of adsorbed surface species or debundling

effects may also contribute to shifts in RBM frequencies.
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In situ measurements during heating of DWCNTs at 5�C/min up to 400�C,
directly followed by cooling to room temperature, show certain RBM peaks

decreasing and increasing in intensity while the sample is heated or cooled. The

observed changes are completely reversible and somewhat different for frequencies

originating from nanotubes with different diameters or when using different exci-

tation wavelengths. Changes in the intensity distribution of the RBM range can thus

be caused not only by changing the laser wavelength, but also by changing

temperature. This is an important finding, considering the fact that laser-induced

sample heating is most likely to occur during Raman analysis of carbon

nanomaterials [59]. It should be mentioned that there is also a temperature-induced

downshift in the RBM frequencies. However, the shift is only noticeable for some

RBM peaks (Fig. 12.5), and it is less pronounced than that observed for D and

G bands. The in situ RBM Raman spectra of DWCNTs show the highest intensities

in the temperature range between 450�C and 500�C (Fig. 12.5). The small amount

of amorphous carbon within the as-received DWCNT sample shields RBM-Raman

scattering similar to the G band Raman signal as described in Sect. 5.2.3. After

reaching a maximum around 500�C, the RBM intensity decreases due to the

oxidation of CNTs. Furthermore, it can be seen that, after reaching temperatures

above 400�C, the intensity of several RBM peaks between 300 and 350 cm–1 starts

to increase (Fig. 12.5a, c). This effect can be explained by the oxidation of outer

tubes and the increase in the detection of the Raman scattering of the smaller inner

tubes exhibiting higher RBM frequencies. Inner tubes are not oxidized before the

outer ones are damaged or destroyed.

5.2.5 Purification of Carbon Nanotubes by Isothermal Oxidation
Figure 12.6a shows changes in ID/IG as a function of the oxidation time. Below

365�C no changes are observed and neither amorphous carbon nor other carbon

species appear to oxidize under these conditions. This is in agreement with

Fig. 12.6b, which shows no changes in the D band area (integrated intensity)

below 365�C. The activation energy needed for breaking the carbon bonds is not

provided below that temperature. The first changes in ID/IG are observed at 370�C
(Fig. 12.6a). In these experiments, the ratio decreased from �0.25 to approxi-

mately 0.08. The ratio starts to decrease after the 20–50 min incubation period,

which may be required for oxygen chemisorption or the removal of functional

groups from the carbon surface, reaches the final value of 0.08 after 220–240 min

and does not show further changes with time. In the range of 370–400�C, similar

changes in ID/IG are observable, suggesting that only the amorphous carbon is

oxidized and the nanotubes are not affected by oxidation. The incubation period

disappears and ID/IG decreases further to zero after a relatively short time as the

processing temperature increases from 440�C to 550�C (Fig. 12.6a). Defective

and small-diameter CNTs are oxidized in this temperature range leading to the

disappearance of the D band (Fig. 12.6b). In the case of 370�C, 375�C, and 400�C,
the D band area shows behavior similar to ID/IG. The relative value of the D band

decreases to about 35% of its original value, while ID/IG decreases by �65%.
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As discussed in Sect. 5.2.3, the decrease of the D band intensity is accompanied

by a large increase in G band intensity (not shown). Between the 50th and 150th

min, a small decrease in the D band area (10–15%) resulted in a doubling of the

G band area, leading to the large decrease of ID/IG (Fig. 12.6a). After about 150

min, both the G band area and ID/IG reach a maximum and minimum, respec-

tively. The subsequent decrease of the D band changes ID/IG significantly since

the G band area and intensity are decreasing as well. The isothermal oxidations at
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440�C, 470�C, and 550�C exhibit a different behavior (Fig. 12.6a): ID/IG starts to

decrease during heating since oxidation of the amorphous carbon starts before

reaching the final temperature. However, 440�C is not high enough to eliminate

the D band in the DWCNTs, but the final ID/IG value (0.04) is much lower than the

values for 370�C, 375�C, and 400�C. Analysis of Fig. 12.6a, b leads to the

conclusion that, along with the amorphous species, smaller and defective tubes

are oxidized, resulting in an additional decrease in the D band area at 440�C,
compared to isothermal experiments at temperatures between 370�C and 400�C.
Please note that the lines for 350�C and 365�C in Fig. 12.6b can be superimposed,

and the curves obtained at 370�C, 375�C, and 400�C are almost identical.

A further increase of the G band intensity, and thus decrease in ID/IG, at temper-

ature above 400�C cannot be assigned to the shielding effect of amorphous

carbon. However, the observed behavior may be explained by the fact that the

measured G band Raman signal comes primarily from tubes of a particular

diameter range, due to resonant effects. Thus, oxidation of smaller tubes results

in a higher percentage of resonantly enhanced nanotubes and an increase in the

G band Raman intensity. Temperatures above 480�C lead to the complete oxida-

tion of DWCNT samples, showing elimination of D band and time-dependent

G band decrease.

Figure 12.6c supports these assumptions. For oxidation temperatures between

350�C and 370�C the RBM frequency ranges show similar shapes and intensity

ratios between the peaks within the Raman spectrum recorded after oxidation at

room temperature, indicating that no nanotube structures are damaged or removed

by oxidation. Temperatures above 440�C lead to changes in the peak shape and

intensity ratios of both, the G band and RBM modes, induced by the oxidation of

tubes with different diameters. The D band intensity shows no decrease for tem-

peratures below 370�C, while the decrease is similar for temperatures between

370�C and 400�C where it reaches a final value of 65% of its original value

(Fig. 12.6b). Above 440�C the final D band intensity, at the completion of the

oxidation treatment, depends on the process temperature. Thus, the temperature

range for the heating-induced purification of DWCNTs, with respect to the amor-

phous carbon, is between 370�C and 400�C. These results show that it is possible to

develop an effective temperature-dependent oxidation method for nanotubes with

different diameters and structural perfection. Oxidation of larger amounts of

DWCNTs using a furnace under similar conditions demonstrated the feasibility of

scaling up the process. The furnace oxidation at 375�C for 300 min showed

a similar decrease in ID/IG as after the heating stage experiments, while experiments

at 360�C show no changes in the D band intensity, nor in ID/IG. Thus, the temper-

ature range between 370�C and 400�C provides the optimal conditions for purifi-

cation of the investigated DWCNTs. Figure 12.6d shows the HRTEM images of

DWCNT samples before and after the purification. Before oxidation, amorphous

carbon is present in the sample, typically at the surface of the nanotubes. After the

treatment, disordered carbon is completely removed and only catalyst particles are

left next to the nanotubes (not shown). While HRTEM does not provide statistically

reliable data on the content of defects in the tube walls, it clearly shows that the
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oxidized tubes are not defect-free and do not look more perfect compared to the

nonoxidized DWCNTs. However, these defects did not cause a double-resonance

effect and did not produce a D band in Raman spectra, suggesting presence of

primarily metallic CNTs. While the weight loss after heating to 600�C was signif-

icant, further heating experiments in air have shown that complete removal of

disordered carbon leading to disappearance of D band can be achieved by a long-

term isothermal treatment at temperatures below 400�C, at a much smaller weight

loss. The efficiency of the developed purification procedure was found to be superior

to that of acid-based processes and can also be applied to SWCNT and MWCNT

samples [44, 60]. Thus, isothermal oxidation of CNTs is a promising method of

purification with respect to the removal of non-tubular carbon and defective tubes.

5.2.6 Graphitization, Defect Formation, and Functionalization
Figure 12.7a shows the Raman spectra and HRTEM images of as-received and

graphitized (vacuum-annealed at 1,800�C for 3 h) MWCNTs [60]. The as-received

tubes are partially surrounded by amorphous carbon and show iron inclusions

(catalyst particles), usually at the end of the tubes (inset Fig. 12.7a). They typically

exhibit well-ordered graphitic walls with local defects and vary in shape and

diameter. Annealing induces a graphitization of amorphous material and healing

of structural defects, leading to a well-defined tube surface with a homogenous

structure (inset Fig. 12.7a). Furthermore, annealed MWCNTs show no metal

inclusions at the tube tips or anywhere else. Catalyst particles are evaporated

upon the high-temperature vacuum treatment and removed from the sample [61,

62]. Carbon impurities are graphitized and used to repair the defects in the wall

structure of the tube, providing a potential enhancement of electrical and thermal

properties. The ID/IG ratio of the as-received MWCNTs shows an average value of

�1.8. Due to prior purification steps, the as-receivedMWCNTs do not contain large

amounts of amorphous carbon, and we can assume that the D band intensity mainly

results from structural defects in the tubes. The Raman spectrum of the graphitized

MWCNTs shows similar, but more narrow features and exhibit a lower ID/IG value

with an average of�1.1. Raman spectra were normalized with respect to the D band

intensity for comparison purposes. Thus, only statements about relative intensity

changes can be made. Since ID/IG can be used as a measure of the graphitic nature

of carbon materials, we conclude that vacuum annealing (at 1,800�C for 3 h)

improves the structural order and the purity of the CNT sample. A lower FWHM

of D and G bands in the spectrum of the graphitized MWCNTs confirms this

assumption. The vacuum-annealing provides many advantages compared to

a chemical purification because it allows the complete removal of metal impurities,

including particles trapped inside the tubes. Metal-free nanotubes are desired for

a large number of applications, especially biomedical ones in which high purity and

defined surfaces are required.

Due to their larger diameters, MWCNTs experience smaller curvature-induced

strain on the C═C bonds. Thus, the resistance to oxidation increases, leading to

higher activation energies and oxidation temperatures compared to SWCNTs and

DWCNTs. In order to determine the temperature range for the oxidation of the
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as-received and graphitized MWCNTs in air, we performed TGA for both samples

(Fig. 12.7b). Oxidation of as-received MWCNTs begins at 440–450�C. The

remaining residue of �2 wt.% results from iron inclusions, which form iron

oxide and remain after oxidation of MWCNTs. Graphitized MWCNTs are more
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resistant against oxidation than as-received MWCNTs, and no oxidation-induced

weight loss is observed below�550�C. The improved thermal stability results from

the lower defect density and the removal of iron inclusions.

In situ Raman studies during oxidation of as-received MWCNTs in air showed

no significant change in ID/IG below �450�C (Fig. 12.7c), as expected. The

intensities of D and G bands started to decrease simultaneously between 450�C
and 500�C, while ID/IG showed almost no variation indicating a general sample

loss without change in ordering. A further temperature increase to �600�C
speeds up the oxidation reaction and increases the sample loss. Similar to

SWCNTs and DWCNTs, in situ measurements on MWCNTs revealed a linear

wavenumber downshift for all Raman bands with increasing temperature

(Fig. 12.7c). The measurements exhibit a downshift of �0.017 cm–1/�C for D,

�0.025 cm–1/�C for G, and �0.028 cm–1/�C for D’. As expected, the value of the

temperature-induced shift of the G band of MWCNTs is between the values of

SWCNTs (0.03 cm–1/�C) and DWCNTs (0.026 cm–1/�C) and high purity graphite
(0.024 cm–1/�C). It should be mentioned that the downshift may also be

influenced by laser-induced heating. Experiments with graphitized MWCNTs

showed similar temperature-induced wavenumber shifts, but no considerable

change in the intensity of the Raman bands below 600�C due to the absence of

catalyst particles.

To further improve the control over the creation of defects, isothermal oxida-

tion experiments were performed. Figure 12.8a shows the Raman spectra of

MWCNTs after isothermal oxidation for 5 h at 400�C, 430�C, 460�C, 500�C,
and 530�C in static laboratory air. The spectra were recorded at room temperature

after the treatment, normalized with respect to the G band intensity, and

displayed with a slight offset for clarity. The Raman spectrum of the nanotubes

oxidized at 400�C is similar to that of the as-received tubes, with a slightly lower

ID/IG of �1.75. This decrease results from the removal of the amorphous carbon

layer at the MWCNTs surface, without oxidizing or damaging the MWCNTs.

From 430�C to 530�C, the oxidation reactions occur at the most reactive sites,

that is, the tube ends. The graphitic order of the nanotubes is reduced, resulting in

an increase in ID/IG up to 2.05 at 530�C. The analysis of the spectra showed that

ID/IG increases almost linearly with temperature between 400�C and 530�C (inset

in Fig. 12.8a). No further increase was observed after 530�C and the sample loss

after 5 h was very large. Although isothermal measurements allowed a controlled

change in ID/IG, the overall sample loss after a 5-h oxidation was too high and

unacceptable for industrial applications. Thus, in the following section, we report

another approach consisting of a “flash oxidation” using a short treatment at high

temperature. This approach allows the creation of defects uniformly distributed

over the tube surface, without a significant weight loss. At high temperatures,

structural defects are created simultaneously everywhere on the nanotubes’

surface, but quick cooling inhibits further damage in the nanotubes’ structure.

Figure 12.8b shows the Raman spectra of the as-received MWCNTs oxidized for

15 min and 30 min at 550�C. ID/IG increases from 1.8 to 2.1 (15 min) and 2.3

(30 min). Thus, the values of ID/IG after a short-term oxidation at 550�C are
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equal or higher than that after 5 h at 530�C (ID/IG � 2.05), indicating a higher

defect density at lower sample loss (<10 wt.%) [62]. Therefore, we can

conclude that a “flash oxidation” is a promising method to introduce defective

sites into MWCNTs.

We also modified the as-received MWCNTs using commonly employed acid-

based oxidation procedures. Figure 12.8c compares the Raman spectra of

MWCNTs treated for 6 h in HNO3 and HNO3/H2SO4 at 110�C. While the 6-h

HNO3 treatment results only in a few changes in the Raman spectrum (ID/IG
remains stable at�1.8), long-term treatments lead to significant changes. For oxida-

tion periods of 24 and 48 h, ID/IG increases to 2.5 and 2.6, respectively. As a compar-

ison, a mixture of concentrated sulphuric and nitric acid was used. This mixture,

which is a much stronger oxidizer than HNO3 alone, gave high ID/IG values (�2.6)

after only 6 h instead of 48 h required in the case of HNO3 alone (inset in Fig. 12.8c).

Oxidation-based functionalization of MWCNTs (i.e., COOH grafting) of CNTs

can be used to improve the solubility in water and other polar solvents, allowing for

homogeneous and stable dispersions. Figure 12.9a shows the FTIR spectra of as-

received and air-oxidized MWCNTs, in comparison to acid-treated MWCNTs (8 h

at 75�C in HNO3). The main features in the FTIR spectra of as-received tubes result

from O–H vibrations (3,280–3,675 cm–1 stretch and 1,640–1,660 cm–1 bend) which

are assigned to –O–H groups of adsorbed water or covalently bonded functional

groups. Since traces of water remaining in the KBr pellets could not completely be

removed, even though extensive heating before the measurement (24 h at 100�C)
had been performed, we assume that a majority of the O–H vibrations originate

from water in the sample rather than functional groups attached to the surface of the

MWCNTs.
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Fig. 12.9 (a) FTIR spectra of as-received, air-oxidized, and acid-treated MWCNTs. The assigned

functional groups are indicated. (b) HRTEM images of oxidized MWCNTs. The oxidation

treatment results in the oxidation of the outer walls and introduces defective sites which are

subsequently saturated with oxygen-containing functional groups thus improving dispersion in

polar solvents such as water (inset)
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The FTIR spectra of air-oxidized and acid-treated MWCNTs show some addi-

tional features. The broad band at �1,730 cm–1 results from the C═O stretching

vibrations of carboxyl and carbonyl groups. The origin of the band at 1,566 cm–1 is

still controversial [63–65]. Some authors believe that the band results from the

in-plane vibrations of the graphitic walls in carbon nanotubes [66, 67]. Others

suggest that the spectral features between 1,540 and 1,590 cm–1 are also related

to carboxyl [68] and carbonyl groups [69]. Our experiments support the latter

assumption. Indeed, the IR band at 1,566 cm–1 was always accompanied by the

1,730 cm–1 band, while it did not appear in the FTIR spectrum of the untreated as-

received MWCNTs. The FTIR analysis of carbon samples is very complex and

strongly depends on the sample itself, the treatments, and the experimental envi-

ronment. These circumstances lead to spectral variations. However, FTIR studies

showed some distinct differences between the as-received and treated MWCNTs.

Both, air-oxidized and acid-treated samples show the presence of C═O bond

vibrations, while they were not observed for as-received MWCNTs. Thus, the

FTIR analysis further proves the existence of defects in the walls of the nanotubes

and the subsequent formation of functional groups. As shown in the inset of

Fig. 12.9b, oxidation of MWCNTs leads to significant improvements in solubility

and dispersion of CNTs in water.

5.2.7 Comparison of Single-, Double-, and Multi-wall Carbon
Nanotubes

The oxidation behavior of SWCNTs and related changes in their Raman spectra are

comparable to that of DWCNTs due to similarities in size and structure. Therefore,

we will distinguish between large-diameter MWCNTs and small-diameter CNTs.

In the following section, DWCNTs were chosen as the representative for small-

diameter CNTs. Figure 12.10a compares the oxidation behavior of DWCNTs and

MWCNTs during in situ Raman spectroscopy studies. The high oxidation temper-

atures of vacuum-annealed MWCNTs (defect-free, no catalyst) were beyond the

temperature range of the heating stage (25–600�C) and did not allow for any in situ

Raman studies.

In general, the oxidation of CNT samples can be divided into three temperature

regions (Fig. 12.10a). At temperatures below �350�C (region I), only water and

other adsorbed species are removed from CNT surface, but oxidation of carbon

does not occur. Region II is characterized by the removal of amorphous and

disordered carbon from the sample. However, the temperatures remain insufficient

for CNT oxidation to occur. Above �400�C (region III), both amorphous carbon

and CNTs are oxidized simultaneously. The individual reaction rates depend on

both the temperature and the composition of the sample. The transition between

region I and II typically occurs around 350–370�C. The transition temperature

between region II and III varies from sample to sample, and depends on the relative

amount of amorphous carbon and the structural properties of the CNTs. As-

received DWCNTs exhibit a lower ID/IG ratio than as-received MWCNTs,

suggesting a higher structural perfection and/or a lower content of amorphous

carbon (region I). In situ Raman studies under isothermal and nonisothermal
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conditions demonstrated the possibility of selectively removing amorphous carbon

from CNT samples between 350�C and 400�C without damaging the tubes. The

removal of amorphous carbon from the DWCNT sample upon oxidation revealed a

�65% decrease in ID/IG (from 0.25 to 0.09), while in case of MWCNTs the values

decreased only by �2–3% (from 1.77 to 1.73). These results suggest that the

majority of the D band intensity in the Raman spectrum of as-received DWCNTs

can be ascribed to amorphous carbon, while the D band of MWCNTs originates

mainly from structural defects. Thus, only ID/IG values measured at �400�C can be
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used to evaluate the structural perfection of the CNTs, while the difference in ID/IG
before and after oxidation at 400�C can be understood as a measure of purity

(content of amorphous carbon). Although the contributions of small amounts of

amorphous carbon may be insignificant for the weight loss in TGA studies, they

strongly affect the Raman spectra of the samples (shielding effect). This is an

important finding because it demonstrates that in some cases, the ID/IG is not an

accurate measure of the structural perfection or the purity of CNT samples, and that

additional structural characterization during oxidation is required for a correct

interpretation of the ID/IG ratio changes and a differentiation between contributions

from amorphous carbon and lattice defects. Comparison of Raman spectra of

DWCNTs before and after oxidation at different temperatures and in situ studies

monitoring changes in Raman intensities in real time showed a selective oxidation

of highly defective and/or small-diameter CNTs at temperatures above 400�C,
leading to a decrease in ID/IG. In contrast, similar studies on MWCNTs revealed

a continuous increase in ID/IG. The observed behavior can be explained by the large
differences in the reaction rate and the selective oxidation of defective and small-

diameter DWCNTs. Oxidation of MWCNTs occurs at defective sites, but is less

size-selective. Carbon atoms are removed from all MWCNTs simultaneously,

leading to higher defect density, while the number of MWCNTs remains almost

unchanged.

Figure 12.10b shows the ID/IG ratio of SWCNTs, DWCNTs, and MWCNTs after

oxidation at 400�C in comparison with the temperature-induced downshift of the

G band. It can be seen that the ID/IG ratio, which characterizes the defect density of

the CNTs, increases with size (number of walls), while the temperature-dependence

of the G band decreases. The larger temperature-dependence of the G band of small

CNTs results from the curvature-induced strain on the carbon-carbon bonds, which

increases the sensitivity to changes in the environment (e.g., temperature, pressure).

For the same reason, activation energies are lower for small-diameter CNTs

and increase with tube size. Thus, temperature-induced changes in the Raman

spectra of CNTs can also be used to evaluate the thermal stability and resistance

to oxidation. However, a determination of the exact relationship requires samples

with a narrow size-distribution and a high purity (no amorphous carbon, no metal

catalyst).

Figure 12.10c shows changes in ID/IG of MWCNTs after various treatments,

which can be classified into purification (air oxidation at 350–400�C, vacuum-

annealing at 1,800�C) and activation (acid treatments, air oxidation at >400�C,
flash oxidation at>500�C). Purification techniques lower the content of amorphous

carbon without damaging the CNTs, while activation treatments increase the

number of defects, leading to lower and higher ID/IG values, respectively. If

treatment conditions and sample composition are known, ID/IG can be used to

estimate the defect-concentration, which in turn is a measure of the density of

surface functionalities, such as carboxylic groups after H2SO4/HNO3 treatments.

These results demonstrate the great potential of air oxidation for selective

purification of CNT samples, and/or a controlled formation of defects accompanied

by a surface functionalization with oxygen-containing functional groups.
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In addition, vacuum-annealing at 1,800�C was found to induce graphitization of

amorphous carbon and healing of structural defects. Catalyst particles were evap-

orated upon the treatment and completely removed from the sample. Both methods

show many advantages compared to a chemical purification (e.g., acid treatments)

while providing similar results with respect to purity and control of surface chem-

istry. Although the ID/IG ratio can be used to evaluate purity and defect-

concentration of CNT samples, great care must be taken during interpretation of

the results, and detailed information on sample composition and synthesis condi-

tions is essential.

5.3 Purification and Size Control in Nanodiamond

Nanocrystalline or ultra-dispersed diamond, often simply referred to as

“nanodiamond” (ND), is another very promising carbon nanomaterial with

a large number of potential applications [70–73]. ND can be produced either as

thin films using chemical vapor deposition (CVD) techniques [71, 72] or as powder

via detonation of carbon-containing explosives, such as trinitrotoluene (TNT) and

hexogen, in a steel chamber [74, 75]. In this chapter, the term “nanodiamond” refers

to ND powders produced by the detonation synthesis. ND powders contain aggre-

gates of primarily �4–8-nm ND crystals, each consisting of a diamond core

partially or completely covered by layers of graphitic and/or amorphous carbon.

Due to a large number of surface atoms and a large surface/volume ratio, ND

powders exhibit a very high surface reactivity compared to other carbon

nanostructures that have mainly basal planes of graphite on their surface. Thus,

NDs combine an active surface, featuring a variety of chemically reactive moieties,

with the favorable properties of macroscopic diamonds, including the extreme

hardness and high Young’s modulus, chemical stability, biocompatibility, high

thermal conductivity, and electrical resistivity. Moreover, ND is one of few

nanomaterials produced in large commercial quantities. Currently, ND is used in

composites, as an additive in cooling fluids, lubricants, and electroplating baths

[70–73]. However, a large number of other potential applications, including drug

delivery, stable catalyst support, transparent coatings for optics, and others still

remain under-explored. Most of these applications are hindered by the current

inability of the manufacturers to provide ND with well-controlled surface chemis-

try, as well as the absence of a process that would achieve this control in a research

laboratory.

The raw diamond-bearing soot from detonation synthesis consists of ND

agglomerates, non-diamond carbon, as well as metals, metal oxides, and other

impurities coming from the detonation chamber or the explosives used. Most

producers employ liquid phase oxidizers, such as HNO3, HClO4, H2SO4, H2O2,

or aqueous and acidic solutions of NaClO4, CrO3, or K2Cr2O7, to selectively

remove amorphous and graphitic carbon from ND powders [71, 76]. At present,

the purification treatment remains the most complicated and expensive stage of

the ND production [77]. Moreover, the purity that has been achieved using the
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described methods is still insufficient. Most of the existing methods require the

use of either toxic and aggressive substances, or supplementary catalysts, which

result in an additional contamination or a significant loss of the diamond phase.

Figure 12.11 shows structure and composition of three commercially available ND

powders before (UD50) and after purification (UD90, UD98) [78]. Black UD50 is

the unpurified raw detonation soot containing mainly non-diamond carbon struc-

tures, such as amorphous carbon, carbon onions, and graphite ribbons. The black

color of the powder is related to the high content of sp2 carbon (>70%). UD90 and

UD98 are purified by a multi-stage acid treatment using sulfuric (H2SO4) and nitric

(HNO3) acid. The detonation soot is immersed in concentrated acid, stirred, and

cooked for several hours at elevated temperatures. After cooling, the ND powders

are washed in water until neutral (pH �7) and centrifuged to extract the diamond

crystals from the aqueous solution. While these techniques are widely used, they do

not provide sufficient purity, leading to the dark-gray color of commercially

available ND powders [78].

ND particles with diameters about 4 nm have�20% of the total number of atoms

on the surface. Because the physical properties of nanocrystals are strongly size-

dependent, it is crucial to control and accurately measure the crystal size. To some

extent, ND crystal size can be controlled by the synthesis conditions, for example,

the volume of the detonation chamber [79]. However, it is not something that can be

easily changed. Therefore, ND suppliers provide powders of a size that they can

Fig. 12.11 Structure and composition of three different ND powders with diamond contents

ranging from <23 wt.% (UD50) to >80 wt.% (UD98) as determined by XANES studies [78]
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produce. There were only few attempts to control the average crystal size in ND

powders, including sintering and other compaction techniques [80, 81]. In this

section, we investigate the potential of air oxidation to selectively remove

sp2-bonded carbon from ND powders and introduce a simple, efficient, and envi-

ronmentally friendly route to purify ND powders. Furthermore we explore the

capabilities of air oxidation for adjusting the crystal size in ND powders. Earlier

studies on oxidation of ND resulted in an increase of the average crystal size,

suggesting the removal of smaller diamond crystals [82, 83]. However, a reduction

in average crystal size has yet not been achieved.

5.3.1 Thermal Stability and Oxidation Behavior of Nanodiamond
The oxidation behavior of ND powders strongly depends on the composition and

purity of the samples and changes with increasing sp3 content. Figure 12.12 shows

the weight loss rate (da/dT) of UD50, UD90, and UD98 between 200�C and 700�C.
While all three samples are considered ND powders, appearance (see Fig. 12.15)

and oxidation behavior are noticeably different. da/dT was obtained from

nonisothermal TGA data and determined using the weight fraction a¼(m0�m)/
m0, where m0 and m are the initial sample weight and sample weight at temperature

T, respectively. Similar to CNTs, the oxidation process of ND powders can

be divided into three temperature ranges. Below 350�C (range I), oxidation of

carbon does not occur. Between 350�C and 425�C (range II), only amorphous

and disordered sp2 carbon are oxidized. At temperatures above �425�C
(range III), both sp2- and sp3-bonded carbons are oxidized simultaneously.

The oxidation of UD50 starts around 350�C and reaches the highest weight-loss

rate at �510�C. Oxidation of UD90 does not occur below 400�C; however, the
maximum weight loss takes place at lower temperatures (490�C) compared to

UD50. This discrepancy can be explained by differences in sample composition.

UD50 contains up to 70% of amorphous and graphitic sp2 carbon surrounding the

diamond crystals. In some cases, crystals are encapsulated in fullerenic shells which

shield the diamond core against any interaction with their environment. While
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oxidation of amorphous and disordered sp2 species in carbon nanomaterials starts

around 350�C, the more stable graphitic shells surrounding the diamond cores

inhibit diamond oxidation, thus shifting the maximum in the oxidation rate to

higher values. Similarly, metal impurities, such as iron, which are known to

catalyze the carbon-oxygen reaction, are also encapsulated by graphitic carbons,

preventing catalytic reactions at lower temperatures. The temperature window for

the oxidation of UD90 is slightly smaller than that of UD50, as expected. Acid-

purified UD90 has a remaining sp2 content of �30%, but the larger structural

variety in UD50 results in broader distribution of oxidation temperatures. UD50

exhibits two different oxidation regimes attributed to removal of amorphous sp2

carbon at low temperatures and simultaneous oxidation of graphitic carbons and

diamond at temperatures above �425�C, respectively. In case of UD98, both the

start (420�C) and the maximum weight loss (540�C) of the oxidation reaction are

shifted to higher temperatures. This can be explained by the higher purity of UD98.

While the sp2 carbon content remains rather high (�20%), the extensive acid-

purification following the production cycle significantly decreased the amount of

iron catalyst in the sample. Oxidation of UD98 is dominated by the diamond phase,

but contribution of sp2 carbons to the total weight loss cannot be distinguished by

TGA. The presence of different amounts of metal catalyst and large variations in

surface chemistry further complicate the oxidation kinetics.

Isothermal and nonisothermal TGA data can be used to determine the kinetic

parameters of the oxidation reactions. Oxidation of UD50 exhibits two different

energy regimes, as expected. The temperature range between 370�C and 480�C is

dominated by the oxidation of amorphous and graphitic sp2 carbon, which accounts

for roughly 70% of the sample weight. The corresponding activation energy is

approximately EA ¼ 88.5 kJ/mol. Above �480–490�C, EA increases to about

190.5 kJ/mol due to oxidation of the remaining diamond crystals. Oxidation of

UD90 yields an EA value of �223.0 kJ/mol. The activation energy is higher

compared to that of UD50 at high temperatures, probably due to the lower Fe

content in UD90. The encapsulated Fe particles in UD50 are catalytically inactive

in the low-temperature range. However, upon exposure to high temperatures, the

surrounding fullerene shells are removed and Fe catalyzes the carbon-oxygen

reaction. The activation energy of UD98 (EA ¼192.0 kJ/mol) is comparable to

that of UD50 at high temperatures, and thus slightly lower than the values measured

for UD90. Since purified UD98 contains a smaller amount of Fe and other metal

impurities, the lower activation energy cannot be attributed to catalytic effects.

A possible explanation might be a larger contribution of diffusion processes since

the oxidation occurs at higher temperatures compared to UD90. Another reason for

the observed differences could be changes in the surface chemistry of UD98 during

extensive acid-purification. Treatments in oxidizing acids such as HNO3 or H2SO4

increase the concentration of oxygen-containing functional groups on the surface of

the diamond crystals and lower their activation energy.

The obtained results are in good agreement with data reported in literature. Pichot

et al. measured EA ¼ 142�5 kJ/mol and EA ¼ 189�26 kJ/mol for the graphitic and

the diamond phase, respectively [84]. The ND samples analyzed by Chiganov et al.
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exhibited activation energies of EA ¼ 160 kJ/mol (sp2 carbon) and EA ¼ 180 kJ/mol

(diamond) [2]. The differences in the activation energies of the sp2 carbon are most

likely due to differences in structure and composition of the sp2 phase. UD50 is the

unpurified detonations soot, whereas samples analyzed by Pichot et al. and Chiganov

et al. have been partially purified. However, it should be noted that neither of these

studies showed a complete removal of Fe and other metal catalysts, making an

interpretation of the reported data more difficult. As a consequence, the reported

activation energies (140–225 kJ/mol) are distorted by various factors and, therefore,

may not accurately represent the diamond phase. However, the activation energies

are characteristics of the individual ND samples.

5.3.2 Raman Spectra of Nanodiamond
The most conventional excitation source for Raman spectroscopy, a 514-nm Ar-ion

laser, is known to cause a strong fluorescence during the analysis of ND samples.

Compared to visible Raman, UV-Raman analysis offers a stronger diamond signal

due to the resonance enhancement effect [85]. It is therefore preferred to use UV

(244 and 325 nm) excitations for the analysis of ND powders.

The UV Raman spectra of UD50, UD90, and UD98 are shown in Fig. 12.13a

[78]. As discussed in the previous section, the composition of ND powders varies

largely, depending on the purity of the sample, and diamond (sp3) contents can

range from 20% to 30% (detonation soot) to 80% (acid-purified) and >96% (air-

purified). The Raman spectra of ND powders with low sp3 carbon content, such as

UD50, are dominated by the D (1,400 cm–1) and G bands (1,590 cm–1) and exhibit

only a weak or no diamond Raman signal due to the high content of graphitic

carbon and its larger Raman scattering cross section compared to diamond. In

addition, fullerenic shells enclose the diamond crystals and further weaken their

Raman signal. The Raman spectra of purified ND powders (UD90, UD98,
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UD90oxid) are noticeably different from UD50 (Fig. 12.13a). With increasing sp3

content, the intensity of the diamond peak (1,326 cm–1) increases, while the D band

Raman signal weakens. ND powders with a high sp3 contents show an asymmet-

rically broadened diamond peak at �1,325 cm–1 with a shoulder toward lower

wavenumbers. Both asymmetric broadening as well as the shoulder at lower

wavenumbers are believed to result from the relaxation of the “q¼0” selection

rule, allowing phonons away from the center of the Brillouin zone to contribute to

the Raman spectrum [86]. Spectral changes between 1,500 and 1,800 cm–1 are more

complex and are often wrongly referred to as upshift of the G band. However, the

contribution of sp2 carbon to the Raman spectra of well-purified ND powders

(sp3 > 80%) is rather small and often overestimated. The broad asymmetric

Raman feature is composed of at least three peaks of different origin centered at

1,590, 1,640, and 1,740 cm–1 which have been assigned to sp2 carbon, O–H, and

C═O groups, respectively [87]. For detailed analysis, Raman spectra were fitted

using six Lorentzian/Gaussian peaks centered at 1,235, 1,300, 1,326 (diamond),

1,400 (D band), 1,590 (G band), 1,640, and 1,740 cm–1.

Figure 12.13b shows the relative intensity changes (peak height) for the different

Raman features, with respect to the G band intensity at 1,590 cm–1, as a function of

the sp3 content. The plotted intensities are normalized with respect to the G band

intensity at 1,590 cm–1. In general, the intensity ratio between diamond peak and

G band (IDia/IG) increases with increasing sp
3 content. The sharp increase at �70%

sp3 may result from the removal of graphitic shells surrounding the diamond core.

A similar effect was observed during oxidation of DWCNTs, where amorphous

carbon on the outer walls of the nanotubes weakened their Raman signal. The

intensity ratio between D and G band (ID/IG) decreases with increasing sp
3 content,

as expected. Although both Raman bands originate from sp2 carbon, the D band

intensity decreases at a larger rate as it is proportional to the number of rings, while

the G band intensity reflects the number of sp2 pairs. The intensity of the peaks at

1,640 (O–H) and 1,740 cm–1 (C═O) is related to the surface chemistry of the ND

crystals and may vary for ND powders purified by different oxidation techniques

(e.g., acid treatment vs air oxidation).

While in case of CNTs, the intensity ratio between D and G band (ID/IG) is often
used to evaluate the purity of the sample, great care must be taken when using

a similar approach for ND powders. The Raman spectrum of ND is more complex

and depends strongly on the composition of the sample. Position, intensity, and

number of Raman peaks change with increasing sp3 or decreasing sp2 content

(Fig. 12.13a). It is important to point out, that in the case of ND powders, the

accuracy of peak fitting procedures is limited. The diamond peak is characterized

by an asymmetric broadening and a broad shoulder toward lower frequencies.

While the diamond peak cannot be fitted using an individual Lorentzian or Gaussian

peak, the origin of the shoulder can be understood by considering presence of very

small crystals and scattering domains in ND (see Sect. 3.5). Raman peaks between

1,500 and 1,800 cm–1 overlap, and in some cases, the individual contributions are

not distinguishable. In particular, the position of the G band depends on both

ordering and shape of the nanostructure and is different for graphite ribbons, carbon
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onions, or disordered carbon. Therefore, different levels of purity and varying

compositions (e.g., metal catalyst, surface chemistry) further complicate peak

fitting and lower the reliability of the results. Moreover, the strong luminescence

typically observed for ND powders upon VIS or NIR laser excitation requires

extensive background corrections, which can lead to additional errors in data fitting.

5.3.3 In Situ Studies and UV Raman Spectroscopy Characterization
In order to determine the appropriate temperature range for the selective oxidation

of sp2 carbon in ND powders, nonisothermal TGA was performed in air.

Figure 12.14a compares the oxidation behavior of UD50, UD90, and UD98, and

shows differences in the oxidation rate and the temperature at which the maximum

weight loss occurs. At temperatures below 375�C, the oxidation is inhibited or its

rate is too low to allow noticeable removal of carbon within a reasonable time frame

(range I). At temperatures above 450�C, all kinds of carbon in the sample, including

amorphous, graphitic, and diamond phases are quickly oxidized (range III). In the

intermediate temperature zone (range II), the oxidation rate shows substantial

differences between the samples. While the mass of relatively pure UD98 does

not change noticeably, UD50 with a substantial graphitic content shows

a significant weight loss.

Figure 12.14b, c shows the results of in situ Raman studies during isothermal

oxidation of UD50 for 3 h at 375�C (boundary temperature between range I and II)

and 430�C (within range II) in air, respectively. The unpurified ND powder

(detonation soot) was chosen because UD50 has a large content of non-diamond

carbon and temperature-induced spectral changes during heating are more evident

compared to UD90 and UD98. In order to accurately monitor changes in the

composition of the sample and to maximize the Raman intensity of amorphous

and graphitic carbon, we recorded in situ spectra using 633-nm laser excitation. At

375�C, the boundary temperature between range I and II, no significant changes in

the Raman spectra were observed, suggesting the weight loss in range I to result

mainly from the removal of adsorbed species, rather than oxidation of carbon.

However, at temperatures around �430�C (range II), a decrease in the G band

intensity occurs for longer oxidation times (>1 h), indicating the removal of

graphitic carbon during heating. While these results can be used to determine the

appropriate temperature range for oxidation of sp2 carbons in ND powders, they

provide no structural information on the diamond phase.

To further optimize the oxidation procedure and avoid loss of ND crystals, we

recorded UV Raman spectra of UD50 powders oxidized for 5 h at 375�C, 400�C,
425�C, and 450�C, respectively (Fig. 12.15a). As expected, lower oxidation tem-

peratures (<375�C) are not sufficient to remove amorphous and graphitic carbon.

At temperatures above 450�C, oxidized powders become inhomogeneous with

respect to the ratio of diamond and non-diamond carbon phases. The Raman

intensities of the diamond peak at �1,325 cm–1 and G band at �1,600 cm–1 vary

strongly when comparing the UV Raman spectra recorded at different sample spots

(data not shown), suggesting that all types of carbon are oxidized simultaneously

leading to an inhomogeneous diamond distribution. When using oxidation
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temperatures between the extremes (375–450�C), non-diamond carbon can be

removed selectively and a significant loss of diamond can be avoided. The

Raman spectrum of UD50 oxidized at 400�C demonstrates a substantially enhanced

diamond signal. The changes in the corresponding intensity ratios are shown in

Fig. 12.15b. While previous intensity ratios were determined by peak fitting pro-

cedures, we used a faster and simplified process which directly measures the Raman

intensity at the corresponding peak position. This simplification is well justified

given the discussed inaccuracy of the fitting procedure. Although the absolute

values are different, comparison of intensity ratios determined by peak fitting

(Fig. 12.13b) and using the simplified approach (Fig. 12.15c) shows similar trends

and reveals the reliability of the obtained data. As discussed above, temperatures

below 350�C (range I) are not sufficient for carbon oxidation and the IDia/IG ratio is

similar to that of the detonation soot (UD50). Between 350�C and 430�C (range II)

amorphous and graphitic carbons are oxidized, without significant loss of the

diamond phase, leading to a maximum in IDia/IG. At oxidation temperatures

above 430�C (range III), both sp2 and sp3 species oxidize simultaneously, resulting

in large inhomogeneities in the sample composition and thus variations in IDia/IG.
The diamond content of the oxidized UD50 samples can be estimated by Raman

spectroscopy (Fig. 12.15c) using the predetermined relationship between IDia/IG and

the sp3 content. The corresponding values are approximately 23%, 74%, 82%, and

34% after oxidation for 5 h at 350�C, 400�C, 425�C, and 450�C, respectively. Thus,
the optimal oxidation temperature for purification of UD50 is �425�C. While the

optimal oxidation temperature could be affected by both the sample composition and

the experimental conditions, temperatures within the 400–430�C range were found to

be most favorable in the present study. Small changes in the oxidation temperature

within the given range can be used to find a compromise between the higher

purification rate (lower time and cost) and the acceptable weight loss due to minor

oxidation of the diamond phase. Oxidation of acid-purified UD90 and UD98 showed

similar results and led to further increase in the relative intensity of the diamond peak

(see UD90oxid in Fig. 12.13). While air oxidation evidently removes fullerenic shells

and other sp2-bonded carbon impurities from the samples, it also influences the

surface chemistry and may affect shape and position of the Raman peaks. The strong

upshift of the G peak to �1,640 cm–1 in the oxidized samples (Fig. 12.13a) is likely

caused by the formation of hydroxyl groups on sp2- or sp3-bonded carbon [87].

A similar upshift of the G band was also observed in disordered diamond-like carbon

(also called tetrahedral carbon) with a high content of sp3-bonded carbon, and

explained by resonance phenomena [88]. However, we believe that since ND surface

atoms account for over 20% of total atoms in ND particles below 5 nm, surface

functionalities are responsible for this peak [87].

5.3.4 Structure and Surface Chemistry of Oxidized Nanodiamond
The determined oxidation conditions were used to purify larger amounts of ND in

a chamber furnace to simulate industrial conditions. XANES allowed us to quantify

the sp3 content in ND samples and learn about their bonding structure. As compared

to electron energy loss spectroscopy (EELS), XANES is a more quantitative
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technique that offers a better spectral resolution, minimizes the sample damage, and

allows one to obtain an averaged signal from the macroscopic sample. The total

weight loss in these experiments was very close to the amount of sp2 carbon in the

samples (see Table 12.1).

Not only did oxidation in air decrease sp2-bonded carbon in ND samples (UD90

and UD98) pre-purified by acidic treatment by about a factor of 5, but it was also

capable of selectively removing graphitic carbon in the soot sample (UD50), thus

increasing the sp3/sp2 ratio in this sample by nearly two orders of magnitude from

0.3 to 19 (Table 12.1). The purity of the oxidized UD98 is comparable to that of

microcrystalline diamond. While some authors claimed a high content (>92%) of

diamond in the ND powders, those conclusions were based on X-ray photoelectron

spectroscopy (XPS) and X-ray diffraction (XRD) measurements of the diamond/

graphite ratio [89] and cannot be considered reliable, because XRD overestimates

the diamond content and surface analysis techniques cannot provide good quanti-

tative data for powdered materials.

HRTEM studies fully support results of Raman and XANES analyses, demon-

strating elimination of graphitic ribbons, carbon onions, and graphitic shells in

UD50 and a substantial decrease in amorphous carbon content in UD90 and UD98

after oxidation. Figure 12.16 shows representative high-resolution micrographs of

UD50 and UD90 before and after oxidation for 5 h at 425�C in air. The micro-

structure of UD98 was very similar to that of UD90 and thus is not presented

separately. This is in agreement with XANES measurements showing a similar

sp2/sp3 carbon ratio for these grades, both before and after oxidation. Thus, oxida-

tion in air is one of the simplest and most efficient ways to purify ND from

non-diamond carbon species. However, in addition to purification, air oxidation

dramatically changes the surface chemistry of ND.

While Raman spectroscopy is useful to analyze structural features and distin-

guish between the different carbon species, FTIR spectroscopy was used to deter-

mine functional groups and adsorbed molecules on the surface of the carbon. Black

and strongly absorbing as-received UD50 shows no detectable FTIR vibrations due

to the high content of graphitic and amorphous carbon (Fig. 12.17). The main

features in the FTIR spectra of as-received UD90 and UD98 powders are related to

C═O (1,740–1,757 cm–1), C–H (2,853–2,962 cm–1), and O–H vibrations (3,280–

3675 cm–1 stretch and 1,640–1,660 cm–1 bend) which can be assigned to –COOH,

–CH2–, –CH3, and –OH groups of chemically bonded and adsorbed surface species,

mainly resulting from acid-purification [91–93]. The comparison of FTIR spectra of

Table 12.1 Results of the sp3 content analysis (XANES) of ND samples before and after a 5-h

oxidation at 425�C in air

UD50 UD50 oxidized UD90 UD90 oxidized UD98 UD98 oxidized

sp3 conent,% 22 95 70 90 81 96

sp2 conent,% 77 5 30 6 19 4

sp3/sp2 0.3 19 2.3 16 4.3 24

sp3 diamond (<5 mm): 97–97.5%

sp2 graphite (HOPG): 100%
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purified (red curves) and as-received (gray curves) powders reflects the conversion

of a variety of surface functional groups into their oxidized derivatives. After

oxidation, –CH2– and –CH3 groups are completely removed from UD90 and

UD98, the amount of –OH groups is increased and C═O vibrations are upshifted

by 20–40 cm–1 indicating a conversion of ketones, aldehydes, and esters on the

surface into carboxylic acids, anhydrides, or cyclic ketones. The most prominent

Fig. 12.16 HRTEM images of UD50 and UD90 before and after oxidation for 5 h at 425�C in air.

The insets show optical photographs of the ND powders
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changes in the surface termination after oxidation were found for UD50. Upon the

removal of graphitic layers by oxidation, the surface of UD50 became accessible

for chemical reactions and is immediately saturated with oxygen or oxygen-

containing functional groups.

5.3.5 Control of Nanodiamond Crystal Size
As the dimensions of a crystal are reduced, the increasing surface/volume ratio

results in significant changes of properties, especially when entering the lower

nanometer range. For example, ND particles with diameters of about 4 nm

have �20% of the total number of atoms on the surface. Because the physical

properties of nanocrystals are strongly size-dependent, it is crucial to control and

accurately measure the crystal size. To some extent, ND crystal size can be

controlled by the synthesis conditions, for example, the volume of the detonation

chamber [79]. However, it is not something that can be easily changed. Therefore,

ND suppliers provide powders of a size that they can produce. However, there were

only few attempts to control the average crystal size in ND powders, including

sintering [80, 81] and oxidation [82, 83]. In this section, we describe the potential of

air oxidation for adjusting the crystal size of ND powders.

As-received UD90 was oxidized for 2, 6, 17, 26, and 42 h at 430�C, which is the
temperature for slow ND oxidation as discussed in Sect. 5.3.3 [94]. Figure 12.18a

shows the HRTEM images of two ND powders oxidized at 430�C for 2 and 42 h,

respectively. The weight loss due to oxidation was 13% and 74% after 2 and

42 h, respectively. While oxidation for 2 h removes mainly amorphous carbon

and other non-diamond species [95], longer oxidation times result in selective

oxidation of smaller crystals, thus shifting the size distribution toward larger values.

We determined the size of�200 crystals in each sample in order to estimate the

average crystal size (Fig. 12.18b). While 2-h oxidation in air results in an average

crystal size of �7 nm, it is upshifted to �14 nm after 42-h oxidation. Since crystal

growth is not expected under such conditions, large crystals (15–30 nm) observed

after oxidation must be present in the pristine powder. However, because they are

usually covered by smaller crystals and remain within agglomerates, it is difficult to

observe them in HRTEM, indicating the limitations of this characterization tech-

nique and the low statistical reliability.

We conducted XRD analysis for a more accurate and statistically significant

estimate of changes in the average crystal size. Figure 12.18c compares the XRD

patterns of microcrystalline diamond with a ND powder (UD90) oxidized at 430�C
for 2 h. While both samples show peaks at �43.9�, �75.5�, and �91.5�

corresponding to the [111], [220], and [311] planes of the cubic diamond lattice

(aC ¼ 3.571 Å), respectively, the scattering peaks of ND are significantly broad-

ened. By measuring the changes in the linewidth of the diffraction peaks using the

Williamson-Hall analysis [96] one can estimate the crystal size and lattice strains,

both of which are known to cause broadening of diffraction lines. Using this

approach we calculated the average crystal size of the oxidized powders

(Fig. 12.18c). The Scherrer equation, often used for size characterization in crys-

talline materials, neglects potential lattice strains and can lead to values smaller
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than the actual crystal size [97]. However, it is necessary to keep in mind that

averaging the contributions from different scattering peaks might further increase

the discrepancies between calculated values and the actual crystal size. Palosz et al.

demonstrated that diamond nanocrystals typically exhibit lattice strains due to the

extensive surface reconstruction in the core-shell nanoparticles, suggesting that size

calculations based on the Deby-Scherrer equation such as the Williamson-Hall

analysis may oversimplify the diffraction of nanocrystals and should only be

considered semi-quantitative [98].

The sample weight of a ND powder is generated by the mass of N individual,

diamond crystals. Assuming N to be constant during oxidation, one can express the

relative changes in the sample weight through changes in the diameter d of the

crystals. If the oxidation rate k is size-independent, the diameter of the ND crystals

decreases linearly with oxidation time t and the relative change in mass m can be

written as:

mt

mt¼0

¼ dt¼0 � k � t
dt¼0

� �3

(12.1)

where the indices “t¼0” and “t” represent the initial values and the values at time t,
respectively. Figure 12.22a shows the weight loss (mt/mt¼0) of UD90measured using

isothermal TGA at 430�C. The weight loss measurement was started after �300 min

of oxidation in order to exclude contributions from amorphous and graphitic sp2

carbons. The relative sp3 content increases from approximately 71–96% in this early

phase of the oxidation. The weight loss curve was fitted using (12.1), assuming the

initial average diameter to be dt¼0 ¼ 5 nm (Fig. 12.19a). The determined oxidation

rate (k ¼ 8.23*10–4 nm/min) can be used to estimate the time-dependent changes in

the diameter of the ND crystals. However, it can be seen that there is only little

agreement between the obtained fit and the experimental weight loss, and that the

predicted decrease in diameter with increasing oxidation time is in contradiction to

data obtained from both HRTEM and XRD analyses.

Considering the broad size distribution (3–50 nm) of detonation-synthesized ND

powders, one may expect differences in the oxidation behavior for different crystal

sizes. Thus, (12.1) was modified in order to separately account for the weight

contributions of small (m0) and large (m00) diamond crystals:

mt

mt¼0

¼ d
0
t¼0 � k

0 � t� �3 þ d
00
t¼0 � k

00 � t� �3
d

0
t¼0

3 þ d
00
t¼0

3
(12.2)

The initial diameter of the small crystals, which represents the majority of the

ND crystals, was set to d0t¼0 ¼ 5 nm. The parameters d00t¼0, k
0, and k00 were

determined by fitting the weight loss data using (12.2) and found as 9.7 nm,

4.63*10–3 nm/min, and 1.13*10–3 nm/min, respectively. The results are shown in

Fig. 12.19b and are in good agreement with TGA data. The corresponding changes
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in diameter for small (d0) and large (d00) ND crystals suggest that while both exhibit

a decrease in size, the decrease in diameter occurs much faster for smaller crystals

due to their higher oxidation rate (k0 � 4·k00). As a consequence, the average crystal
size is shifted toward higher values as indicated in Fig. 12.19c. This is in good

agreement with experimental data obtained from Raman spectroscopy, XRD, and

HRTEM studies.

These results suggest that oxidation in air cannot be used to decrease the average

crystal size of ND powders, due to the higher oxidation rate of small ND crystals.
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However, the method allows for a controlled increase in the average crystal size

with subnanometer accuracy. While the described approach is able to explain the

observed increase in the average crystal, it can only be considered as rough

approximation and may oversimplify the oxidation behavior of ND samples. In

particular, metal catalysts present in the ND samples strongly affect kinetic param-

eters, such as activation energies and oxidation rate constants [99].

5.3.6 Size Characterization Using Raman Spectroscopy
In addition to structural analysis and purity evaluation, Raman spectroscopy can

also be used to estimate the crystal size of nanostructured solids. In most cases size

characterization using Raman spectroscopy is based on the phonon confinement

model (PCM), which uses changes in Raman frequency and Raman peak shape to

estimate the crystal size. Although several attempts have been made to relate

confinement-induced changes in the Raman spectrum of ND to the crystal size,

the agreement between calculated and experimental data and the accuracy of the

fitting procedure are still unsatisfactory. A detailed discussion of the limitations of

the PCM and the accuracy of previous studies on ND powders is given in Ref [86].

Raman spectroscopy alone is currently not able to quantitatively measure the

average crystal size in ND powders [86]. However, with a better understanding of

phonon confinement effects in the Raman spectrum of ND, Raman spectroscopy

may be used to accurately measure the average crystal size and determine changes

in the size distribution. The following section discusses the effects of crystal size,

defect, and size distributions on the Raman spectra of ND and required modifica-

tions in the PCM.

Figure 12.20a shows the changes of the diamond Raman peak after oxidation in

air at 430�C for 2, 6, 17, 26, and 42 h. The corresponding average crystal sizes were

determined by X-ray diffraction (see Fig. 12.18c) and are 4.8, 5.2, 5.5, 6.5, and

7.0 nm, respectively. The confinement-induced asymmetry of the Raman peak

decreases with increasing oxidation time, leading to a narrower diamond line

(Fig. 12.20a). The intensity of the shoulder around �1,250 cm–1 also decreases

with oxidation time, suggesting a possible correlation with the crystal size.

We first determined the ND crystal size of the oxidized powders using the

models of Ager et al. [100] and Yoshikawa et al. [101] (Fig. 12.20b). The theoret-

ical Raman spectra were calculated according to:

IðwÞ ffi
Z 1

0

expð�~q2L2=4Þ � 4p~q2
o�ˆð~qÞ½ 	2 � ðG=2Þ2dq (12.3)

where q is the phonon wave vector, o is the Raman frequency, L is the crystal size,

and o(q) and Г are the phonon dispersion relation and the natural line width of the

zone-center Raman line, respectively.

The approach of Yoshikawa et al. accounts for size-related changes in the

phonon lifetime, leading to larger downshift and higher peak asymmetry compared

to Ager et al. While the differences are considerably small for larger crystals,

they become significant for crystal sizes below 10 nm and are therefore important
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for size-characterization of ND powders. Since both models do not account for

the shoulder at �1,250 cm–1, we can only fit experimental data in the range

1,290–1,360 cm–1. The obtained fits and the corresponding crystal sizes for the

ND powder oxidized for 2 h at 425�C, referred to as ND(2 h). Although both

models lead to crystal sizes comparable to that obtained from XRD in the range
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Fig. 12.20 (a) Diamond Raman peak recorded after oxidation at 430�C for 2, 6, 17, 26, and 42 h

in air. (b) Raman spectrum of ND powder oxidized for 2 h at 430�C in air and corresponding peak

fit. Data used for peak fitting is indicated by the circles. (c) Calculated crystal size for ND powders

oxidized for 2, 6, 17, 26, and 42 h at 430�C. X-ray diffraction data is shown for comparison
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3–5 nm, the agreement between calculated and recorded Raman spectra is fairly

low. The calculated crystal sizes of all oxidized powders are presented in

Fig. 12.20c, in comparison to XRD results. While Ager’s model leads to slightly

lower size values, both approaches show an increase in crystal size with increasing

oxidation time, in agreement with XRD data. Crystal sizes calculated using

Yoshikawa’s model closely match the values obtained from XRD analysis for 2,

6, and 17 h, but are lower for longer oxidation times (>20 nm).

It should be noted that the measured sizes represent average values. HRTEM

characterization of the oxidized ND powders revealed a broad size distribution,

showing ND crystal sizes of 3–20 nm or larger (see Fig. 12.18a). Faster oxidation of

small-diameter ND crystals leads to an increase in the average crystal size. The

discrepancies between XRD and Raman-based size calculations observed for lon-

ger oxidation times (>20 h) may result from the difference in the effective cross

section of both techniques with respect to the increasing contribution of larger ND

crystals. The sensitivity toward defects and changes in lattice spacing is also

expected to be different for both techniques.

As mentioned earlier, ND powders contain diamond crystals with sizes

ranging from 3 to 30 nm. While the majority of the nanocrystals show

diameters between 4 and 5 nm, the Raman scattering cross section is propor-

tional to the crystal volume and thus much larger for larger crystals. On the

other hand, confinement effects such as the asymmetric peak broadening are

more distinct for small crystals (<10 nm). Therefore, experimentally obtained

Raman spectra are expected to contain Raman features from both small and

large ND crystals. However, a simultaneous contribution to the total Raman

intensity leads to a complex line-shape that cannot be fitted using a single

peak in the PCM.

Figure 12.21a shows the calculated diamond Raman peaks of 3-, 5-, and 7-nm

ND crystals, in comparison to a sample that contains different amounts of 3- and

7-nm crystals, each contributing equally to the overall intensity. The Raman signal

of a 3-nm crystal is more than 12 times weaker than that of a 7-nm ND crystal.

Thus, although the relative amount of large ND crystals in the sample is small, their

contributions to the overall Raman intensity cannot be neglected. However, the

calculated Raman intensity of a sample containing only 5-nm ND crystals is very

different compared to the spectra resulting from a mixture of 3- and 7-nm crystal,

even though both samples exhibit the same average crystal size (5 nm). Considering

the volume-dependence of the Raman intensity, one can potentially estimate the

contribution of the various crystal sizes to the total Raman intensity and determine

the size distribution in the ND powders.

Previous studies on phonon confinement in nanocrystals did not account for

possible contributions from lattice defects [100–102]. However, the parameter L in

(12.3) represents the coherence length and is, therefore, a measure of the distance

between dislocation, vacancies, interstitials, impurities, and other defects within the

crystal lattice. The assumption that L represents the crystal size is only valid for

defect-free crystals, where the surface is considered to limit the propagation of the

phonons. This assumption does not hold for imperfect crystals produced by
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detonation methods which contain cracks and dislocations [86]. Other lattice

defects such as impurity interstitials, dumbbell-defects, and vacancies have also

been observed before. As a consequence, the coherence length L becomes signif-

icantly smaller than the actual ND crystal size.
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Fig. 12.21 (a) Calculated Raman spectra for different ND crystal sizes (black) in comparison to

that of a sample containing a binary size-distribution (red). (b) Raman spectrum of oxidized ND

(2 h at 430�C) fitted using two peaks to account for contributions from both small and large

crystals as well as lattice defects. (c) Raman spectrum of oxidized ND (2 h at 430�C) fitted using

seven peaks, each representing the contribution of a different dispersion relation
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Therefore, while the results above were produced assuming the ND crystals to be

larger than 3 nm (L> 3 nm), we now allow vibrational domains (coherence lengths)

with L < 3 nm to contribute to the Raman spectrum. In addition, the frequency

range used for fitting is extended to 1,100–1,400 cm–1.

The fitting results for ND (2 h) are shown in Fig. 12.21b. Two peaks have been

used for the analysis to allow for simultaneous contributions of small and larger

crystals. It can be seen that the agreement between calculated and measured Raman

spectra is significantly improved and the broad shoulder (<1,300 cm–1) can be well

fitted using this approach. The corresponding L for Peak 1 and Peak 2 are 6.45 nm

and 2.67 nm, respectively. Peak 1 corresponds to L values in the range 6–8 nm and

may be assigned to defect-free 6–8-nm ND crystals or to less-defective, larger ND

crystals (>8 nm). The L values obtained from Peak 2 are significantly smaller and

range between 2.6 and 3.7 nm. Assuming the majority of the ND crystals to be

4–8 nm in size, a coherence length of 2–4 nm may suggest 1–2 defects per ND

crystals. While this is in good agreement with HRTEM studies [86, 94], the

reported numbers merely represent the average values. Defect-free ND crystals of

similar size and crystals with three or more defects have also been observed. Ager

et al. and Yoshikawa et al. estimated the crystal size by reducing the three-

dimensional integration in (12.3) to a one-dimensional integration over a spherical

Brillouin zone (BZ) using an averaged one-dimensional dispersion curve. However,

this approximation is only valid for small phonon wave vectors, but oversimplifies

the energy dispersion of the phonon modes for larger wave vectors. A coherence

length of 2.6 nm would allow phonons far away from BZ center to contribute to the

Raman signal. Therefore, while the dispersion relation of Yoshikawa et al. can be

used for L ¼ 4 nm, coherence lengths below 3 nm require a more accurate

description of the energy dispersion of the individual phonon branches.

In order to account for defect contributions and the energy dispersion of the

phonon branches we fitted the Raman spectrum of ND (2 h) using seven peaks, each

attributed to one of the individual phonon branches. The results are shown in

Fig. 12.21c. In general, there is a good agreement between calculated and measured

Raman data, suggesting that phonon wave vectors from small vibrational domains

can indeed be responsible for the broad shoulder at 1,250 cm–1 typically observed in

the Raman spectra of ND powders. The corresponding L values are 1.8, 1.9, 2.5, 2.9,

3.9, 11.3, and 17.4 nm. While in these computations each crystal size is only

represented by one phonon branch for simplicity reasons, adding the contributions

of the remaining six phonon branches for each L value would evidently lead to an

improvement in the fitting procedure. Although the described approach is

more complex, it provides a possible explanation for the broad shoulder at

�1,250 cm–1 and may allow an estimate on the number of defects in the ND crystals.

5.4 Laser-Induced Heating of Carbon Nanomaterials

Carbon nanomaterials show a broad range of optical properties, ranging from

transparent in the visible and infrared range for diamond to highly absorbing carbon

338 S. Osswald and Y. Gogotsi



nanotubes (CNT) and graphite [1]. For example, Yang et al. showed that a low-

density CNT array is an almost perfect light absorber, close to an ideal blackbody

[103]. The reflectance from these vertically aligned nanotubes has the lowest-ever

reported value (�10–7) for any known material [103]. Ajayan et al. reported self-

ignition of CNTs under a photoflash and observed extensive reconstruction of the

carbon material, suggesting temperatures in excess of 1,500�C [104]. Emission of

light from carbon nanostructures has also been observed. Nanotube bulb filaments

were found to show a higher brightness (at the same voltage) compared to tungsten

filaments [105]. Emission from CNTs at higher temperatures is a combination of

thermal (blackbody) radiation and photoluminescence that results from electronic

transitions [105]. Wang et al. performed experiments on nanostructured carbon

materials by using a Crookes radiometer and a 655-nm (35-mW) diode laser,

reporting temperatures of �3,500�C [106, 107].

Understanding interactions of carbon nanostructures with light is particularly

important because optical methods are widely used for their characterization, with

Raman spectroscopy being the gold standard for analysis of all kinds of carbons

[108]. Temperature-induced shifts of Raman bands have been observed in many

previous studies [109–112]. They are of particular concern when Raman features

are used to determine the diameter distribution of CNTs [113] or measure strain in

CNT-polymer composites [114] where an uncontrolled temperature shift can lead

to erroneous conclusions. Because of laser-induced heating, Raman spectroscopy

can lose its nondestructive character during the analysis of nanostructures that

strongly absorb light and have a poor thermal contact between the particles,

which is the case for all nanopowders. Raman spectral features, such as the

G band of graphitic carbon, can be used to estimate the temperature of the samples

during material characterization thus preventing laser-induced oxidation, extensive

graphitization, and/or evaporation of carbon nanomaterials.

5.4.1 Effect of Temperature on Raman Spectra
The Raman characterization of different carbon nanomaterials in inert (Ar)

atmosphere reveals a strong influence of the laser power (energy density) on the

Raman spectra [59]. In general, an increase in the laser power leads to a decrease in

the Raman frequency. For example, when using themost common excitation source in

Raman spectroscopy – the 514-nm line of an Ar-ion laser – the G Band in the Raman

spectrum of carbon onions (Fig. 12.22a) shifts from �1,594 cm–1 (0.1 mW) down to

�1,565 cm–1 (0.7 mW). The downshift is related to an increase in the sample temper-

ature and has been measured for other carbon materials including graphite and CNTs.

There exists several ways to measure temperature using Raman spectroscopy.

The most common techniques include monitoring the anti-Stokes to Stokes inten-

sity ratio or determining changes in the Raman shift of the peaks. In this study we

used the latter method. In order to estimate the laser-induced heating in a carbon

onion sample, we determined the relationship between G band position and sample

temperature (inset in Fig. 12.22a) by using the lowest laser power possible and Ar

atmosphere to prevent sample oxidation. The experiment revealed a downshift

of �0.034 cm–1/�C which is slightly higher than the values reported for graphite
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(0.024 cm–1/�C) [115] and CNTs (0.025–0.030 cm–1/�C) [44, 45, 60, 87], due to

stronger bending of graphitic layers in carbon onions. Based on these results,

G band positions of 1,578 and 1,565 cm–1 indicate temperatures of approximately

500�C and 890�C, respectively. It should be noted that these estimates assume the

laser heating at 0.1 mW to be negligible, which is most likely not the case. Since

oxidation of most carbon nanostructures starts well below 500�C, the presence of

oxygen would inevitably lead to material burning and change the sample compo-

sition within the excited volume. A laser power of 0.3 mW (400 W/cm2) is lower

than the values commonly used for Raman analysis. Raman analysis of the same

sample upon 325-nm UV laser excitation in Ar atmosphere showed a similar
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energy-dependence (Fig. 12.22b). In addition, Raman spectra revealed an increas-

ing background intensity at higher laser power which was accompanied by the

emission of a bright white light from the excitation spot. As expected, the G band

shifts to lower frequencies with increasing laser power. While one could accurately

identify the G band position at lower powers (0.3 and 1 mW), light emission was not

observed. At a high laser power, the Raman spectra are increasingly overshadowed

by a broad background radiation as indicated by the magnification number and

determining peak positions becomes difficult. The temperatures calculated from the

G band positions are 242�C (1,586 cm–1), 1,545�C (1,543 cm–1), and 2,000�C
(1,528 cm–1), respectively. It should be noted, that while there is a linear relation-

ship between the G band position and temperature between 25 and 500�C (inset in

Fig. 12.22a), this assumption might oversimplify the behavior at higher tempera-

tures (> 1,000�C). Moreover, the recorded Raman spectra represent an average

over the excited sample volume. Therefore, local temperatures within the sample

may be slightly lower or higher compared to the measured average value.

5.4.2 Laser-Induced Heating and Light Emission
Laser heating (thermal emission) increases with increasing laser power, and is

less dependent on the excitation wavelength compared to photoluminescence or

other light emitting electronic transitions, which require certain minimum photon

energies. While the photon energy (in eV) of red light is much lower, the energy

density (in W/cm2) of the diode laser used in this study is greater compared to the

UV source used. In order to determine the nature of the emitted light we changed

the excitation wavelength from 325 nm (3.81 eV, max. 1,300 W/cm2) to 785 nm

(1.58 eV, max. 7,500 W/cm2). Figure 12.23a shows the light emission of nano-

crystalline graphite (particle size �50 nm) under 785-nm excitation. Indeed, the

intensity of the light was found to be stronger compared to 325 nm, revealing
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Fig. 12.23 (a) Photograph showing light emission of carbon black upon 785-nm laser excitation

in an argon atmosphere. The corresponding emission spectrum was recorded using external UV–

VIS-NIR spectrometer. The lines represent the calculated blackbody emission curves of 50-nm

carbon black particles at different temperatures
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a thermal nature of the emitted light (blackbody radiation). The absence of sharp

emission lines also eliminates plasma as a possible emission source. On the other

hand, photoluminescence usually shows significantly lower intensities and

should not be dependent upon the environment. It should, therefore, occur even

when the sample is immersed in water. This was not observed in our

experiments.

Assuming the emitted light to be mainly thermal radiation, one can determine the

sample temperature using Planck’s radiation law. Conventional Raman spectrometers

are not suitable for recording emission spectra over a broad wavelength range due to

the dispersive operation mode and slow moving optics, which increases the proba-

bility of intensity changes during acquisition and decreases the accuracy of temper-

ature data measurements. Moreover, conventional Raman spectrometers do not have

second order filtering and the interpretation of results becomes difficult.

The spectral composition of the emitted light was recorded using an external

UV-NIR spectrometer. The temperature is determined by comparing the corrected

experimental data [59, 116] with the calculated emission spectrum [59, 117, 118].

The blackbody spectrum of the nanocrystalline graphite sample was calculated for

three different temperatures. Based on the maxima of the emission curve, the local

sample temperature was �2,600�C (Fig. 12.23b).

Laser heating and light emission can be different for different sample spots and

depend on both the structure of the carbon and bulk density of the sample. For

example, while carbon onions, carbon black, and ND exhibit strong heating and

show light emission at almost each spot excited by the laser beam, its occurrence is

much lower for MWCNTs. The main difference between MWCNTs and the other

nanostructures is the size. While the particle size (gyration radius) of ND, carbon

black, or carbon onions is under 100 nm in any dimension, MWCNTs have

a comparable size in cross section, but are at least two orders of magnitude longer.

In that case, the energy transferred from the laser beam to the nanoparticles is

dissipated much faster and over a larger area, thus reducing local heating.

5.4.3 Structural Changes upon Laser Excitation
While melting of graphitic carbon is not expected at temperatures below 3,500�C,
sublimation, graphitization or other heat-induced structural changes have been

observed at temperatures well below 2,500�C [119–123]. In order to determine

possible changes in structure and composition of carbon nanomaterials upon laser

excitation, we recorded the Raman spectra of a nanocrystalline graphite before and

after light emission induced by 785-nm excitation (Fig. 12.24a). The main features

in the Raman spectrum are two peaks centered at �1,340 cm–1 (D band) and

1,580 cm–1 (G band), respectively. After light emission, formation of a black film

was observed around the excited sample area, while some carbon material within

the excited volume was removed. The Raman spectrum recorded at the initial

excitation spot shows almost no changes. Peak shape and intensity ratio between

D and G band are similar to the spectrum of nanocrystalline graphite. However, the

Raman spectrum of the film is quite different and shows significant changes. While

the D band and G band are well separated in the Raman spectrum of nanocrystalline
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graphite, they overlap in the spectrum recorded from the film and are noticeably

broadened. The G band position is shifted to lower wavenumbers indicating the

presence of amorphous species and an increase in disorder. Shape and position of

the peaks are similar to that of amorphous carbon (>80% sp2) [52]. These results

suggest the evaporation of carbon upon laser excitation and its subsequent

redeposition around the excitation spot. While earlier estimates, based on emission

spectra, show temperatures lower than the melting temperature of carbon, sublima-

tion of carbon typically occurs at ambient pressure below the melting point.

Evaporation and redeposition of carbon occur at the very first moment upon laser

excitation. During light emission, no further changes are observed. The laser heats

and evaporates carbon black, reaching temperatures of >3,000�C within the focal

point of the beam. Carbon material around the focus spot is heated too, but the

energy density of the laser is insufficient to reach the evaporation temperature.
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The emitted light is thermal radiation of the crystals that are slightly out of focus

and reach temperatures of up to 2,600�C, but are not evaporated.
Structural changes during light emission were also observed for ND powder

(Fig. 12.24b). The Raman spectrum (325 nm) of the ND powder before emission

shows two characteristic features: a downshifted and broadened, with respect to the

Raman mode of single crystal diamond (1,332 cm–1), diamond peak at �1,325 cm–1

and a broad band centered at �1,620 cm–1 resulting from overlapping G band of sp2

carbon and OH groups [87]. Unlike the G band in graphitic materials, this band

consists of at least three separate peaks centered at 1,585, 1,640, and 1,740 cm–1,

respectively. After light emission, the Raman spectrum shows the characteristic

features of graphitic carbon. The G band shows a lower peak width and is

downshifted to �1,580 cm–1. The intensity of the diamond peak significantly

decreases, while the D band appears in the Raman spectrum after light emission,

indicating a conversion of ND into graphitic carbon upon laser excitation. Optical

images of the sample before and after light emission support this assumption. The

color of the ND powder changes from gray-brown to black, suggesting the formation

of sp2-bonded carbon species. It is well known that graphitization of ND and the

formation of onion-like carbon and polygonized particles occur upon heating above

�1,100–1,200�C [121, 122]. In addition, similar to the nanocrystalline graphite

sample, the formation of a thin film was observed around the excited sample spot,

indicating significantly higher temperatures in the focused spot of the beam.

These results demonstrate that nanostructured carbon materials can be evapo-

rated or undergo phase changes/transformations upon laser excitation of signifi-

cantly lower intensity compared to bulk materials. Even the power of laser pointers

commonly used during conference presentations or in the class room (up to

100 mW) is enough to heat carbon samples up to 3,500�C, evaporate and redeposit

graphitic nanocarbons or convert nanodiamond into carbon onions, when focused to

a spot size of several micrometers.

5.5 Conclusions and Future Perspective

In situ Raman spectroscopy analysis of isothermal and nonisothermal oxidation of

DWCNTs in air showed a decrease in the intensity of the D band starting around

370�C, followed by complete D band elimination at 440�C. The oxidation process

produced the purest CNTs ever reported, which were free of amorphous carbon and

highly defective tubes, while the removal of amorphous material was not accom-

panied by tube damage. In situ Raman measurements allowed us to determine the

different contributions to the D band feature and show the relationship between

D band, G band, and RBM Raman modes in the Raman spectra of DWCNTs upon

heating. The described approach thus provides an efficient purification method for

DWCNTs and SWCNTs, which is also selective to tube diameter and chirality.

While oxidation of MWCNTs did not significantly decrease the D band intensity

below 450�C, oxidation in air can be an effective route to control the number of
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defects on outer walls of the MWCNTs. The intensity ratio between the D and

G bands can be used to monitor relative changes in the concentration of defective

sites, and to create a high density of carboxyl groups with a moderate sample loss.

Raman-assisted oxidation studies on detonation-synthesized ND demonstrated

the possibility of selectively removing amorphous and graphitic sp2-bonded carbon

from ND powders by heating in air. The optimal temperature range for oxidation of

the ND powders studied is 400–430�C. Oxidation at 425�C increased the content of

sp3-bonded carbon up to 96%, as determined by XANES. The weight loss was

roughly equal to the initial content of sp2 carbon in the sample, suggesting little or

no loss of the diamond phase. The purity of ND thus became comparable to that of

microcrystalline diamond, and was the highest ever reported for ND powders.

Metal impurities, which were initially protected by carbon shells in the as-received

samples, become accessible after oxidation and can be completely removed by

further treatment in diluted acids. The presented technique is also capable of

significantly improving the quality of diamond samples which underwent prior

acid-purification treatments without appreciable loss of the diamond phase.

Furthermore, we have shown that oxidation in air can also be used to control the

average crystal size in ND powders with subnanometer accuracy. Three different

characterization techniques were used for measuring the crystal size because such

analysis is very complex for nanocrystals. While HRTEM is able to visualize ND

crystals, the calculated size distributions are statistically not reliable and the

average size is often overestimated. Agglomeration and difficulties in sample

preparation do not allow accurate estimates on average crystal size values. XRD,

which directly probes the crystalline structure of a material, is more reliable in

terms of statistics and average values, but lattice distortion and strain can interfere

with size effects in XRD pattern and lead to an incorrect interpretation of the

results.

Raman spectroscopy, which is also used to measure the crystal size of nano-

structured solids through the phonon confinement model (PCM), provides only

semi-quantitative results for size measurements in ND powders due to insufficient

understanding of the Raman spectra of ND and a lack of agreement between

theoretical predictions of the model and experimental Raman data. However, taking

into account the broad size distribution of ND powders and the contributions of

lattice defects, a significant improvement in the predictions of the model was

achieved. However, a correct interpretation of Raman data and quantitative size

measurements still requires additional information on sample structure and com-

position. Therefore, a combined use of various characterization techniques such as

XRD, HRTEM, and Raman spectroscopy can be recommended for a reliable

determination of the average size of ND crystals and their distribution.

In summary, we have shown that oxidation in air provides a powerful route to

purify carbon nanostructures, but can also be used as an efficient tool for size

control and surface modification. In situ Raman spectroscopy studies under

isothermal and nonisothermal conditions allow a detailed and time-resolved inves-

tigation of changes in structure and composition during the oxidation process.
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Using in situ Raman spectroscopy, we were able to monitor the oxidation of

different carbon nanostructures and identify their optimum purification conditions,

with little or no sample loss.

For an industrial-scale production of carbon nanomaterials, it is important to use

a simple and environmentally friendly purification method to selectively remove

sp2-bonded carbon from nanodiamond and amorphous carbon from nanotubes with

minimal or no loss of diamond or nanotubes. In contrast to current purification

techniques, which usually use mixtures of oxidizing acids, controlled air oxidation

does not require the use of toxic or aggressive chemicals, catalysts, or inhibitors,

thus opening avenues for numerous new applications of carbon nanomaterials.
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Multiplexed SERS for DNA Detection 13
Karen Faulds

1 Overview

Surface enhanced resonance Raman scattering (SERRS) is an analytical technique

with several advantages over competitive techniques in terms of improved sensi-

tivity and selectivity. We have made great progress in the development of SERRS

as a quantitative analytical method, in particular for the detection of DNA. How-

ever, one of the main advantages over fluorescence and other optical detection

techniques is the ability to multiplex.

The enhancing surface which is used is crucial and in this case suspensions of

metallic nanoparticles will be the focus since they allow quantitative detection to be

achieved and are compatible with solution-based diagnostics assays. When using

metallic nanoparticles for SE(R)RS, aggregation is required to massively increase the

enhancement achieved and the aggregation conditions used are crucial to the success

of the analysis. To obtain successful SERRS of DNA, the use of spermine as an

aggregating agent is required. The nature of the label which is used, be it fluorescent,

positively or negatively charged also effects the SERRS response and these condi-

tions are again explored here. We have clearly demonstrated the ability to identify the

components of a mixture of five analytes in solution by using two different excitation

wavelengths and also of a 6-plex using data analysis techniques.

This book chapter will explore the ability of SE(R)RS to detect multiple analytes in

a mixture, that is, its ability to multiplex. The detection of DNA will be used as the

focus for this discussion however the capabilities of SE(R)RS can be easily extended to

any biomolecule, or indeed, any mixture of analytes with distinct spectral fingerprints.
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2 Introduction

Surface enhanced resonance Raman scattering (SERRS) [1–3] is a highly sensitive

technique, so sensitive in fact that single molecule detection has previously been

reported [4, 5]. It is a very attractive technique for the detection of biomolecules

because it produces molecularly specific spectra which make it feasible to easily

identify the components of a mixture in a single analysis without extensive

separation procedures [6].

SERRS is an advancement over normal Raman scattering which is an inherently

weak process with only around one in every million photons being Raman

scattered. Used correctly, it can combine many of the advantages of Raman

spectroscopy such as molecular specificity and selective identification of

a species in situ, with the additional advantages of high sensitivity. SERRS involves

adsorbing the analyte of interest onto a roughened metal surface and interrogating

the surface using a Raman spectrometer. The most commonly used metals for

SERS measurements are gold or silver [3, 7]. The reason for this are that the

electronic properties of gold and silver are suitable for SERS as they have surface

plasmons which lie in the visible region of the electromagnetic spectrum which

coincide with the commonly used Raman excitation wavelengths.

One of the main advantages of SERS, as well as its inherent sensitivity, is in the

nature of the spectroscopic data obtained. SERS is a vibrational technique therefore

the spectra obtained have sharp, molecularly specific peaks which are unique to the

molecule being analyzed. This is in contrast to other highly sensitive optical

detection methods such as fluorescence where the spectra produced are not molec-

ularly specific, broad and cannot be used to assign the structure of the molecule

being investigated. It is this highly advantageous feature of SERS which allows us

to analyze complex samples, for example, to obtain spectra from analytes contained

within complex media since if the spectrum of the analyte is known it can be easily

distinguished from background signals from the matrix. The other major advantage,

which will be focused on within this chapter is the ability to use these unique,

fingerprint spectral features to detect, quantify, and identify the components of

a mixture when multiple analytes are present, that is, multiplexing. The

multiplexing capabilities of SERS will be discussed in the context of biological

samples focusing specifically on the example of DNA, however this capability

could be easily extended to any analyte or mixture of analytes.

The labeling of biological components to aid in their detection is well

established and common practice using a wide range of techniques including

micro arrays, ELISA, separation science and real time PCR. The most widely

used labels are fluorescent or chemiluminescent in nature. These labels generally

offer a high degree of sensitivity, down to single molecule detection levels,

therefore they are the most widely used in biological characterization and diagnos-

tics [8]. The same labels can be used to label and detect biomolecules using SERRS

as well as using non-fluorescent labels allowing more labeling strategies to be used

which are potentially simpler, more extensive and as yet underdeveloped. To

achieve maximum surface enhancement the labels must have a chromophore
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which is coincident with the excitation frequency and the ability to adsorb onto

a suitable metal surface [9]. Many compounds of interest do not possess these

properties but addition of a SERRS active label can achieve this and this approach

has been used successfully for a number of targets including DNA [10–12]. The use

of a metal surface quenches any fluorescence emitted meaning that commonly

available fluorescent labels can be used for SERRS. Previously, SERRS detection

of oligonucleotides has made use of a covalently attached label followed by

a biological event then detection.

2.1 Surface Enhanced Raman Scattering

Surface Enhanced Raman Scattering (SERS) was first reported by Fleischman et al.

in 1974 [1]. During experiments using Raman spectroscopy to detect pyridine at

a silver electrode, it was noted that the Raman scattering was greatly increased

when the surface of the electrode was roughened. Work a few years later, in 1977,

by Jeanmaire and Van Duyne [2], and Albreicht and Creighton [13] demonstrated

that the Raman scattering from pyridine absorbed on a roughened silver surface was

a factor of 106 greater than the same amount of pyridine in solution. This large

enhancement in signal stimulated great interest in the technique and it was discov-

ered that the effect was not unique to pyridine. It has subsequently been shown that

it is possible to obtain SERS from a large number of molecules as long as they are

absorbed onto a roughened metal surface.

Surface enhanced resonance Raman scattering (SERRS) can be considered to be

a combination of two processes, resonance Raman and SERS, and it was first

reported by Stacy and Van Duyne [14] in 1983. As a consequence of this, the

enhancement in signal that is observed is greater than either of these two processes,

with SERRS spectroscopy an enhancement in scattering three to four orders of

magnitude greater than SERS is observed. This in turn corresponds to an enhance-

ment of up to 1014 in the scattering from some molecules compared to normal

Raman scattering.

For an analyte to exhibit SERRS, it must have a chromophore and by tuning the

frequency of the laser excitation to the absorption maxima of the analyte, as well as

the surface plasmon of the metal substrate, very large enhancements in signal can

be observed. This also gives a degree of selectivity as colored compounds with

absorption maxima close to the laser excitation will be selectively enhanced over

other species that may be present.

2.2 Mechanism of SERS

Since the discovery of the surface enhancement effect, it has been the subject of

much debate as to what the origins of the effect are. It is generally understood that

there are several mechanisms which are responsible for the observed enhancement.

There are two main theories: electromagnetic enhancement and charge-transfer or

chemical enhancement which will be mentioned only briefly here.
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The collective excitation of the electron cloud of a conductor is known as

a plasmon, if the excitation is confined to the surface of the conductor it is known

as a surface plasmon. For the excitation of surface plasmons by light, surface

roughness or curvature is required. The electromagnetic field of the light at the

surface can be greatly increased when the surface plasmon is excited. This results in

the amplification of both the incident and scattered and this is the basis of the

electromagnetic SERS mechanism [15].

Although electromagnetic enhancement can explain important features of the

SERS effect, it does not take into account in any way the chemical structure of the

analyte species. Therefore, chemical enhancement models take into account the

structural properties of the analyte and it is thought to operate independently from

electromagnetic enhancement. Chemical enhancement can result from charge-

transfer or bond formation between the metal and the analyte molecule which can

result in an increase in the polarizability, a, of the molecule. Therefore, a surface

complex between the analyte and the metal must form before chemical enhance-

ment can occur.

It is very difficult to separate the two enhancement effects but this has been

attempted by measuring the chemical enhancement from smooth metal surfaces

where it was found that the chemical enhancement effect was small [16, 17]. This

enhancement process is wholly adsorbate dependent and requires an analyte with

a functionality capable of chemi- or physisorption to the metal surface. There is

evidence for both these effects and it is widely believed that the enhancement may

occur from a combination of these two effects.

2.3 Metal Surface

A wide range of metals have been used to obtain surface enhancement; lithium,

palladium, cadmium, and nickel, however, the most commonly used are silver

[4, 7, 18], gold [19–22], and copper [23, 24] since they tend to give the largest

enhancement in signal and have surface plasmons which lie in the visible region of

the electromagnetic spectrum which coincide with the commonly used Raman

excitation frequencies.

A wide range of techniques have been used to obtain the roughened metal

surface that is required for SERS/SERRS. The original experiments used electro-

chemical methods to produce roughened metal electrodes [2–4] and this method is

still often used. Fiber optics [25], silver coated filter papers [26], nitric acid etching

of silver [27], silver coated titanium dioxide [28], and alumina [29], and polymers

sol-gels containing silver [30–32] have also been used. Laserna et al. [33] and

Rowlen et al. [34] have published papers comparing the effectiveness of some of

these SERS substrates.

However, one of the most commonly used substrates for SE(R)RS is colloidal

nanoparticle suspensions of the metal, and the most commonly used metals are

silver and gold. This is due to the fact that silver tends to give the greatest

enhancement in Raman scattering [35, 36], however gold nanoparticles are often
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used due to their ease of synthesis and they are often favored for work with laser

excitations in the near infrared [21]. Colloidal suspensions of nanoparticles are

a particularly attractive substrate for SERS/SERRS as they are relatively simple to

make, stable and offer a good degree of reproducibility [3, 37]. The colloid provides

a fresh surface for each analysis reducing contamination, which can be a problem

due to the high sensitivity of the technique. The colloids are relatively inexpensive

and can be made in a batch process that can make enough for several analyses.

The most commonly used suspensions of metal nanoparticles tend to be synthe-

sized by reduction of a metal salt by a reducing agent such as citrate, borohydride,

etc., resulting in colloidal suspensions of nanoparticles that tend to be fairly

monodisperse and stable over time [3, 7]. Much research has gone into the prepa-

ration of silver colloids to give the most reproducible and sensitive colloid. Such

citrate reduced silver colloids are thought to be stable for around 6 months due to

the colloid being stabilized by a layer of citrate molecules which are bound to the

metals surface. This would suggest that citrate reduced silver colloid will have a net

negative charge which can make it difficult for negatively charged analytes to get

good surface attachment and thus give good SERS/SERRS. Citrate reduced gold

colloids are also thought to be stabilized by a citrate layer [38, 39].

This chapter will focus almost exclusively on the use of metal nanoparticles to

provide the enhancing surface, however the ability to detect multiple analytes

simultaneously can equally be applied to any SERS active metal substrate. Also,

as previously stated, the focus here is on the multiplexed detection of DNA since it

is a good example of an area where there is a strong need for multiplexing

capabilities, however the research reported here could equally apply to another

biological system, or indeed, any multianalyte system.

3 Experimental and Instrumental Methodology

Silver Nanoparticles Preparation. A colloidal suspension of citrate reduced silver

nanoparticles was prepared using a modified Lee and Meisel [8] procedure.

Sample Preparation. All samples were prepared for SERRS analysis using the

following amounts of reagents, 10 ml of dye-labeled oligonucleotide, 10 ml of
0.1 mol dm�3 spermine, 250 ml of water, and 250 ml of citrate reduced silver

nanoparticles.

Concentration Studies. Concentration studies were carried out using the dye-

labeled oligonucleotides. The oligonucleotides were diluted to various concentra-

tions using sterile water. Samples were prepared as above. The samples were

analyzed within a minute of the addition of the silver colloid, and each oligonucle-

otide concentration was analyzed five times. The spectra obtained were the result

of a 10 s accumulation time with the spectrometer grating centered at 1,400 cm�1.

The spectra obtained were baseline corrected using the GRAMS/32 software and

the average peak height of the strongest peak in the spectrum was normalized to

the silicon standard peak and plotted against the concentration of labeled

oligonucleotide.
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Multiplexing. Multiplexing was carried out using six (or five in the case of dual

wavelength multiplexing) dye-labeled oligonucleotides. The labels used were

TAMRA, ROX, HEX, TET, FAM, and Cy3. The multiplex samples were all

prepared using initial stock solutions of labeled oligonucleotides that were prepared

to be at a concentration of 10�7 mol dm�3. The multiplex samples were then

prepared by making solutions containing every possible combination of the 6

labeled oligonucleotides resulting in 64 samples. In the multiplex sample mixtures,

water was used to replace missing oligonucleotides in the matrix samples, thus

allowing the overall concentration of the labeled oligonucleotides in each sample to

remain the same. The final concentration of each oligonucleotide in the multiplex

sample was 1.92� 10�9 mol dm�3. All samples were prepared for SERRS analysis

using the following amounts of reagents, 60 ml of dye-labeled oligonucleotide, 10 ml
of spermine tetrahydrochloride (0.1 mol dm�3, Sigma-Aldrich), 190 ml of distilled
water and 250 ml of citrate reduced silver nanoparticles. The samples were analyzed

within 1 min of the addition of the colloid and spermine and five replicates of each

multiplex concentration were prepared and analyzed in a random fashion. The

spectra obtained were the result of a 1 s accumulation time with the spectrometer

grating centered at 1,400 cm�1.

Instrumentation. The following Raman instrumentation were used; a Renishaw

Model 100 probe system with a 514.5 nm argon ion laser, utilizing a �20 objective

to focus the laser beam into a 1 cm plastic cuvette containing the sample and

a Renishaw Microscope System 1000 with a 632.9 nm helium-neon laser utilizing

a Ventacon macrosampler to focus the laser beam into a 1 cm plastic cuvette.

However, the same dye-labeled oligonucleotide detection limits can be obtained

with low cost Raman instrumentation such as the DeltaNu Advantage 532 nm

system, with a compromise in the peak resolution which may slightly influence

multiplexing capabilities.

4 Key Research Findings

4.1 SERRS of Labeled Oligonucleotides

Detecting target DNA sequences is an extremely important task in various areas of

molecular biology, and is a key step to many modern techniques of disease state

analysis. Current methodologies require the detection of a specific sequence, or

sequences, within a mixture. The most common way to do this is to attach a label to

the DNA sequence of interest thus allowing the presence of the label to be

indicative of the presence of a specific DNA sequence. The labeled sequence then

acts as a probe to the target sequence. In the majority of cases, the polymerase chain

reaction (PCR) is used to amplify the DNA sequence of interest during which

a hybridization event takes place that allows the labeled probe sequence to be

detected and hence infer the presence of the target. The detection is normally then

carried out using a spectroscopic method, most commonly fluorescence
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spectroscopy, in which case the label attached to the sequence will be fluorescent in

nature. However, there are several drawbacks to using fluorescence as a detection

technique. The main problem is the nature of the fluorescence emission spectrum

which is broad and gives limited characteristic information about the target analyte.

This makes the detection of multiple analytes in a mixture difficult due to the large

spectral emission overlap that occurs from more than one fluorophore. In practice,

using a single excitation light source, only four labels are generally detected at

once, three if an internal standard is used unless some sort of physical separation

method is employed. Thus, to increase the amount of data obtained per experiment

and reduce the number of separate measurements required for DNA analysis, it is

desirable to increase the number of DNA sequences that can be detected simulta-

neously, without separation, in a single experiment.

4.2 Practical Detection of DNA by SERRS

As already stated, to achieve the maximum SERRS enhancement, the analyte

molecule must contain a chromophore in the visible region which coincides with

the Raman excitation wavelength. DNA does not naturally have this property

therefore it has to be modified to allow spectroscopic detection. The chemistry

involved in labeling DNA is well characterized since these labeling strategies are

routinely used in standard fluorescence detection methodologies.

Custom modifications have previously been developed whereby a non-

fluorescent chromophore can be attached to the DNA sequence to provide

a strong SE(R)RS signature which is indicative of the DNA sequence present.

This has been done previously using DABCYL, phthalocyanines and black hole

quenchers (BHQs) as well as specifically designed simple azo dyes which contain

moieties to aid in their binding ability to metal surfaces such as the benzotriazole

motif which has been shown to be very effective at complexing onto silver

nanoparticles [12, 13, 40, 41].

However, the simplest method is to use commercially available fluorophores as

the label. This approach is much less synthetically challenging as the labels are

commercially available and the procedures for attachment of these labels to

sequences of DNA or biomolecules is well characterized and understood. The

benefit of this approach is also that there are many fluorophores available which

have varying absorption maximum therefore they can be chosen to coincide with

the Raman excitation wavelength of your choice. The fact that these molecules are

fluorescent does not present the same problem as would be the case in conventional

Raman spectroscopy since in surface enhancement the fluorescence emitted by the

fluorophore is quenched by the metal surface. The other main advantage of using

commercially available fluorophores is that there are a large amount of fluorescent

labels available, all with unique spectral fingerprints which make them ideal for

multiplexing. For example, the structure and the spectral signature of DNA

sequences labeled with FAM, TET, and HEX are given in Fig. 13.1 and it can be

seen that although the structure of the three labels are very similar, varying only in
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the amount of chlorines on the ring structure, their SERRS spectra are all unique.

This opens a vast library of labels which can be used for multiplexing.

The other main requirement to obtain SE(R)RS is that the analyte molecule must

come in contact with or be very close to the metal surface used for enhancement.

The majority of the work discussed here uses citrate reduced silver nanoparticles

which have a net negative charge in aqueous solution due to a layer of citrate that

exists on the surface of the silver particles [38]. Since DNA is overall negatively

charged, due to the phosphate groups present in the DNA backbone, it is unable to

absorb efficiently onto the surface of the silver colloid. However, the surface charge

of the nanoparticles can be altered by addition of a positively charged species which

will change the effective surface charge of the nanoparticles due to electrostatic

layering. A range of species such as ions, poly-L-lysine, and spermine have been

investigated for their ability to allow adsorption of negatively charged DNA onto

negatively charged nanoparticles, however the polyamine, spermine has proven to

be most effective [42]. Spermine hydrochloride has been shown to interact with the

DNA backbone and neutralize the negatively charged phosphate backbone of the

DNA allowing it to come down onto the metal surface [43]. The spermine also has

the advantage that, when in excess, it will also aggregate the metal nanoparticles to

give higher enhancement of the Raman scattering due to the increased electromag-

netic enhancement experienced through the coupling of the plasmons when the

nanoparticles interact. Therefore, spermine serves a dual purpose in these types of
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studies, namely it promotes surface adsorption of the negatively charged oligonu-

cleotide probe and also aggregates the nanoparticles to provide the higher surface

enhancement from the aggregated nanoparticles as opposed to the individual

nanoparticles.

The dye labels can also be chosen to aid in the adsorption process to the metal

surface, that is, the dye can be specifically designed to have a metal surface

complexing group as well as a chromophore such as is the case with azo dyes

synthesized to have a benzotriazole group [12, 13] or the charge on the label itself

can aid in this adsorption process. Some fluorophores will have a net positive

charge in aqueous solution, for example, R6G, ROX, and TAMRA and therefore

no further modification is required to allow oligonucleotides modified with these

labels to attach to the negatively charged silver surface (Fig. 13.2a). However, some

fluorescent labels will have a net negative charge in aqueous solution, for example,

Cy3 and FAM therefore further modification of the oligonucleotide is required for

effective surface adsorption to occur. Propargylamine modification of DNA

sequences utilizing negatively charged dye labels has previously been reported

and initially involved the addition of six modified nucleobases at the 50-terminus

close to the dye label (Fig. 13.2b) [44]. When placed in aqueous solution the

terminal primary amine groups of the propargylamines will be protonated resulting

in a positive charge, allowing the DNA to more effectively adsorb onto the negative

silver surface. It has recently been discovered that we do not require six
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Fig. 13.2 Schematic representation of the process required to achieve detection of labeled DNA

by SERRS. Represented is (a) an oligonucletide labeled with R6G which is already positively

charged, therefore no surface modification is required to allow adsorption onto a silver nanopar-

ticle surface and excited with laser light to give a SERRS spectrum and (b) an oligonucleotide

modified with a negatively charged dye label, in this case HEX, which requires further modifica-

tion of the DNA with propargylamine to introduce a region of positive charge to allow adsorption

to the metal nanoparticle
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propargylamine-modified nucleobases and that double the SERRS signal can be

obtained by adding one modified nucleobase, however at least two are required to

get the optimal surface absorption [45]. Therefore, the action of spermine combined

with either a positively charged dye or a negatively charged dye and the

propargylamine-modified bases allows good absorption of DNA and hence

successful SERRS to be obtained.

4.3 Sensitivity of SERRS

When oligonucleotides are designed and analyzed using the conditions described

above, it is possible to achieve extremely sensitive detection of labeled oligonu-

cleotides using metal nanoparticles [36, 43]. It is possible to achieve quantitative,

linear SERRS responses when the concentration of the labeled oligonucleotide is

kept below monolayer coverage of the nanoparticle surface.

A direct comparison between the detection limits using SERRS and fluores-

cence, when the labels on the DNA are fluorescent, has been carried out, thus

allowing a direct comparison of the two techniques. The limits of detection of five

different labeled oligonucleotides are shown in Table 13.1 using a range of exci-

tation frequencies and silver nanoparticles [46]. The fluorescence detection limits

were calculated using routinely available fluorometers, specifically quantitative

PCR instrumentation, thus giving a direct comparison as they are instruments

currently found in functioning molecular diagnostic laboratories. The SERRS

detection limits were also calculated using a range of different spectrometers,

Table 13.1 SERRS limits of detection for a range of dye-labeled oligonucleotides using citrate

reduced silver nanoparticles. No value indicates the experiment was performed but the limit of

detection is higher than the base concentration of each dye (�1 � 10�8 M). The fluorescence

detection limits were not measured (N.M.) for all of the dyes hence the not measured entries

Dye label

lmax

(nm)

lex: 514.5 nm lex: 632.8 nm lex: 785 nm

Fluorescence

LoD

Silver

(mol dm�3)

Silver

(mol dm�3)

Gold

(mol dm�3)

Silver

(mol dm�3) (mol dm�3)

FAM 492 2.7 � 10�12 2.0 � 10�9 – – 6.5 � 10�8

R6G 524 1.2 � 10�12 1.1 � 10�10 – – 3.5 � 10�8

Cy 3 552 2.6 � 10�10 1.5 � 10�10 – – 4.6 � 10�9

ROX 585 8.1 � 10�11 3.3 � 10�11 1.1 � 10�9 – 2.3 � 10�8

BODIPY

TR-X

588 1.3 � 10�10 7.9 � 1012 4.9 � 10�10 – N.M.

PtcCo 625 – 3.2 � 10�11 N.M. – Not

fluorescent

PtcAl 640 – 2.8 � 10�11 N.M. – Not

fluorescent

PtcZn 680 1.4 � 10�10 3.2 � 10�11 N.M. – Not

fluorescent

Cy5.5 683 – 5.2 � 10�12 7.3 � 10�11 – N.M.
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including Raman microscopes and fiber optic-based systems and the detection limits

were approximately the same for each of the different Raman systems, regardless of

cost or configuration. This indicated that, although there is a compromise in terms of

peak resolution when the specification of the spectrometer is lowered, the absolute

sensitivity in terms of limits of detection does not appear to be compromised.

The main point to note from Table 13.1 is that under these conditions SERRS is

much more sensitive than fluorescence with SERRS detection limits generally at

least three orders of magnitude more sensitive than fluorescence [46]. The other

feature of the data presented in the table is that there is a clear correlation between

the lmax of the dye and the excitation frequency used. This confirms how important

the resonance contribution of the label is to the sensitivity of the detection system

and that for maximum sensitivity, a resonance contribution with the dye label as

well as a resonance contribution with the surface plasmon of the aggregated silver

or gold nanoparticles is necessary for maximum enhancement in signal to be

achieved. For example, the lowest detection limits obtained for R6G, which has

a lmax of 524 nm, are achieved when an excitation of 514.5 nm is used and this

detection limit increases by as much as two orders of magnitude when we move

away from resonance and use 632.8 nm excitation. It should also be noted that silver

nanoparticles tend to give lower detection limits than gold, even when higher

excitation wavelengths are used.

These results highlight that, if the SERRS conditions are carefully and correctly

chosen, SERRS is an extremely powerful and sensitive technique. It has improved

sensitivity over fluorescence, resulting in detection limits that are generally at least

three orders of magnitude lower. However, one of the main advantages of SERRS

over fluorescence, or any other optical detection technique for that matter, is that

coupled with the sensitivity SERRS produces spectra which are molecularly spe-

cific and give a pattern of sharp peaks. Thus, SERRS has a huge advantage over

fluorescence when analyzing mixtures of analytes since SERRS spectra contain

more spectral features to distinguish the analytes whereas fluorescence spectra of

mixtures tend to have broad overlapping features which are more difficult to

discern. The ability of SERRS to multiplex, or to detect multiple analytes within

the same sample using one analysis will be investigated in the remainder of this

chapter using DNA as the example.

4.4 Multiplexing

As well as the inherent sensitivity of SERRS and the ability to obtain quantitative

detection of dye-labeled oligonucleotides, one of the main advantages of SERRS is

the ability to multiplex. In the context of DNA detection, we use the term

multiplexing to mean the ability to detect multiple labels attached to different

DNA sequences at the same time, but without using any physical separation

procedures. Therefore, the resultant SERRS signal from the label will be indicative

of the presence or absence of a particular sequence of DNA. The sharp vibrational

fingerprint spectra obtained using SERRS are ideally placed to allow us to separate
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the components of a mixture using spectroscopy. This can either be simply done

visually when there are, for example, three carefully chosen labels in the mixture,

however when the mixture contains more components separation becomes much

more complex and impossible by eye and it therefore requires mathematical

methods to separate and identify the components of the multiplex. Obviously, if

an array-based format is used then the multiplexing capability can be increased

infinitely by employing spatial separation, however this chapter will focus on the

solution-based multiplexing capability of SERRS and the separation of the spectral

features of the components.

We have previously shown how phthalocyanines can be used as unique SERRS

labels for DNA and demonstrated how they can be used to successfully discriminate

between two different DNA sequences. Phthalocyanines have porphyrin structures

with metal centers and by varying the metal center the optical properties of the

phthalocyanine can be altered to change their absorbance properties or to become

fluorescent or non-fluorescent [41]. Cobalt and zinc phthalocyanines were used to

provide different labels attached to oligonucleotides which could then be quantified

in terms of their SERRS response and when mixed in a multiplex in different ratios

each could be easily identified (Fig. 13.3).

Initial work on the duplex detection of fluorescently labeled oligonucleotides

was carried out using HEX and R6G labeled oligonucleotides where it was possible

to discriminate the ratio of each oligonucleotide sequence present based on the

SERRS signal from the labels [47]. A 3-plex of fluorescently labeled oligonucleo-

tide sequences has also been detected by eye, however in this case a lab-on-a-chip

format was used. In this example, microfluidics chips were generated from PDMS

and DNA sequences labeled with Cy3, FAM, and TET were introduced into the

chip, the SERRS signals were measured at a point further down the channel [48].
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A microfluidics approach allowed simultaneous detection of three different DNA

sequences corresponding to different strains of the Escherichia coli bacterium.

We have also recently carried out a 5-plex of labeled oligonucleotide sequences

where we managed to identify five different labeled oligonucleotides in a mixture

by careful choice of the label and by using two excitation wavelengths [49]. The

sequences used corresponded to a range of different targets. FAM, Cy5.5, and

BODIPY TR-X were used to label a universal reverse primer, rhodamine 6G

(R6G) was used to label a probe for HPV, and ROX to label a probe to the VT2

gene of E. coli 157. The labels were carefully chosen since they have different

absorbance maxima (Table 13.1) and because they have unique SERRS spectra.

The spectra obtained from each of the individual labels are shown in Figs. 13.4a

and 13.3b, using two different laser excitation frequencies. It can be clearly seen

that each label gave a distinctive spectrum, however since the dye labels have

different absorbance maxima they will not all be in resonance with the same laser

excitation frequency and this property can be exploited to produce a very sensitive

and selective method for detecting each of these labels within a mixture of the

others using two different laser excitation frequencies. Figure 13.4a shows the

spectra of the five labeled oligonucleotides when an excitation wavelength of

514.5 nm was used. Only three of the dye-labeled oligonucleotides (R6G, FAM,

and ROX) gave an intense spectrum at this wavelength and this is due to them being

in resonance at this excitation wavelength (Table 13.1). Figure 13.4b shows the

spectra of the same five dye-labeled oligonucleotides using an excitation wave-

length of 632.8 nm, again only three of the labels gave an intense spectrum at this

wavelength, however in this case, the labels were Cy5.5, BODIPY TR-X, and

again, ROX (ROX could be detected at both excitation wavelengths since it has

two absorbance peaks, one at 585 nm and one at �530 nm which will be in

resonance with the 514.5 nm laser).

The multiplex spectra obtained using each excitation frequency are also shown

in Fig. 13.3. Using 514.5 nm excitation two identifying bands from FAM and

rhodamine 6G can be clearly distinguished and that from the multiplexed spectrum

of the same mixture at 632.8 nm excitation identifying bands from ROX, Cy5.5,

and BODIPY TR-X can be clearly distinguished. The bands chosen allowed simple

and fast identification of the oligonucleotides in the mixture by looking for the

presence, or absence, of these key marker bands. The bands had sufficiently

different Raman shifts to allow this multiplexed identification to be done by eye.

This approach is very powerful since it is possible to manipulate the resonance

contribution of the labels to our advantage; however, this is not always possible,

particularly when we wish to increase the multiplexing capability or we only have

one excitation frequency available. Clearly, multiplexing could be greatly increased

by the use of data analysis techniques and it then becomes necessary to use

chemometrics methods to separate the components of the multiplex. Figure 13.5a

shows the individual spectra of six dye-labeled oligonucleotides and Fig. 13.5b shows

the multiplex spectrum of a 6-plex and the difficulty in separating the components of

the multiplex by eye becomes apparent due to the lack of visually distinguishable

peaks. Therefore, in this case it becomes necessary to adopt a multivariate analysis
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(MVA) approach rather than looking for specific discriminatory Raman bands

[50, 51]. In MVA, the whole of the SERRS spectrum is considered.

Using this approach the first multiplexed simultaneous detection of six different

DNA sequences, corresponding to different strains of the Escherichia coli bacte-
rium, each labeled with a different commercially available dye label (ROX, HEX,

FAM, TET, Cy3, or TAMRA) was reported [52]. In this study, both exploratory

discriminant analysis and supervised learning, by partial least squares (PLS)

regression, were used and the ability to discriminate whether a particular labeled
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oligonucleotide was present or absent in a mixture was achieved using PLS with

very high sensitivity (0.98–1), specificity (0.98–1), accuracy (range 0.99–1), and

precision (0.98–1).

4.5 Multiplexed Assays

All of the work described above involved the direct detection of labeled DNA

sequences, however to generate useful detection methodologies, it is required to

carry out some molecular biology to create a meaningful assay which will detect

a specific, target DNA sequence of interest in a genuine biological sample. For the

detection of DNA targets, the most obvious way to do it is to use a PCR-based

approach to amplify and detect the presence of a specific sequence. As stated

previously, there are studies in the literature relating to array-based formats for

specific DNA detection by SERRS, however, this chapter is focusing on
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Fig. 13.5 Schematic representation of the use of chemometrics to deconvolute the multiplex

spectrum of six dye-labeled oligonucleotides. (a) Shows the individual spectra of six dye-labeled

oligonucleotides and (b) shows the spectrum of the mixture of the six labeled oligonucleotides
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nanoparticle and solution phase-based detection systems and as such the assays

reported here relate mainly to this type of format.

An early study for the detection of the mutational status of the cystic fibrosis

transmembrane conductance regulator gene used an amplification refractory muta-

tion system (ARMS) approach combined with SERRS [53]. The assay proved to be

a good example of the ability to provide a selective 2-plex identification of different

gene sequences from genuine patient examples. There are three different possibil-

ities for the genetic status of this particular gene: the wild type, where both alleles are

normal, the heterozygote, where one allele is mutated and one is normal, and the fully

homozygote mutant where both alleles have the mutated DNA sequence. Specific

labeled primers were designed to amplify the region relating to this mutation and used

in a multiplexed PCR assay. The PCR amplicons were then identified by SERRS after

removal of any unincorporated primers. This allowed the successful determination of

the mutational status of these particular samples without the additional separation

steps commonly performed in the fluorescence assays [54].

Recent work has developed an assay which has the potential to be used in

a closed-tube, homogeneous, and multiplexed assay format [55]. The assay is

based on the observation that double stranded DNA has a lower affinity for the

surface of silver nanoparticles than single stranded DNA (Fig. 13.6). Therefore,

when a single stranded probe sequence labeled with a SERRS active label is added

to silver nanoparticles a strong SERRS signal is obtained. However, when the

complementary target sequence is present it will hybridize to the labeled probe

sequence resulting in a duplex which has a lower affinity for the metal surface

resulting in a much reduced SERRS signal as a result of the presence of target DNA.

This results in reduced SERRS signal compared to when no target or

noncomplementary target is present. The lower affinity of the dsDNA for the

metal surface is thought to be due to the increased electrostatic repulsion of the

exposed negative phosphate backbone of dsDNA compared to ssDNA.

This assay was used for the detection of three genes which are associated with

MRSA and three different SERRS labels namely FAM, HEX, and TAMRA were

used to identify these sequences. Using this approach it was possible to detect not

only the exact complement DNA but also PCR product. It was also possible to

detect every possible combination of the three sequences, present or absent, within

a mixture demonstrating the multiplexing potential of SERRS for use in homoge-

neous molecular diagnostics assay.

Vo-Dinh et al. have previously developed a surface-based assay to detect the

BRCA1 gene that codes for breast cancer susceptibility. This approach was used to

generate an array of capture sequences immobilized on a 9 nm silver layer on

a glass surface using a thiolated DNA capture sequence. The rhodamine labeled

BRCA1 target was then captured on the surface by hybridization to the comple-

mentary target sequence. This format was only used for the detection of one

sequence of DNA however it could be easily extended to give spatial multiplexing

of multiple targets with different labels [56, 57]. A more recent approach to DNA

detection makes use of molecular sentinels which are based upon molecular

beacons, Fig. 13.7a [58]. The molecular sentinel is comprised of a region
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complementary to the target DNA sequence and a self-complementary stem that

holds the sentinel in a closed, hairpin loop conformation. One of the stems of the

hairpin is functionalized with a thiol group to allow it to be attached to the surface

of a silver nanoparticle and the other end is functionalized with a Raman reporter. In

the closed conformation, an intense SERS signal is observed due to the close

proximity of the reporter to the metal surface. However, in the presence of the

target DNA sequence the sentinel will open resulting in the Raman reporter

becoming distal to the surface of the metal nanoparticle. Therefore, this approach

results in a reduction in the SERRS signal obtained upon binding of target DNA.

The molecular sentinels have been used to achieve the multiplexed detection of two
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Fig. 13.6 Schematic representation of the SERRS detection assay. (a) When target DNA is not

present the dye-labeled DNA probe is free to adsorb on the surface of the silver nanoparticles

resulting in an intense SERRS signal (b) in the presence of target DNA the probe will hybridize to

its complement and in this case, the dsDNA is not adsorbed onto the surface of the silver

nanoparticles resulting in a reduction in the SERRS signal
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genes which were biomarkers for breast cancer by creating two sentinels, one

labeled with Cy3 and TAMRA (Fig. 13.7b). However, both of these assays have

the distinct disadvantage that they are negative assays, that is, the presence of the

target DNA sequence results in a decrease rather than an increase in signal.

Recent work by Lowe et al. used the ligase detection reaction (LDR) to detect

SNPs in a multiplexed manner using SERS [59]. The so called LDR-SERS

approach involved the functionalization of an oligonucleotide primer (which

binds downstream of the SNP) with an amine to allow it to attach to the surface

of nanoparticles after the ligation. A second oligonucleotide primer sequence
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conformation adopted by the

MS nanoprobe (left: closed
state). (b) In the presence of

the complementary target

DNA, the hairpin

conformation of the MS

nanoprobe is disrupted and

the SERS signal is quenched

due to the physical separation

of the Raman label from the

surface of the silver
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incorporating a Raman active fluorophore and a discriminatory base at the 30 which
binds adjacent to the first primer was then used. Since the ligation reaction will only

occur when the upstream primer matched perfectly with the template, this means

that a Raman signal will only be observed when ligation of the two primers occur

since only in this case will the fluorophore be close to the surface of the nanoparticle

to give enhancement. Using this approach, a multiplex of two SNP samples were

detected, the wild type discriminating primer (labeled with TAMRA) and the

mutant (labeled with FAM), which could be detected by eye.

Mirkin et al. have reported the detection of DNA using a microarray-based

format. A microarray chip was spotted with capture DNA strands, complementary

to half of the target DNA sequence [60]. Gold nanoparticles were functionalized

with the other half of the sequence of DNA complementary to the target sequence;

however, in this case, a fluorophore, initially Cy3, was attached to the end of the

DNA strand in close proximity to the nanoparticles surface. After capture of the

target sequence, silver staining was used to further enhance the Raman scattering

signal and detection was carried out using a 633 nm laser excitation. Using this

approach, it was possible to detect six different target DNA sequences by using

different fluorophores for each of the sequences used to functionalize the nanopar-

ticle surface. However, this approach used a spatial multiplex approach to physi-

cally separate each of the targets onto different areas of the chip and SERS was used

to ensure that there was no nonspecific binding by checking there was only one

SERS spectrum per array spot. Using this approach, detection limits of 20 fmol

were obtained. During this study, however, the simultaneous detection of SNP

targets was carried out. Two RNA targets which bind to the same capture strand

of DNA, but have a single base mismatch that lies within the region of the probe

sequence, were used to functionalize the nanoparticle; therefore two different

sequences labeled with two different fluorophores were used to detect the two

target RNA strands. It was possible to use the relative change in the SERS signal

of the multiplex of the two reporters to give the relative ratios present in each of

the targets.

Irudayaraj et al. have reported the multiplex detection of up to eight different

non-fluorescent nanoparticles functionalized with one sequence of DNA [61]. In

this approach, a thiolated sequence of DNA was used to functionalize the surface of

gold nanoparticles and then non-fluorescent Raman reporters were added to the

surface of the nanoparticle to code them with a SERS signal. It was reported that

multiplex detection of two, four, and eight differently labeled nanoparticles could

be detected in one analysis. However, only one DNA sequence was used in this

study to label all the different “flavors” of nanoparticles and the detection of

a specific, target DNA sequence by SERS was not reported. However, it was

possible to observe the change in surface plasmon by UV–Vis spectroscopy when

two batches of nanoparticles functionalized with complementary sequences were

hybridized together.

The same group has also reported a multiplexed assay based upon the Mirkin

approach but in this case using an array format with non-fluorescent Raman

reporters and the reporter molecule was added directly to the surface of the
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nanoparticle rather than to the end of the sequence of DNA [62]. Thiolated DNA

capture probes were immobilized on the surface of a gold coated glass slide

whereupon target DNA was added and allowed to hybridize to the capture probes.

The SERRS reporter was then added in the form of gold nanoparticles

functionalized with DNA and non-fluorescent Raman reporters, prepared in the

same way as described previously [62], the attached DNA sequences were com-

plementary to half of the target sequence, completing the sandwich. A silver

enhancement solution was then added to enhance the signal. Using this approach,

it was possible to detect four DNA sequences specific to the BRCA1 alternative

splice variants by labeling the gold nanoparticles with four different reporters

indicative of four different sequences. Detection limits of 1 fmol were also

achieved. The same array format was also used to monitor gene expression in

cancer cell lines [63]. In this case, a multiplex of two splice junction variants of the

BRCA1 breast cancer susceptibility were identified simultaneously by SERS after

extraction of mRNA from cancer cells and carrying out DNA/RNA hybridization

assay followed by S1 nuclease digestion to remove any single stranded nucleic

acids leaving only the target DNA/RNA duplex, before carrying out the SERS array

assay as before.

Another approach we have recently developed is also based upon the use of

DNA functionalized nanoparticles, however in this case the sequence specific

hybridization event is used to “turn on” the SERRS signal through controlled

assembly of nanoparticles into aggregates [64]. Assembly of gold nanoparticles

by a biological interaction has previously been reported by a number of groups,

however in this work silver nanoparticles rather than gold were used due to their

high extinction coefficient and the increased level of surface enhancement obtained

from silver compared to gold. This has the added benefit that the silver staining step

in the previously assays, which was required to increase the enhancement, is no

longer required. This study utilizes a solution-based methodology similar in con-

cept to work previously reported by Mirkin et al. with gold in the absence of any

SERS [60]. Silver nanoparticles were functionalized with a specifically designed

SERRS dye, 3, 5-dimethoxy-4-(60-azobenzotriazolyl)phenol, which contains

a chromophore, a benzotriazole group which complexes strongly to silver metal

and a negatively charged phenolic group to prevent nonspecific aggregation of the

nanoparticles. The nanoparticles were then further functionalized with 50 thiolated
oligonucleotide sequences, complementary to half of the target sequence. Another

batch of nanoparticles were also synthesized with the dye and the other half of the

probe sequence complementary to the target. Upon addition of target DNA, the

hybridization to the two complementary probe sequences occurred which resulted

in the nanoparticles being brought close together, that is, the nanoparticles were

assembled due to the hybridization event, resulting in a large increase in the SERRS

signal due to the increase electromagnetic enhancement experienced by the dye

label due to the aggregation event.

This was further extended to allow the multiplex detection of two different target

sequences of DNA using two different Raman reporter dyes to code for different

probe sequences on the nanoparticles. In this advancement, three batches of
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nanoparticles were prepared, each functionalized with a different sequence of DNA

and coded with two different dye labels, dye 1 and dye 2. Two different target

sequences were used to assemble the three sequences such that one hybridization

event resulted in SERRS signals being obtained from one dye label only, dye 1,

whereas the second hybridization event resulting on SERRS spectra being obtained

from both dye 1 and dye 2, see Fig. 13.8. This is the first time that nanoparticles

assemblies have been used to turn on the SERRS effect due to a biological

interaction as well as demonstrating the potential to use this effect to simulta-

neously detect multiple target sequences in one analysis.

This chapter has so far solely discussed the multiplexed detection of DNA by

SERS as a demonstration of its potential in this area. However, since the

multiplexing potential of SERS, as well as its inherent sensitivity, is one of its

greatest advantages it has been explored in other areas as well as in DNA analysis.

4.6 Other Multiplexed Formats

Recent work has been published on the use of SERS reporters for in vivo analysis.

In 2008, Shuming Nie published work on the in vivo targeting of tumors in live mice

[65]. The SERRS particles consisted of 60 nm gold nanoparticles functionalized with

a Raman reporter dye molecule and then stabilized with thiolated polyethylene

glycols (PEGs). Targeted SERS nanoparticles were prepared by having a mixed

monolayer of thiolated PEG and a heterofunctional thiolated PEG with a carboxylic
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Fig. 13.8 Selective enhancement of specific Raman signals through DNA hybridization. The

assay consisted of three different conjugates. Each had a different, noncomplementary oligonu-

cleotide (sequence A, sequence B, and sequence C). Conjugates A and B were functionalized with

dye 1, denoted in blue, and conjugate C was functionalized with dye 2, denoted by red. These three
conjugates were mixed together at 30 pM final concentration. When a target complementary to

A and B is added, only dye 1 is enhanced (top right), and when a target complementary to B and

C is added, the spectrum for dye 1 and dye 2 is enhanced (bottom right)
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acid terminal group. The carboxylic acid group allowed the covalent addition of the

ScFv antibody, which binds to the EGFR receptor of cancer cells, using EDC

coupling. Using these functional nanoparticles, it was possible to target the cancer

cell in vivo by locating the nanoparticles using SERS. However, this was not carried

out to detect multiple targets in a multiplexed manner.

Using a different nanoparticles approach Gambhir et al. used commercially

available “nanotags” consisting of gold nanoparticles functionalized with non-

resonant Raman reports stabilized with a silica coating [66]. Two differently

labeled SERS nanotags were injected into a mouse at three different injection

sites and it was possible to detect all three using their SERS signature. Multiplexing

was also used to study the fate of two different SERS, one functionalized with PEG

and one without, where it was found that both the PEGylated and non-PEGyated

nanotags accumulated in the liver to the same extent. In a similar study, the same

group were able to carry out multiplex detection of ten different nanotags in vivo,

spatially separated at different injection sites [67]. During this study, the

simultaneous detection of five different tags was carried out to determine the

accumulation of the nanotags within the liver. During this study, the potential

application of the nanotags for diagnostics application at depth within tissue, was

discussed for example, for the laparoscopic detection tumors, however, this was not

demonstrated. However, in a recent publication using surface enhanced spatially

offset Raman (SESORS) the detection of functionalized nanoparticles, SERS

signals could be detected at a depth of between 15 and 25 mm in tissue [68]. This

clearly demonstrates the great potential of SERS for targeted in vivo diagnostics at

clinically relevant depths.

Another recent article by Kneipp et al. demonstrates the use of multiplexing

within live cells [69]. Two different SERS particles, aggregates of metal

nanoparticles functionalized with two different reporter molecules could be imaged

within cells using SERS. The data obtained was analyzed using cluster methods

and principal components analysis to detect the two SERS reporters within the

live cells.

5 Conclusions and Future Outlook

SERS is an extremely sensitive and selective technique; however, one of its main

advantages over other detection techniques is the ability to detect multiple analytes

simultaneously. Although the potential to provide this type of multiplexed analysis

is often discussed with reference to SERS there are actually few publications that

successfully demonstrate this in practice. However, in recent years the multiplexing

capability has been more widely explored by researchers within the field resulting

in data to support this capability of the technique.

This chapter has demonstrated the advantages of using SERS as an analytical

technique for the detection of dye-labeled oligonucleotides when compared to other

commonly used techniques. The experimental procedures and design of DNA
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probes which allows extremely sensitive and selective detection to be achievable

have been outlined with an emphasis on the multiplexing capability. The range of

labels available for SERS analysis, the ability to multiplex and subsequently

successfully analyze multiplex data has been examined. These aspects have been

discussed and indicate how SERRS can be obtained in a quantitative, multiplexed

manner from meaningful targets. This is now leading to the development of

quantitative methodologies for a range of specific targets using SERRS detection

including proteins, DNA, and small molecules. The key feature of SERS which

provides the largest advantage over competitive techniques is the multiplexing

capability and this looks set to be exploited for in the future in terms of research

and commercial applications. For instance, the use of SERRS detection in genuine

molecular diagnostic assays is still in its infancy but shows excellent promise and

a number of different avenues are currently under investigation by several groups to

exploit SERRS as a highly informative, bioanalytical technique for quantitative,

ultrasensitive analysis.
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Raman Spectroscopy of Iron Oxide
Nanoparticles 14
Maria A. G. Soler and Fanyao Qu

1 Definition of the Topic

Superparamagnetic iron oxide particles and their Raman spectra.

2 Overview

Superparamagnetic iron oxide (SPIO) particles with tailored surface chemistry have

been intensively investigated due to great potential applications, for instance,

electromagnetic shielding, spintronics, data storage, catalysis, transformers, bio-

medicine, and chemical and biological sensors. All these applications require that

these nanoparticles have high magnetization values and small size with overall

narrow particle size distribution. This chapter summarizes the recent advances in

SPIO characterization employing Raman spectroscopy. After a brief introduction

about Raman technique and iron oxide materials, the chapter focuses on represen-

tative results about the versatility of Raman spectroscopy in phase identification

and phase transitions in SPIO systems as well in the characterization and optimi-

zation of the synthesis processes.

3 Introduction

The magnetic, chemical, mechanical, optical, and electrical properties of materials

change as their size approaches nanoscale and as the percentage of atoms at the
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material surface becomes significant [1, 2]. Nanoparticle size confers unique size-

dependent properties such as surface plasmon resonance in some metal particles,

quantum confinement in semiconductor quantum dot, and superparamagnetism in

magnetic materials. There are many examples of macroscopic manifestation of

materials properties due to nanosized effects: Copper nanoparticles smaller than

50 nm are super hard compared to bulk copper, and they do not exhibit the same

flexibility and ductility as the bulk copper [3]; optical emission tunability of

semiconductor quantum dots [4]; the zero-remanence combined with high satura-

tion magnetization of transition-metal nanosized particles [5]. In addition to

these changes in material properties, when the size of materials approaches the

nanoscale, they also present novel chemical properties and unusual visualization.

For instance, in the macroscale, gold is a yellow-colored inert element. Gold

nanoparticles, however, become red-colored and extremely reactive in solution,

and they can be used as catalysts to speed up reactions.

Since nanoparticles form a bridge between bulk materials and molecular struc-

tures, they are of great scientific interest. For example, superparamagnetic iron

oxide (SPIO)-based materials, such as nanosized magnetite (Fe3O4), maghemite

(g-Fe2O3), and cobalt ferrite (CoF2O4), have received increasing attention from

areas as different as physics and medicine, driven by their unusual and/or enhanced

fundamental properties [6–8]. The superparamagnetic behavior of single-domain

magnetic particles is similar to that of paramagnetic materials, losing their net

magnetization when the applied magnetic field is removed but presenting remark-

ably high saturation magnetization below the Curie temperature (Tc). Moreover,

SPIO-based nanoparticles also offer many attractive applications in biomedicine.

Firstly, since their sizes are controllable in the range of a few nanometers up to tens

of nanometers, one can fabricate them with dimensions smaller than or comparable

to those of a cell (10–100 mm), a virus (20–450 nm), a protein (5–50 nm), or a gene

(2 nm wide and 10–100 nm long). In addition, magnetic nanoparticles can be

functionalized with specific molecules to make them interact with or bind to

a biological entity. Secondly, the magnetic nanoparticles can be manipulated by

uniform external magnetic field. This way they can be prompted to deliver a parcel,

such as an anticancer drug, or a cohort of radionuclide atoms, to a targeted region of

the body, such as a tumor [9]. Thirdly, the magnetic nanoparticles can be made to

respond resonantly to a time-varying magnetic field, with advantageous results

related to the transfer of energy from the exciting field to the nanoparticle [10].

However, it is important to keep in mind that the size, charge, and surface chemistry

of the magnetic particles, strongly affect both the blood circulation time and

bioavailability of the nanoparticles within the body. Thus, all these biomedical

and engineering applications require that nanoparticles possess high magnetization

values and have size smaller than 100 nm with an overall narrow particle size

distribution. Therefore, control and design of nanoscale structures and their mag-

netic properties are challenging issues in both basic and applied magnetism; where,

the complexity of the local magnetic structures such as surfaces, interfaces,

and domain walls plays a key role. Since the changes of these local structures
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lead to variations of phonon propagation which can be probed by Raman spectros-

copy, which can be used as an effective nondestructive technique to understand

magnetic phenomena of SPIO nanoparticles. It is also very useful in the search for

new magnetic materials with desirable properties for biomedical and device

applications.

4 Experimental and Instrumentation Methodologies

4.1 Raman Spectroscopy

When photons interact with matter, such as when a sample is illuminated with

monochromatic light, it can be reflected, absorbed, or scattered. Raman spectros-

copy deals with the interaction between light and matter when the light is scattered

[11]. The electrons in an atom may be excited to virtual and excited states. There

are two types of scatterings: elastic and nonelastic, as shown in Fig. 14.1. The most

common scattering is elastic scattering, called Rayleigh scattering, in which

scattered photons (purple arrows) have the same wavelength as the incident light

(red arrows). While in nonelastic scattering, also called Raman scattering, the

incident photon interacts with matter and its wavelength is either shifted to

a lower (redshift) or higher (blueshift) value. Redshifted photons occur in Stokes

scattering where the initial vibrational state is the ground state, excitation takes

place to a virtual state and decays to a real vibronic state with higher energy than the

initial state. Therefore, the scattered photon has a lower energy than the incident

photon. In anti-Stokes scattering, the initial state is the excited state and the

scattered photon has higher energy than the incident one. At room temperature,

the population of vibration excited states is low according to the Boltzmann

population of states; hence, although the Stokes and anti-Stokes spectra contain

the same frequency information, the Stokes spectrum is always more intense than

the anti-Stokes spectrum and commonly used in Raman spectroscopy technique.

Because Raman spectrum stems from the bonds vibrations, it provides an

intrinsic nano-probing and offers a “bottom-up” approach of nanostructured mate-

rials that comes as a good complement to other techniques such as transmission

electron microscopy, X-ray diffraction, and infrared, and Mössbauer spectroscopy.

Since almost no sample preparation is needed, Raman technique [12, 13] is

commonly used to investigate nanomaterials. This could provide the phase identi-

fication and, possibly, size estimation [14].

4.2 m-Raman Spectroscopy

m-Raman spectroscopy provides information on the microstructure of analyzed

samples and improves the spatial resolution. Raman scattering measurements

can be performed at room temperature using several laser sources. The experimental
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m-Raman setup is based on an inverted optical microscope with an x–y scan stage.

The linearly polarized incident laser beam is reflected by a dichroic beam splitter and

focused by a high numerical aperture (NA) on the sample surface through the

transparent glass substrate. The scattered light is collected with the same objective

and is detected in two distinct ways. In the first, the scattered beam is transmitted

through the beam splitter and filtered by a bandpass filter in order to remove all the

scattered light with wavelengths outside the range in which the Raman band to

be studied is centered on. Then, the filtered scattered beam is detected by a single-

photon counting avalanche photodiode (APD). In the second option, the scattered

beam is transmitted through the beam splitter and filtered by a notch filter in order to

remove the Rayleigh component of the scattered light. The signal is then detected by

a combination of a spectrograph and a cooled charge-coupled device (CCD);

see Fig. 14.2.
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Fig. 14.1 Illustration of

linear Raman scattering
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Computer
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Fig. 14.2 Illustration of a conventional micro-Raman setup
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5 Key Research Findings

5.1 Special Features of Iron Oxide–Based Materials

The magnetism of solid is originated from the electrons of atoms. Electrons, which

possess both charge and spin, present both orbital motions and spin rotations.

Therefore, the magnetic moment, named Bohr magnetron, can be generated from

either the orbital or spin motion of a single electron. Although many electrons in

a solid are dislocated by orbital motions and spin orientations around the nuclei,

only two electrons with up and down spins can occupy one orbit. Therefore, most of

the magnetic moments originated from spins cancel each other out and do not

contribute to the magnetic moment of a solid. However, d-orbit of transition

elements and f-orbit of rare earth elements are not fully occupied. According to

Hund’s rule, the orbits are occupied by electrons in such a way that the total spin

becomes maximum. Therefore, both transition and rare earth elements exhibit

magnetic moments due to the spin orientation of electrons.

In fact, all materials are magnetic to some extent, with their response depending

on their atomic structure and temperature. They may be conveniently classified in

terms of their volumetric magnetic susceptibility, w, where M
!¼ wH

!
describes the

magnetization (M
!
) induced in a material by an applied field H

!
. Most materials

display little magnetism even in the presence of an applied field. These are

classified either as paramagnets, having randomly oriented dipoles that can be

aligned with applied field, for which w falls in the range of 10�6 to 10�1, or as

diamagnets that do not have magnetic moment in the absence of an external field,

presenting w in the range of �10�6 to �10�3. However, some materials exhibit

ordered magnetic states and are magnetic even in the absence of an external

magnetic field due their atomic orbits not being fully occupied. The magnetism of

solids depends on how these atomic magnetic moments are aligned in crystals.

They are classified as ferromagnets, ferrimagnets, and antiferromagnets, where the

prefix refers to the nature of the coupling interaction between the electrons within

the material. In ferromagnetic material, for example, the exchange force causes

magnetic moments aligning in one direction, producing spontaneous magnetization

in the material. On the other hand, in antiferromagnetic material, the exchange

interaction induces antiparallel ordering of the nearest neighboring atomic spins,

then the magnetic moments are canceled in the crystal and spontaneous magneti-

zation is lost. Ferrimagnetic materials, however, possess different antiparallel

ordered magnetic moments; the material exhibits spontaneous magnetization [15].

Since the magnetic order is disturbed by thermal agitation, ferromagnets, antifer-

romagnets, and ferrimagnets lose their magnetic order at a temperature being higher

than the magnetic transition temperature called “Curie temperature.” In addition,

magnetic properties can be largely tailored by changing the magnetic material size.

For instance, in ferromagnetic and ferrimagnetic bulk materials, one often sees

hysteresis, which is an irreversibility in the magnetization process that is related to

the pinning of magnetic domain walls at impurities or grain boundaries within
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the material, as well as intrinsic effects such as the magnetic anisotropy of the

crystalline lattice. This gives rise to open M–H curves, called hysteresis loops. The

shape of these loops is strongly influenced by the dimensionality (volume) of the

sample. In large samples (of the order of micron size or more) there is a multi-

domain ground state which leads to a narrow hysteresis loop since it takes relatively

little field energy to make the domain walls move; while in smaller samples, there is

a single-domain ground state which leads to a broad hysteresis loop. At even

smaller sizes (of the order of tens of nanometers or less) of the sample, one can

see superparamagnetism, where the magnetic moment of the particle as a whole is

free to fluctuate in response to thermal energy, while the individual atomic

moments maintain their ordered state relative to each other. At this limit, the

orientation of the magnetization no longer splits into smaller domains, but instead

maintains the magnetic structure of a single domain. For spherically shaped parti-

cles, a rough estimation of the critical diameter (Dc) below which the material could

be considered a single domain was first obtained by Kittel [16].Dc is typically in the

range of 10–20 nm which is approximately evaluated by Dc ¼ 2A1/2/M, where A is

the exchange constant [17]. The typical magnetic moment associated to a single-

domain particle is orders of magnitude higher (102–104 mB) than electron magnetic

moment (me � mB), where mB is the Bohr magnetron. In the superparamagnetic

regime, the orientation of the nanoparticle magnetic moment thermally fluctuates

around the easy axis direction. However, thermal energy promotes reorientation of

the magnetic moment against the magnetocrystalline energy barrier, resulting in

fluctuation of the magnetic moment in a time scale of nanoseconds. The typical

relaxation time ascribed to the average time that the magnetic moment takes for

reorientation with respect to the easy axis was calculated for non-interacting single-

domain particles and is referred to as the Néel relaxation time (tN) [18]:

tN ¼ to expðKV=kBTÞ, where to is typically in the range of 10�11 to 10�9 s, kB is

the Boltzmann constant, K is the effective anisotropy constant, and V is the particle

volume. KV represents the effective magnetocrystalline energy barrier. For

a particular observation time (tobs), typical of a given experimental technique, the

blocking temperature (TB) is defined as [19]: TB ¼ KV
kB lnðtobs to= Þ . At blocking temper-

ature, the magnetization reversal of an assembly of identical (monodisperse)

single-domain particles goes from blocked (with hysteresis cycle) to unblocked

(non-hysteresis cycle), the latter presenting the superparamagnetic behavior.

SPIO-based materials present ferrimagnetic ordering. The ferrimagnetic cubic

ferrites display the spinel structure formed by a nearly close-packed face-centered

cubic array of oxygen anions with interstices partly filled by metallic cations. Cubic

ferrites present chemical composition MFe2O4, where M denotes a divalent transi-

tion metal such as Fe, Co, Ni, Mn, Cu, Zn, and Cd. X-ray studies show that the unit

cell contains a total of 24 metal atoms: 8 divalent plus 16 trivalent cations. There are

two kinds of crystal interstices differing in coordination, given rise to the two

magnetic sublattices in cubic ferrites, namely, tetrahedral (A) and octahedral (B)
interstices (sites). Two extreme divalent versus trivalent cation occupancy are used

to classify cubic ferrites as normal or inverse spinel structures. In normal spinel
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structures, all N ions occupy the 8-A sites of O7
h space group and have point

symmetry Td (tetrahedral coordination), and each one is surrounded by four oxygen
ions forming a tetrahedron (tetrahedral sites). The trivalent metal ions (Fe) of

a normal spinel occupy the 16 d-sites of O7
h space group and have point symmetry

D3d (octahedral coordination), and each one is surrounded by six oxygen ions

forming an octahedron (octahedral sites). The oxygen ions occupy the 32 e-sites

with site symmetry of C3n. In contrast, in the inverted spinel arrangement, the

tetrahedral sites are occupied by half of the trivalent metal ions, while the octahe-

dral sites are filled by divalent and by trivalent metal ions equally. Among cubic

ferrites, magnetite (Fe3O4) is the most investigated iron oxide. It has a cubic-

inverse-spinel structure and presents ferrimagnetic ordering if temperature is

above the Verwey transition temperature TV (120 K) and below 850 K. In this

situation, magnetite cation distribution is described by the chemical formula

Fe3þA ½Fe2þFe3þ�BðO2�Þ4, which indicates that in the inverse spinel structure, the A
sites are occupied by Fe3+ ions, whereas the B sites are occupied by equal numbers

of Fe2+and Fe3+. When the Verwey transition occurs, the symmetry of the crystal

decreases to orthorhombic. Maghemite (g-Fe2O3) can be thought of as an iron-

deficient form of magnetite, with the chemical formula V1/3Fe8/3O4, where

V represents a crystal vacant site [20]. In cubic ferrites, only if each sublattice

contains just one type of metal ions and all N ions are in tetrahedral sites and all Fe

ions are in octahedral sites, composing the direct spinel arrangement, both transla-

tional and local symmetries corresponding to the O7
h space group strictly apply.

Actually, details of the ferrite preparation route determine the final arrangements of

metal ions in the spinel structure, and thus, a signature of mixed cubic ferrites

materials is very often observed. Mixed ferrites represent the intermediate arrange-

ment between normal and inverted structures, and the degree of inversion is a key

parameter used to describe mixed ferrites [21].

Nanosized cubic ferrites exhibit magnetic properties markedly different from their

bulk counterparts, such as the already mentioned superparamagnetism behavior. Due

to the intrinsic superparamagnetic behavior, high chemical stability, enhanced bio-

logical compatibility, and inexpensive and simple chemical synthesis routes of iron

oxide nanoparticles, they are widely used in biomedical applications. For instance,

SPIO systems are used as stable colloidal dispersions of nanoparticles in a continuous

liquid phase named magnetic fluid (MF) or ferrofluid [22]. Under a magnetic field

gradients, stably dispersed magnetic nanoparticles drag the carrier liquid, and the

system acts macroscopically as a single unique liquid phase. The biocompatible

magnetic fluid usually contains iron oxide nanoparticles dispersed in biological

medium, providing enough biocompatibility as supported by in vitro and in vivo tests.
In order to produce stable MF samples for biological and medical applications, one

needs to start with the preparation of surface-functionalized, biocompatible, and highly

magnetized SPIO. In addition, most of the applications require samples containing

nanoparticles with average sizes smaller than 20 nm, preferably presenting narrow

particle size distribution, the morphological homogeneity assuring uniform physical

and chemical properties. In regard to SPIO synthesis, knowing the influence of the
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synthesis parameters plus the fine control upon them allows one the proper control

of the nanosized particle characteristics, such as core phase, size and shape profile, and

chemical and structural stability, presents major challenges. These characteristics

will determine the ultimate magnetic properties and therefore the applications of

nanosized particles. Spinel ferrite nanoparticles can be prepared by several chemical

and physical routes. Reviews of different techniques used in the preparation of mag-

netic nanoparticles have been recently published, for instance, Refs. [23] and [24].

5.2 Fundamentals of Raman Spectroscopy Applied to
Nanomaterials

In a perfect crystal, the momentum conservation law leads to a selection rule of the

first-order Raman scattering of a photon, governed by the equation q ¼ 0, where q
denotes the phonon wavevector. This implies that Raman spectrum of a perfect

crystal is only contributed by phonons at the center of the Brillouin zone. However,

when the size of the crystal is reduced, translational symmetry of crystalline

materials is broken. Then the previous rule (q¼ 0) is no longer valid. Consequently,

not only the vibrational modes at q¼ 0 but also the modes at q 6¼ 0 contribute to the

Raman spectrum [25]. In addition, the symmetry breaking at nanoparticle bound-

aries also results in the appearance of specific surface and interface vibrational

contributions. These two factors are often neglected in Raman spectroscopy of bulk

materials but they become very significant in nanocrystals, where the concentration

of nanoparticle boundaries is very high. Finally, a reduction of the dimension of

matter domains down to the nanometer scale also induces quantum confinement of

the electronic and vibrational wavefunctions. Then, in most cases, the Raman peak

shifts progressively to lower energies, and the lineshape becomes gradually broader

and asymmetric (on the lower energy side) as the structure size becomes smaller.

Therefore, nanoparticles present different electronic and vibrational properties with

respect to bulk systems. For instance, the vibrational properties of nanoparticles

strongly depend on their morphology, i.e., structural geometry, symmetry, pore

diameter, skeleton size, etc. Figure 14.3 shows Raman shifts of Si nanocrystals

embedded in SiO2 matrices as a function of the inverse particle diameter,

reproduced from ref. [26]. Notice that the Raman shifts are inversely proportional

to diameter (d) of nanoparticles within the accuracy of the experiment. The similar

behavior had also been reported for Ag, Au, and CdS nanocrystals [27, 28].

As far as the theoretical description is concerned, the confined acoustic phonons

in an elastic sphere were first theoretically studied by Lamb [29]. He derives two

types of confined acoustic modes, spheroidal and torsional modes. The frequencies

of these two modes are proportional to the sound velocities in particles and

inversely proportional to the particle size. The spheroidal mode is characterized

by the quantum number l � 0, while the torsional modes are characterized by l� 1.

From the symmetry arguments, Raman-active modes are spheroidal modes with

l ¼ 0 and 2. The l ¼ 0 mode is purely radial with spherical symmetry and produces

totally polarized spectra, while the l¼ 2 mode is quadrapolar and produces partially
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depolarized spectra. As it is widely accepted, low wave number Raman scattering

of the acoustic vibrational modes of nanoparticles, which allows the simultaneous

determination of the Raman frequency, intensity, and linewidth through the energy

shift of the Raman peak and the correspondent line broadening, is a simple method

to determine nanoparticle size [30, 31]. To help understand the experimental

Raman spectra, we summarize the models that have been widely used to determine

the size distribution of nanoparticles. In an effort to avoid the complicated math-

ematics, the frequency shift and damping of modes induced by the effect of matrix

on the nanoparticle vibrations are neglected.

In the compounds, if the crystal unit cell contains N atoms, then 3N degrees of

freedom result in 3 acoustic phonons and 3N�3 optical phonons. These phonons

can propagate in the lattice of a single crystal as a wave and exhibit dispersion

depending on their wavelength or equivalently their wavevector in the Brillouin

zone. As already mentioned, in ideal single crystals, only zone-center optical

phonons can be observed by Raman spectroscopy. However, this q ¼ 0 selection

rule is relaxed due to a broken translational symmetry of nanoparticles where the

propagation is restricted in all three directions. To characterize this behavior of

vibrational modes in nanoparticles, a phenomenological phonon confinement is

introduced in Raman spectrum simulation. In a Stokes scattering process in an

infinite crystal, the wavevector difference k
!¼ k

!
L � k

!
S is transferred to a phonon

with wavevector q0
!, where k

!
L and k

!
S are incident and scattered laser
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wavevectors, respectively. Then the wavefunction of a phonon in this case can be

described by Fðq0!; r!Þ ¼ uðq0!; r!Þ exp ð�iq0
!� r!Þ, where uðq0!; r!Þ is the Block

function with the periodicity of the lattice. However, a plane-wave-like phonon

wavefunction cannot properly describe the propagation of the phonon because it

cannot propagate beyond the crystal surface. Under this consideration, one must

multiply the phonon wavefunction with a confinement function or envelope func-

tion W(r,D), which decays to a very small value close to the boundary. Then the

vibrational wavefunction of the nanoparticle is approximated by:

Cðq0!; r!Þ ¼ Wðr;DÞuðq0!; r!Þ exp ð�iq0
!� r!Þ ¼ C�ðq0!; r!Þuðq0!; r!Þ; (14.1)

where

C�ðq0!; r!Þ ¼ Wðr;DÞ exp ð�iq0
!� r!Þ: (14.2)

In order to study the effect of confinement induced by a restricted region in

nanocrystal on Raman spectrum, C�ðq0!; r!Þ is expanded in a Fourier series:

C�ðq0!; r!Þ ¼
Z

Cðq0!; q!Þ exp ðiq!� r!Þ d3q (14.3)

where the Fourier coefficients Cð q!0; q
!Þ are given by

Cð q!0; q
!Þ ¼ 1

ð2pÞ3
Z

C�ð q!0; r!Þ expð�iq!� r!Þd3r (14.4)

It is noted that the phonon wavefunction is a superposition of plane waves with

q! vectors centered at q!0. In the literature, several weighting functions such as

Gaussian functions, sinc, and exponential functions have been extensively used to

describe the confinement functions. The choice of type of weighting function

depends upon the material property of nanoparticles. Here, we present a brief

review about calculated Raman spectra of spherical nanoparticle of diameter D
based on these three confinement functions. In an effort to describe the realistic

Raman spectrum more properly, particle size distribution is taken into account.

Then the Raman intensity IðoÞ can be calculated by:

IðoÞ /
Xm

i¼1

Z 1

0

rðDÞdD
Z

Cð q!0; q
!Þ�� ��2

o� o1ðqÞ½ �2 þ ðG=2Þ2 d3q; (14.5)

where rðDÞ is the nanoparticle size distribution and G is the intrinsic mode line

width. The sum is carried over m dispersion curves oiðqÞ, depending on mode

degeneration m. As one-phonon Raman scattering probes zone-center phonons, one

can establish q!0 ¼ 0. From the expression of IðoÞ, it is noted that the Raman

scattering intensity is described by a continuous superposition of Lorentzian curves

with bandwidth G and weighted by the Cð q!Þ�� ��2. Hence, the key part of the model is
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the phonon weighting function characterized by parameter a. For Gaussian type

weighting function Wðr;DÞ ¼ expð � ar2=D2Þ, the corresponding Fourier coeffi-

cients are given by:

Cð q!Þ�� ��2 ¼ D6

16ð2pÞ2a3 expð � q2D2=2aÞ: (14.6)

While for sinc type of confinement function

Wðr;DÞ¼
sinð2pr=DÞ
2pr=D

; r<D=2

0; r�D=2

8><
>: Wðr;DÞ¼

sinð2pr=DÞ
2pr=D

; r<D=2

0; r�D=2

8><
>: ; (14.7)

which gives a vibrational amplitude exactly equal to 0 at the boundary, the

corresponding Fourier coefficients are given by:

Cð q!Þ�� ��2 ¼ 4D4

ð2pÞ4
sin2ðqD=2Þ

q2ð4p2 � q2D2Þ2 : (14.8)

The choice of a sinc function is based on the assumption that the weighting

function may be analogous to the wavefunction of an electron in a hard sphere

potential. It is interesting to argue that although the combination of these Raman

spectrum simulations and Raman measurements has been widely used to determine

nanoparticle size and to help identify the vibrational modes of semiconductor

nanoparticles [26], it has not yet been applied to investigate the magnetic

nanoparticles. It will be very useful to understand the dependence of Raman

spectrum on the magnetic nanoparticle size.

5.3 The Vibrational Spectra of Iron Oxide Materials

Raman spectra provide useful information about the internal structure, bonding, and

state-of-order of materials ranging from bulk crystals to nanoscale particulates.

Contributions from Raman spectroscopy for probing the vibrational properties of

iron oxides have been available in the literature for a long time [32]. The coexistence

of different phases would prevent the correct interpretation of the Raman spectrum of

the iron oxides and sometimes even leads to a misunderstanding for experimental

observations. In this section, an overview about the Raman spectra of spinel iron

oxide crystals will be presented, aiming to find a regulation for an assignment of

vibrational spectra, which serves as a base for nanomaterial investigations.

The group theory analysis of the vibrational spectrum of the spinel structure [32]

reveals that the crystal symmetry is cubic, correspondent to the space

group O7
h ðFd3mÞ with eight formulas per unit cell. The primitive cell is rhombo-

hedral with two formula units per cell. The vibrational spectrum of the spinel is
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expected to exhibit five Raman-actives modes and four infrared (IR)-active

bands (4 T1u). Thus, the predicted Raman active modes are A1g, Eg, and three

T2g modes ðEg þ Eg þ 3T2gÞ. The presence of an inversion center in the centrosym-

metrical space group Fd3m implies mutual exclusion of Raman and IR activities for

the same vibrational mode. Furthermore, the bands in IR and Raman spectroscopy

are sensitive to coordination geometry and oxidation states. For example, the

inverse spinel lattice of g-Fe2O3, as already mentioned, is iron deficient, resulting

in observed sample preparation–dependent IR and Raman spectra.
Verble investigated Raman spectra of crystal magnetite as a function of temper-

ature, aiming to study the role played by optical phonons in the Verwey transition

[33]. Raman spectra were recorded using an Ar laser excitation at 514.5 or 488 nm.

Raman trends obtained at 77 K show the presence of five phonon modes at 300, 320,

420, 560, and 680 cm�1. A molecular model taking into account the tetrahedral

symmetry of molecular units in the spinel crystal is used to describe normal mode

motions of the FeO4 tetrahedron as following: T1
2g ! translatory movement of the

whole FeO4; T
2
2g ! asymmetric stretch of Fe and O; Eg and T3

2g ! symmetric and

asymmetric bends of oxygen with respect to Fe, respectively; and A1g ! symmetric

stretch of oxygen atoms along Fe–O bonds. Observed Raman features for Fe3O4 are

related to T2g symmetry (300, 320, and 560 cm�1), Eg symmetry (420 cm�1), and

A1g symmetry (680 cm�1) [33]. Note that these data were taken in a temperature

below the Verwey transition in which magnetite structure is changed to an ortho-

rhombic phase. Room-temperature polarized Raman measurements carried out on

Fe3O4 single crystals, using the 514.5 nm line of an Ar laser as excitation, showed

the presence of four Raman-active phonons [34]. The strongest peak at 670 cm�1

phonon was assigned to the A1g mode and the features observed at 193, 308, and

540 cm�1 to the predicted three T2g.
Highly focused laser used in the micro-Raman experiments could induce

a temperature increase. The local temperature of a heated spot can be calculated

from Raman spectra using the observed temperature-induced shifts of phonon

wavenumbers, namely, Stokes/anti-Stokes method, quasi-harmonic approximation

for the shifts of wavenumbers, and calculation of temperature from the thermody-

namic Gr€uneisen parameter [35]. Raman experiments as a function of the laser

excitation intensity showed that material degradation frequently occurs under high

excitation intensity, and may lead to misinterpretation of spectra. The sensitivity to

laser intensity seems to depend on surface morphology, at least in the case of

magnetite [36]. In addition, different oxidation pictures for the single crystal and

the powder (approximate grain size 0.3–1 mm) magnetite samples were observed.

For the powdered Fe3O4, the power threshold for the oxidation is significantly

lower than for the crystal ones [35].

Tetrahedral symmetry is a type of arrangement also found for maghemite and for

inverse spinels such as MFe2O4(M ¼ Mg, Ni, Fe), so that A1g band in the

670–710 cm�1 region in their Raman spectra corresponds to the stretching modes of

tetrahedral units, while Raman modes present in the 450–620 cm�1 ferrite spectra are

dominated by octahedral groups [37].However,A1g mode at about 615 cm�1 observed

in MFe2O4 (M ¼Mn, Zn) might be assigned to the motion of an octahedron [37].
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IR- and Raman-active modes of magnetite, maghemite, and hematite were calcu-

lated using atomistic simulation [38]. Calculated wavenumbers for hematite

(a-Fe2O3) that belongs to the D6
3d crystal space group are two A1g (228 and

447 cm�1) and five Eg modes (200, 294, 327, 391, and 466). In the Raman spectra

of hematite (a-Fe2O3) bulk, recorded under the 632.8 nm He–Ne laser line, was

observed the predict two A1g at 227, and 497, and five Eg modes at 246, 293, 299,

411, and 612. The feature at 1,320 cm�1 was assigned as a two-magnon scattering

arising from the interaction of two magnons created on antiparallel closed spins [36].

In addition Raman spectrum of g-Fe2O3 bulk, recorded under the 632.8 nm He–Ne

laser line, displayed three broad bands at around 350, 500, and 700 cm�1 [36], which

are in agreement with the calculated ones (356, 493, and 695 cm�1) [38].

Raman features of Fe3O4 are sample specific, depending on non-stoichiometry,

cation distribution, defects, and also on the experimental conditions. In spite of this,

the Raman spectra of magnetite are distinct from those obtained from maghemite

[36]. Moreover, group theory predicts number and symmetries of Raman and IR

modes, their intensities are derived from lattice dynamics calculations. In addition,

polarized Raman investigation on oriented Fe3O4 single crystal has been conducted

by Shebanova and Lazor [39]. They also calculated the relative polarizability

intensities aiming to assign the observed Raman bands of Fe3O4, reproduced in

Fig. 14.4. From Fig. 14.4, it is possible to note that the structure at 193 cm�1 is

weak, but its presence is confirmed on the anti-Stoke side of the spectrum. Based on

polarized experiments on the oriented Fe3O4 single crystal, they proposed the

following assignment for the vibrational spectrum of the observed modes: T1
2g for

193 cm�1, Eg for 306 cm
�1, T2

2g for 450�490 cm�1, and T3
2g for 538 cm

�1, and A1g

for 668 cm�1, that are listed in Table 14.1. Moreover, they detected four out of five

predicted Raman bands and inferred the location of the fifth, which is an

unobserved phonon mode, in the range of 450–490 cm�1.

A detailed investigation about the growth of cobalt ferrite single crystals through

a borax flux method and its characterization was reported by Wang and Ren [40].

−800 −600 −400 −200 0

Raman shift, cm−1

A1g

A1g

Rayleigh line
514.53 nm

In
te

ns
ity

 (
ar

b.
un

its
)

T2g(2)

T2g(2)

T2g(1)
T2g(1)

Eg

Eg

200 400 600 800

Fig. 14.4 Raman spectrum

of magnetite with the

symmetry assignment

(Reprinted with permission

from Ref. [39])

14 Raman Spectroscopy of Iron Oxide Nanoparticles 391



The Raman spectrum of cobalt ferrite single crystals excited by 532 nm laser line,

attained at room temperature, is reproduced in Fig. 14.5. By performing the fitting

of the Raman spectra displayed in Fig. 14.5, it would be possible to observe Raman

bands at 183, 304, 469, 573, 627, and 696, listed in Table 14.2. Apart from Fe3O4,

g-Fe2O3, and CoFe2O4, others ferrites such as NiFe2O4 and Fe3�xZnx O4 which

Table 14.1 Comparison of observed Raman modes of Fe3O4 crystal and nanoparticle and

corresponding assignment

Fe3O4 crystal [39] Fe3O4 [44] Fe3O4 calculated [38] Assignment [38, 44]

231 T1u
193 179 241 T2g
306 315 296 Eg

270 326 T1u
360 T1u
491 T1u

374 g-Fe2O3

450–500 445 505 T2g
501 g-Fe2O3

538 (530)a 581 T2g
565 T1
627 g-Fe2O3

668 664 666 A1g

712 Fe(III)b

aValue in parentheses is IR data
bOxidation of Fe(II) at octahedral sites
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exhibit much richer Raman spectra with a number of additional peaks have also

been extensively studied by Raman spectroscopy. Changes in Raman spectra as

a function of doping have been found.

In short, maghemite Raman features depend on sample preparation, once it is

directly related to the degree of crystallinity of the material. Maghemite phase

assignment is straightforward, since expected Raman modes as calculated by

Chamritski and Burns [38], and attained from experiments by de Faria et al. are

in agreement, and characterized by three broad bands around 350, 500, and

700 cm�1 [36]. Likewise for the assignment of the five predict of magnetite

Raman modes we suggest to follow what is proposed by Shebanova and

Lazor [39] in their investigation comprising polarized experiments on the oriented

Fe3O4 single crystal: A1g for 668 cm�1, Eg for 306 cm�1, and T1�3
2g for 193 cm�1,

450–490 cm�1, and 538 cm�1, respectively.

In conclusion, the Raman features observed and calculated for iron oxide

crystals have been used as reference to identify Raman modes in their counterpart

nanomaterials. Furthermore, it is known that the high power density from a laser

excitation source can excessively heat a sample during a Raman experiment, as

discussed previously. This effect becomes even more important for micro-Raman

experiments of nanomaterials, where laser beams are focused to a spot size with

a diameter of only a few micrometers, and nanoparticulates do not dissipate heat

well. Moreover, an increase in the local sample temperature may cause a frequency

shift in the Raman bands, or it may cause material degradation as the result of

oxidation, recrystallization, order-disorder transitions, phase transition, or

decomposition.

5.4 Phase Identification and Phase Transition in Iron Oxides

The electronic, structural, and magnetic properties are strongly modified near and at

the surface of nanosized cubic ferrite particles. The origin of the surface effects is

mainly attributed to the breaking of the translational crystal symmetry at the

Table 14.2 Raman modes of CoFe2O4 crystal and nanoparticles

CoFe2O4 crystal [40] CoFe2O4 [50] CoFe2O4 [44] CoFe2O4 [45] CoFe2O4 [47]

532 nm 514 nm 632 nm 632 nm 514 nm

183 220 181 183 186

304 310 306 304 312

368

439

469 467 476 474 477

524

573 563 560

627 624 629 615 634

696 690 686 682 687

714
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nanoparticle boundary, which leads to an emergence of specific surface and inter-

face vibrational modes. In addition, the nanoparticulated materials may comprise

fine single crystal or polycrystalline particles, they may even aggregate in some

special cases. For instance, some nanoparticles are composed of a crystalline core

surrounded by either a partially crystalline or amorphous shell. Then, at nanoscale,

new effects arise, and several phenomena come into play. When the particle size

becomes comparable to the phonon mean free path, the reciprocal of the particle

diameter becomes a significant fraction of the Brillouin zone, which induces

a relaxation of selection rules, as already mentioned [41]. As the size further

decreases, in addition to the disorder at atomic scale, the surface effects play

more and more important role in determination of Raman spectrum due to the

high surface/volume ratio.

The chemical and structural properties of SPIO particles depend strongly on the

details of the sample preparation protocol. The characteristics of the end SPIO

particle dispersed in a hosting template (liquid or solid) may also be affected by the

particle-template interaction, including aging effects. Therefore, Raman spectros-

copy may be used as a complementary technique of IR, XRD, and Mössbauer

spectroscopy, or at least one of these characterization techniques, to study the

dependence of chemical and structural characteristics of SPIO particles on synthe-

sis routes. In order to control the end magnetic properties of iron oxide

nanoparticles and the stability of the resulting magnetic colloids, in this section,

we will address the effects of the sample preparation process such as oxidation of

magnetite to maghemite and nanoparticle surface passivation on Raman spectra

characteristics.

5.4.1 Phase Identification
There are many active efforts to develop new kinds of magnetic nanomaterials.

To do so, phase identification such as ensuring the information about whether or

not existence of antiferromagnetic hematite (a-Fe2O3), and amorphous non-

stoichiometric oxyhydroxides, together with magnetite (Fe3O4) and maghemite

(g-Fe2O3) plays a very important role.

Raman spectroscopy as a reliable technique has been applied in identification of the

phase of as-prepared sample and/or in differentiation of the nanomaterials synthesized

by distinct chemical routes. For instance, the Raman spectra of nanoparticles reported

by Th€unemann et al. displaying four broad bands around 350, 500, 700,

and 1,400 cm�1 [42] were used as fingerprint of g-Fe2O3 in sample identification.

Three methods, including synthesis by microwave refluxing [43] of functionalized

maghemite nanoparticles in aqueous medium by grafting triethoxysilane

monomethylene-PEG (Si-mPEG) onto maghemite nanoparticles, were compared.

g-Fe2O3 characteristic features were detected, indicating the presence of maghemite

in all of studied samples. Raman trends show that the intensities of grafted maghemite

III bands are stronger than those of grafted maghemite II, indicating that microwave

heating tends to improve the crystallinity of the particles [43].

The molecular composition of magnetite depends strongly on the preparation

protocol as well as on experimental conditions used in their Raman analysis.
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The structural properties of coated and uncoated Fe3O4 and CoFe2O4 have been

studied by means of Raman Spectroscopy, and surface-enhanced Raman scattering

(SERS) measurements [44]. These ferrites were surface modified by the adsorption

of fatty acids derived from soybean and castor oil, following dispersion in cyclo-

hexane. The FTIR and Raman spectra of bare and surface treated Fe3O4 and

CoFe2O4 nanoparticles show that the number of observed vibrational modes is

not compatible with the expected O7
h symmetry, since IR-only active phonon modes

were observed in the Raman spectra and vice versa (see Fig. 14.6). The assigned

Raman modes attained from these curve-fitted spectra are presented in Table 14.1,

where it is possible to observe that they detected at least ten phonons in the Raman

spectrum of magnetite-based particles. The Raman mode observed near 710 cm�1

refers to the oxidation of Fe(II) centers at octahedral sites, indicating that the

samples were partially oxidized. Moreover, phonons appearing in the Raman

spectra, such as the T1u modes near 270 and 560 cm�1, expected to be IR-active,

and the A1g phonon observed in the IR spectra are due to breaking of selection rules

as expected for nanosized samples. These findings show experimental evidence of

the proposed quantum effects in nanomaterials.

Raman spectra recorded for CoFe2O4 nanoparticles are reproduced in Fig. 14.6,

whose fitted bands are presented in Table 14.2. There are at least three Raman

features that are also observed in the IR spectra [44], as discussed in the previous

assignments for magnetite. In addition, to remove the discrepancy in the literature

about the relative intensity of the phonons observed near 474, 620, and 680 cm�1,

the authors also recorded the Raman spectra of CoFe2O4 excited by laser lines of

514.5 and 647.1 nm, respectively, using Na2SO4 as an internal standard for intensity

normalization. Raman spectra reproduced in Fig. 14.7 show that the intensity of the

phonon at 686 cm�1 in the spectrum excited at 647.1 cm�1 is nearly half that of the

phonon at 475 cm�1. Otherwise, at 514.4 nm excitation, both features have almost

the same intensity, indicating some resonance processes involving ground and
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excited electronic states in CoFe2O4 take place. The SERS measurements of a thin

film of CoFe2O4 deposited on a SERS-active Au electrode at different applied

potentials ensure that the Raman features at 630 and 553 cm�1 belong to a phonon

mode involving Co–O motion, whereas the signals at 686 and 475 cm�1 are related

to Fe(III)–O motions.

Well-defined features are observed in the Raman spectra of CoFe2O4 samples

(average diameter from 5.0 to 9.1 nm), synthesized by using a high-temperature

organometallic decomposition route in the presence of surfactant molecules [45].

Raman spectra reproduced in Fig. 14.8a, b were obtained under an optical excita-

tion at 632.8 nm. Notice that the vibrational modes at 474, 560, 615, and 682 cm�1,

listed in Table 14.2, are observed in both Fig. 14.8a and b. Similarly, to the

previous discussion, the 682 cm�1 and 474 cm�1 vibrational modes are assigned

to the A1g at tetrahedral sites and a Raman mode involving Co2+ at octahedral sites,

respectively. It is also noted that there are several differences between Raman

spectra displayed for samples IV and V (see Fig. 14.8a, b). Among them, one is

the relative intensity ratio between the major peaks at 474 and 682 cm�1. For

example, for sample V, the intensity of the feature near 474 cm�1 is higher than that

of the signal near 680 cm�1, while this behavior is inverted in sample IV,

suggesting higher Co2+ incorporation in sample V.

The nature of chemical bonding of oleic acid molecules on the active surface

sites of the nanocrystals CoFe2O4 (average diameter �20 nm), and its influence on
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the high coercivity have been studied [46]. The authors proposed a model in which

the OA molecules are strongly bound to the CoFe2O4 surface atoms, where OA

molecules also pose a steric hindrance, creating substantial anisotropy. Raman

spectra for oleic acid–grafted CoFe2O4 samples (pristine), and annealed at 573 K,

973 K, and uncoated sample annealed at 1,473 K, are reproduced in Fig. 14.9,

showing six components at 467, 503, 538, 575, 610, and 671 cm�1, for pristine
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Fig. 14.8 Raman spectra

from (a) sample V and

(b) sample IV taken at low-

laser power of �102 W/cm2.

(c) A spectrum from the exact

spot where spectrum (a) was
taken but after a fivefold

increase in the He–Ne laser

power (Reprinted with

permission from Ref. [45].

Copyright American

Chemical Society (2007))
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sample, and 473, 529, 572, 607, 639, 662, and 693 cm�1, for uncapped sample that

was annealed at 1,473 K. The A1g mode at 693 cm�1 in the sample annealed at

1,473 K shifts toward a lower value (671 cm�1) for the pristine sample due to strain.

Furthermore, the full width at half-maximum (FWHM) of this T-site related mode

is 42.1 for the 1,473 K annealed sample, which was increased to 68.9 cm�1 for

pristine sample. This broadening of the Raman mode in the pristine sample was

attributed to local disorder. Raman analysis suggested that the OA-coated CoFe2O4

sample is under strain, suggesting the high coercivity was a cumulative effect of

disorder of surface spins, large strain, and surface anisotropy at the particle surface

due to OA.

Figure 14.10 shows Raman spectra (514-nm Argon laser line) of CoFe2O4

(average diameter of 14.8 nm) with different Co2+ ion concentrations, prepared

by the coprecipitation route [47]. Notice that Raman spectrum consists of five broad

bands at around 186, 312, 477, 1,330, and 1,580 cm�1, and two strong bands at

around 634 and 687 cm�1. Furthermore, the observed phonons are similar to the

vibrational modes of bulk maghemite, but with redshifts of peak positions with

respect to maghemite, due to the higher mass of Co in comparison with that of Fe.

Among the five broad bands, the first three phonon modes at around 186, 312, and

477 cm�1 are assigned to T1
2g, Eg and T3

2g modes, respectively, where the T3
2g mode
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is originated from the local symmetry vibrations of metal ions in the octahedral site.

Meanwhile, the other two peaks at 1,330 and 1,580 cm�1 are assigned to ferrihydrite

phase. It is very interesting to note that instead of the expected phonon around

651 cm�1 forA1g symmetry vibrations ofmetal ion in the tetrahedral site and 710 cm�1

band of 2-line ferrihydrite, two strong bands appear at around 634 and 687 cm�1.

Raman analysis showed the presence of ferrihydrite thatwas untraceable byXRD, and

is responsible for the reduction in the saturation magnetization.

Table 14.2 summarizes typical phonons available in the literature for CoFe2O4

nanoparticles, compared with that obtained for CoFe2O4 crystal. As in the case of

magnetite, more Raman modes are detected in nanosized samples [44] than in

correspondent crystals. Furthermore, some observed phonons possess the charac-

teristics of maghemite vibrational modes, which implies that a possible oxidation

process occurs.

Another spinel ferrite is a mixture of two divalent metal ions such as

ZnxMg1�xFe2O4 in which Mg2+ and Zn2+ ratio may be varied. In this case, it is

expected that zinc ions replace magnesium ions, in the range of x value from x ¼ 0

to 1, and Zn2+ ions enter preferentially in tetrahedral positions while the Fe3+ ions
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should be displaced from these sites for the octahedral sites. The effect of Zn+2

nonmagnetic ions on structural and magnetic properties of cubic ZnxMg1�xFe2O4

particles (mean diameter of around 40 nm) was studied by means of XRD,

Mössbauer spectroscopy, and Raman spectroscopy [48]. The Raman spectra of

ZnxMg1�xFe2O4 (0 � x � 1) particles are reproduced in the Fig. 14.11, in which

there are five active modes with characteristic of the cubic spinel space group

O7
h ðFd3mÞ, whose fitting is displayed in the inset of Fig. 14.11. According to the

fitted spectrum, the band in the 650–710 cm�1 region, related to the tetrahedral

sublattice having A1g symmetry, splits into three different energy values due to the

different mass of the three ions (Zn2+, Mg2+, and Fe3+). Among them, the lightest

ion (Mg2+) responds for the phonon peaking at 706 cm�1(for x ¼ 0.5) whereas the
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heaviest one (Zn2+) is related to the 645 cm�1, and the mode at 689 cm�1 was

associated with Fe3+ ion in the tetrahedral sublattice. It was also observed that the

intensity of the A1g (Mg) mode decreases as the Mg content decreases, while an

opposite behavior was observed for A1g (Zn) mode. The results indicated that

Mg, Fe, and Zn ions are present in both sites of the spinel structure.

5.4.2 Phase Transition
The chemical and structural stability of both citrate-coated magnetite and cobalt

ferrite NPs, subjected to a high intensity laser field, was investigated by micro-

Raman spectroscopy [49]. The room temperature Raman spectra were recorded

under a 514-nm Argon ion laser line excitation for the intensity range of 0.7–

70 mW. The best Lorentzian-function fitting of the 0.7 mW spectra revealed the

presence of five structures at 200, 315, 467, 624, and 688 cm�1; and 195, 360, 505,

661, and 715 cm�1 for citrate-coated CoFe2O4, and citrate-coated Fe3O4 samples,

respectively. In contrast to the CoFe2O4-based sample, the Fe3O4-based sample

presents stronger laser excitation intensity dependence. Besides, its peak positions at

0.7 mW are in agreement with the data of bulk maghemite, indicating that the

stoichiometry of nominal Fe3O4-based sample is closely related to the maghemite

stoichiometry. Also, the nominal CoFe2O4-based sample presents some similar peaks

to that characteristic of maghemite, as reported in ref. [49]. In addition, when the

intensity of excitation laser was increased by two orders of magnitude, the citrate-

coated CoFe2O4-based sample presents high chemical and structural stability, while

the citrate-coated Fe3O4-based sample that possesses a similar Raman spectrum with

maghemite changes significantly due to a phase transition to hematite.

Raman spectroscopy has been applied to investigate the structural stability of

cobalt ferrite–based nanosized sample (diameter of 8.6 nm) after performing steps

of nanoparticle dispersion to prepare MFs. Nanomaterial samples were investigated

as coprecipitated, after passivation, and peptized at 0.25 and 0.75 mol/L [50].

Among them, the Raman spectra of the samples peptized at 0.25 and 0.75 mol/L

are reproduced in Fig. 14.12a, b, respectively. The Lorentzian-function fitting

showed that Raman spectrum of the former sample is composed of five structures

at 220, 310, 467, 624, and 690 cm�1, but the latter is built up of seven lines peaking

at 190, 300, 340, 475, 516, 610, and 680 cm�1. These findings showed that samples

peptized at different conditions might show different responses to laser annealing

process. For instance, the cobalt ferrite nanoparticles peptized at 0.25 mol/L to

prepare colloidal samples have higher structural stability than the one peptized at

0.75 mol/L.

The physical mechanisms associated with the phase transition of g-Fe2O3

nanoparticles induced by laser irradiation have been studied by El Mendili et al.,

by performing in situ micro-Raman measurements of both as-prepared g-Fe2O3

nanoparticles (about 4 nm in size) as a function of laser intensity and annealed

samples [51]. Raman spectrum for the as-prepared nanoparticles showed the pres-

ence of three broad peaks at 350, 500, and 720 cm�1 and magnon mode in the

neighborhood of 1,300 cm�1. Such a Raman spectrum obeys the symmetry rules

established for the inverse spinel structure with a tetragonal sublattice distortion,
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and the lack of resolution of the spectrum suggests a rather poor degree of

crystallinity of the small maghemite nanoparticles. Moreover, the phase transition

from maghemite into hematite is caused by local heating due to laser irradiation

with an increase of grain size of nanoparticles.

5.4.3 Magnetite Oxidation Process
Raman chemical imaging can be employed to access the homogeneity and the

structural stability in terms of oxidation rates, onset of hematite, and organic

contamination of as-precipitate and oxidized iron oxide samples. Oxidation-related

Raman features have been established by comparative study of bulk oxides and

nanoparticles attained in two different oxidation states, suggesting that the solid

nanophase synthesized had a mixed magnetite-maghemite composition [52].

A detailed investigation about the chemical and structural composition of

maghemite (diameters in the range of 10–20 nm) based MF samples, prepared

through the oxidation of magnetite nanoparticle, the latter synthesized by the

coprecipitation route, was reported [53]. The precipitate containing the
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nanoparticles was submitted to the treatment as described in the literature [54], and

dispersed as MF. Raman spectra of the maghemite-based MF in the solid phase

(powder) and dispersed as MF show characteristic Raman features of maghemite

(see Fig. 14.13). In addition, surface Raman spectroscopy (SERS) and cyclic

voltammetry was employed to sample characterization, indicating that the prepared

maghemite nanoparticles dispersed as MF do not contain magnetite in their com-

position. Moreover, nanoparticle is composed of a nuclei of g-Fe2O3, characterized

by a broad SERS features near 700 (composed by a peak at 662 and a shoulder at

�710 cm�1), 500, and 365 cm�1; a surface layer containing a non-stoichiometric

oxy-hydroxide characterized by a SERS at 712 cm�1, and also d-FeOOH, charac-
terized by two broad features peaking at 663, and 410–420 cm�1, and may also

contain Fe(OH)3.

Two different routes of oxidation of nanosized magnetite using progressive

oxidative stress producing different native iron oxides, which were surface-

functionalized using oleic acid, suspended in insulating mineral oil and evaluated

in terms of their colloidal stability [55]. Raman spectra attained as a function of the

laser excitation intensity (0.5–16.1 mW, using a 514 Argon laser line) for all

uncoated and OA-coated samples show that at lower laser excitation intensities,

the Raman spectra present the characteristic bands of maghemite. However, the

onset of the hematite Raman peaks at the laser excitation intensity of 3.2 mW in all

uncoated samples, indicating that the different oxidation treatments performed did

not affect the maghemite-uncoated samples’ response under laser annealing. How-

ever, Raman spectra as a function of laser intensity for nanosized maghemite

surface coated with OA present different features. Figure 14.14 displays Raman

features of OA-grafted sample, exhibiting the presence of the iron oxide core, OA

adsorbed layer, and organic fragments. This spectrum was attained at 0.5 mW laser
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excitation intensity, avoiding any possible sample degradation due to laser

annealing that revealed the presence of structures at 340, 508, 670, 718, and

1,427 cm�1. Furthermore, the Raman bands observed at 980 and 1,309 cm�1

were attributed to –CH2– modes associated to organic fragments of OA species

whereas Raman bands peaking at 1,073 and 1,560 cm�1 may suggest disordered

carbon and/or a mixture of ligands at the nanoparticle surface. In addition, the

Raman modes observed at 2,859 and 2,913 cm�1 can be attributed to symmetric

and asymmetric –CH2– stretching modes, as observed in the Raman spectrum of

pure OA.

Raman spectra of the OA-coated samples POX1OA and POX3OA with similar

total mass loss, but different decomposition profiles, under different laser excitation

intensities, are reproduced in Fig. 14.15a and b [55]. It is observed that at 0.5 mW

laser excitation intensity the Raman features of these two samples are quite similar,

revealing the characteristic bands of maghemite in the range of lower wavenumber

(150–1,400 cm�1), and bands related to the OA-coating in the higher (2,800–

3,000 cm�1) spectral range. However, the Raman spectrum of sample POX1OA

recorded under 1.6 mW laser excitation intensity (see Fig. 14.15a) reveals new

features at 222 and 287 cm�1, which are characteristic Raman modes of hematite

(a-Fe2O3), demonstrating the coexistence of maghemite and hematite phases due to

laser annealing. It is also noted that the intensity of the Raman band around

1,600 cm�1, which is attributed to disordered carbon, increases. However, the

characteristic symmetric and asymmetric –CH2– stretching modes peaking at

2,859 and 2,913 cm�1 disappear from the spectrum of sample POX1OA.
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Fig. 14.14 Room-temperature Raman spectrum of POX3OA (Reprinted with permission from

Ref. [55]. Copyright American Chemical Society (2010))
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Differently, the Raman spectrum of sample POX3OA (Fig. 14.15b) show the onset

of the hematite phase only at 6.4 mW laser excitation intensity. In addition, under

6.4 mW laser excitation intensity, the Raman spectrum of sample POX3OA still

exhibits the characteristic OA-coating bands (–CH2– stretching modes) in the

higher (2,800–3,000 cm�1) spectral range while the disordered carbon band inten-

sity (around 1,600 cm�1) increases. These findings can be discussed on the basis of

the amount of chemisorbed OA species at the nanoparticle surface; once sample

POX1OA presents lower OA grafting coefficient (1.2 nm�2) compared to sample

POX3OA (2.6 nm�2) the optically induced phase change from maghemite to

hematite occurs at a lower laser excitation intensity. As far as the optically induced

phase change threshold is concerned, the same trend in other studied samples was

observed. These findings suggested that the nanoparticle structural stability against

laser irradiation depends on the chemisorbed grafting coefficient: the higher the

chemisorbed grafting coefficient the higher the phase stability against laser

annealing [55].

5.5 Passivation Process of Cobalt Ferrite Nanoparticles

The effect of the low pH medium on the core chemical stability and aging of SPIO

particles suspended as ionic MF samples was investigated in such way that the

surface passivation’s effect of the as-precipitate sample was addressed following
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Fig. 14.15 Room-temperature Raman spectra of samples (a) POX1OA and (b) POX3OA, under
the laser excitation intensity of 0.5, 1.6, 3.2, 6.4, and 16.1 mW (from bottom to top) (Reprinted
with permission from Ref. [55]. Copyright American Chemical Society (2010))
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the sequence of the preparation route of several low pH ionic MF samples based on

CoFe2O4 nanoparticles (8 nm average diameter) [56]. Figure 14.16 presents the

Raman spectra of both passivated (PP) and non-passivated (PNP) samples. Notice

that the Raman features show that the crystallinity of sample PP is better than PNP.

Furthermore, the Raman intensity of the PP sample is about two times larger than

that of the PNP sample. This unexpected result can be understood by studying the

Raman spectra as a function of laser intensity. In addition, XRD and Raman

measurements of PNP and PP samples annealed at 100	C, 200	C, 350	C, 500	C,
and 700	C during 30 min [57] showed that the Raman intensity associated to the PP

sample is stronger than that of the PNP sample, up to a laser excitation intensity of

5 mW. Above this excitation intensity value, new Raman peaks emerge for the

passivated sample, indicating the onset of the hematite phase induced by the laser

annealing. Hence, passivation induces the formation of an iron-rich shell around the

passivated cobalt ferrite nanoparticle. Furthermore, the changes observed in the

Raman spectra (sharper and intense Raman peaks) and the increase of the lattice

parameter of the PP samples suggested that the surface passivation process may
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favor exchanges of Co for Fe atoms, proving that the surface passivation process

accomplished modification of the cobalt ferrite nanoparticle core as well.

Figure 14.16 (right panel) shows the effect of the aging process of the magnetic

fluid samples obtained with the passivated and non-passivated nanoparticles on

their Raman features. MF Stock dispersions were aged for 60 days, and dialyzed to

produce the powder samples P2D60 and NP2D60, respectively. As shown in

Fig. 14.16 (right panel), the Raman spectra of samples P2D60 and NP2D60

are quite similar, in spite of the observed reduction of the crystalline quality of

sample P2D60 to a greater extent in comparison with the sample NP2D60. This

underlying physics can be understood in the following way: In the nanoparticle

aging process, Co ion dissolution rate is higher than Fe ion dissolution rate.

As a result, during the samples’ aging the lattice vacancies were accumulated,

which results in poorer crystalline quality of both P2D60 and NP2D60, compared

to the as-prepared samples (left panel). Furthermore, the Raman spectra of

samples P2D60 and NP2D60 recorded under higher laser intensities (above

3.0 mW) show characteristic peaks of hematite. Hence, the stoichiometry shift

([Fe]/[Co]> 2) due to the aging process may favor the material’s phase change due

to the absence of Co ions in the stable crystal structure of the stoichiometric cobalt

ferrite nanoparticles.

5.6 Raman Spectroscopy of Nanocomposites

Raman spectroscopy is also applied to study the interaction of CoFe2O4

nanoparticles with the host matrix in CoFe2O4-SiO2 nanocomposites prepared

using sol-gel method [58]. NP concentration and thermal treatment dependent

Raman spectra of these samples show that the Si–O–Fe (Co) bonds are observed

when high concentration of the CoFe2O4 NPs is introduced into the sol-gel mixture,

or when the samples containing low concentration of CoFe2O4 NPs are annealed at

high temperatures.

Raman spectroscopy has been applied to probe the presence of iron oxide

nanomaterials in electrospray-deposited iron oxide nanoparticle films [59].

Raman trends recorded under a 532 nm laser line excitation show the characteristic

(350, 500, and 700 cm�1) of maghemite and no significant difference between

the spectrum of maghemite powder (particle size<50 nm), used to film preparation,

and that of the electrospray-deposited film without annealing. Thus, deposition

did not cause any physical transformation or degradation of the particles. The

onset of the hematite Raman peaks occur for film annealed at 600	C, and phase

transformation from maghemite to hematite takes place at an annealing temperature

of 700	C. In addition, the annealing temperature strongly impacts on the iron

oxide NP grain size and consequently the Raman spectrum. For instance, both

position and width of the 660 cm�1 modes are sensitive to the annealed particle

size of the hematite. In addition, the spectral separation between the 225 and

660 cm�1 Raman modes is a useful parameter for future calibration of the crystallite

size in the electrospray-deposited, post-annealed hematite films [59].
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5.7 Raman Spectroscopy of Magnetic Colloidal Suspensions

Magnetic colloidal suspensions, known as ferrofluid or magnetic fluid (MF), com-

bine colloidal with magnetic properties, which gives rise to unusual characteristics

and wide variability of applications. The stability of the colloid, including the

chemical and structural stability of the nanoparticle core, is an extremely important

parameter in the preparation, storage, and applications of magnetic nanoparticles in

colloidal form. The resulting properties of magnetic colloids depend on the specific

characteristics of the SPIO-based material and on the corresponding surface

functionalization. Furthermore, the physicochemical properties of the molecular

layer adsorbed onto the nanoparticle surface play a key role in the determination of

the MF colloidal stability [55]. In order to overcome Van der Waals and magnetic

dipole attractions, the steric and electrostatic repulsion mechanisms have been used

to improve colloidal stability while preparing magnetic fluids [60]. Evidently,

electrostatic plus steric repulsion may work together against nanoparticle clustering

in a new class of water-based MF samples. The ligand’s ionizable functional

groups, which are not involved in the complexation of the surface particle acidic

or basic sites, face the outside solvent and add an extra component to the colloidal

stability of the magnetic colloid through electrostatic charges. These surface-

functionalized nanoparticles can be dispersed in saline media, originating stable

water-based samples, appropriate to be used in biological and medical applications.

The long-term stability of surfactant-stabilized MF samples depends on the surface

grafting coefficient and how efficiently the adsorbed molecules are attached to the

nanoparticle surface.

5.7.1 Interface Between Nanoparticle Surface and Carrier Liquid
Monitoring the molecular surface layer chemisorbed at the SPIO particle suspended

in magnetic colloids is a key issue in the engineering of magnetic nanoparticles for

different applications. The usefulness of the Raman spectroscopy in the study of

particles suspended in MF samples was first demonstrated by Morais et al. in the

analysis of the microscopic structures of the first molecular layer which dresses

the nanoparticle surface, i.e., the interface nanoparticle surface-carrier liquid [61].

The approach they used to investigate the properties of the molecular layer

chemisorbed at the surface of uncoated and surfactant-stabilized (with different

species) ferrofluid samples [61–63] involved both the OH-bending and the OH-

stretching Raman modes associated to the hydroxyl group which is chemisorbed at

the nanoparticle’s surface. Liquid water shows five OH-stretching modes (ns,na,
nsd,n

a
d, and nb), originating from various amounts of hydrogen bonding, in the range

of 3,000–4,000 cm�1, which serves as the model picture showed in Fig. 14.17. The

two OH-stretching Raman modes in the higher end frequency of the spectra (ns and
na) describe non-hydrogen-bonded (OH–) modes, where nsand nadenote symmetric

and antisymmetric OH-stretching modes, respectively. In contrast, the three Raman

components (nsd,n
a
d, and nb) at lower frequencies describe hydrogen-bonded modes.

nsd and nad refer to symmetrically OH-stretching modes, whereas nb refers to the

antisymmetric OH-stretching mode [64, 65]. In order to discuss the quenching of
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Raman lines and the Raman shift observed in the Raman modes associated to the

hydrogen bonding strength involving the chemisorbed OH-group, a comparison of

the Raman features obtained from liquid water with that from uncoated (see

Fig. 14.18) and functionalized nanoparticles (see Fig. 14.19) dispersed as

ferrofluids, in the stretching region, was performed. The suppression of all sym-

metric OH-stretching phonons from the UFMs (see Fig. 14.18) is an obvious

consequence of the vibrational quenching effect due to the replacement of

a hydrogen atom from water by the magnetic nanoparticle surface. Based on this

model picture, the hydroxyl Raman modes correspond to the OH-group firmly

bonded to the NP surface. Furthermore, the hydrogen bonding Raman modes are

due to the hydrogen bonding established between the surface OH-group (Men+) and

the first water molecular layer from the medium.

In addition, as observed in the reproduced Raman trends obtained for coating

MF samples (see Fig. 14.19), in the WBO-CMF, WBD-CMF, and HBO-CMF

spectra, only two modes (nb and na) at the higher energy side of the Raman spectra

were fitted. The presence of only two vibrational modes in these three samples,

instead of five (Fig. 14.17) or three Raman modes observed in the UMF’s, can be

partly explained provided that vibrational quenching effect is assumed. In fact, the

coating layer, which is chemisorbed at the NP surface, inhibits water molecules

from the medium to bind to the OH-group at the NP surface and suppresses the nad
Raman mode from the CMF’s. Therefore, the two Raman modes left behind three

of the CMF’s (WBO-CMF, WBD-CMF, and HBO-CMF) are the antisymmetric

non-hydrogen bonding (na) plus the antisymmetric hydrogen bonding (nb). The
quenching of an extra Raman mode (nb) from the HBS-CMF sample, however, is

mainly attributed to the lack of hydrogen bonding between the residual OH-group

chemisorbed at the NP surface and either the long carbon chain from the

dodecanoic acid or from the nonpolar solvent. Therefore, the only Raman mode
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left behind in HBS-MF sample is the asymmetric non-hydrogen bonding one (na).
Note that the possibility of a hydrogen bonding between the residual OH-group

chemisorbed at the NP surface, and the OH-group from the ethoxylated polyalcohol

(or N-oleoylsarcosine), accounts for the presence of the nb Raman mode in the

WBO-CMF, WBD-CMF, and HBO-CMF. A similar approach has been used to

study monolayer and bilayer magnetite-based magnetoliposomes (ML) by investi-

gating the microscopic details of the interaction between the chemically active

nanoparticle surface and the polar head group of the inner layer phospholipids [66].

In this case, surface-functionalized SPIO particles can also be hosted into the

liposome cavity creating ML, being adequate to be used in biological and medical

applications [67]. Similar to surfactant-stabilized MF samples already discussed,

the quenching of the symmetric OH-stretching modes from the Raman spectra of

the ML samples indicated that chemisorbed OH-groups at the magnetite surface

dominated the light scattering process. The reduction of the hydrogen bonding

strength observed in the ML samples with respect to the liquid water indicates

a weaker interaction between the OH-group at the nanoparticle surface and the

polar head groups from the phospholipid layer. Furthermore, such interaction is

weaker in the bilayer ML than in the monolayer ML sample.
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5.7.2 Raman Spectroscopy of Magnetic Colloids in the Presence of
Magnetic Field

Raman spectroscopy has been also applied to study the behavior of water-based MF

samples containing surface-functionalized nanosized particles with a bilayer-shell

of dodecanoic acid plus marlipal, in the presence of magnetic field [68]. Analysis of

Raman trends as a function of temperature, magnetic field intensity, and nanopar-

ticle concentration shows that the overall intensity of the Raman signal decreases

with increasing field intensity and with increasing particle concentration. In

addition, at higher fields, a broad peak appears in the spectra at about

4,400 cm�1, due to a magnetic excitation. All these effects could not be observed

at lower particle concentrations. In the presence of an external field, there is a local

increase in the concentration of magnetic particles due to the formation of an

ordered structure induced by an enhancement of the magnetic dipole–dipole inter-

action among particles.

5.7.3 Investigation of the Iron Oxide Core Properties
Figure 14.20 shows the Raman spectra of colloidal dispersions of Fe3O4/SO, Fe3O4/

CO, and CoFe2O4/SO nanoparticles in cyclohexane whose surface functionalized

with carboxylic acids derived from soybean (SO) oil, or carboxylic acids from
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castor oil (CO), excited at 632.8 nm [44]. In addition, Raman spectra of surfactants

are also displayed in Fig. 14.20. The peaks with the same wavenumbers and relative

intensities as displayed in the Raman spectra of solid samples also emerged in

Raman spectra of their correspondent MFs.

A study of the effect of the laser intensity (0.9–9.0 mW) on the structural stability

and chemical composition of magnetite dispersed as MF, compared with the Raman

features of solid phase (powder) of the fluids, was performed using Raman spectros-

copy [69]. Magnetite nanoparticles were obtained by the coprecipitation technique

and dispersed in two types of beta-cyclodextrin suspensions. Powder samples

undergo phase transition from magnetite to hematite at laser power of 1.95 mW,

while the same nanoparticles dispersed as ferrofluids undergo transformation at

9 mW. Furthermore, Raman spectra revealed that the main phase of the magnetic

core in the fluids is magnetite displaying the characteristic A1g at 670 cm�1. Also,

a second phase is present at the nanoparticle’s surface with Raman spectroscopy

unveiling maghemite-like and small fractions of goethite-like structures.

In brief, the investigation of ferrofluids through Raman spectroscopy permits to

access the physical and chemical properties of both solid and liquid phases.

Comparison between the Raman spectra obtained from liquid water and the

Raman spectra obtained from the uncoated and coated nanoparticles dispersed as

ferrofluid provides information about the interface nanoparticle surface-carrier

liquid [63]. The onset of the hematite phase in core magnetite dispersed as magnetic

fluids was followed by Raman spectroscopy, and the results showed that the laser

intensity at which the phase-transition takes place was higher for nanoparticles in

the colloid than that for the same core as powder samples [69].

1600
0

2

4

6

e

d

c

b

a

R
am

an
 in

te
ns

ity
/a

rb
. u

ni
ts

8

1400 1200 1000

Wavenumber/cm−1

800 600

68
7 62

9

47
4

70
5

66
4

400 200

* *

*

*
*

**

Fig. 14.20 Raman spectra of soybean (a), and castor oil (b) fatty acids and CoFe2O4/SO (c),

Fe3O4/CO (d), and Fe3O4/SO magnetic fluids in cyclohexane. *cyclohexane peaks (Reprinted with

permission from Ref [44]. Copyright American Chemical Society (2009))

412 M.A.G. Soler and F. Qu



6 Conclusions and Future Perspectives

The Raman spectroscopy has been widely used in the characterization of SPIO-based

materials in the last decade. It has been demonstrated that Raman spectroscopy helps

to refine the currently existing protocols as well as to develop new synthesis routes.

Furthermore, the Raman spectroscopy has also contributed to the development of

advanced instrumentations improving the characterization techniques, which are in

high demand for the synthesis of materials for nanomedicine and spintronic

applications. To engineer magnetic nanoparticles for different applications, we

have discussed key physical and chemical properties of SPIO systems revealed by

Raman spectroscopy measurement, including to monitor the molecular layer

adsorbed at the SPIO surface, examine the chemical and structural properties of

core, identify the phase, and verify phase transition in both solid and liquid phase

samples. Certainly, Raman spectroscopy is an important tool for preparation of high-

quality magnetic nanomaterials with tailored surface chemistry to be applied in the

fast-growing field of nanomedicine. Moreover, SPIO-based nanomaterials provide

unique platforms for the integration of various imaging modalities together with

therapeutic functionalities.
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Micro-Raman Spectroscopy of
Nanostructures 15
Ramesh Kattumenu, Chang H. Lee, Valery N. Bliznyuk, and
Srikanth Singamaneni

1 Description of the Topic

Micro-Raman spectroscopy (mRS) involves acquiring spatially resolved Raman

spectra by combining the conventional Raman spectrometer with a microscopic

tool, typically an optical microscope. This chapter introduces the basic methodol-

ogy of micro-Raman spectroscopy and presents an overview of its application to

organic and inorganic nanostructures using specific examples from literature.

2 Overview

Raman spectroscopy is a unique nondestructive tool for probing the structure and

properties of a wide variety of organic and inorganic materials. Raman spectros-

copy is based on the inelastic scattering of a monochromatic light that provides

molecular fingerprint related to the vibrational, rotational, and other low frequency

transitions of molecules [1, 2]. Micro-Raman spectroscopy (mRS), is also called

Raman microscopy, involves acquiring spatially resolved Raman spectra by com-

bining the conventional Raman spectrometer with a microscopic tool, typically an

optical microscope [3]. With the introduction of commercial micro-Raman
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systems, this technique has emerged as a powerful and handy analytical tool for the

characterization of a wide variety of nanostructures over the last decade.

In this chapter, we present recent advances in the application of mRS in probing

organic and inorganic nanostructures. We do not intend to provide a comprehensive

literature review, instead highlight several key examples that demonstrate the

breadth of the applications of mRS in characterizing nanostructured materials.

Following a brief introduction to the technique, we present an overview of the

instrumentation underlining the similarities and differences compared to conven-

tional Raman spectroscopy. In the following section, we present the application of

mRS to characterize a wide variety of nanomaterials which include polymeric,

biological, inorganic and hybrid materials. The combination of mRS with surface-

enhanced Raman scattering (SERS) that broadens the applications of mRS is also

discussed. We conclude with a brief summary and outlook of the mRS applications

to characterize a broader range of nanomaterials.

3 Introduction

mRS is a powerful nondestructive and noncontact method for characterizing organic

and inorganic nanomaterials. Spectral information obtained using conventional

Raman spectroscopy is spatially averaged over a large area (�1 mm2), whereas

mRS enables the collection of spectral information with submicron lateral and

vertical resolution. With the use of a high magnification objective, the laser beam

can be focused into a spot with an effective diameter (considering a Gaussian

footprint of the beam) as small as �200 nm, providing excellent resolution, limited

only by the far-field diffraction limit. The unique combination of high chemical

specificity, excellent lateral and vertical resolution, and nondestructive nature of

mRS makes it a powerful analytical tool for the characterization of nanostructured

materials.

4 Instrumentation and Experimental Methodology

4.1 Overview of the Instrumentation

A highly simplified schematic of micro-Raman spectrometer is shown in Fig. 15.1

[3]. The design is based on a confocal optical microscope equipped with an

objective with a large numerical aperture (as high as 1.4) and a pinhole in the

intermediate focal plane. An intense light source such as a laser with a narrow line

width (�0.2 nm) is used to illuminate the surface under investigation. The light

source can be built into the spectrometer or an external source can be used for

illumination. Modern Raman spectrometers generally include holographic gratings

for improved excitation light rejection, notch filter for reflected and Rayleigh

scattered light rejection, and a liquid nitrogen or Peltier-cooled CCD to reduce

variations in dark current at the detector. A small local area of the sample is probed,
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where the CCD detects only photons coming from a narrow spatial domain of the

material [4]. The filtered light is analyzed as a function of the probed position, where

the signal is read by the detector and the intensity of each frequency is measured by an

individual pixel on the array. The intensity of the Raman signal is a function of four

factors: material properties (absorptivity, reflectivity, and the intrinsic strength of the

Raman modes), source laser power, the width of the spectrometer admission slit and

the width of the resolution slit. Based on the intensity and frequency of the Raman

signal received, spatially resolved structure and properties of thematerial are identified.

Owing to the submicron spatial resolution achieved with mRS, precise areas

of interest can be chosen to identify and analyze physical and chemical properties of

the materials under investigation. A motorized X, Y and Z stage with a nominal

resolution as small as �10 nm is used for scanning the surface for lateral and depth

information. Raman spectral mapping complements the visual image obtained

with the microscope by providing information about the variation in chemical

(or physical) properties of a heterogeneous surface.

Modern mRS systems are accompanied with powerful spectral acquisition and

analysis software, which enables the creation of 1D (cross section), 2D, and 3D

maps of various features from the 1D, 2D, or 3D array of spatially resolved Raman

spectra. Various features that can be routinely mapped include intensity variations

of specific peaks (by plotting the user-defined peak intensity or integrated area

under the peak), intensity ratio of two different bands, peak position (by user-

defined peak fitting routines such as Gaussian, Lorentzian), and peak widths. The

obtained images can be further processed to highlight the spatial variations of the

acquired spectra. For example, Boolean maps, which present a binary

Video
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Microscope Filter

Sample

Motorized
XYZ stage

Computer

CCD
Detector

Spectrometer

Laser

Fig. 15.1 Simplified

schematic of a set up of

micro-Raman spectrometer

(Reprinted from [3])
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representation of the desired attribute (such as intensity, peak width range), are

obtained by specifying the threshold values of the parameter. The Boolean maps are

extremely helpful to visualize the phase distribution of a heterogeneous region as

highlighted in some examples in Sect. 5.

4.2 Resolution Criteria

Dictated by the diffraction limit of light, the lateral resolution of a far-field optical

microscope is defined as the smallest distance between two features that can still be

resolved in the image and is given by Rayleigh criterion as [5]

R ¼ 0:61
l
NA

� �

where l is the wavelength of incident light and NA (¼nsiny) is the numerical

aperture, n is the refractive index of the medium, and y is the angle subtended by

the optics. The depth of the field or vertical resolution of mRS is approximated by

Conrady expression as [6]

DZ ¼ l
nsin2y

� �

Under normal conditions (n ¼ 1 for air, l ¼ 632.8 nm, NA ¼ 0.95), the typical

lateral and depth resolutions would be about 400 and 700 nm, respectively. Using

the smallest visible wavelength (�400 nm) and a high numerical aperture

(n ¼ 1.515, NA �1.4) one can estimate the highest lateral resolution as 200 nm

(based on Abbe criterion) and the smallest field depth as 400 nm. However, if

a series of spectra are recorded at very close equidistant locations, a reduced spot

size (considering the Gaussian profile of the beam) is obtained through a convolu-

tion of the spot profile.

5 Key Research Findings

5.1 Mapping Chemical Composition and Phase of Nanomaterials

Polymer nanocomposites and polymer blends are an extremely important class of

materials due to the expected synergistic enhancement of properties and potential

multi-functionality. However, the immiscibility of most of the polymers results in

poor interfacial interaction between the individual components which severely

affects the final properties. A deeper insight into the spatial heterogeneity and

morphology of the individual components at a microscopic level and their influence

on the macroscopic properties is important for their rational design (such as choice

and volume fraction of individual components, surface chemistry, and processing
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conditions) of the multicomponent systems. While conventional Raman spectros-

copy provides information specific to chemical species, it lacks spatial resolution to

distinguish different domains, typically on the order of a few microns, found in

polymer blends and composites. mRS, on the other hand, provides sub-micron spatial

resolution to precisely choose the area of interest to carry out chemical analysis. The

chemical mapping of polymer blends or composites based on their characteristic

Raman peaks could be used to probe the domains of phase-separated polymer blends

with sizes as small as �200 nm [7]. In this section, we present a few selected

examples of the use of mRS in the analysis of polymer blends and composites.

In a study by Huan et al., the spatial distribution of poly(ethylene terephthalate)

(PET) and high density poly(ethylene) (HDPE) in a PET/HDPE blend was probed

by confocal Raman mapping [8]. The relative distribution of HDPE and PET

components in the blends illustrated in Fig. 15.2 were obtained by plotting the

Raman images generated by the variation of the scattering bands at 1,062

and 1,725 cm�1 belonging to the CH2 groups in the backbone of HDPE and the

C ¼ O groups of PET, respectively. The bright portions in Fig. 15.2a, b correspond

to the relatively higher signal intensity of HDPE (1,062 cm�1) and PET

(1,725 cm�1) which are almost complementary to each other. The spectra

(Fig. 15.2c) collected from the selected points (a, b, c in Fig. 15.2a) show a gradual

decrease in peak intensity at 1,062 cm�1 and a corresponding increase in

1,725 cm�1 peak while traversing from point a to c. The distribution of the

components in the blends was further enhanced using “ratio image” approach by

plotting the ratio of the peak intensity at 1,062 and 1,725 cm�1 as a function of

position instead of the absolute intensity as shown in Fig. 15.2d.

Quantitative chemical analysis in different phases of polymer blends can be done

from information gathered on structural units, end groups, and additives using mRS.
Overbeke et al. showed that the micro-domains formed during curing and

phase separation in an epoxy-thermoplastic blend could reveal the thermoplastic–

modified epoxy networks by comparing to calibrated Raman data obtained from

standard blend samples [9]. Hashida et al. showed the distribution of crystallites

within each phase of the blend and mapped the degree of crystallinity at various

locations of poly(hexamethylene adipate) (PHMA) and poly(hexamethylene

sebacate) (PHMS) blends [10]. PHMA and PHMS have similar chemical structures

but exhibit different degrees of miscibility when blended with poly(propylene

glycol) (PPG), resulting in phase separation when mixed binary or ternary. The

crystallization process is directly related to the variation in composition associated

with the phase separation that can be characterized on the basis of the measured

intensity for conformation-sensitive Raman peaks.

Li et al. studied the quality and activity of a catalytic system used in carbon

nanotube (CNT) growth process using mRS [11]. By localized Raman mapping, the

variation of the active metallic species (Fe, Co) over the oxide surface (CaCO3) was

quantified and analyzed. In this study, it was observed that the compositional

variation in the active species over the oxide surface affected the yield and

morphology of the CNT. Mayo et al. employed mRS to study the phase separation

of polymer-functionalized single-walled carbon nanotubes (SWCNTs) within
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a polymer blend [12]. Polystyrene (PS) and poly(methyl methacrylate) (PMMA)

blends were used as a means to segregate the polymer-functionalized CNTs to the

polymer phase that had high affinity. A Raman map of the phase-separated

PS/PMMA polymers containing PS-functionalized SWCNT is depicted in

Fig. 15.3. The distribution of the polymer-functionalized SWCNT was found to

favor the respective functionalized polymer domain.

Chou et al. employed polarized Raman spectroscopy to rapidly identify the

growth orientation and phase of vanadium oxide nanowires [13]. Vanadium oxide

nanowires were synthesized using physical vapor deposition in a hot wall horizontal

tube without a catalyst similar to ZnO nanobelt vapor-solid growth mechanism

[14]. Variations in phases of the nanowires were identified as VO2 and V2O5 along

the tube reactor using Raman microscopy. In their geometry, the nanowires were

aligned along the laboratory Y-axis direction and the Raman intensity was

R
am

an
 In

te
ns

ity

1200 1400 1600

100 1725cm−1

a

b

c

Wavenumber/cm−1

1062cm−1

0.35
0.3
0.25

0.05

0.1

0.15

0.2

c

d

a b

Fig. 15.2 Raman images generated by plotting the variation of the scattering band at 1,062 cm�1

and the band at 1,725 cm�1, to illustrate the relative distribution of HDPE (a) and PET

(b) components. (c) The corresponding Raman spectra from selected points a, b, c. (d) The ratio
image for 80% PET/20% HDPE polymer blend prepared without maleic anhydride. The dark
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measured for light polarized parallel (YY) and perpendicular (XX) to the nanowire

axis. The azimuthal orientation of the V2O5 nanowires had an influence on the

Raman intensity but not the angular dependence on analyzer polarization. The

various low-index growth directions were distinguished by comparing the relative

intensity of the YY and XX polarizations for each Raman mode. The Ag mode of

VO2 nanowires was distinguished by mapping the mode at 620 cm�1 and the V2O5

nanowires at 994 cm�1 as shown in Fig. 15.4. The Raman intensity of the low-index

800 1000 1200 1400 1600
Raman Shift (cm−1)

800 1000 1200 1400 1600
Raman Shift (cm−1)

800 1000 1200 1400 1600
Raman Shift (cm−1)

Fig. 15.3 (a) Raman map of PS-functionalized SWCNT highlighted in green. Insets indicate the
signal from the three components: SWCNT (b), PS (c), PMMA (d). The corresponding Raman

spectra are shown on the right (Reprinted from [12])

a

b

c

Fig. 15.4 (a) AFM
topographic images of VO2

and V2O5 nanowires. (b) Map

of integrated Raman signal

(615–625 cm�1) in the same

region identifying VO2

nanowire. (c) Map of

integrated Raman signal

(989–999 cm�1) identifying

V2O5 nanowire (Reprinted

from [13])

15 Micro-Raman Spectroscopy of Nanostructures 423



growth directions of V2O5 and VO2 were higher in the [010] and [100] directions,

respectively. The orientation of nanostructures in composites is explained in detail

in Sect 5.4 of this chapter.

5.2 Probing Structure and Properties of Low-Dimensional
Carbon Systems

Low-dimensional graphitic carbon systems such as CNTs (1D confinement) and

graphene (2D confinement) received considerable attention over the last two

decades owing to their rather unique electrical, mechanical, and thermal properties

[15–18]. mRS proved to be valuable in studying these highly ordered carbon

materials due to the characteristic vibrational modes of carbon-carbon networks,

which provide information of the structure and properties of these nanostructures.

With a relatively high spatial resolution, mRS is a unique tool to study the

structure and electronic properties and their variations down to individual

nanostructures and in some cases variations within individual nanostructures.

The important Raman bands in these structures are: G band, which is the tangen-

tial graphite-like band at �1,580 cm�1, known to be sensitive to the electronic

nature (metallic vs. semiconducting) and the strain of the C–C bonds; D band

(known as a defect mode) at �1,350 cm�1, which is indicative of substitutional

heteroatoms, vacancies, and grain boundaries; G0 band (2,500–2,800 cm�1) is the

second-order harmonic of the D band and is highly sensitive to the strain on the

C–C bonds and structure (number of layers in a graphene flake); and radial

breathing mode (RBM), which arises when all the carbon atoms vibrate in phase

and in the radial direction, and occurs at frequency range of �160–300 cm�1 [19].

The frequency of RBM mode was found to be inversely proportional to the

diameter of a CNT [16]. In this section, examples of micro-Raman investigation

of CNTs and graphene are illustrated to provide the analytical aspects of this

powerful nondestructive technique.

G, D, and RBM bands provide substantial information of CNT structure such as

chirality and diameter [20, 21]. Anderson et al. directly demonstrated the chirality

(or helicity) changes along spatially isolated SWCNT by mapping the RBM

frequencies, which was further supported by G band frequency and shape. They

have identified the transition from semiconducting-to-metal and metal-to-metal

chiralities at the single nanotube level [22]. In addition, they observed increased

Raman scattering due to local defects associated with the structural transition, and

further, determined the spatial extent of the transition to be �40–100 nm.

Kobayashi et al. observed that micro-Raman spectra of suspended SWCNT were

much more intense than those grown on substrates; thus, they were able to isolate

and selectively study the structural features of the SWCNT suspended on pillars

made of silicon (Si) and silicon oxide (SiO2) [21]. By studying the intensity ratio of

D and G bands, they were able to evaluate the defect density and noted that the

SWCNTs grown on the Si pillars contained more defects.
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When combined with an imaging technique such as scanning electron micros-

copy (SEM), mRS provides enough resolution to probe the electronic character-

istic of CNT down to individual nanotubes [23]. Typically, CNTs exhibit

a broadened Breit-Wigner-Fano G–band shape in the Raman spectra when

they are metallic due to the presence of free electrons in the conduction band;

on the other hand, semiconducting CNTs show a Lorentzian G–band shape

[24–26]. By analyzing the G band obtained from micro-Raman spectra, the

distribution of metallic and semiconducting CNTs can be mapped, which pro-

vides valuable information regarding the synthesis and processing conditions.

For example, LeMieux et al. used mRS to observe G band and RBMs to

characterize the electronic nature and chirality of CNTs that were deposited on

functionalized surfaces, which were devised as CNT network field-effect tran-

sistors [27]. In this study, mRS corroborated device results as a function of

surface chemistry to show that CNTs with a specific electronic type were

absorbed onto the functionalized surfaces.

Ferrari et al. showed that the G0 band exhibits change in shape, width, and

position for an increasing number of graphene layers while the G band exhibited

a small downshift [28]. Similarly, Graf et al. investigated single- and few-layer

graphene flakes using mRS, and found that the width of the G0 band was highly

sensitive to the crossover from single- to double-layer graphene by showing that the

single peak for single-layer graphene split into multiple peaks for the double layer

as shown in Fig. 15.5(a–f) [29].

By carefully analyzing the double resonance G0 band in the form of electronic

band of a graphene monolayer, Faugeras et al. observed that graphitized carbon-

terminated surfaces of silicon carbide (SiC) were electronically well-decoupled,

and therefore could be considered to be graphene multilayers with the appearance

of Dirac-like electronic states [30]. From this observation, they suggested that

functional graphene-based devices could also be developed from graphite layers

epitaxially grown on silicon carbide. In another study, Lee et al. showed that for

multilayer-graphene structures (mono-, bi-, tri-, etc.) grown on SiC, the full width at

half maximum (FWHM) of theG0 band could be used to assign the number of layers

fabricated on SiC [31].

Ganganahalli et al. studied the electrochemical reduction of graphene oxide

(GO) by in situ monitoring the G band of GO using mRS, wherein the G
(�1,610 cm�1) band of GO shifted to �1,585 cm�1, confirming the reduction of

GO to graphene [32]. Furthermore, by monitoring the changes in the intensity

ratio of D to G bands, the defect concentration in the reduced graphene oxide

could be estimated.

The analysis of the shape, intensity, and shift of these Raman bands allows

evaluating the electronic state, structural deformation, and defect density in

CNTs and graphene. When complemented by other high-resolution microscopy

techniques such as atomic force microscopy (AFM) or X-ray diffraction, mRS offers

valuable insight into the structure and properties of these low-dimensional

carbon systems.
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5.3 Probing Crystallinity and Crystal Orientation

5.3.1 Probing Crystallinity of Polymers
The sensitivity of Raman spectroscopy to crystallinity is due to the conformational

changes in polymers occurring during the transformation of polymer chains from

amorphous domains to that of three-dimensional ordered, crystalline domains [33].

mRS could be used to quantify the crystalline fractions of spherulites by analyzing

the characteristic Raman bands in the region of interest.

The morphological changes during the crystallization of PET were studied using

mRS [3]. PET, a semicrystalline polymer, has three possible morphological species:
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amorphous, ordered amorphous, and true crystalline configuration. Crystallization

of PET (glycol and terephthalate segments) involves conformational changes from

amorphous domains to transcrystalline structure. PET exhibits gauche glycol seg-

ments with disordered terephthalate groups in the amorphous phase, trans glycol and

disordered terephthalate groups in the ordered amorphous phase, and an all trans

structure with the carbonyl groups coplanar with the benzene ring in the crystalline

form [34]. The conformational changes during crystallization can be observed as

narrowing of carbonyl band at 1,725 cm�1 (corresponding to the rotation of carbonyl

group with respect to benzene ring) and the growth of the bands at 1,095 cm�1

(combination of stretching vibrations of the ester, glycol, and ring units of the trans

configuration of PET) and 1,000 cm�1 (trans glycol moiety) [35].

The crystalline content of semicrystalline PET can be determined by the peak

intensity ratio of bands at 1,117 and 1,095 cm�1. Highly crystalline samples exhibit

a large peak at 1,095 cm�1, whereas amorphous samples show a shoulder on the

1,117 cm�1 peak [36]. The increase in the intensity of the 1,095 cm�1 peak upon

crystallization was assigned to the stretching mode of the C-C trans conformation

and the 1,117 cm�1 to the crystalline phase gauche conformations. The plot of the

intensity ratio of 1,095/1,117 cm�1 and the FWHM of the carbonyl stretching mode

at 1,725 cm�1 gave a linear relationship with a correlation coefficient >0.99

indicating that the two spectroscopic changes measured the same molecular phe-

nomenon [34]. The FWHM of the Raman intensity peak at 1,725 cm�1 correlated

well with density and gave a good estimate of the degree of crystallinity in the

sample [36, 37]. Highly crystalline regions had a narrow peak width whereas

amorphous regions had a broader peak width.

The crystalline fractions of polymer within spherulite formed by isotactic poly-

propylene (iPP) were quantified using mRS. Gatos et al. examined in their study the

crystalline profile of isotactic polypropylene (iPP) by analyzing the characteristic

Raman band at 809 cm�1 that indicates high amorphous content in conjunction with

an optical micrograph [38]. Raman spectra were taken in steps of 10 mm on

a spherulite with a diameter of 80 mm. This yielded the degree of crystallinity

along the spherulite diameter as shown in Fig. 15.6. The interior of the spherulite

was further studied using AFM revealing the fibril packing and morphology of

the spherulite. In another study, Martin et al. used Raman microscopy to differen-

tiate between a- and b-crystalline polymorphs of iPP. They investigated the

b-crystalline morphology of iPP by analyzing the shift in the 842 cm�1 peak to

generate structural map of one b-spherulite among a-spherulites. They noted that

the contour of the b-spherulite had a concave edge and could be well identified

among the a-spherulites [39].

5.3.2 Probing Crystal Orientation in Inorganic Nanostructures
It is well known that the electrical and optical properties and the performance of

the electronic and optoelectronic devices based on inorganic nanostructured

materials critically depend on the composition, crystalline structure, and orienta-

tion; hence, these parameters must be known for nanostructures integrated into
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nanodevices. X-ray analysis is commonly used for probing the crystallinity and

lattice dimensions of relatively large quantities of nanostructures. However, one of

the major limitations is that the technique is not applicable for probing the

crystalline orientation of an individual nanostructure. On the other hand, trans-

mission electron microscopy (TEM) and electron diffraction has been the primary

tool for identifying the growth direction and crystal facets of individual inorganic

nanowires and nanobelts [40]. However, TEM requires special sample preparation

and cannot be easily applied to nanostructures integrated into the devices. mRS
clearly offers an opportunity to address the crystalline orientation and other

physical properties of the nanostructures without any special sample preparation

and directly in device configuration. Raman spectra obtained at a given polariza-

tion with respect to the orientation of the crystal lattice is known to have distinct

features based on the Raman selection rules. While a detailed discussion of the

selection rules is beyond the scope of this chapter, we will briefly discuss the

Raman spectra of ZnO, which belongs to the wurtzite crystal structure and use it

as an example to demonstrate the utility of mRS to identify the crystal orientation

of nanostructures.

ZnO exhibits a hexagonal structure belonging to C6mc space group [41].

The ZnO structure is comprised of alternating planes of tetrahedrally coordinated

O2� and Zn2+ ions, stacked along the c-axis. One important feature of ZnO is the

polar surfaces, with the most common polar surface being the basal plane. The

oppositely charged Zn2+ and O2� ions produce positively charged (0001) and
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negatively charged (0001) surfaces, respectively. In the simplest example of a ZnO

nanobelt, the fast growth direction can be either [2110], [0110] or [0001] [42, 43].

Wurtzite ZnO structure with four atoms in the unit cell has a total of 12 phonon

modes (one longitudinal acoustic (LA), two transverse acoustic (TA), three longi-

tudinal optical (LO), and six transverse optical (TO) branches). The optical pho-

nons at the G point of the Brillouin zone in their irreducible representation belong

to A1 and E1 branches that are both Raman and infrared active, the two nonpolar E2

branches are only Raman active, and the B1 branches are inactive (silent modes).

Furthermore, the A1 and E1 modes are each split into LO and TO components with

different frequencies. For the A1 and E1 mode lattice vibrations, the atoms move

parallel and perpendicular to the c-axis, respectively. On the other hand, E2 modes

are due to the vibration of only the Zn sublattice (E2-low) or O sublattice (E2-high).

The expected Raman peaks for bulk ZnO are at 101 cm�1 (E2-low), 380 cm�1

(A1-TO), 407 cm�1 (E1-TO), 437 cm�1 (E2-high), and 583 cm�1 (E1-LO).

Singamaneni et al. have demonstrated high-resolution confocal Raman micros-

copy as a nondestructive technique for fast and unambiguous identification of the

localized crystal orientation of individual ZnO nanostructures [44]. The two impor-

tant features in the Raman spectra of ZnO which clearly distinguish the c-axis are

the intensity of A1(TO) band and the width of the E2 band. Figure 15.7a, b show the

SEM and the Raman map of E2 band intensity of two ZnO nanobelts cross each

other. Raman mapping clearly revealed that the intensity A1(TO) band (Fig. 15.7c)

and the width of the E2 band (Boolean map with the thresholds as marked in

Fig. 15.7d) can be employed to identify the growth direction of the nanobelt.

Apart from these two features, the waveguiding of the Raman scattered signal

from the substrate (enhanced parallel to the c-axis and suppression perpendicular

to the c-axis) has been revealed (seen in Fig. 15.7e, f).

These features of the Raman bands of the ZnO nanostructures can be extremely

powerful for the in situ identification of orientation of ZnO nanostructures

employed in a converse piezoelectric actuator directly in an assembled state [45].

While their study focused on ZnO nanostructures, the authors noted that the

general features (Raman bands and the waveguiding effect) described are equally

applicable to other wurtzite type nanostructures and the approach suggested

might serve as a universal tool for the versatile characterization of GaN, ZnS,

and CdSe from the wurtzite family, which are utilized for optoelectronics, lasing,

and piezoelectricity.

Recently, it has been demonstrated that confocal Raman microscopy can be

employed to obtain information on the phase, growth direction and radial crystal-

lographic orientation of GaN nanowires [46, 47]. Fan et al. have demonstrated the

orientation-dependent micro-Raman measurements on single wurtzite CdS

nanowires with an average diameter of 60 nm [48]. The Raman spectra of

nanowires were compared with those of bulk ribbon. As opposed to the Raman

spectra from the bulk samples, the intensity of most Raman bands of the nanowires

exhibited significant dependence on the polarization of the excitation with respect

to the nanowire axis. The Raman bands were found to be polarized along the

longitudinal axis because of the shape-induced depolarization effect, similar to
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polarized photoluminescence. From a detailed angular dependencies of various

Raman bands, the authors noted that the LO, 2LO, and multiphoton bands were

strongly affected by the anisotropic geometry of the nanowires, while the E2 band

remained insensitive owing to the crystal symmetry of the nanowire.

5.4 Orientation of Nanofillers in Composites

CNTs are excellent candidate as reinforcing phase in many composite materials due

to their high stiffness and strength [49]. Though CNTs can be used as reinforcing

filler, there are problems like the degree of control of their orientation or alignment

in the matrix, matrix-nanotube load transfer efficiency that are yet to be overcome.

Fabrication of anisotropic mechanical and electrical properties of polymer/CNT

composites requires orientation and well-controlled distribution of CNTs in the

polymer matrix [50–52]. mRS has emerged as a sensitive local probe for the

orientation of nanostructures in polymer fibers and composites. Polarized Raman

spectroscopy is a powerful tool that can be used to obtain molecular orientation

distributions. By measuring the angular distribution of the Raman scattering inten-

sity using a monochromatic plane-polarized beam and an analyzer, the molecular

orientation distributions in polymers can be studied. Since the vibrational mode

possesses an individual differential polarizability ellipsoid that determines the

mode of vibration, polarized Raman spectroscopy is also useful for assigning

vibrational modes [53]. The G-band intensity ratio, with polarization parallel and

perpendicular to the fiber axis, at about 1,592 cm�1 is taken as a measure of single

wall CNT orientation in composites and fibers [54–56].

In a recent study, Deng et al. examined the dispersion of CNTs in poly

(p-phenylene terephthalamide) (PPTA) composite fibers using Raman scattering

intensity mapping along the fiber [57]. They examined the distribution of CNTs

by taking the relative intensity of nanotube G-band to PPTA 1,610 cm�1 band

(IG/I1610) by scanning over the fiber surface. The intensity ratio was found to be

uniform at different positions of the fiber indicating that the nanotubes were well

dispersed. The orientation of the structural units of the composite had an influence

on the mechanical properties. The rigid-rod like polymer chains, coupled with

high crystallinity and high orientation impart the PPTA/CNT fibers with high

modulus and tensile strength. Molecular dynamic simulations done by Yang et al.

have demonstrated that strong interfacial adhesion exists between the nanotubes

and polymers containing aromatic ring on their backbone and hence there is stress

transfer from the matrix to the nanotube [58].

In another study by Chae et al., orientation and exfoliation of SWCNTs in

polyacrylonitrile (PAN) fibers by gel spinning was studied using Raman spectros-

copy, and it was based on the G-band intensity ratio of polarized light and the

second- and fourth-order orientation parameters of SWCNT [53]. The Raman

intensity ratio for beam-polarized parallel and perpendicular to the fiber axis was

42 for gel spun fiber but 38 for conventional solution spinning and that SWCNT

orientation was slightly higher (0.915) than conventional spun fiber (0.90).
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However, SWCNT orientation in PAN/SWCNT gel spun fiber was less than

polymer orientation in fibers like Kevlar, Zylon, and Spectra where typical orien-

tation factor value was �0.99.

5.5 Internal Stress Monitoring with Nanoscale Resolution

The mechanical properties of the nanocomposites strongly depend on their struc-

ture, orientation of the filler, phase separation, and processing conditions. Hence,

there is a need for in situ nondestructive characterization technique to probe the

internal stress in nanocomposite structures. The shortcomings of many conven-

tional techniques such as low resolution, destructive measurements, complex

modeling and applicability to only certain class of materials are overcome by

using mRS owing to the sensitivity and nondestructive measurement for monitoring

internal stress in various materials [59].

Themechanism of stress transfer between CNTs and polymers in a nanocomposite

was studied using Raman microscopy to detect interfacial failure. The Raman

response under tensile strain varies for SWCNT in nanocomposites due to debundling

and nanotube coupling within the bundles. Mu et al. studied the frequency shift of the

G band of SWCNT/PMMA composite fibers under axial stress and probed the

mechanism of load transfer from amorphous, linear glassy polymer matrix to small

SWCNT bundles that have no strong, specific interactions with the polymer [60].

Within a small strain regime, there was a linear stress transfer to SWCNT and the

shift in G peak and stress–strain curve were reversible. At higher strain there was no

linear stress transfer due to the weak interfacial interactions between PMMA and

SWCNT, indicating deterioration of the mechanical properties. Load transfer in such

composites was limited by the strength of adhesive interactions. Mechanical response

to the onset of slipping at the PMMA/SWCNT interface could be examined by using

Raman microscopy in situ with mechanical testing.

In another study, Ko et al. studied bent CNT arrays by combined AFM and mRS
analysis [61]. They observed systematic lower frequency shift of the tangential

G mode, and suggested that the shift was attributed to tensile strain of the bending

nanotube arrays resulting in the loosening of C–C bonds in the outer shells of the

curled nanotubes. Singamaneni et al. have also employed the combination of AFM

and confocal Raman microscopy to monitor the internal stress distribution in

periodic polymer microstructures [62, 63]. The authors have demonstrated that

mechanical instabilities in cross-linked bisphenol A Novolak epoxy nanoporous

structures fabricated using interference lithography (IL) exhibited dramatic pattern

transformation under external or internal stresses. In particular, they observed that

polymerization of a rubbery component (polyacrylic acid) in a square array of

cylindrical pores of the IL structure resulted in the transformation of the cylindrical

pores into mutually orthogonal ellipses along both (10) and (01) of the square array.

The AFM images clearly reveal the structural transformation at a microscopic level.

The pattern transformation can be related to bending of the struts in alternate

directions (along (10) and (01) directions) and the rotation of the nodes in clockwise
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and anticlockwise directions. On the other hand, confocal Raman microscopy was

employed to monitor the stress distribution at the submicron scale in the pristine

and transformed structures to complement AFM imaging. The elastoplastic nature

of the IL material deformation locked in the mechanical instabilities after the

release of the external stress with internal stresses dissipated to a great extent as

was confirmed by micro-mapping with Raman microscopy. The authors noted that

this is in sharp contrast with the reversible instabilities in elastomeric solids, in

which the transformed structures exhibit stress concentration in localized highly

deformed elements.

Beecham et al. have demonstrated that both temperature and stress fields can be

simultaneously measured for phosphorus-doped polysilicon microheater devices

[64]. In MEMS devices and high band gap semiconductors, high temperature and the

presence of stress can adversely affect device performance or reliability. Temperature

or stress dependence measurements using mRS are based on the variation in the

Stokes peak positions. However, under thermomechanical loading conditions the

change in the Raman peak position can also be due to the simultaneous effects of

temperature and stress. mRS was used to measure both stress and temperature

parameters by monitoring the position and the line width of the Stokes-shifted peak

due to a relative independence of the Stokes line width on stress. In a later study, the

same authors quantified the magnitude of operational thermoelastic stress that

evolves in a GaN transistor through simultaneous use of Raman signal’s Stokes

peak position and line width. They found the experimentally measured shifts to be

in a close agreement when compared with the finite element model predictions [65].

In a recent study, Spolanek et al. used mRS to indirectly measure stress of a thin

aluminum film on a poly-Si, silicon nitride, and aluminum multilayer structure as

a function of temperature by using the silicon layer as a strain gage. Although

aluminum is Raman inactive, by measuring the difference between the thermally

induced peak shift of a silicon wafer and the measured peak shift of the multilayer

structure, the thermal stresses in the different layers (including Raman inactive

layers) were calculated. The observed peak shifts were caused by thermal stresses

that originated due to the mismatch of the thermal expansion coefficients of the

different layers in the multistructure. The authors were able to monitor the average

stress and stress distribution simultaneously [66].

The grain orientation and internal stress of a multicrystalline silicon material

were also evaluated by mRS [67]. Determination of stresses in silicon wafers with

known crystallographic orientations can be done by measuring the corresponding

Raman peak shift. In multicrystalline silicon, the determination of stresses becomes

complicated for arbitrary grain orientations. The Raman intensity depends on the

polarization direction of incident and scattered light and on the crystallographic

grain orientations. The intensity dependence on position was used in determining

the crystallographic grain orientations and the stress tensors were calculated by the

Raman peak shift. Three polarization settings were used so that one of the three

phonon modes dominated the other two. The measured frequency shifts were

assigned to the dominant modes within the region of interest and correlated with

the local stress tensor close to the crack tip which was under tensile stress.
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Inhomogeneous stress distributions that arise at the grain boundaries in polycrys-

talline silicon wafers were detected by fan-shaped dislocation clusters close to the

grain boundaries. The dislocation clusters are formed during the solidification

process and relieve stresses produced in the system.

In another study, Gigler et al. mapped a nanoindent region made in a SiC crystal,

by IR-type-scanning near-field optical microscope (SNOM) and mRS in terms of

local residual stress fields [68]. They have found that the stress-induced shifts of the

LO phonon frequencies as Raman images and the related shift of the phonon-

polariton near-field resonance as IR-SNOM images were in contrast to each other

around the nanoindentation sites as can be seen in Fig. 15.8. The magnitudes of the

shift in phonon frequencies probed by Raman scattering were directly related to

local stress similar to that detected by near-field phonon-polariton resonance in

SNOM. With the above combination of optical techniques, they were able to

resolve the smallest features down to the size of nanocracks. While the SNOM

technique revealed stress distribution near the surface, Raman scattering provided

valuable information on the subsurface stress distribution. Thus, by combining both

analytical techniques, a highly effective assessment of local stress distributions

with the full high-resolution spectral information could be obtained.

Chen et al. investigated the effect of strain on the phonon modes of bent InP

nanowires [69]. The nanowires were bent by pushing on them with an AFM tip.

Line scans were performed along the wire with a step size of 200 nm and spectral

mappings were recorded. Raman images were generated from the acquired data by

integrating the signal over a frequency band covering the two phonon modes at

304 cm�1 (TO mode) and at 344 cm�1 (LO mode) for the hexagonal nanowires.

Fig. 15.8 Confocal Raman microscopy and SNOM images of a locally stressed SiC crystal

(a) Rayleigh intensity map. (b), (c) Spectral position maps of fitted TO and LO phonon lines

obtained by fitting a Lorentzian peak. (d) Topography of the indent. (e) SNOM amplitude for

oIR ¼ 924 cm�1. (f) SNOM amplitude for oIR ¼ 944 cm�1 (Reprinted from [68])
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Raman spectra were extracted from the resulting optical images for several posi-

tions within the scan range as shown in Fig. 15.9. The spectra of the bent wire with

the highest curvature (consequently highest strain) were broadened compared to the

straight (nonstrained) wire as seen in Fig. 15.9a. The corresponding Raman maps

for the strains induced in the nanowire are shown in Fig. 15.9b. The nanowires

experienced compressive strain on the inner side of the curve and tensile strain on

the outer side leading to a frequency shift and broadening of the peak [70]. For a 1%

bending strain of the nanowire, the TO and LO peaks broadened by 1% and 0.2%.

The origin of the phonon energy variations was due to the compressive and tensile

strains inside the nanowires in accordance with the deformation potential theory.

5.6 Micro-Raman as a Tool to Understand SERS

SERS involves the dramatic enhancement of Raman scattering of the molecules

adsorbed on nanostructured metal surface [71]. It is currently widely accepted that
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the enhancement of the Raman signal in SERS sprouts from two distinct contribu-

tions, namely, electromagnetic enhancement and chemical enhancement [72]. The

dramatic enhancement of the intensity of the Raman spectra from the molecule

adsorbed on a nanostructured metal surface, which seems to be simple for exper-

imental realization, has been intensely investigated to understand the underlying

physical phenomenon responsible for the effect [72–76].

Micro-Raman is a unique tool to address several fundamental aspects of

SERS such as nature of the so-called hot spots (interstices of closely separated

metal nanostructures), dependence of the enhancement on the orientation of

the anisotropic nanostructures and aggregates with respect to polarization of the

incident light. In this section, we will briefly highlight some of the important

examples, where micro-Raman was employed to provide unique insight into

these aspects.

Xia and coworkers have demonstrated that the polarization of light plays an

important role for nanoparticles with anisotropic shapes, especially with truncated

corners [77]. Optical dark-field mode imaging was employed to identify individual

silver nanocubes deposited on silicon substrate as shown in Fig. 15.10a. Raman

spectra were collected from the nanocubes, which were oriented in different

directions with respect to the laser polarization. Subsequent SEM imaging of the

same cubes enabled the authors to directly correlate the orientation of the

nanocubes with respect to the light polarization and the SERS enhancement factor.

They observed dramatic variation in SERS intensity when the nanocubes were

oriented at different angles relative to the polarization of excitation laser as shown

in Fig. 15.10b. SERS spectra of 1,4-benzenedithiol adsorbed on Ag nanocubes

oriented in different directions showed different intensities with respect to the light

polarization direction. The individual nanocubes with sharp corners were the most
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Fig. 15.10 (a) Dark field optical image of the Au nanocubes deposited on Si substrate with

micropatterened markers. (b) SEM images of the Au nanocubes and the Raman spectra

corresponding to the relative orientation of the polarization and nanocubes shown in the SEM

images (Reprinted from [77])
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active when they were oriented in such a way that their diagonal axes (corner to

corner) were parallel to the polarization of the applied light source. On the other

hand, the same nanocubes oriented with one of their faces parallel to the laser

polarization were much less SERS active (Fig. 15.10b).

Although it has been predicted long back that dimers of nanoparticles result in

much higher SERS enhancement compared to the individual particles, an experi-

mental verification of the same using mRS was done recently. Halas and coworkers

have obtained Raman spectra from individually and randomly formed dimers of

gold nanoparticles [78]. They have employed p-mercaptobenzoic acid as analyte

to reveal that the individual Au nanoparticles did not exhibit significant SERS

intensity, while nanosphere dimers exhibited a strong enhancement (shown in

Fig. 15.11). These experimental observations were confirmed by theoretical

finite-difference time-domain studies. Furthermore, they have also noted the depen-

dence of SERS enhancement on the excitation polarization with respect to the

dimer axis. Polarization along the interparticle axis resulted in maximum enhance-

ment, confirming previous studies.

In a very recent study, Yan et al. employed mRS to understand the effect of

nanoparticle cluster size and intercluster spacing in a periodic array on the SERS

enhancement [79]. They fabricated well-defined nanoparticle cluster arrays using

template-guided self-assembly, which enabled control of the average number of

nanoparticles in the clusters and edge-to-edge separation. SERS enhancement was

found to increase with the increase in cluster size up to four particles after which it

was found to saturate. Furthermore, they have shown that strong near-field inter-

actions between individual clusters resulted in significant enhancement when the

intercluster spacing was less than 200 nm. Their findings clearly highlight the

importance of the multi-length-scale aspects for rational design of SERS substrates

with high and more importantly reproducible SERS enhancement.

There are numerous examples where micro-Raman technique was employed to

probe the enhancement of individual plasmonic nanostructures. Gunawidjaja and
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coworkers have used confocal Raman microscopy to map the SERS enhancement

of a silver nanowire decorated with gold nanoparticles, termed nanocob [80, 81].

They have noted that the SERS enhancement of the nanocob structure was much

higher compared to the individual silver nanowires and the enhancement produced

by the nanocobs was highly sensitive to the orientation of a nanocob with respect to

the direction of the excitation light polarization. mRS and Raman microscopy have

emerged as powerful tools to gain a fundamental understanding of SERS and enable

the design of highly SERS efficient metal nanostructures.

5.7 Biological Applications

The wealth of quantitative information that can be obtained in a noninvasive

manner using mRS have included studies that identify subcellular reactions, organic

pigments, imaging and tissue characterization [82, 83]. As the presence of water is

not detrimental to Raman spectra, media in biological sample preparation and

growth can permit cell sampling to be fixed, dried, analyzed alive, or even be

measured in vivo circumventing the need for excisional biopsies [84, 85]. The

“biochemical fingerprint” of Raman bands represents the vibrational modes of

molecules in a cell within the region of interrogation [86]. The use of mRS is not

limited to tissues and cells, but also in determining structure and conformation of

proteins and nucleic acids in viruses [87].

Using spectral comparison and dilution studies, heterogeneity in a specific

region can be determined by the use of data analysis methods like hierarchical

clustering analysis (HCA), principle component analysis (PCA), etc. For each

pixel, spectral images are created based on the intensity of individual peaks by

assigning colors to identify different regions in a heterogeneous sample specimen.

Such approaches can be used to evaluate the amount of cancerous tissue relative to

noncancerous tissue [88, 89]. The transition from a normal cell to a diseased state is

accompanied by changes in the variety of biomolecules that can be indiscriminately

probed using Raman microscopy. This yields spectral signatures enabling differ-

entiation between normal and cancerous cells [90, 91].

In another study by Uzunbajakava et al., nonresonant Raman imaging of protein

distribution in two different cell types, peripheral blood lymphocytes (PBLs) and

eye lens epithelial cells (LECs) was analyzed using confocal Raman microspec-

troscopy [86]. The difference in protein distribution in the cell nuclei of both PBL

and LEC could be observed in the Raman images. Other techniques like TEM were

used to analyze the chromatin distribution in LECs and fluorescence method was

used for chromatin compactness. However, these techniques could not provide

information on the single-cell level without using specific stains or labels. With

the application of mRS, the boundaries of higher and lower protein intensities were

clearly distinguishable with a size of 1 mm for the territories in the nucleus of

mature PBLs. The nucleus of the LECs appeared to be more homogenous. The

detectable number of counts for the high frequency protein band (�2,900 cm�1)
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was four to five times higher than the corresponding band (�1,451 cm�1) in the

fingerprint region. In another study by the same authors, the distribution of DNA,

RNA, and lipids in human cells were visualized using Raman imaging [86].

Raman maps of nuclei generated by their spatial distribution in cells were used

to investigate the chemical changes caused by a disease. The white blood cells in

the cerebrospinal fluid were investigated for the diagnosis of diseases in central

nervous system (for the identification of bacterial meningitis) [92, 93]. Raman

maps of yeast cells were recorded to differentiate various strains where the

mapping approach proved valuable to eukaryotic cells owing to their molecular

compartmentalization [94, 95]. The advantages of mRS have been realized in

a number of studies dealing with different types of cancer, e.g., colon cancer,

skin tumors, oral cancer, and breast cancer [96–100]. These studies demonstrated

the prospects for Raman microscopy as a useful tool for early cancer diagnosis. To

highlight the differences between cancerous and healthy cells rather than individ-

ual cells, Raman microscopy can be utilized in combination with chemometric

analysis [84].

6 Summary and Future Perspective

The unique combination of rich molecular information (physical and chemical),

high spatial resolution, nondestructive nature, and simplicity makes mRS an

extremely valuable tool for characterization of nanostructures. As illustrated by

numerous examples in this chapter, mRS has been applied to a wide variety of

nanostructures. For instance, mRS has emerged to be an indispensible tool in the

characterization of low-dimensional carbon nanostructures such as carbon

nanotubes and graphene. There are only few recent reports in the literature where

mRS has been applied to individual inorganic nanostructures such as ZnO, GaN

nanowires to probe the crystalline orientation of the nanostructures in

a nondestructive and in-device state. We believe that the application of mRS
technique is still in its infancy especially in the context of characterizing individual

nanostructures.

One of the major impediments for the application of mRS to broader set of

nanomaterials (apart from the strong Raman scatterers such as CNTs, graphene) is

the small cross section for normal Raman scattering process. In particular, the case

of organic nanostructures, low scattering cross section combined with the need to

limit the laser source power density (to avoid photodegradation of organic mate-

rials) poses a significant challenge. One way to overcome this obstacle is in

combining mRS with SERS to enhance the Raman scattering from the

nanostructures. In fact, there are already few reports which exploit this method

[79–82]. A major challenge in this approach is in the fabrication of reliable, low-

cost SERS substrates with uniform enhancement over large areas. We expect that

such substrates, which are being extensively pursued, would dramatically broaden

the application of mRS to polymeric and biological nanostructures.
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Tip-Enhanced Raman Spectroscopy 16
Norihiko Hayazawa, Alvarado Tarun, Atsushi Taguchi, and
Kentaro Furusawa

1 Definition of the Topic

This chapter describes Raman spectroscopy with a high spatial resolution beyond

the diffraction limit of light.

2 Overview

Near-field scanning optical microscopy (NSOM) has been developed as

a combination of scanning probe microscope and optical microscope in which the

spatial resolution is determined by scanning probe microscope resolution while

the signals detected are coming from several optical interactions. As a result,

NSOM has achieved a higher spatial resolution than that of the classical optical

microscopy that uses a conventional lens, which is strictly limited by the diffraction
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limit of light. In this chapter, recent advances in near-field optical microscopy and

spectroscopy are reviewed, particularly metallic tip–based probes. One of the most

successful capabilities of the metallic tip is the application to Raman spectroscopy

with respect to well-known surface-enhanced Raman scattering (SERS) since

the metallic tip can work as an electric field enhancer in this case. Because of the

analogy with SERS, near-field detection of Raman scattering using a metallic tip

has been recognized as tip-enhanced Raman spectroscopy (TERS). The discussion

covers tip-enhancement effects using the metallic tip, several system geometries,

and applications of Raman and nonlinear Raman spectroscopy.

3 Introduction

Recently, there have been tremendous developments in the growth technologies of

nanoscale materials, which show new characteristic features, distinctly different

from those of bulk materials. However, in contrast to the rapid growth of fabrication

techniques, the progress in analysis techniques for such nanoscale materials has

been slow. In this chapter, we introduce tip-enhanced Raman spectroscopy (TERS)

for the characterization of materials at nanoscale. This newly emerging technique,

which has an extremely high spatial resolution far beyond the diffraction limits of

the probing light, is suitable for analyzing nanomaterials.

The principle of how to achieve a high spatial resolution beyond the diffraction

limit of light is based on near-field optics [1]. Near-field scanning optical micros-

copy (NSOM) is characterized by its super-resolution capability. It can exceed

the classical spatial resolution limit, the so-called diffraction limit, due to the wave

nature of light [2]. The imaging mechanism of the NSOM is different from the

classical optical microscopy, which uses an objective lens. In NSOM, the light

intensity is detected as a result of strong electromagnetic interactions between

the probe and the sample structure in the near-field via evanescent photons.

In this chapter, we will show a simple aspect on how to confine the photons in

the near-field and utilize as a nanolight source for spectroscopic studies in Raman

spectroscopy. In Sect. 3.1, we will categorize NSOM into aperture and apertureless

probes and then the discussion will be focused on the latter, apertureless probes.

The advantages of the apertureless probes will be presented in Sect. 3.2. They are

discussed in terms of localized surface plasmon polariton (SPP) excitations, which

is promising for nanoscale sensing since the signal level becomes smaller as the

sample volume is reduced. Section 4 introduces the typical system configurations,

including optical geometries, metallic tips for tip enhancement, and feedback

schemes for precise tip-sample distance control in the near-field. The most widely

developed tip enhancement in Raman spectroscopy (TERS) is discussed in

Sect. 5.1, and the extended works in UV and DUV regions are introduced in

Sect. 5.2. For higher sensitivity and resolution, tip enhancement applied to

nonlinear Raman spectroscopy is introduced in Sect. 5.3. Originated from the

successful demonstrations of TERS, other emerging applications of TERS are

presented in Sect. 5.4.
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3.1 Beyond the Diffraction Limit: Aperture and Apertureless
NSOM Probes

According to Fourier optics [3], a small aperture or a small object with a finite size

can be regarded as a superposition of grating sets, which have broad distributions of

lattice constants from much smaller to larger than the wavelength of a light. These

concepts are illustrated in Fig. 16.1. Small aperture (Fig. 16.1b) and small object

(Fig. 16.1a) with the same size (¼2a, which is much smaller than the wavelength of

light) become the same Sinc function by Fourier transformation. Among those

gratings, the grating with a lattice constant larger than the wavelength can diffract

the light to the proper angle that satisfies the diffraction condition. Thus the

diffracted light will propagate at a specific direction. On the other hand, the grating

with lattice constant smaller than the light wavelength will not satisfy the condition

for propagation of a light. Hence, the diffracted light becomes an evanescent

field, which cannot propagate from the grating structure and remains localized

at the object [4]. With the concept of these evanescent field components, light

field is confined and localized either at the aperture or the object, which results

in the generation of a nanolight source having the size that corresponds to

the diameter (¼2a) of the aperture or object. This is because the evanescent light

components have wave number, k, which is much larger than the propagation

light component as illustrated in Fig. 16.1c. The concept of confining light as

presented in Fig. 16.1a, b has been realized as so-called apertureless-type near-field

0

1/2a

1/a kx/2π1/λ

propagation component

evanescent component

Fourier transform2a 2a

contribution from

smaller gratings than λ

a b
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X X
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Fig. 16.1 Concept of

(a) apertureless and
(b) aperture probes.
(c) Fourier transform of the

tip end
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microscopes [5–7] and aperture-type near-field microscopes [8], respectively.

The typical configuration of the near-field probes is illustrated in Fig. 16.1a, b.

Aperture-type probes are generally made of sharpened optical fiber coated with

metal in order to block the leakage of light from the taper except at the aperture.

Apertureless probes, on the other hand, are generally sharp silicon cantilever tips of

atomic force microscope (AFM) coated with metal or sharpened pure metallic wires

(see Sect. 4.2 for details). Theoretically, the same spatial resolution can be expected

in both the aperture and apertureless near-field microscopes. Higher spatial

resolution requires either smaller aperture of the optical fiber depicted in

Fig. 16.1b or smaller diameter of the sharpened tip shown in Fig. 16.1a. According

to Fig. 16.1c, the wave number becomes higher when a becomes smaller. Also,

smaller aperture or tip diameter means more evanescent components. However,

for practical reasons, it would be more difficult to detect the weak signals in the

nanoscale since smaller apertures make the near-field signal smaller. This is crucial

particularly for Raman applications since Raman scattering cross section is

extremely small, which results in the use of large aperture (poor resolution) or

unrealistic long acquisition time [9, 10]. On the other hand, additional signal

enhancement can be expected in the case of apertureless-type probes especially

when the probes are made of a metal. This additional signal enhancement is

specifically expected when the tip diameter becomes smaller, which corresponds

to higher spatial resolution. In the next section, we discuss the mechanism of the

electric field enhancement effect by the metallic probe tip.

3.2 Tip Enhancement

When a metallic probe having a nanometric tip diameter is illuminated with an

optical field, conductive free electrons collectively oscillate at the surface of the

metal (Fig. 16.2). The quantum of the induced oscillation is referred as surface

plasmon polariton (SPP) [11]. The concentrated electrons (and the positive charge)

at the apex can generate a strong external electric field. Photon energy is confined

in the local vicinity of the tip apex. Therefore, the metallic tip works as a photon

reservoir [12]. The local electric field is used as a nanolight source to excite

photon-matter interaction for various spectroscopic techniques, in particular,

Raman spectroscopy in this chapter. The enhancement of Raman scattering by

metallic structures has been widely investigated as surface-enhanced Raman

scattering (SERS) since the 1970s [13–15]. For the SERS effect, metallic

nanoparticles and their aggregates are extensively used in various models to

understand the physical behavior of the local electric field and the magnitude

of the enhancement [16]. Similarly, in the case of the tip enhancement, the local

electric field has been calculated using a variety of numerical methods that

are based on electromagnetic mechanism. So far various analytical methods have

been utilized for the calculation of electromagnetic field such as finite difference
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time domain method (FDTD) [17], boundary element method (BEM) [18],

finite element method (FEM) [19], and multiple multipole method (MMP) [20].

All of these methods at least qualitatively resulted in the same conclusion for the tip

enhancement. Figure 16.3a shows the local electric field distribution near a silver

probe tip calculated via FEM derived from the numerical solution of Maxwell’s

equations. It can be seen that the optical field is highly confined into a tiny volume

near the tip end. In addition to the spatial confinement, the optical field is strongly

amplified by 15 times and corresponds to 225 times in electric field intensity.

Calculation methods or models, however, could vary the factor of the enhancement;

nevertheless the size of the enhanced field is comparable to that of the probe tip

in any cases [12]. Figure 16.3b shows the same tip but with s-polarized light

excitation. The field enhancement is very small, down to only �3 times, compared

with p-polarized light excitation in Fig. 16.3a. The role of SPP is clearly evident in

the case of a dielectric tip (Fig. 16.3c) or semiconducting tip (Fig. 16.3d). The

maximum field in these cases is 1.7 and 2.6 times, respectively. It has been shown

that a metallic probe tip highly localizes and strongly amplifies optical field through

the resonance effect of the SPP at the probe tip. This concept has made it possible to

optically observe a variety of materials with a nanometric spatial resolution and,

thus, is promising for Raman spectroscopy.

E E

enhanced electric field
||

nanoscale light source

metallic tip

SPP

Fig. 16.2 Localized surface plasmon polariton excited at the metallic tip apex

16 Tip-Enhanced Raman Spectroscopy 449



4 Basic Methodology

4.1 Optical Geometry: Transmission Mode and Reflection Mode

The basic system configurations so far reported by several groups are based

on a combination of scanning probe microscope (SPM) and an inverted optical

microscope as illustrated in Fig. 16.4a [21]. An expanded and collimated light field

from a visible laser enters into the epi-illumination optics of an inverted optical

microscope. As the metallic tip is moved closer to the focused spot generated by

a high numerical aperture (NA ¼ 1.4) objective lens, a localized and enhanced

electric field is generated at the tip apex as described in Sect. 3. This is because the

high NA objective can realize strong longitudinal field along the tip axis, which

corresponds to p-polarized light [22–24]. The enhanced and localized electric field

at the tip is utilized as a nanolight source for Raman spectroscopic studies as

discussed in the following sections. The distance between the sample and the
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Fig. 16.3 Electric field distribution of a silver tip apex (30 nm f) excited by (a) p-polarized and

(b) s-polarized light (l: 532 nm). (c) and (d) are the field distribution of SiO2 and silicon tip with

p-polarized light
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metallic tip is regulated by SPM feedback scheme such as atomic force microscope

(AFM) and scanning tunneling microscope (STM) (see Sect. 4.3). The sample

is scanned with piezoelectric transducers (PZT) in the X�Y plane. Scanning

the XY-PZT sample stage while simultaneously detecting the optical signal can

perform near-field optical imaging in the nanoscale. The spatial resolution is

determined by the size of the enhanced electric field and in most cases corresponds

to the tip diameter. It should be pointed out that the system configuration described

above has been recently recognized as “transmission mode” [25] because the light

has to transmit through the sample. So, the applicability of the system is limited to

very thin or transparent samples. In order to apply NSOM for thick or opaque

samples, several groups developed the so-called reflection mode [25, 26]. This

configuration is illustrated in Fig. 16.4b. While the reflection mode is advantageous

for opaque samples, the background signals are relatively higher than transmission

mode because a lower NA objective lens with a long working distance is used to

illuminate the tip due to the limited spatial clearance around the SPM scanner head

and tip. The details of both configurations are described in Ref. [27].

4.2 Metallic Tips for Tip Enhancement

The metallic tip is the most important component consisting TERS system. The tip

radius, material, structure, and its SPP resonance have to be properly controlled to

perform TERSmeasurements successfully with high resolution and enhancement in

a reproducible manner.

The resolution of the TERS imaging is basically determined by the sharpness of

the tip apex. The diameter of the tip is usually required to be the order of several

tens of nanometers or even less. The TERS enhancement, on the other hand, comes

high NA objective lens

illumination

metallic probe

illumination

metallic probe

transparent sample opaque sample

Raman scattering

Raman scatteringa

b LWD objective lens

Fig. 16.4 Schematic of (a) transmission and (b) reflection mode NSOM
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from the SPP resonance at the tip. Thus, it is also important to control the spectral

response of the metallic tip to match the excitation light frequency. The control of

the plasmon resonance at the probe apex having the size of the order of nanometer is

still a challenging issue in TERS developments.

As tip materials, noble metals such as silver and gold are mostly used. These

metals are good plasmonic materials in visible to near-infrared (NIR) because of the

small imaginary part of the dielectric function while realizing a negative value of

the real part in this spectral range [28]. On the other hand, gold and silver are no

longer “metallic” but “dielectric” in ultraviolet (UV) where photon energy exceeds

the plasma frequencies of them. In this spectral range, aluminum is used as

a plasmonically active material [29, 30].

So far, two types of metallic tips have been typically reported. One is a

metal-coated cantilever and the other is etched metallic wire, each of which is

used in a suitable combination with the feedback scheme of tip-sample distance

control (see Sect. 4.3). The metal-coated cantilever is fabricated conveniently from

a commercially available silicon (Si) or silicon nitride (Si3N4) cantilever of AFM

by depositing thin metallic film onto the probe surface (Fig. 16.5a) [31–33].

Metal with >99.999% purity is thermally evaporated under vacuum condition

and deposited onto the probe surface slowly with a rate of less than 1 Å/s in order

not to damage the tip apex. The deposition thickness is typically several tens of

nanometers. A small diameter of several tens of nanometers at the tip is easily

obtained.

The second type of the metallic probe, etched wire (Fig. 16.5b), is used either in

STM-based TERS systems [34, 35] or in AFM-based systems operated by a shear-

force feedback mechanism in which an etched wire is glued to one of the prongs of

a tuning fork [36–38]. Silver wires are etched using perchloric acid, ethanol, and

water solution [35]. Gold wires are etched using hydrochloric acid and ethanol

solution [39].

The reported Raman enhancement factors experimentally obtained using

metallic probe is typically 103–104 [40]; however, the enhancement factor also

depends on the number of molecules contributed to the net enhancement in the size

of tip-enhanced field. This fact suggests that even a much higher enhancement

factor could be achievable (e.g., �1014) similar to single molecule detection by

SERS [41]. In any case, the enhancement is related to the SPP of the metallic tip,

thus, the spectral investigation of the tip plasmon is quite important. One of these

works is the spectral measurement of the light scattered by the metallic tip.

Typically the measured spectra shows a single resonance peak with the peak

width of approximately 100 nm, and the peak position appears in the visible �
NIR between 500 and 800 nm when a gold or silver tip is used [42, 43]. A gold tip

shows the resonance peak at a relatively longer wavelength compared with silver

because of the difference in the dielectric functions [44].

The maximum TERS enhancement factor is expected when the tip plasmon and

the excitation laser are spectrally matched. In practice, the operation wavelength is

fixed to the available laser facility used for TERS experiments, and the tip plasmon

is controlled. One of the techniques to control the SPP resonance wavelength
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of the metal-coated probe is to modify the refractive index of the probe base

materials, e.g., Si [45, 46]. The plasmon resonance wavelength of the metallic

nanostructure is known to be affected by its surrounding medium: increasing the

refractive index of the surrounding medium shifts the resonance wavelength to the

longer side, and vice versa [47]. Substituting the refractive index of Si (n ¼ 4.4) to

lower indices such as n ¼ 1.5 (SiO2) and n ¼ 1.4 (AlF2) provides the blue-shifted

plasmon resonance. Such a probe is used in combination with the blue to green

lasers and improved enhancement is observed [45]. The substitution of the refrac-

tive index is realized either by covering the surface of the Si probe with the low

index material [45], or thermally oxidizing the surface of the Si probe [46].

The advantages of the latter method are that the tip does not become dull

after the index modification, and the effective index can be continuously adjusted

a

c d

b

Fig. 16.5 SEM images of various types of metallic probes. (a) Ag-coated Si cantilever; (b) Ag tip
made by wire etching (Reprinted from [37], Copyright 2005, with permission from American

Chemical Society); (c) metallic probe with a grating fabricated on the shaft (Reprinted from [48],

Copyright 2005, with permission from American Chemical Society); (d) metallic probe with Otto

coupler (Reprinted from [49], Copyright 2005, with permission from American Institute of

Physics)
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by the thickness of the oxidized layer, which provides flexibility in optimizing the

plasmon resonance wavelength.

Another important aspect in considering the TERS probe is the coupling efficiency

between the tip plasmon and the far-field light, because the tip plasmon is excited

initially by the light coming from the far-field, and the Raman signal is consequently

measured by a detector placed also in the far-field. Two typical configurations are

introduced in Sect. 4.1. Increasing the coupling efficiency both in illumination and

detection is a straightforward strategy to achieve a higher signal-to-noise ratio in

TERS. So far only a few methods have been reported for efficient coupling of

illumination. The probe shown in Fig. 16.5c has a grating on the tip body. Incoming

far-field light is efficiently converted to the SPP propagating toward the tip apex

through the grating [48]. Without the grating, the coupling between the surface

plasmon and the far-field light becomes limited because of the wavevector mismatch.

The grating is fabricated by focused ion beam (FIB). The probe shown in Fig. 16.5d

also aims to fill the gap in wavevector mismatch, but uses an evanescent field

generated on a micro-prism fabricated near the probe surface (Otto configuration)

[49]. These techniques are especially effective for the probes made by wire etching.

4.3 Feedback Scheme for Tip-Sample Distance

Tip-sample distance control constitutes an essential part of TERS experiments as it

determines how sensitively surface properties can be interrogated in conjunction

with the properties of the tip used. In TERS experiments, both STM [50] and AFM

[51] have so far been used including many variants of AFM such as a shear-force

microscope [52]. In STM, electric conductivity of the sample is required for sensing

tunneling current and extreme flatness of the sample surface is important to achieve

high resolution. In contrast, these conditions are not necessary to AFM since it

senses forces acting between the tip and the sample, and hence a wide variety of

samples can be studied by using it. All the pioneering works on TERS are based on

the contact mode AFM in the year 2000 [31, 33, 36]. Followed by several related

TERS works using AFM, Pettinger, et al. reported the TERS based on STM in the

year 2002 [35]. However, since the response to the tip-sample distance depends on

the sensing mechanism, resulting enhancement effects also vary depending on the

approaches used for the tip-sample distance control.

TERS based on an AFM have been the most popular approach for the reasons

described above. Initially, contact mode AFMs were used [31–33], where the

feedback signal contains primarily a DC component and can typically be detected

through the deflection of a laser beam induced by the motion of a cantilever, and

which is proportional to the repulsive force applied to the tip [53]. More recent

development includes so-called dynamic AFM [54], where the motion of the tip is

temporally modulated, taking advantage of the mechanical resonance of the tip.

The feedback signal is then obtained through demodulating the sensor signal.

Si cantilevers and quartz tuning forks (TFs) are the most popular transducers

used. In particular, a TF exhibits a high spring constant, a high quality factor, and
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good thermal stability. It’s also extremely versatile that almost any sorts of tips are

compatible with TFs [55–57]. Furthermore, all electrical excitation of a TF is

possible without using any additional dithering PZT elements [58]. The possibility

of excluding a light source from the transducer subsystem is also an attractive

option for TERS since the tip-sample distance control can be made perfectly

independent from the laser source used for any spectroscopic experiments.

The demodulated signal may represent either an amplitude or phase of the

oscillatory motion of the tip. However, it turns out that the amplitude feedback is

not useful with the high quality factor of the mechanical resonance, resulting in

slow scan speeds. Although the quality factor control [59] can be used for reducing

the excess Q value, the fundamental sensitivity of the transducer has to be

compromised. This shortcoming can be prevented by using the phase information

as a feedback signal [60, 61]. In order to detect the frequency of the oscillatory

motion of the tip, a phase-lock-loop (PLL) is often used [62], with which the

magnitude as well as the direction of the force applied to the tip can readily

be detected (i.e., the amount of frequency shifts is proportional to the force while

the sign of the shifts corresponds to the direction of the force: a positive frequency

shift corresponds to a repulsive force while an attractive force leads to a negative

frequency shift). By observing the automatic gain control signal within a PLL

circuit, the dissipative component of the force can also be detected [63].

(The frequency shift is induced by both conservative and dissipative components

of the force.) By using frequency as a feedback signal, it is now possible to

make high sensitivity (1pN [52]) compatible with good stability and fast response

(>1 kHz [64]). Typical interface circuitry can be found in Ref. [65].

The motion of the tip can either be vertical or lateral to the sample surface.

A popular approach taken with vertical motion is the tapping mode, where the tip

undergoes a cyclic contact with the sample (with an amplitude of typically >50 nm).

The virtue of the tapping mode AFM is that the oscillatory motion of the tip can

suitably be used for studying the tip-sample distance dependence of the TERS signals

[66, 67] (see Sect. 5.4.2).

The noncontact mode with a small oscillation amplitude (<5 nm) in vacuum,

established for atomic resolution AFM [68], still remains to be applied to the TERS

experiments, and this may provide an interesting opportunity for TERS since the

tip-sample distance achieved in this case would be comparable to that of STM.

Note that the force is rather a long-range interaction in ambient conditions, and

a short tip-sample distance may only be achieved by detecting the force originating

from the short-range interactions observable in vacuum.

The lateral motion of the tip leads to a shear-force generated between the tip and

the sample. The oscillation amplitude of the tip is decreased under a constant

excitation due to the damping as the tip approaches to the surface. This can

be detected at a distance as far as 30 nm away from a sample surface, depending on

the oscillation amplitude of the tip [69]. Detailed characteristics of a TF shear-force

sensor were also reported and it was shown that the quality factor is decreased as

well as that the resonance frequency shifts to higher frequencies as the tip-sample

distance is decreased [52]. Due to the jump-in-contact behavior caused by

16 Tip-Enhanced Raman Spectroscopy 455



the meniscus forces formed by a surface layer in ambient conditions [64, 69], the

oscillation amplitude has to be of the order of a few nanometers in general, and it

would be difficult to set the tip-sample distance below 5 nm (although it strongly

depends on the sample) in order to avoid any tip damages due to tapping. However,

the tip-sample distance dependence of the TERS signals can be studied in a static

fashion [70]. This is an important feature when a weak spectroscopic signal has to

be detected in TERS experiments.

Although stringent requirements on the flatness of the surface and the conduc-

tivity of the sample limit widespread use of STM in TERS experiments, it appears

an attractive option for fundamental studies as it allows us to control tip-sample

distance at a very short distance, typically less than 1 nm, thanks to the increasing

characteristics of the tunneling current as the tip approaches to the surface. For

instance, with a bias voltage of 1 V and the tunneling current of 1 nA, the tip-sample

distance can be controlled within a sub-nanometer range by retaining a constant

tunneling current as a feedback signal [71]. The tunneling current is essentially

a DC quantity, which also simplifies the sensing scheme. The bandwidth of the

current detection circuit can significantly be decreased, and hence the detection

noise can also be reduced. Combined with the metallic substrate, the gap mode

plasmons excited between the tip apex and metallic substrate results in strong field

enhancement [72]. Furthermore, since an atomically flat substrate does not generate

any parasitic surface-enhanced signals, the assessment of the tip-enhancement

effect is less ambiguous. A comparative study [73] between STM and AFM has

shown that more reproducible experiments can be performed by using STM.

The reported tip-sample distance control methods and the typical values of the

resultant controlled distance in TERS experiments are summarized in Table 16.1.

5 Key Research Findings

5.1 Tip-Enhanced Raman Spectroscopy (TERS)

The tip-enhancement effect has been successfully utilized mostly from visible to

NIR wavelength, related to the plasma frequency of the noble metals [44] used for

Table 16.1 Variants of the scanning microscopy methods used for TERS and their tip-sample

distance ranges

STM AFM

Origin of the sensor

signal

Tunneling

current

Vertical force

Contact

mode

Tapping mode

(cyclic contact)

Noncontact mode

(attractive force)

Shear-

force

Typical tip-sample

distance (reported)

<1 nm

[71, 72]

Contact <1 nm

(w/demodulation)

[66]

N/A >5 nm

[64]
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efficient tip enhancement. Tip enhancement was initially developed as an elastic

optical scattering microscopy wherein the topographic contrast obtained by SPM is

converted into an optical contrast [5–7]. The metallic tip or even nonmetallic

silicon tip works as a simple nanosized scatterer of the evanescent optical field

localized on the nanostructures. A photo detector detects the elastically scattered

optical field without a spectrometer (no spectroscopic information) in a point-by-

point manner while scanning the sample stage. In this case, the obtained optical

contrast is rather close to the topographic contrast and no further information from

the materials was obtained. Consequently, this type of near-field microscopy was

mainly devoted for detailed analysis of artifacts in optical images. Artifacts which

were attributed to the tip movement depend on the topography [74, 75]. The best

spatial resolution achieved is 1 nm [76]. Even with this resolution, the technique did

not gain attentions probably because of lack of additional information, which is not

observable from the topographic contrast. In order to gain rich information from the

optical interactions, inelastic scattering such as Raman scattering was employed.

This is one of the promising candidates since nanosized metallic structures can

enhance the weak Raman scattering cross section by a factor of 103 up to 1014,

which is now well known as SERS [16, 41, 77]. In 1985, Wessel reported the

concept of surface-enhanced optical microscopy in which the laser-irradiated

metallic nanoparticles with piezoelectric positioning elements enhance the incident

and scattered photons. The frequency-converted photons (Raman scattering) are

detected through a spectrometer [78]. Encouraged by Wessel’s report and the

development of apertureless elastic scattering NSOM, we reported our preliminary

experimental results in the conference proceedings on tip enhancement for the

application of Raman spectroscopy in 1999 [79]. Immediately after that, three groups

independently reported tip-enhanced near-field Raman spectroscopy in 2000

[31, 33, 36]. In these pioneering three cases, the system consists of an inverted optical

microscope with AFM head as illustrated in Fig. 16.4a. The enhanced electric field is

utilized as a nanoscale light source for Raman spectroscopy. This technique has been

recently recognized as tip-enhanced Raman scattering (TERS) because of the

analogy to SERS. Note that tip enhancement is not only on the incident light but

also on the scattered light. In the case of Raman scattering, the enhancement factor

can be approximated as jEij2jEsj2 � jEj4 assuming that the frequency difference

(Raman shift) between incident, Ei, and scattered, Es, light is negligible [16].

Figure 16.6 shows one example of a TERS image, which is visualized by detecting

the intensity of a specific vibrational mode of crystal violet molecule in a mixture of

other organic molecules. The observed mode corresponds to C-H out-of-plane

bending mode having an energy of 908 cm�1. Clear distribution with a 30 nm spatial

resolution is obtained and is not resolved by a topographic contrast [21].

One of the successful applications of TERS is for the characterization of

nanomaterials and even for the single molecule detections [37, 80–83]. Among

the nanomaterials, carbon nanotubes have been extensively studied by TERS

[38, 84] and the physical properties such as chirality, diameter, and defects have

been investigated. In terms of a spatial resolution, Novotny’s group recently reported
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14 nm spatial resolution by observing the carbon nanotubes [85] using well-isolated

carbon nanotubes. We visualized densely-packed carbon nanotubes with 20 nm

spatial resolution as shown in Fig. 16.7. Figure 16.7 clearly shows the resolving

power of TERS as compared to confocal Raman detection.

As previously discussed, transmission mode is applicable only to thin/

nanomaterials or transparent samples even though the detection efficiency is very

high owing to the capability of high NA objective lens. In order to apply tip

enhancement to opaque or bulk samples such as silicon-based materials, reflection

mode TERS has been developed [26, 86–90]. The idea of the reflection mode is

very simple in a way that both illumination and detection are conducted at the same

side of the tip and the samples surface as illustrated in Fig. 16.4b. The illumination

can be either normal or oblique to the sample surface. Illumination depends on the

availability of the space between objective lens and the SPM head. This critical

issue is often solved using a relatively low NA objective lens with a long working
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Fig. 16.7 (a) Confocal Raman and (b) TERS image of a single-walled carbon nanotube. The

contrast in the images reflects the local intensity of the Raman G band (1595 cm�1). Excitation

wavelength is 532 nm. The tip is a silver coated cantilever tip

458 N. Hayazawa et al.



distance. Figure 16.8 shows a TERS image depicting the strain distribution in the

nanoscale from strained silicon substrate. Each pixel in the image is plotted not as

Raman intensities but as Raman shifts of the observed silicon phonon mode, which

give the information of strained lattice constant in the nanoscale [91].

While reflection mode has a big advantage over transmission mode because

of the wide variation of the applicable samples, the detection efficiency is quite low

because of the fact that low NA objectives are practically mountable in the

system. However, this issue could be solved by parabolic mirror, which has a NA

approximately 1.0 [92, 93].

5.2 Tip Enhancement in UV and DUV Regions

Since its invention, the development of TERS has been focused on visible to NIR

and not much attention has been paid to UV. The primary reason is that both silver

and gold that are commonly used in the visible TERS experiments do not show

a plasmonic field enhancement in the UV region (see Sect. 4.2). However, achiev-

ing tip enhancement in DUV Raman scattering will make a significant contribution

especially in the nano-bioimaging technology because proteins and nucleic acids

exhibit an electric resonance in the DUV region [94]. The resonantly excited

Raman scattering process provides quite a large Raman scattering cross section

compared with the nonresonant Raman process. The resonantly enhanced Raman

signal can be further increased by the tip-enhancement effect at the very localized

region. Moreover, in DUV excitation, the fluorescence and Raman scattering hardly

interfere with each other because they are spectrally well separated. Thus, high

signal-to-noise ratio is expected. Combining the advantages of DUV resonance

Raman scattering with tip-enhancement technique to obtain information in the

nanoscale will make DUV resonance Raman analysis a valuable technique in

biomolecular research.
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The importance of UV-TERS also comes from the increasingly large demands of

Raman characterizations of semiconductor nanodevices such as ever shrinking

CMOS transistors that have a typical channel width down to 45 nm. In the TERS

characterization of semiconductor devices, UV excitation particularly below

365 nm (¼3.4 eV) wavelength is expected to play a significant role because silicon

shows a resonant Raman effect owing to the direct optical E1 gap transition [95, 96].

The E1 gap transition also helps in reducing the penetration depth of the UV

excitation light into the bulk silicon substrate [97]. The penetration depth can be

reduced down to �5 nm, which provides extremely high surface sensitivity;

otherwise, the interesting surface information is hidden in the strong Raman

background signal of the bulk silicon substrate.

In order to excite SPP in a metallic tip, the metal is required to have an

optical property that has a negative real and minimal imaginary part in the dielectric

function at the excitation wavelength [98] as discussed in Sect. 4.2. As a plasmonic

material in the UV region, aluminum can be used instead of silver and gold.

The dielectric function of aluminum shows a reasonably small imaginary part

while the real part keeps negative in the UV.

Researches that explore the use of aluminum in UV tip enhancement have just

started, although the surface plasmon was first discovered in aluminum [99, 100].

The potential of aluminum as a UV Raman enhancer was firstly observed in SERS

experiments using 244 nm DUV excitation, in which a crystal violet aqueous

solution placed on a 50 nm thick aluminum surface showed stronger Raman signal

[30]. Tip enhancement of DUV resonant Raman scattering of adenine molecules

has been demonstrated recently using an aluminum-coated silicon probe with

a 266 nm Raman excitation wavelength [29]. Design and further optimization of

the plasmon resonance in the aluminum tip are ongoing to realize UV/DUV TERS.

5.3 Tip-Enhanced Nonlinear Raman Spectroscopy

The discussion above was based on spontaneous Raman scattering; however, when

tip-enhanced microscopy and spectroscopy are combined with high-order nonlinear

optical effects, the spatial resolution can essentially be improved. Photons

generated by the nonlinear optical effects are spatially confined in a smaller

volume. It is smaller than the volume of the tip-enhanced field coming from the

fundamental frequency because the intensity from nonlinear effects is proportional

to the high-order powers (square, cube, etc.) of the excitation light intensity.

The spatial distribution of the signal emission (harmonic signal, two photon excited

fluorescence, etc.) becomes narrower than the intensity distribution of the excitation

field. This leads to the reduction of the effective volume where light-matter

interaction occurs [101]. Moreover, higher-order optical effects give a much finer

spatial response (Fig. 16.9a). In addition to the spatial confinement, a small tip

enhancement of the excitation field could lead to a huge enhancement of the

emitted signal because of the nonlinear responses. This effect allows reduction of
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the far-field background. In order to realize molecular-vibration spectroscopy,

coherent anti-Stokes Raman scattering (CARS) spectroscopy is employed [102],

which is one of the most widely used nonlinear Raman spectroscopes [103].

The CARS spectroscopy uses three incident fields consisting of a pump field

(o1), a Stokes field (o2; o2 < o1), and a probe field (o1
0 ¼ o1), and induces

a nonlinear polarization at the frequency of o3 ¼ 2o1�o2, which is given in

a scalar form by

P
ð3Þ
CARS o3 ¼ 2o1 � o2ð Þ ¼ wð3ÞE o1ð ÞE� o2ð ÞE o1ð Þ; (16.1)

where w(3) represents the third-order nonlinear susceptibility and E(o1) and E(o2)

are the electric fields for excitation light. E∗(o2) denotes the complex conjugate of

E(o2). The nonlinear susceptibility is expressed by the vibration-resonant term

(wð3ÞR ) and nonresonant term (wð3ÞNR):

wð3Þ ¼ wð3ÞR þ wð3ÞNR ¼ A

ORaman � o1 � o2ð Þ � iG
þ wð3ÞNR: (16.2)

The coefficient of the fraction, A, denotes a constant related to the strength of the
vibration, ORaman denotes one of the specific molecular vibrational frequencies

from a given sample, and G corresponds to the spectral bandwidth of the vibration

mode. When the frequency difference ofo1 ando2,o1�o2, coincides withORaman,

the anti-Stokes Raman signal is resonantly generated. Figure 16.9b shows an energy

diagram for the CARS process. One can obtain a CARS spectrum by plotting the

CARS signal intensity with sweeping o2. The CARS spectrum gives essentially
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Fig. 16.9 (a) Concept of higher photon confinement at the tip apex by a nonlinear optical process.

Efficiency of a first-order process such as spontaneous Raman or fluorescence directly reflects the

field distribution at the tip apex while the efficiency of a second-order process such as SHG or SFG

and a third-order process such as CARS shows further confinement due to the nonlinear response

of the material. (b) Energy diagram of CARS process
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identical information with spontaneous Raman spectra [104]. Figure 16.10a

shows a tip-enhanced CARS image [105] on adenine nanoclusters that is obtained

by tuning the frequency difference, o1�o2, to a specific vibrational mode

(1,337 cm�1) of adenine molecule. Clear distribution of adenine molecules beyond

the diffraction limit (indicated by the circle on the figure) is obtained and is in good

agreement with the simultaneously obtained topographic image in Fig. 16.10b.

Figure 16.11 shows tip-enhanced CARS images [106] obtained on a DNA

network [107] consisting of adenine and thymine hetero structures. The tip-enhanced

CARS images at the on- and off-resonant frequencies are shown in Fig. 16.11a, b.

The DNA bundles are observed at the resonant frequency in Fig. 16.11a, while they

cannot be visualized at the off-resonant frequency in Fig. 16.11b. This indicates that

the observed contrast is dominated by the vibrationally resonant CARS signals.

Figure 16.11c shows one-dimensional line profiles by tuning the frequency

difference, o1�o2, to a specific vibrational mode (1,337 cm�1) of adenine

molecules. The line profile shows FWHM of 15 nm. Moreover, when the tip is

far away from the sample (micro CARS experiment), the signal is totally

vanished (see dashed line in Fig. 16.11c). This fact suggests that tip-enhanced

CARS is advantageous not only in its high spatial resolution but also in high

sensitivity.

Aside from CARS, a second-order nonlinear technique, such as second harmonic

generation or sum frequency generation, can also be a suitable spectroscopic

technique because of its higher surface selective detection [103], which is arising

from w(2).
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5.4 Applications of TERS

5.4.1 Tip-Pressure and Tip-Heating Effects
In TERS, the apex of the metal tip interacts with sample molecules in several ways:

electromagnetically, chemically, mechanically [82, 108], thermally, and, when tip

is biased like STM, electrically. Though these interactions operate independently

from each other, it can also be manipulated to occur in pairs or in groups. In this

section, we will focus on the separate mechanical and thermal interactions of the tip

with the sample molecules. Mechanical interactions occur when the tip is pushed

against the sample molecules or vice versa (Fig. 16.12a). Thermal interactions are

when heat generated at the tip is transferred by conduction and radiation

(Fig. 16.13a). The Joule heat generated at the tip is primarily due to the absorption

of light, which is proportional to the imaginary part of the dielectric function of the

tip. These two interactions can occur intentionally or unintentionally during TERS

measurement. The effects of tip-pressure and tip-heating in the spatial resolution

and sensitivity of TERS is investigated along with the application of these two

interactions to characterize the mechanical and thermal properties of nanoscale

materials. These two unique techniques will assist in accelerating the slow progress

in the development of tools to characterize nanoscale devices.
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Tip-Pressure-Assisted TERS
Tip-pressure-assisted TERS can be achieved using AFM, in which the applied tip-

force onto the sample can be precisely controlled [109]. This force is used as an

external pressure that can be applied selectively to a small volume with precision

onto the sample through the apex of a sharp metallic tip. The local distortions that

arise from the externally applied pressure modify the molecular vibrations of only

the pressurized molecules directly in contact with tip. Yano et al. reported an

extremely high spatial resolution down to 4 nm in tip-pressure-assisted TERS

using isolated single-walled carbon nanotubes and adenine nanocrystals. In the

method used, conventional TERS techniques were combined with a controlled

amount of tip-pressure to mechanically perturb a few molecules in the sample.

This was accomplished by precisely controlling the contact area between the

sample and the tip (Fig. 16.12a). The optical response of the perturbed molecules

was measured using the capability of TERS to enhance weak optical responses

coming from molecular-level interactions. It relies on pressure-dependent shifts in

the vibrational frequencies of Raman modes resulting from mechanical distortions

of the molecules in the sample. Therefore, the high spatial resolution was achieved
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by sensing the localized pressure applied by the sharp metal tip by means of Raman

spectra. Figure 16.12b shows the G-band TERS spectra of SWNT at different tip-

applied forces (0:6 � F � 3:0 nN). The spectral peak of the G-band downshifts

with increasing applied pressure. The large amount of observed Raman mode shift

(more than 10 cm–1) confirms that the optical response of the pressurized SWNT

can be experimentally distinguished from unpressurized SWNT. In order to

experimentally determine the resolution, one-dimensional imaging was performed

by raster scanning the tip in a 1 nm step under a constant tip-applied force of 2.4 nN

along a line crossing the SWNT. Figure 16.12c shows the change in the G-band

peak relative to initial (unpressurized) peak position as a function tip position. The

FWHM from the best fit (red line) is approximately 4 nm, which is even smaller

than the tip diameter of �35 nm. The flexibility of the technique was also tested

using adenine nanocrystals that have much weaker elasticity compared to SWNTs.

Similar to SWNT, a resolution of �4 nm was obtained. Although the measured
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resolution is 4 nm, it is clear that the sensitivity of the optical response in

tip-pressure is as high as 1 nm based on the discernible shift at 1 nm step.

The risk of damaging or irreversibly deforming the metal tip or sample when

applying pressure results in some limitation, particularly when using a tip or sample

inclined to such deformation. In any case, care must be taken in keeping the tip-

force within the elastic limit of the sample and tip. This tip-pressure technique is not

only useful for its high resolution, but is also being utilized to characterize the

mechanical properties of materials in the nanoscale including elastic and plastic

deformations [109, 110].

Tip-Heating-Assisted TERS
Tip-heating-assisted TERS makes use of the Joule heat generated at the tip apex of

a metal-coated tip by transferring controlled amounts of thermal energy to a localized

region of the sample in order to obtain a temperature-sensitive process or thermal

properties at that location alone [111–113]. Similar to the tip-pressure technique,

vibrational frequencies of heated molecules can be different from unheated mole-

cules. The enhanced Raman signal from the area in contact with the tip is easily

resolved from the far-field Raman of the surrounding areas as the contact area’s

signal is shifted as a result of the thermal energy. Utilizing this difference, tip-heating

TERS can improve not only the sensitivity of TERS by reducing the amount of

background signal [112], but also the thermal characterization of various materials

requiring site-selective and controllable nanoscale heat sources.

Tip-heating-assisted TERS requires the measurement of the temperature at the

tip apex and validation of heat transfer from tip to sample for it to be useful.

To attain this, we determined the temperature at the tip by monitoring the ratio of

intensities of the Stokes and anti-Stokes Raman of silicon from a bare and metal-

coated silicon tip at different powers of excitation light (inset Fig. 16.13b). The heat

transfer from the tip to the sample was demonstrated by cutting SWNT using a bare

silicon tip [114]. After confirmation from the results above, we performed a thermal

characterization of SWNT at different temperatures using a metal-coated silicon

tip. Figure 16.13c shows the Raman spectra at different temperatures (obtained

from varying laser power, P, 2:9 � P � 9:7mW). The G-band peak clearly shows

downshift with increasing temperature. This observed shift in the TERS of SWNT

is attributed primarily to the direct conduction of heat from the tip and not attributed

to the absorption of light by the CNT itself because of the very small far-field

downshift even at 9.7 mW, which responds to �350 K [115]. The key advantage of

tip-heating-assisted TERS detection is that local near-field detection ensures

a nearly uniform thermal gradient by selectively enhancing only a smaller volume

below the tip. The conductivity of the sample does not affect much the ability

of the technique to produce a nearly uniform temperature gradient in the area of

importance for the TERS reading. This is because the spatial resolution in TERS is

proportional to the fourth power of the electric field whereas the heat generated

(temperature rise) is to the square of the electric field. The disadvantage of this

technique is that the enhancement factor varies with temperature due to changes in

the optical properties of metals at elevated temperatures [116, 117]. It is also
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evident that the effect of temperature increase on tip enhancement is dependent on

the excitation frequency relative to the position of the local plasmon frequency at

room temperature [118]. Also, it is possible to structurally damage the tip or sample

during heating. If the application allows, it is easy to avoid these drawbacks by

operating at temperatures below the melting point of the sample and tip and also

waiting for the tip and sample to be stabilized before measurement [114, 119].

This tip-heating TERS technique, with its ability to characterize both optically and

thermally with high precision, may open up opportunities in fields of heat-assisted

biochemical and physiochemical reactions and can assist in the development of

new photothermal devices.

It is clear that utilizing additional active imaging techniques such as tip-pressure

and tip-heating can create breakthroughs in the nano-imaging and nano-analysis of

materials. This type of characterization is of increasing importance in the emerging

field of nanotechnology as new materials are engineered.

5.4.2 Distance-Dependent Detection of TERS
In TERS microscopy and spectroscopy, the tip enhancement due to the SPP reso-

nance plays the most essential role both for signal sensitivity and spatial resolution.

However, the tip-enhancement effect is not the only one affecting Raman spectra.

There coexist other interaction mechanisms between a metal tip and sample mole-

cules, chemical interactions similar to SERS [120–122], and, in addition, mechanical

interactions (see Sect. 5.4.1). The latter two interactions show up only when sample

molecules are in a close vicinity of a tip. In the TERS system using a contact mode

AFM, an experimentally observed TERS spectrum is a complex combination of the

contributions of these three interactions, which makes it difficult to interpret exper-

imental TERS spectra. Therefore, elucidation and discrimination of the tip-sample

interactions are of scientific and practical importance. This can be realized by

measuring a tip-sample distance dependence of TERS, since those three interaction

mechanisms have different dependencies on the tip-sample distance. The active

control of the distance between the tip and sample is a unique feature only possible

in TERS not in SERS. Two system configurations, time-gated detection and time-

gated illumination, are described below.

TERS System Using Tapping Mode AFM with Time-Gated Detection
In the first scheme using the time-gated detection, as shown in Fig. 16.14a,

TERS signals from molecules are detected by an avalanche photodiode through

a monochromator. A dual-gated photon counter captures the Raman scattering

signal of a certain vibrational mode while the gates are triggered synchronously

with the tapping oscillation of the AFM cantilever [66]. The concept was first

demonstrated in an apertureless near-field fluorescence microscope [123], in which

spectral information is not a big deal. The modification to the TERS system

in Fig. 16.14a is a substitution of a tapping mode AFM and a photon-counting

APD for the contact mode AFM and the CCD detector, respectively. A metal-

coated tip is longitudinally vibrated at a certain frequency over sample molecules.

This technique is specialized for probing distance-dependent change of TERS
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intensity, as a single channel detector is used. Figure 16.14b shows a schematic of

a dual-gated photon-counting process utilized for the measurement of the depen-

dence of TERS on the longitudinal distance (d) between a tip and a sample. The

sinusoidal electric signal (upper curve in the figure) from the AFM controller

corresponds to the longitudinal vibration of the tip at a certain frequency. The

two gates (gate A and gate B) are independently opened within the tapping period.

The time delay of gate A (tA) is swept relative to the other (tB) fixed at the time

when the tip is farthest from the sample surface. The Raman intensity measured
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through gate A (IA) includes both near-field and far-field Raman components from

the sample, while the intensity measured through gate B (IB) includes only the far-

field Raman scattering component. Therefore, we can extract pure near-field contri-

bution by subtracting IB from IA. Sweeping tA over the tapping period, one could

obtain the tip-sample distance dependence of the TERS intensity. Figure 16.15 shows

the typical tip-sample distance dependence of TERS intensity of SWNTs.

TERS System Using Tapping Mode AFM with Time-Gated Illumination
The first scheme sufficiently meets one’s demand when intensity change is of major

interest. However, this scheme uses a single channel detector detecting only

a Raman signal at a specific wave number, enabling us to only probe intensity

changes. Therefore, it is not easy to investigate changes in spectral shape, such as

peak frequency shift, emergence of new peaks, and relative intensity change, which

are induced by chemical and mechanical interactions between a metal tip and

sample molecules. For this particular purpose, another scheme using a time-gated

illumination has been developed [67]. The excitation laser intensity is time-gated in

this scheme so that one can record an entire Raman spectrum by a multichannel

detector (CCD camera). Figure 16.14c schematically shows the configuration of

this scheme. An acousto-optic modulator (AOM) is utilized to switch the excitation

laser intensity such that the tip-sample arrangement is selectively illuminated only

for a particular tip-sample distance. Figure 16.14d illustrates the time course of the

sinusoidal oscillation of the tip and the synchronized opening of the time-gate.

By selecting a particular value of the time delay (t) of the time-gate, one can
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preselect a desired tip-sample distance. TERS spectra corresponding to a desired

tip-sample distance can be recorded with high accuracy. By sweeping the value

of t, one can acquire a distance-dependent dataset of TERS spectra. Figure 16.16

shows the typical tip-sample distance dependence of TERS spectra of adenine

nanocrystals. Spectral shift is clearly observed as the distance changes [82, 108].

6 Summary and Future Perspective

Owing to the enhancement virtue of a metallic probe tip as a surface enhancer

for the SERS effect, TERS allows us to obtain localized molecular vibrational

information without averaging the signal inside the diffraction-limited focused

spot, and has not only high spatial resolution but also high signal sensitivity

compared with far-field spectroscopy, which requires many more molecules to

compensate for the small Raman scattering cross section. The achieved spatial

resolution so far reported by several groups is around 10 nm. However, the number

of materials observed by a tip-enhanced technique is still limited. In this sense,

TERS has not yet been “truly” a microscope with 10 nm spatial resolution. In the

next decade, TERS is expected to be a true “nano”-scope, which can extensively

apply the best spectroscopic technique to each physical/chemical and biological

study. For this purpose, both optical/spectroscopic development and SPM

development (mostly in ambient condition) are strongly required. The combination
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of the aforementioned techniques, including tip enhancement, polarization control,

tip-pressurized/heating effect, and nonlinear processes, is quite promising for

higher spatial resolution and sensitivity. In addition, fabrications and optimizations

of specific tips for higher tip enhancement or findings of new near-field effects

are also very important factors for the future development of tip-enhanced

spectroscopy.
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Raman Spectroscopy for Characterization
of Semiconducting Nanowires 17
Gregory S. Doerk, Carlo Carraro, and Roya Maboudian

1 Definition of the Topic

Raman scattering behavior germane to semiconductor nanowires (NWs) and the

application of Raman spectroscopy to characterize the structure, composition,

strain, and temperature of individual semiconductor nanowires with submicron

resolution are discussed.

2 Overview

This chapter covers the electromagnetic radiation scattering behavior of semicon-

ductor nanowires as it impacts their Raman scattering properties, as well as how the

basic theory of Raman scattering in semiconductor crystals may be applied to the

corresponding nanowire forms, with specific examples from the recent literature.

The discussion then turns to more specific ways in which Raman spectroscopy can

be used to precisely determine crystal structure, crystal size (or quality), composi-

tion, impurity concentration, strain, and temperature with submicron resolution, as

demonstrated in recent literature examples.
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3 Introduction

Nanowires are high-aspect-ratio solid structures with sizes confined to several hundred

nanometers or less in two dimensions (i.e., an effective diameter less than several

hundred nanometers), but much longer in the third. While the methods commonly

used to synthesize nanowires were initially studied and developed in the 1960s and

1970s [1, 2], investigation of their properties and prototypical device demonstrations

did not begin in earnest until after the emergence of carbon nanotubes as an academic

research interest in the 1990s [3, 4]. Since then there has been an explosion of research

both in synthesizing nanowires (and related nanostructures) and in characterizing their

properties. Nanowires (NWs) are usually larger in diameter than carbon nanotubes,

and their three-dimensional crystal structures—rather than a structure based upon

rolled-up graphene as found in carbon nanotubes—render physical behavior that is at

times somewhat less striking; it also makes their possible integration into new

technology more straightforward.

As a probe of lattice vibrations, Raman spectroscopy is very sensitive to intrinsic

crystal properties and extrinsic stimuli, especially in semiconductors. It may be

employed to study crystal structure and quality, crystal orientation, optical interac-

tions, chemical composition, phases, dopant concentration, surface and interface

chemistry, and local temperature or strain. As an optical technique, important

sample information may be obtained rapidly and nondestructively with minimal

sample preparation. Submicron lateral resolution is possible with the use of confo-

cal lenses. These features have made it a vital tool for research labs studying

semiconductor-based technologies. They also are increasingly important for the

study of semiconductor NWs fabricated by both top-down and bottom-up

approaches since many of the common characterization methods used with bulk

crystals or thin films cannot be applied to NWs in a direct manner.

In this chapter, we focus on the application of Raman spectroscopy to the study

of semiconductor NWs. We begin with a discussion of the details of Raman

spectroscopy germane to NW samples and then move on to a survey of how

Raman spectroscopy can be used to characterize semiconductor NWs both quali-

tatively and quantitatively. Each section will be supplemented with examples from

the scientific literature. Given the wide range of applications for Raman spectros-

copy, this chapter is necessarily brief. However, at an atomic level, most NWs are

not fundamentally different from their bulk crystal counterparts and the prior gains

in understanding the Raman spectra of bulk crystals remain extremely helpful, since

much of the underlying physics is the same. Therefore, we also refer the reader

to the chapter “Characterization of semiconductors by Raman spectroscopy” in

Analytical Raman Spectroscopy [5], to the book Scattering of Light by Crystals by
W. Hayes and R. Loudon [6], and various volumes of Light Scattering in Solids
edited by M. Cardona and G. Guntherodt [7].

As a matter of terminology, while the term “nanowire” is on occasion reserved

for cases in which the diameter is strictly less than 100 nm, this definition is

arbitrary. Various properties may be substantially different in NWs with diameters

over 100 nm compared to those measured in bulk crystals of the same material
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depending on the relevant length scales for the physical processes involved. For

instance, optical interactions with dielectric NWs typically do not vary with

diameter in a monotonic fashion when their diameters are on the order of the

wavelength of the radiation. This extends the area of interest for these studies to

a diameter range well above 100 nm. Therefore, in this chapter, we do not maintain

a strict naming convention, and apply the term “nanowire” to those structures with

a diameter less than one micron and which may exhibit notably different properties

from their bulk crystal counterparts.

4 Basic Methodology

4.1 Raman Scattering from Semiconductor Nanowires

The profoundly different optical interactions in subwavelength dielectric wires

noted in the introduction lead to considerable differences in Raman scattering

intensities from bulk crystal samples as well as strong polarization dependencies.

Such phenomena arise from the effects of geometric confinement on light scattering

due to the boundary mismatch of the dielectric function at optical frequencies.

Under the semiclassical theory of Raman scattering, the inelastically scattered

light is produced by a modulation of the dielectric polarization through an excitation

of the crystal with a finite momentum and energy. Raman scattering is witnessed only

with the existence of a nonzero derivative of the dielectric susceptibility tensor with

respect to the excitation amplitude, which for normal (vibrational) Raman scattering

in crystals is provided by the creation (Stokes process) or annihilation (anti-Stokes

process) of phonons. In Raman scattering from crystals, both energy and momentum

must be conserved. For first-order Raman scattering, this means

os ¼ oi � oj (17.1a)

ks ¼ ki � qj (17.1b)

where o refers to angular frequency, k refers to a wave vector (2p/l) of light, q is

the phonon wave vector, and l is the wavelength of light. The subscripts i, s, and j
refer to the incident light, scattered light, and the phononmode, and the (+) or (�) sign

refers to an anti-Stokes or Stokes process, respectively. Since the maximum phonon

wave vector is achieved in the limit where the scattered wave vector is equal in

magnitude and opposite in direction (perfect backscatter) to the incident wave vector,

q must be less than 4p/li. The Brillouin zone on the other hand is at its maximum

value for p/d, where d is the appropriate lattice constant. For visible light (l >
�300 nm), the maximum phonon wave vector is limited to values of approximately

10�3 relative to the extent of the first Brillouin zone, or essentially zero for the sake of

most calculations, giving rise to what is often referred to as a “selection rule” (not to be

confused with polarization selection rules) for first-order Raman scattering:

qj � 0 (17.2)
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Given their position at the center of the Brillouin zone and their nonzero

frequency at zero (or near zero) momentum, the mode for these phonons is

commonly referred to as the zone-center optical mode.

For Stokes processes involving phonons, the intensity I of scattered light is

given by [6]:

Is / l�4
s jêi � wj

� êsj2ðnj þ 1ÞIi (17.3)

The ê term refers to a unit polarization vector, w is the first-order derivative of

the susceptibility tensor with respect to the phonon amplitude, also known as the

Raman tensor, and nj is the phonon occupation number for the jth mode, given by:

nj ¼ ½expð�hoj=kTÞ � 1��1
(17.4)

where �h is Planck’s constant, k is Boltzmann’s constant, and T is absolute temper-

ature. The proportionality is essentially the same for anti-Stokes processes except

that nj + 1 is replaced by nj. The terms except Ii are part of the Raman scattering

cross section sR(o, oj).

At this point, we may take note of the salient features of this relation and their

implications for Raman scattering experiments. First, since the frequency of the

scattered light is shifted from the incident light frequency by a much smaller

phonon frequency, the incident and scattered light frequencies are approximately

the same value. Their wavelengths are then also approximately the same, and the

Raman scattering intensity may be treated as possessing a similar fourth power

dependency on the incident light wavelength, which is a characteristic feature for

scattering cross sections at frequencies below the main absorption band of the

scattering material [6]. The second term involving the Raman tensor reflects

the symmetry of the scattering medium. For crystals, this is of particular importance

as the cross section may be required to disappear for certain polarization unit vector

combinations. Careful analysis of intensities for various phonon lines in the Raman

spectra may provide valuable information about the crystal symmetry (and hence

structure). The phonon occupation number terms introduce an explicit dependence

of the scattered intensity on sample temperature. Though the presence of other

components to the scattered intensity in (17.3) as well as factors involving the

experimental apparatus will make a firm quantitative link between temperature and

intensity precarious, the ratio between Stokes and anti-Stokes intensities is far less

ambiguous. We will return to the possibility of measuring local temperature from

Raman spectra later.

As shown, (17.3) implies that the Raman scattered intensity is proportional to the

incident radiation intensity, and in turn on the square of the incident electric field

amplitude. However, since Raman scattering depends on the dielectric polarization

within the crystal, it is the internal field which must actually be considered, and

the internal field is altered from the incident field by boundary conditions at the

surface that require continuity of the tangential electric field and normal electric
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displacement vectors. Due to the unique geometries and sizes of nanowires, a large

dielectric mismatch between the wire and its surrounding medium requires special

calculations of the internal electric field. These calculations may be performed

using computational methods such as finite difference approaches [8] or the discrete

dipole approximation [9]; they may also be performed analytically by solving

Maxwell’s equations using separation of variables. This approach is completely

analogous to Mie scattering theory for spherical scatterers. Analytical calculations

explain a number of experimental phenomena exhibited in the Raman scattering

from individual nanowires.

We consider the cylindrical nanowire geometry shown in Fig. 17.1, with an

incident plane wave normal to the cylinder axis and with an amplitude Eo. This is

the simplest case to solve analytically and the one most often treated in experimen-

tal spectroscopic investigations of single nanowires. Possible orientations of line-

arly polarized incident light with respect to the wire axis are bounded by two cases.

The first is the transverse magnetic (TM) polarization where the electric field is

polarized parallel to the wire axis, and the second is the transverse electric (TE)

polarization where the electric field is polarized perpendicularly to the wire axis. In

TM polarization, the condition of continuity of the tangential electric field is

expected to maximize the internal field, while in TE polarization, the dielectric

mismatch should suppress the internal field. The incident plane wave may be

expanded in cylindrical functions as:

Einc ¼ Eoê
X1
n¼�1

ð�iÞneinyJnðkorÞ; (17.5)

r
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Fig. 17.1 Coordinates for

scattering of electromagnetic

radiation at normal incidence

by a cylinder with radius a
and complex refractive

index m, with the cylinder

axis parallel to the

z-direction. Cylindrical

coordinates are z, r and y
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where ê is a unit vector in the direction of the field polarization, ko ¼ 2p/li is the
propagation constant in free space, and Jn is the Bessel function of integral order n.

In the normal incidence case presented here, the internal and scattered waves are

of the same mode and polarization as the incident wave (mixing of the polarizations

occurs when the incident wave is at an oblique angle). This yields two limiting

cases for the internal electric field [10]:

ETM
int ¼ Eoẑ

X1
n¼�1

ð�iÞneinydnJnðmkorÞ (17.6a)

ETE
int ¼ Eo

X1
n¼�1

ð�iÞncneiny in

r
JnðmkorÞr̂ � mkoJ

0
nðmkorÞŷ

� �
(17.6b)

where m ¼ ffiffi
e

p
is the complex index of refraction (e is the dielectric constant). By

applying the surface boundary conditions that require continuity of tangential

components of E and the magnetic field intensity H, the coefficients cn and dn
may be related to the far-field scattering coefficients an and bn:

cn ¼ J0nðkoaÞ � anH
0
nðkoaÞ

J 0
nðmkoaÞ

(17.7a)

dn ¼ JnðkoaÞ � bnHnðkoaÞ
JnðmkoaÞ (17.7b)

Here, Hn refers to the Hankel function of the second kind and prime denotes

differentiation with respect to the argument. The values of an and bn are given by

an ¼ JnðkoaÞJ0nðmkoaÞ � mJ0nðkoaÞJnðmkoaÞ
HnðkoaÞJ0nðmkoaÞ � mH0

nðkoaÞJnðmkoaÞ
(17.8a)

bn ¼ mJnðkoaÞJ0nðmkoaÞ � JnðmkoaÞJ0nðkoaÞ
mHnðkoaÞJ0nðmkoaÞ � H0

nðkoaÞJnðmkoaÞ
(17.8b)

The volume-averaged intensity of the internal field per unit length is obtained by

integrating the squared field amplitudes over the NW cross section, and the pres-

ence of Bessel functions in the result that are functions of the reduced optical radius,

mkoa ¼ 2pma/l, reveals that the internal field is modulated in a way that depends

explicitly on the NW diameter and the wavelength of incident light. When the

incident light is TM polarized with respect to the NW axis, the modulation can be

considered an enhancement. Cao et al. [11] used the Mie scattering model to

explain an observed enhancement in the first-order Raman signal intensity per

unit volume for Si NWs and nanocones when compared to bulk Si. This enhance-

ment can approach magnitudes of 103 as shown in Fig. 17.2. If one defines
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a parameter Q(oi) ¼ �Iint/�Ibulk to represent the enhancement in the internal field

intensity of the NW compared with the bulk crystal at the incident light frequency,

then the inelastic scattering is expected to be enhanced by this factor in a directly

proportional manner through the dielectric polarization. However, the Raman

scattered radiation will also be enhanced by the same structural resonance, giving

rise to a second enhancement factor for the Raman scattered light QRaman(os).

Because the frequencies of the scattered light and the incident light are nearly the

same, it is reasonable to assume that QRaman(os) � Q(oi), so that the total Raman

enhancement factor goes as the second power of the internal TM field intensity (or

as the fourth power in ETM
int ).

This calculated enhancement models the experimentally observed enhancements

reasonably well. However, the experimental values consistently occur at the upper

end of the calculated enhancement curves and reflect none of the oscillatory

behavior expected. For the Si nanocones, the diameter changes by more than the
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Fig. 17.2 Experimental and calculated Raman Enhancement (R.E.) in reference to bulk Si for

silicon NWs and nanocones at three different excitation wavelengths (With permission from

reference [11]. Copyright (2006) by the American Physical Society)
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period of the enhancement oscillations over the width of the laser spot and so the

fluctuations in Raman enhancement may be smeared out to reflect only the upper

edge. This does not account for the lack of similarly high Raman enhancement

values for the Si NWs though. Another key feature is that the Raman scattering is

enhanced less in comparison with bulk Si as the wavelength of the incident light is

decreased. With decreasing wavelength, the “bulk-like” nonresonant Raman scat-

tering exhibiting a l�4 dependence contributes more, in turn diminishing the

enhancement from the optical structural resonance.

The Mie scattering model also helps explain the strong polarization anisotropy

or “antenna effects” [9, 12] in the Raman scattering of semiconductor NWs, so

named because of the selective Raman scattering of TM-polarized light by way of

this structural resonance modulation. This behavior is quantified in the polarization

anisotropy ratio, calculated by an averaging of the squared field amplitudes of the

product of incident and scattered fields [12], determined from a Mie-type solution:

r ¼
jETMj4

D E
� jETMj2jETEj2
D E

jETMj4
D E

þ jETMj2jETEj2
D E (17.9)

As shown in Fig. 17.3, the calculated behavior is in excellent agreement with

values for Si and SiC NWs (TO phonon line) measured as the ratio of the difference
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Fig. 17.3 Polarization anisotropy ratio as a function of reduced optical radius ka
ffiffi
e

p
, where e is the

dielectric constant of the material. Solid (broken) lines are the theoretical curves for Si (SiC) NWs.

Circles (diamonds) are the experimental values for Si (SiC) NW optical phonon (TO) lines
(With permission from reference [12]. Copyright (2006) by the American Physical Society)
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between polarized and depolarized Raman signal intensities over their sum.

For NWs in the backscattering configuration with the excitation radiation at normal

incidence, the term “polarized” refers to the case where both the incident and

scattered radiation are polarized along the NW axis; in the “depolarized” case,

the incident and scattered radiation are polarized parallel and perpendicular to the

NW axis, respectively (or vice versa). The polarized configuration gives the

maximum signal intensity as both the internal field from the incident light and

the Raman scattering field are maximized in the TM polarization. In the depolarized

configuration, the internal field is still maximized, but this is countered by the fact

that the light collected by the spectrometer is from the TE polarization where the

Raman scattering field is suppressed.

The general case of linearly polarized light at normal incidence to the NW axis

can be treated analytically by introducing the polarization angle y between the

incident electric field polarization vector and the NW axis (y ¼ 0� for TM and

y ¼ 90� for TE). Accounting for the internal field and Raman scattering field

enhancements, the collected Raman scattering intensity will be in part proportional

to cos4 y [9] as y is rotated from the TM polarization. If the polarization of the

scattered light is not analyzed, only the modulation of the internal field is consid-

ered, and the Raman signal proportionality is with cos2 y [12]. The clear and

practical implication of these findings for Raman investigations of single NWs is

that the signal is maximized in the TM polarization. This becomes increasingly

important as the diameter is decreased and the corresponding Raman scattering

cross section becomes exceedingly small (even despite the relative enhancements

over bulk crystals).

In conjunction with the large surface-to-volume ratio in semiconductor NWs, the

polarization response in their Raman scattering affords an exquisite sensitivity to

the structure and composition at the wire surface. A clear example has been

demonstrated for the case Raman scattering from SiC wires that exhibit quantities

of carbon above the stoichiometric balance in some cases. This carbon may exist in

a tetrahedrally coordinated diamond cubic configuration in the volume of the NW,

as nanocrystalline graphite at the wire surface, or as a combination of the two.

The former is characterized by the degenerate zone-center optical phonon with

a frequency at �1,330 cm�1, while the latter is marked by a peak at �1,580 cm�1

(G-peak) and a broader dispersive peak in the range of 1,330–1,400 cm�1 (D-peak).

Distinction of disordered carbon within the wire from that on the surface is difficult

based on the peak positions alone. However, since the polarization behavior in

semiconductor NWs arises due to optical structural modulation of the internal

fields, the Raman signal suppression in the TE polarization primarily affects

volume scattering modes and not surface scattering modes. In this way, the TE

polarization grants a much higher sensitivity to surface modes relative to volume

modes. As a volume mode, the diamond cubic signal will be suppressed along with

the bulk SiC signal for depolarized configuration, whereas the signal from nano-

crystalline graphite at the surface will remain largely unaffected, showing that

polarization analysis reveals the degree of carbonization of the SiC NW [13].
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5 Key Findings

5.1 Chemical and Structural Characterization

One of the most valuable features of the Raman scattering from semiconductor

crystals is that it provides immediate evidence about the crystal composition,

structure, and quality. Identification of the crystal is quickly assessed by the most

prominent peaks, which belong to the zone-center optical phonons as a result of the

momentum “selection rule” (17.2) for first-order Raman scattering. In Si, Ge, and

diamond, these lines are in the vicinity of 520, 300, and 1,330 cm�1, respectively.

In GaAs, the zone-center optical phonon line is split into a LO line at 292 and a TO

line at 269 cm�1, respectively. This splitting arises from the fact that the LO mode

can scatter light via its macroscopic longitudinal electric field [6] and is a common

feature of polar zinc blende crystals. For certain polarization configurations how-

ever, only one of the two lines may be observed as a consequence of the polarization

selection rules imposed by the Raman tensor, through (17.3).

For consistency with notation found in many other sources, we express (17.3) in

a simpler manner:

Is; j ¼ Cjjêi � Rj � êsj2 (17.10)

where Rj is the Raman tensor and Cj is a proportionality constant. The symmetry of

the Raman tensors for particular crystal classes (i.e., point groups) can be derived

via group theory. We will not address this topic here but we note that the Raman

tensors for all the different three-dimensional crystal symmetries may be found in

Hayes and Loudon [6].

For the case of cubic zone-center optical phonons, the Raman tensor is of

rank three, with a second-rank tensor for phonon components polarized along

x, y, or z Cartesian coordinate directions:

0 0 0

0 0 d
0 d 0

2
4

3
5 : ðxÞ; (17.11a)

0 0 d
0 0 0

d 0 0

2
4

3
5 : ðyÞ; (17.11b)

and

0 d 0

d 0 0

0 0 0

2
4

3
5 : ðzÞ; (17.11c)
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The LO phonon is polarized along q, where the direction of q as defined by

(17.1b). The contribution of longitudinal phonons may be obtained by the projec-

tion of the Raman tensor element along the phonon unit vector q̂j:

Is;j;L ¼ Cjfðêi � Rj � êsÞ � q̂jg2 (17.12)

where the subscript L represents the longitudinal phonon. The transverse contribu-

tion to the overall intensity is given by the difference between (17.10) and (17.12).

The importance of these selection rules in studying semiconductor nanowires

through Raman spectroscopy may be made evident by example. Many zinc blende

NWs are thermodynamically constrained to grow in a 111h i crystallographic

direction. At normal incidence and in the backscattering configuration, the polar-

ized signal from the zone-center optical phonons for these NWs is proportional to

(4/3)d2TO, while the depolarized signal is proportional to (1/3)d2TO. The LO line

should be entirely absent, and a factor of four suppression of the TO signal beyond

what is predicted by Mie scattering is to be expected due to crystal symmetry. The

situation changes significantly when we instead examine NWs with a 110h i growth
direction, which become increasingly common as the NW diameters are reduced

below a certain threshold diameter [14]. The polarized signal is proportional to d2,
with the fractional contribution from LO phonons ranging from one third to one

depending on the orientation of the incident light wave vector. The depolarized

intensity depends on the direction of the incident wave vector, but is entirely TO in

character. The polarization dependencies of the TO and LO mode intensities give

a clear way to distinguish between low index zinc blende NW crystal orientations.

Unfortunately, Raman spectroscopy cannot provide the same information about

diamond cubic crystals due to the degeneracy of the zone-center optical phonon.

Some semiconductor materials that have been synthesized in NW geometry such

as GaN possess a wurtzite crystal structure [15] (point group C6v). Moreover, many

compound semiconductor NWs that exhibit only the zinc blende structure in bulk

crystals may possess zinc blende or wurtzite crystal structures, and in some regions

both in an alternating fashion along the wire axis [16]. Since the wurtzite structures

only exist for some materials in the NW form, full phonon dispersion relations are

not always available. However, the wurtzite unit cell length along the [0001] axis

(the wurtzite NW growth axis common with the [111] zinc blende NW growth axis)

is twice the [111] zinc blende unit cell length, so an approximate phonon dispersion

may be obtained by folding the [111] direction zinc blende phonon dispersion from

half of the Brillouin zone back to the zone center (G point). The end result for

wurtzite Raman spectra is that the existing optical phonon lines from zinc blende

spectra are retained while two additional lines are added that are native to the

wurtzite structure [17].

Based on this, Spirkoska et al. [18] were able to use Raman spectroscopy to

distinguish between individual GaAs NWs with majority zinc blende or majority

wurtzite structures. Figure 17.4 shows the Raman spectra from three different GaAs

NWs with different wurtzite contents. Spectrum a corresponds to a pure zinc blende
wire and as expected for a [111] growth direction, only the TO peak is observed.
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Spectrum b, which is for a NW with a majority zinc blende content begins to show

a wurtzite line at �255 cm�1 corresponding to the E2 mode which is the wurtzite

equivalent TO. The zinc blende LO mode also appears, which is attributed to

a possible relaxation of the Raman selection rules due to the presence of numerous

rotational twins and saw tooth faceted surfaces. Spectrum g reflects a majority

wurtzite structure, and is similar to spectrum b except that the wurtzite TO intensity

is increased. All the peaks are also red shifted by�4–5 cm�1 from spectrum b. This
actually brings the wurtzite TO line closer to the value predicted by the zone folding

approximation, indicating that this line was likely blue shifted in spectrum b. Due to
the dependence of peak position on stress (to be discussed later in this chapter), this

implies that the minority wurtzite regions in NW b are under compression due to

lattice mismatch with the zinc blende regions, while the minority zinc blende

regions in NW g are under tension for the same reason. This spectral information

can also be used with piezo-stage positioning control to create two-dimensional

spatial Raman maps of single NWs, in turn determining the extent of wurtzite- or

zinc blende–rich regions with submicron resolution [17].

Analyses of Raman spectra can be used to understand similar phenomena

witnessed in Si NWs involving the emergence of ordered (or disordered) {111}

stacking fault arrays parallel to the growth axis. By performing correlated trans-

mission electron microscopy (TEM) and Raman spectroscopy (Fig. 17.5), Lopez

et al. [19] were able to show that the ordering of these stacking fault arrays was

equivalent to the inclusion of non-3C diamond cubic polytypes, either of the

diamond hexagonal (2H) polytype or the rhombohedral Si (9R) polytype. TEM

and correlated Raman mapping showed that disordered fault regions, polytype

regions, and defect-free regions may all exist in the same NW. Finally, using the
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folded-zone approximation to index lines found in the Raman spectra, their care-

fully correlated TEM and Raman polarization analyses suggest that the raised

regions at �506 cm�1 between polytype Si modes at �495 and �517 cm�1 may

be due to disorder in the stacking fault regions rather than the E1g mode as

previously suggested [20]. The combined Raman and TEM characterization work

described in the preceding paragraphs illustrates that Raman spectroscopy and

TEM are highly complementary techniques. It also attests to the fact that charac-

terization of single NWs gives us a much deeper understanding of NW structures

and growth processes, such as the emergence of different crystal structures within

single NWs, that may be obfuscated if the NWs are examined only as ensembles.

Even in NWs that do not deviate from the crystal structure expected from their

bulk crystalline counterparts, Raman spectroscopy provides a simple and rapid way

to estimate crystal quality. In crystalline Si for example, the only allowed first-order

Raman scattering is from the zone-center phonons (q � 0) leading to a sharp

Lorentzian line shape at �521 cm�1. This q � 0 selection rule (17.2) is only

valid if there is long-range order in the crystal so that momentum conservation is

preserved. When the average crystal domain size is severely reduced, phonons are

confined to domain boundaries (by which they are elastically scattered) which

invalidates (17.1b) and results in a breakdown of the q � 0 rule. The momentum

range for phonons participating in first-order Raman scattering is then extended

further from the Brillouin zone center as the average domain size is decreased. For

amorphous Si with no long-range order, optical phonons across the entire Brillouin

zone may participate and the sharp Lorentzian at�521 cm�1 becomes a very broad

one centered at �480 cm�1. In Raman spectra for the intermediate cases of micro-

and nanocrystalline Si, the zone-center line is red shifted and asymmetrically

broadened to lower energy, the extent of which is determined by the average crystal

domain size (Fig. 17.6).

A very commonly used model for the effect of phonon confinement was devel-

oped initially by Richter et al. [21] and Campbell and Fauchet [22] (RCF model),

and adapted by various other researchers for their particular sample analyses. Under

this model, the Raman intensity for the optical mode(s) confined to crystal domains

of average diameter D may be expressed as [23]:

IðoÞ /
Z
BZ

jCð0; qÞj2d3q
½o� oðqÞ�2 þ ½Go=2�2

(17.13)

where Go is the intrinsic crystalline material line width, o(q) is the phonon

dispersion, and |C(0, q)|2 is the squared amplitude of the Fourier-transformed

confinement function. Typically a Gaussian confinement function is assumed

so that

jCð0; qÞj2 ¼ exp � qD

4p

� �2
" #

: (17.14)
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Richter et al. initially derived the model for microcrystalline Si, though its

application should be general to many semiconducting materials. The model also

assumes a spherical domain shape, though fairly simple adjustments may be applied

to the confinement function (17.14) for domains with other geometries [22].

In the last half decade of the twentieth century, there was a great deal of interest in

observing confined optical phonons in Si NWs, for which it was natural to apply the

RCF model. Early results found that the model fits the experimental data reasonably

well [24, 25] but there were conspicuous discrepancies. The most notable one was

that the actual diameters of the Si NWs examined were far larger than those diameters

for which the RCF function is expected to apply. Piscanec et al. [23] resolved many of

the inconsistencies through a sustained investigation of the effect of laser heating on

the Raman spectra of Si NWs, showing that if the laser power is not low enough, the

spectra will reflect a spurious phonon confinement. However, other factors such as

the sample diameter distribution, individual NW crystalline quality, inhomogenous

laser heating [26], stress (for example from bent NWs) [27], and the morphology and

termination of the NW surfaces render a quantitative understanding of the confine-

ment effect by diameter reduction in Si NWs incomplete.

5.2 Quantitative Property Measurements with Raman
Spectroscopy

In the previous section, we demonstrated how Raman spectra give rapid chemical

and structural information about NWs in a facile manner. While the information
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Fig. 17.5 (a) Transmission

electron microscope image of

a Si NW with corresponding

selective area diffraction

patterns indicating a change

in growth direction from

{111} to {112} after a kink

(left to right). (b) Raman

spectra from regions marked
circles in (c) and (d) (top and

bottom, respectively).
(c) Raman intensity map of
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that may be obtained through the ways shown above is extremely valuable, the

emphasis has been on qualitative characterization. As a noncontact, nondestructive

technique with submicron resolution, Raman spectroscopy could be even more

valuable if used toward quantitative measurements on single NWs, and indeed, this

is an active area of research. Here we will illuminate how Raman spectroscopy may

be used to perform quantitative measurements of local composition, temperature,

and strain in single NWs.

Due primarily to the predominance of Si in mainstream electronics, the proper-

ties of SixGe1�x alloys have been particularly well studied. It is also an exemplary

system for Raman studies because both elements are fully soluble in the other for

the entire composition range, and it exhibits three distinguishable modes in Raman

spectra corresponding to Si–Si, Ge–Ge, and Si–Ge atomic vibrations. For bulk

crystals and thin films, the fractional composition may be determined by the

relative integrated intensity IGe–Ge/ISi–Si [28] though this will exhibit diminishing

accuracy for compositions (either Ge or Si) below 20% or if it becomes difficult

to resolve one of the peaks below the noise floor. More often, composition is

measured by the position of the peaks. Each mode exhibits a composition depen-

dence, though the strongest peak, which also exhibits the strongest composition

dependence, belongs to the Si–Si vibrational mode. For unstrained SixGe1�x the

Si–Si mode frequency oSi–Si depends linearly on the composition x and may be

expressed as [28, 29]:

oSi�Si ¼ oSi � 68x (17.15)

where oSi is the optical phonon frequency of pure crystalline Si (�520–521 cm�1).

This expression has been applied to SixGe1�x NWs, where the local nature of

confocal Raman measurements (confined to the laser spot diameter after focusing,

on the order of �1 mm or less) has revealed axial composition gradients whether

intentional [30] or unintentional [31]. Care must be taken, however, when using

Raman spectroscopy to quantitatively measure local composition in SixGe1�x NWs

because while the results for bulk crystals and thin films have been found to hold for

SixGe1�x NWs in general, they exhibit a slight redshift in oSi–Si, especially at high

Ge concentrations [32] (Fig. 17.7). In part this could be attributed to tensile strain,

with a phonon frequency response that may be accounted for by inserting an

additional linear term proportional to strain into the right side of (17.15) (for

small strains) [28]. Raman spectroscopy can also be used to measure the composi-

tion of semiconductor NWs of ternary alloys such as ZnxCd1�xSe [33] and

CdS1�xSex [34]. Based on previous film measurements, NWs composed of other

ternary alloy semiconductors like InxGa1�xN [35] or AlxGa1�xAs [36] may also be

compositionally accessible to Raman spectroscopy.

Besides measuring binary or ternary alloy composition, Raman spectroscopy

evinces an acute sensitivity to impurity concentrations sometimes well below �1%

levels. This makes Raman spectroscopy especially well suited to measuring elec-

trically active dopant concentrations in NWs since techniques such as scanning

spreading resistance, capacitance-voltage, or Hall measurements that have been
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applied to thin film or bulk samples are extremely difficult if not impossible to

apply to nanowires. Since the electrical measurements readily available to

nanowires like transconductance or 4-point current–voltage measurements are

complicated by factors such as contact resistances, surface interface states [37],

or dopant deactivation [38], independent spectroscopic techniques possess added

value. The impact of dilute impurities on Raman spectra may originate from

different physical effects and thus may emerge as different functional dependen-

cies; it may therefore be necessary to consider different material-impurity combi-

nations independently. Nonetheless, this may be seen as an advantage of Raman

spectroscopic electrical characterization as the presence of different electrically

active impurities may be distinguishable in some cases. We will discuss a few of the

more prominent spectral phenomena that have been successfully used to study

electrically active impurities in semiconductors.

In the Raman spectra of Si, the line shape of the optical phonon peak is quite

sensitive to degenerate p-type doping as a result of interference of Raman scattering

from a continuum of electronic intravalence band transitions (electronic Raman

scattering) with that from discrete phonon excitations (vibrational or phonon
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Raman scattering) [39]. This continuum-discrete interference is known as the Fano

effect and is a general phenomenon seen in a number of different systems. In p-type

silicon, it is made possible by the fact that the intravalence energy gaps overlap in

energy with the optical phonon energy, so when the Fermi level cuts across the

heavy-hole and light-hole energy bands, there will be a multitude of electronic

transitions whose energy range surrounds that of the single optical phonon energy.

Extracting doping information from this effect may be achieved by fitting the

altered Lorentzian peak to a Fano line shape (Fig. 17.8):

IðoÞ ¼ A
ðqþ eÞ2
1þ e2

(17.16a)

where

e 	 o� oo

G
(17.16b)

where oo is the phonon frequency and G is the line width, both of which are

renormalized due to electronic Raman scattering. The q term is commonly referred

to as an asymmetry parameter and its reciprocal is proportional to the magnitude of

the ratio of the Raman tensor for electronic scattering (Re) to the Raman tensor for

phonon scattering (Rp) [39]:

1

q

����
���� ¼ Re

Rp

����
���� (17.17)

In virtue of this, the reciprocal of the asymmetry parameter, 1/q, is approxi-

mately proportional to the free carrier concentration in the range of 1019 cm�3 and

higher. The q parameter is also a function of the laser wavelength. This may be

understood by the fact that the discrete phonon Raman scattering occurs below the

resonant state, and thus, its intensity follows the l�4 dependence given in (17.3),

while the electronic Raman scattering is an above-resonant Raman process (with

regard to the intravalence band transitions) for visible excitation wavelengths and,

thus, expresses no strong dependence. Therefore, as the excitation wavelength is

reduced, the intensity of electronic Raman scattering is muted relative to phonon

Raman scattering. As a result, it is often appropriate to use longer wavelength

excitation lines when trying to obtain clear quantitative doping information from

the Fano effect, as long as calibration measurements may be performed. Both oo

and G are dependent on the doping level as well, and independent of the excitation

wavelength [39], but are also affected by strain [40] and temperature [41]. Similar

doping dependent Fano effects have been observed in the Raman spectra of highly

boron-doped diamond [42] and gallium-doped germanium [43].

In the case of p-type doping in Si, the Fano effect is evident in the asymmetric

broadening of the optical phonon line to higher frequency. There is indeed
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a matching Fano effect for n-type doping in Si, but its use suffers from two

difficulties. First, it is characterized by an asymmetric broadening of the optical

phonon line to lower (not higher) frequency, mathematically represented in

a negative q value. While this conveniently distinguishes it from p-type doping, it

also means that n-type doping is more likely to be convoluted with temperature,
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strain, and confinement (or crystal quality) effects. Secondly, the n-type Fano effect

is much weaker, usually not emerging in measured Raman spectra until doping

levels exceed 1020 cm�3 [44].

The Fano effect has been put to good use in studying both in situ and ex situ

boron doping in Si NWs. It is a convenient and rapid way to characterize active

boron concentrations in individual Si NWs without the use of extensive lithography

that may take hours or days and is frequently unsuccessful in enabling accurate

single NW electrical measurements. The ability to create Raman maps with

submicron resolution also makes it possible to perform axial dopant profiling. In

this way, Raman spectroscopy has been used to reveal axial doping nonuniformity

in as-grown Si NWs due to uncatalyzed conformal deposition of highly doped Si on

the NW sidewalls [45, 46] (Fig. 17.9). Inversely, Raman mapping has also been

employed to demonstrate the high axial doping uniformity achieved via ex situ

boron doping [47].

Another way to assess the quantity of impurities in a semiconductor is through

local vibrational modes (LVMs). When impurities occupy substitutional sites, they

give rise to local vibrations at a different frequency from the host lattice. The intensity

ratio of the LVM modes to normal vibrational modes is proportional to the mean

concentration of that impurity in the volume probed. This conveniently permits

distinction between concentrations of different impurities, but careful calibration

measurements are necessary if absolute impurity concentration values are desired.

In Si (and its NWs), this has seen limited use since the LVMs of common dopants like

boron are at frequencies in close proximity to peaks in the second-order Si Raman

spectra [48, 49]. For other semiconductor NWs on the other hand, LVMs are

beginning to see more use. For example, impurity Si can occupy either Ga or As

sites in GaAs, acting as either an n-type or p-type impurity respectively. The LVM for

Si in a Ga substitutional site has been assigned to 384 cm�1, while a peak at 393 cm�1
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corresponds to the Si LVM at an As substitutional site. Correlating the ratio of the

Si LVM peak intensity to the TO peak intensity with 4-point probe electrical

measurements along the same wires, Dufouleur et al. were able to show that during

in situ Si doping of GaAs NWs grown by molecular beam epitaxy (MBE), the Si is

predominantly incorporated as part of a highly doped epitaxial GaAs shell (similar to

results seen for in situ boron doping of Si NWs described above) and that Si more

often substituted for As sites [50] (Fig. 17.10). However, Hilse et al. found that Si was

incorporated into both Ga and As sites based on the LVMs in the Raman spectra for in

situ doping of GaAs NWs also grown by MBE, suggesting that the incorporation

route may be very process dependent [51].

For polar semiconductors, the ionic character of the primitive unit cell results in

a coupling of the LO phonons with the longitudinal plasma oscillations of the free

electrons or plasmons, which can lead in turn to the appearance of coupled phonon-

plasmons modes in their Raman spectra on either side of the LO peak (designated

by a (+) or a (�) sign). While the frequency of these modes provides a simple way

to estimate n-type dopant concentration as well as carrier depletion effects [52],

their use in studying NWs has been rather limited, most likely due to the fact that

longitudinal modes are generally forbidden when NWs are examined in the back-

scattering configuration at normal incidence.
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One of the most valuable features of Raman spectroscopy is the well-known

effect of local strain on the optical phonons (at q � 0). The most basic approach to

the theory of lattice vibrations assumes that interatomic forces in the crystal are

linear functions of the interatomic displacement so that they obey a form of

Hooke’s Law. Under this harmonic approximation, the frequency o for mode j is
given by:

K0
jj ¼ �mo2

j (17.18)

where �m is the reduced mass of the two atoms and Ko
jj is the effective spring constant

(or force constant) for mode j in the absence of strain. In analogy with a simple
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beam whose resonant frequency changes with the length of the beam, the phonon

frequency may be expected to change with strain. This is introduced as an added

contribution to the spring constant from terms representing its first-order deriva-

tives with respect to strain (elm) [40]:

@Kjk

elm
elm ¼ K

ð1Þ
jklmelm ¼ K

ð1Þ
jkmleml (17.19)

The derivative terms are known as the phonon deformation potentials, and each

is a component of a full phonon deformation potential matrix K(1). For cubic

crystals, symmetry considerations reduce the number of independent phonon defor-

mation potentials to three:

K
ð1Þ
1111 ¼ K

ð1Þ
2222 ¼ K

ð1Þ
3333 ¼ �mp; (17.20a)

K
ð1Þ
1122 ¼ K

ð1Þ
2233 ¼ K

ð1Þ
1133 ¼ �mq; (17.20b)

K
ð1Þ
1212 ¼ K

ð1Þ
2323 ¼ K

ð1Þ
3333 ¼ �mr (17.20c)

The relationship between strain and frequency is found in the eigenvalues (lj) of
the matrix representing the changes in force constants under strain from their

unstrained values, DK. The explicit connection between the eigenvalues and

frequency is:

lj 	 o2
j � o2

jo � 2ojoDo (17.21)

where oj is the strained frequency, ojo is the unstrained frequency, and Do ¼ oj �
ojo. Applying K(1) to the strain tensor referred to the cubic crystallographic axes,

x̂ ¼ [100], ŷ ¼ [010], and ẑ ¼ [001], the following characteristic equation may be

used to obtain values for lj.

pexx þ qðeyy þ ezzÞ � lj 2rexy 2rexz
2rexy peyy þ qðezz þ exxÞ � lj 2reyz
2rexz 2reyz pezz þ qðexx þ eyyÞ � lj

������
������¼ 0:

(17.22)

Note, that up to three independent values of lj may be obtained, reflecting the

splitting of the degeneracy for phonon mode j brought upon by breaking the normal

crystal symmetry. For a given stress tensor (determined by a stress model or a well-

designed experimental setup), the strains that exist in the cubic reference system

may be determined by the corresponding compliance tensor, S. Cerdeira et al. have
derived the linear relationships between the zone-center optical phonon frequency

and stress for uniaxial stress along the 100h i; 110h i; and 111h i crystallographic

directions in cubic crystals [40]. For 100h i and 111h i stress (or strain), the
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zone-center phonon splits into a nondegenerate phonon (the “singlet”) and a doubly

degenerate one (the “doublet”). For the 110h i direction, the zone-center optical

phonon degeneracy is completely lifted. Finally, a similar approach to that outlined

above may be applied to wurtzite crystals referred to crystal axes where x̂ǁ[11�20],
ŷǁ[1�100], and ẑǁ[0001] [53, 54] or a close variant [55].

Straining a crystal will begin to alter its crystal symmetry, thus affecting relative

intensities from different phonon modes according to the Raman tensor. However,

the effect of strain is usually small and the strained Raman tensor may be treated as

the unstrained Raman tensor changed by linear proportionality to the appropriate

components of the DK matrix [56]. This means that in most cases, the unstrained

Raman tensor gives a very clear idea of what phonon lines will be observable in

Raman spectra of the strained crystal.
In polar zinc blende semiconductors, strain effects may usually be assumed to be

independent of the normal LO-TO splitting though the phonon deformation poten-

tials for TO and LO phonons are not necessarily identical [40]. For uniaxial stress in

a 111h i direction (or a 100h i direction) with Raman spectra obtained in the

backscattering configuration, one doublet component is associated with the LO

phonon, while the other doublet and the singlet components are associated with TO

phonons. A splitting of the TO phonon (DoTO) may be expected due only to shear
strain, though it may not always be resolved. The behavior of TO and LO modes

under strain was used by Montazeri et al. [57] to show how Raman spectroscopy

may be used to estimate hydrostatic and shear strains in GaAs-Gap core-shell

semiconductor NWs, where the GaAs core is expected to be under compressive

strain (and the GaP shell under tensile strain) due to lattice mismatch (Fig. 17.11).

Specifically they fitted two Lorentzians curves of equal line widths to the GaAs TO

peak, and one Lorentzian curve to the LO peak in the Raman spectra of these

individual NWs. The strain was treated as being radially symmetric about the 111h i
NW axis giving results similar to 111h i uniaxial strain, and was assumed to be

uniform across the entire core radius, which they supported with theoretical model-

ing. The obtained stain values were then used to estimate the expected change in the

core band gap according to electron deformation potential theory [58, 59] and the

results agreed well with both experimental photoluminescence spectra measured

from the same NWs as well as theoretical calculations using strain-dependent k � p
theory [60]. In general, this example demonstrates well the potency and utility of

using Raman spectroscopy to measure strain in semiconductor NWs quantitatively.

Many other examples of stress or strain measurements through Raman spectros-

copy are still primarily qualitative [18, 27]. Much of this stems from the fact that

Raman spectroscopy provides only limited additional information (generally only

in the form of frequency shifts) from potentially complicated strain distributions.

Furthermore, care must be taken when extracting stresses from measured Raman

shifts as key mechanical properties such as Young’s modulus (which is related to

the compliance or stiffness matrix elements) may be diameter dependent in NWs

[61]. Still, Raman mapping with submicron spatial resolution and careful polariza-

tion analyses may help clarify the piezospectroscopic properties of semiconductor

NWs in ongoing research.
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Another intriguing quality of Raman spectroscopy is its capability to measure

local temperature quantitatively and precisely. This is possible in two distinct ways,

arising due to two different characteristics of the Raman spectra in crystalline

solids. The first characteristic is the presence of the phonon occupation number in

the Raman scattering cross section in accordance with (17.3). While the relation to

temperature of the strict intensity of a particular phonon peak is obfuscated by the

numerous other components of the Raman scattering cross section, taking the ratio

of integrated intensities of the Stokes (IS) and anti-Stokes (IAS) peaks provides the
following relationship by which to measure temperature:

IS
IAS

¼ A
oS

oAS

� �3

exp
hco
kT

� �
(17.23)

where oS and oAS are the Stokes and anti-Stokes frequencies, o is the phonon

frequency (we have dropped the subscript j), and A is a constant determined by the

light absorption of the sample and the scattering cross sections at the Stokes and

anti-Stokes frequencies that should be calibrated for the sample. For bulk samples,

the value of A is close to �1 due to the fact that the Stokes and anti-Stokes

frequencies differ from the frequency of the excitation line by a relatively small

amount, making this a convenient measure of local temperature that is not depen-

dent on extraneous factors such as stress or crystal quality. However, the applica-

tion to NWs is not as straightforward. First, the resonant light interactions of NWs

means that the value of A may change for any individual NW as a function of its

diameter or the laser wavelength. Secondly, the accuracy of the method is
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significantly reduced when it becomes difficult to resolve the anti-Stokes peak,

which is often a problem for small diameter NWs (<�50 nm) or when low laser

powers are used to minimize local heating.

A more precise measurement of local sample temperature is made possible by

the anharmonicity of the crystal vibrational potential energy. Phonon-phonon

interactions that reduce individual phonon lifetimes, phonon softening, and thermal

expansion give rise to increasing peak width and a change in peak frequency
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(typically negative) with increasing temperature. The variability of peak intensities

under real experimental conditions and the factors such as doping or confinement

that can affect peak shape and width make the dependence on peak width an

imprecise measurement for temperature when applied to NWs. The peak position

on the other hand is much more easily and accurately determined. Above room

temperature and for a range of a few hundred degrees K, the relationship between

phonon frequency and temperature is typically linear, though calibration measure-

ments are generally necessary for different types of samples. For NWs, local

heating by the laser can confound the accurate determination of this relationship;

the easiest and most direct way to overcome this is to measure the position of the

peak of interest as a function of laser power and to set the laser power below which

the position does not change as the maximum for further thermal measurements.

Using this approach, Doerk et al. performed measurements of the frequency of the

zone-center optical phonon as a function of temperature for individual Si NWs

down to 30 nm in diameter and found that this relationship is the same as for bulk Si

[62] (Fig. 17.12). Importantly, this is true for Si NWs synthesized by two different

routes, with very different thermal conductivities [64].

Raman thermometry, the measurement of local sample temperature through

collecting Raman spectra from that sample, is becoming increasingly important

for determining key thermal properties of nanomaterials as evidenced by the

measurement of thermal conductivity in carbon nanotube bundles [65] and

graphene [66, 67] via Raman spectroscopy. A recent example of the use of

Raman thermometry takes advantage of the local nature of the temperature mea-

surement to determine the thermal conductivities of single cantilevered Si NWs. By

intentionally heating the NW with the laser and measuring the temperature at the

same spot, an axial temperature profile is extracted from a Raman map around

the NW. From an estimate of the absorption cross section (using for example a

Mie-type solution to Maxwell’s equations as described previously in this chapter)

and the slope of the temperature profile, the thermal conductivity of the NWmay be

measured without influence of thermal contact resistances [68]. This highlights

a way in which the submicron temperature resolution of Raman thermometry may

be a key characterization technique in studying the thermal properties of NWs and

related nanostructures in the future.

6 Conclusions and Future Directions

In this chapter, we have discussed the unique interactions of electromagnetic

radiation with semiconductor NWs that lead to resonant absorption and scattering,

the importance of Raman selection rules and phonon confinement in determining

the crystal structure of NWs, and the ways in which Raman spectroscopy can be

used to measure composition, strain, and temperature quantitatively with submi-

cron resolution. These qualities of Raman spectroscopy are already commonly

employed in the characterization of semiconductor NWs, and one may anticipate

Raman spectroscopy to be used even more widely as the applications to NW
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characterization are better outlined. The nondestructive nature of Raman measure-

ments will likely lead to even more applications when combined concurrently with

other in situ experiments that chemically modify the NW or apply electrical

currents or mechanical strain.

Another exciting development in Raman spectroscopy is the emergence of

apertureless near-field Raman spectroscopy, also known as tip-enhanced Raman

spectroscopy (TERS). By guiding a sharp tip (less than 10s of nanometers in radius)

of a noble metal material illuminated by a laser along the sample surface, the local

electric field is substantially enhanced in the near-field region of the tip [69]. This in

turn enhances the Raman scattering intensity only in the area of the tip. For

semiconductor NWs, the most direct benefit will be the dramatically improved

resolution to less than �100 nm, well beyond diffraction-limited resolution. With

this improved resolution, it may be possible to measure impurity concentrations

across nanoscale junctions along the NW axis, to profile strain or composition along

the radial direction of the NW, and, in some cases, to determine the fraction of

different crystal structures with nanoscale precision in ambient conditions, though

new Raman selection rules for near-field Raman scattering must be employed

arising from the superposition of the far-field selection rules and the polarization-

dependent tip enhancement [70]. All together, the value of Raman spectroscopy

will be amplified, potentially opening new avenues for research.
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Optical Tweezers for Raman Spectroscopy 18
Lianming Tong, Kerstin Ramser, and Mikael K€all

1 Definition of the Topic

The integration of laser tweezers with Raman spectroscopy for optical manipulation

and spectroscopic analysis of individual micro- and nanoscopic objects in physics,

chemistry, and the life sciences.

2 Overview

Like all optical spectroscopies, Raman scattering is about utilizing photons for

studying a sample. But the light—matter interaction can also be used to manipulate
the sample under study. Here we review the powerful combination of optical

tweezers and Raman spectroscopy as applied to small particles in solution. Apart

from the special case of surface-enhanced Raman scattering (SERS), which we

cover at the end of this chapter, “Raman tweezers” has not yet been utilized

extensively within nanoscience. For sake of completeness and inspiration, we

therefore first review the significant amount of work that has been published on

particles in the micron range, in particular on biological cells. A brief outlook

concludes the chapter.

L. Tong • M. K€all (*)

Department of Applied Physics, Chalmers University of Technology, Göteborg, Sweden
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3 Introduction

Optical tweezers, or laser tweezers, is a spin off from research on linear and angular

momentum transfer between light and small particles. Already in 1970, Ashkin

showed that the radiation pressure from a focused laser beam significantly affected

the dynamics of micrometer-sized transparent and neutral particles [1]. This finding

was soon developed into what is now known as optical tweezers, meaning a single-

beam gradient-force trap for manipulation of small particles in solution. The

subsequent four decades has seen a continuous and rapid development of optical

trapping techniques and applications. Important examples include the development

of holographic optical tweezers, a variety of biophysics measurements on single

biomacromolecules, cell-sorting applications, the development of techniques for

optical rotation of small particles, optical binding and aggregation of particles, and

trapping in subwavelength fields created by plasmonic nanostructures. The reader is

referred to a number of excellent reviews for more information on some of these

developments [2–6]. Thorough theoretical descriptions of basic optical trapping

effects can be found in the resource letter by Lang and Block [7] and in the review

by Jonas and Zemanek [8].

An exact calculation of the optical forces affecting an arbitrary particle in an

arbitrary laser field can in principle be done using the so-called Maxwell stress

tensor technique, but it requires an exact solution of Maxwell’s equation for the

particular particle-field configuration under study. Fortunately, a number of

approximate theories exist that can be used to explain the optical tweezing effect

and to obtain reasonably accurate estimates of optical forces and trapping

potentials. If the trapped object is dielectric and much larger than the wavelength

of the trapping laser, then trapping can be understood from a ray-optics approach.

Refraction of light corresponds to a change in the momentum carried by the

light. According to Newton’s third law, an equal and opposite momentum

change, being proportional to the light intensity, is transferred to the object. In

particular, simple geometrical arguments show that if a focused light beam

refracts in a transparent object, then transfer of linear momentum from the

refracted photons leads to two force components on the object, one pointing

toward the focal point, the so-called gradient force, and one pointing along the

optical axis, known as the “scattering force.” Both forces are proportional to the

refractive index contrast between the object and the surrounding medium, and to

the intensity of the laser light. Importantly, if a Gaussian laser beam profile is

considered, it is mainly the peripheral rays that contribute to the gradient force

while photons traveling along the central part of the beam acts as a photonic “fire

hose,” pushing the particle in the direction of light propagation. Stable trapping

close to the focal point can only be achieved if the gradient force can overcome

the scattering force, which thus requires a large fraction of peripheral rays. In

practice, this means that the laser beam needs to be tightly focused using

a microscope objective with high numerical aperture (NA). Naturally, the abso-

lute gradient force also has to be large enough to overcome thermal forces in the

form of Brownian motion.
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In contrast to dielectric beads or cells, nanoparticles are in the Rayleigh limit,

meaning that they are much smaller than the optical wavelength. This implies that

they essentially behave as induced dipoles in the applied optical field. An analysis

of the optical force in the Rayleigh limit starts from the Lorentz force and leads to

an expression for the gradient force that is proportional to the particle polarizability,

and hence to the volume of the particle [9–11]. If the particle is absorbing, i.e., the

polarizability contains an imaginary part, there is also a radiation pressure compo-

nent that destabilizes the particle, while the actual scattering force appears as the

first finite-size correction to the Rayleigh approximation. Unfortunately, many

objects that are interesting for optical tweezing experiments have sizes in between

the regions of validity for the Rayleigh and ray-approximations, i.e., sizes between

�0.1 and �10 l, which call for more complete electromagnetic descriptions

[12, 13]. Nieminen et al. have developed a computational toolbox that can be

used for quantitative estimates of optical trapping effects in this region [14].

4 Experimental and Instrumental Methodology

Figure 18.1 shows a schematic of the most common types of Raman tweezers

setups. Most optical tweezers solutions are based on a single laser beam with

a Gaussian intensity profile focused by a high NA microscope objective. It is

DETECTOR Resolving stage

LASER

A B C

BF or DM

M
M

Fig. 18.1 Schematic of typical Raman tweezers setups. The laser light for Raman excitation is

guided into the microscope objective and Raman scattering is collected in backscattering geometry

in all cases. The excitation and Raman light is separated using a blocking filter (BF), typically

a holographic notch filter, or a dichroic mirror (DM), typically a so-called edge filter. The Raman

scattered light is spectrally resolved by an optical spectrometer comprising of a resolving stage,

typically based on tunable reflection gratings, and a sensitive detector, typically a cooled CCD

chip. Optical trapping can be performed using the Raman excitation laser or a separate laser beam

using a single (a) or two separate objectives (b). The optical trap can also be created through two

counter propagating laser beams, for example from optical fibers (c). It is also necessary to use BFs
or DMs to shield the eyes of the operator—a particularly important point in “home built” Raman

tweezers using invisible near-infrared laser radiation
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important that the beam is expanded to cover the full back aperture of the objective,

so that the full NA is utilized. An optical trap can also be created using two counter

propagating laser beams, e.g., from optical fibers [15], so that the scattering force is

canceled out. The laser used for the optical tweezers can also conveniently be used

to excite Raman scattering. However, many Raman studies require resonant exci-

tation using visible or even ultraviolet wavelengths, while optical tweezing is best

performed using near-infrared light to minimize laser-induced heating of the

aqueous medium or the sample itself. Two lasers can then be used, one for

Raman excitation and one for optical trapping, which means that the setup has to

be equipped with suitable filters or dichroic mirrors in order to separate the tweezers

and Raman light paths. Some experiments may even require the use of two separate

microscope objectives facing each other, one for Raman microscopy and one for

laser tweezing [16]. In any case, it is important to remember that a working Raman

tweezers based on separate laser beams requires perfect overlap between the

respective laser foci, which for widely separate excitation and tweezing wave-

lengths can be complicated due to, for example, chromatic aberrations. It is also

possible to generate multiple optical traps using various optical interference pat-

terns [17, 18], but this has not yet been used in combination with Raman

spectroscopy.

In ordinary Raman tweezers setups, the detected Raman spectra contain

signals from both the trapped object and the surrounding solution. Naturally,

this is particularly troublesome if important “fingerprint” Raman bands overlap

with strong Raman or fluorescent features from the solution. A recent solution to

this problem takes full advantage of the possibility to move the trapped object

relative to the Raman probe beam [19, 20]. Two separate laser beams were used,

one for optical trapping and one for Raman excitation. The spatial position of the

trapping beam was modulated slightly at a certain frequency f while the Raman

excitation beam was kept at a fixed position. Since the Raman signal is maxi-

mized, and the background minimized, when the trapped object is in the center of

the excitation beam, the Raman signal will be modulated at a frequency of 2 f.
Moreover, the Raman signal and the solution background will be phase-shifted

by 90�. This means that essentially background-free Raman spectra (or pure

background spectra) can be recorded using a phase sensitive lock-in amplifier

detecting at 2 f.

5 Key Research Findings

5.1 Raman Spectroscopy and Laser Trapping Performed on
Dielectric Particles in the Micrometer Range

In 1986, Ashkin and coworkers reported on the first successful single-beam gradi-

ent-force trap, or laser tweezers, for dielectric particles [21]. They were able to trap

particles of glass, silica, and polystyrene (PS) in the range from 25 nm to 10 mm in

water. Optical trapping techniques have since been integrated to a range of different
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optical read-out techniques to enable various types of single particle investigations

[8]. The first combination of micro-Raman spectroscopy and optical tweezers was

presented in 1994, when Urlaub et al. investigated a polymerization reaction in

optically trapped emulsion particles [22], while Raman tweezers entered the field of

biophysics in 2002 with studies of single cells and organelles [23–25]. The first

articles on Raman tweezers dealt mainly with engineering aspects, i.e., how to

integrate optical tweezers to Raman instrumentation, but today, a decade later,

several comprehensive reviews on Raman studies of optically trapped dielectrics

have already appeared. These include reviews on aerosol particle studies, which are

important for atmospheric chemistry and physics, combustions science, drug deliv-

ery, and epidemiology [26–29] as well as overviews on eukaryotic cell studies, such

as cell sorting, biomolecular reactions of cells to environmental changes, and

cancer detection [29–32]. This section gives a brief overview on these subjects

with an emphasis on biological particles and light-induced effects on trapped

biological materials. For clarity, the studies are summarized in tables after a brief

introduction of important aspects of the subject.

5.1.1 Optical Trapping and Raman Spectroscopy of Aerosols, Gas
Bubbles, and Polymorphs

Chemical and physical properties of aerosols are conventionally investigated by

performing ensemble measurements under controlled environmental conditions.

Important parameters include droplet size, refractive index, evaporation dynamics,

and chemical composition [26]. Many of these parameters can be evaluated at the

single particle level using Raman microscopy. Hence, it may not come as a surprise

that the first Raman tweezers studies dealt with micro droplets and aerosols and

focused on changes in morphology and chemical compositions due to environmen-

tal changes. In many studies, both elastic (Mie) and Raman scattering were mea-

sured to get more conclusive results. For theory and introduction, we refer to the

reviews [26, 28, 33]. A brief overview of studies is given in Table 18.1.

5.1.2 Raman Tweezers Applied to Biological Cells
Table 18.2 gives an overview over the most important Raman tweezers studies on

biological cells regarding experimental design, object, the relevant Raman peaks,

and the results. The vast variety of topics demonstrates that Raman tweezers pro-

vides an excellent tool for research on the single cell/particle level. For example,

fast screening for comparisons and detection of healthy and infected cells, as well as

sorting of different cell types, can be performed. Because of the rich but compli-

cated Raman spectra of complex biological components, such as DNA, RNA,

lipids, and proteins [68, 69], such studies can be greatly facilitated by statistical

tools. In particular, multivariate methods applying principal component analysis

and linear discriminate analysis have been shown to be valuable for discrimination

between different organelles or cell types with high accuracy. These tools are most

helpful since the spectral differences between healthy or infected cells often lie in

the intensity of certain Raman peaks, i.e., upon infection some cellular components
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increase, while others decrease. Spectral shifts, on the other hand, are rare. How-

ever, studies have shown that intensity variations among individual cells of the

same type were small in comparison to their alterations caused by infections or

cancer development. Indeed, high sensitivities and reproducibility for detection of

Table 18.1 Raman tweezers studies on dielectric particles

Reference Setup Object

Relevant Raman

lines Result

[34] Optical trap at

1,064 nm, Raman

514.5 nm

Gas bubbles N2 at

2,340 cm�1 O2

at 1,560 cm�1

N2 and O2 composition of

air bubble mixture was

determined. Liquid/gas

interface of the bubbles

revealed a thin layer of

palmitic acid

Palmitic acid at

C-C 1,060 and

1,124 cm�1,

CH2 twist at

1,291 cm�1

[35] Same laser for

Raman and one

optical tweezers

514.5 nm

Microdroplets CH-stretching

region 2,800–

3,000 cm�1 and

C ¼ C at

1,628 cm�1

Mie and Raman scattering

of microdroplet

polymerization. Size,

refractive index, and

morphology are

determined. Droplet

evaporation and chemical

reactions are studied

[36] Same laser for

Raman and one

optical tweezers

tunes from 730 nm

to 780 nm

Toluene

microdroplet

containing

p-cresol (MD)

p-cresol at 785,
823, 843, 1003,

and 1,030 cm�1

Single MD could be

observed and a difference in

solubility for the p-cresol in
the bulk solvent and in the

MD solvent was seen

[37] Same laser for

Raman and one

optical tweezers

647 nm

Polymorphic

forms of

carbamazepine

(CBZ) in

microliter fluid

volumes

CBZ dehydrate

259, 445,

470 cm�1

Recrystallization of CBZ in

methanol under temperature

control

CBZ form I 264

and 459 cm�1

CBZ form II

254, 272, 445,

470, 484 cm�1

[38] Same laser for

Raman and one

optical tweezers

647.1 nm

Polystyrene (PS)

particles

200 nm–10 mm

PS Raman peak

at 1,000 cm�1
Sensitivity and spatial

selectivity as a function of

particle size were

investigated

[39] Same laser for

Raman and one

optical tweezers

514,5 nm

Aerosol droplets OH stretching at

2,900–

3,000 cm�1

Limiting conditions of

optical forces and capillary

forces dominating the

aerosol coagulation event

are explored by varying the

optical trap force and by

characterizing the

coagulation of different

droplets. Dual trap is used
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infected cells have been achieved. When investigating optically trapped cells

by Raman, one can focus on one organelle of the cell, like the nucleus, which

enhances the reproducibility of correct cell analysis. Differences in size, refractive

index, or chemical compositions of different cells are highly valuable for

cell-sorting purposes. Sometimes, changes or shifts in the Raman spectra may

even give specific information on the reaction of cells to different chemical

environments.

5.1.3 Experimental Considerations Influencing the Measurements;
Photo-Induced and Thermal Effects on Biological Material

In most cases, NIR wavelengths are chosen for Raman excitation of biological

samples in order to minimize fluorescence background, photo-induced chemical

changes, and heating. However, biological samples, and especially single cells, can

still be very sensitive toward laser illumination. It is therefore important to carefully

study the impact of the Raman tweezers experiment for each biological system

under investigation. Importantly, even closely related species can have quite dif-

ferent optical behaviors or react differently to preparation protocols. One method to

check for laser-induced damage is to investigate spectral changes over time by

illuminating the same spot on the sample continuously while taking series of spectra

with short integration time. Table 18.3 summarizes results from experiments

exploring heating and photo-induced damage caused by laser light from the UV

to the NIR wavelength region.

The response of biological material to the interaction with laser light strongly

depends on the wavelengths of the trapping laser, as well as on the applied

power. The powerful microscope objectives create strong foci with extremely

high irradiances. There are basically two events that have to be considered:

First, the laser light might cause either direct or indirect heating of the sample,

leading to a temperature rise of the sample proportional to the laser intensity and

the absorption cross section of the sample. Second, the laser wavelength might

trigger chemical reactions within the sample. This effect is extremely important

to consider in resonance Raman spectroscopy, which can be very useful for

particular biomolecular studies. One such case concerns hemoproteins and

studies of blood-related diseases. Since the important heme resonances are in

the visible and UV, and intense radiation at these wavelengths generates effec-

tive light absorption and, consequently, photochemistry, it is usually necessary

to utilize a separate NIR laser beam for trapping while resonance Raman

excitation is performed with as little laser intensity as possible. Still, the

photo-induced chemistry caused by ultraviolet or visible Raman excitation can

be more dramatic and obvious than that generated by the NIR trapping laser,

despite that the laser power usually is around 100 times less. Importantly, some

molecules might not react directly with the laser light, but damage can still be

induced if a sensitizer or oxygen is present. In this case, the laser illumination

excites a long-lived triplet state of the sensitizer, which in turn can react with

oxygen to produce reactive oxygen species that attack molecules like DNA,

proteins, and lipids [76].
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Table 18.3 Effects of different laser wavelengths and powers upon cells and organelles

Wavelength

(nm)

Irradiance or

power Sample Observation

<260 0.1–1.1 Wcm�2 Bacterial cells Good reproducibility, no observed

fluorescence [70–72]

257 10 Wcm�2 T47 D mammary tumor

cells

No physical damage, good

reproducibility [73]

413.1 90 k Wcm�2 Nerve myoglobin within

the nerve cord of A.
aculeata

Photo dissociation of oxygen from the

porphyrin ring, [57]. No damage at

8 kWcm�2

48 80 k Wcm�2 Hb within RBCs Strong fluorescence after 30s,

significant decrease of SN ratio [74]

514.5 90 k Wcm�2 Hb within RBCs Strong fluorescence and oxidation of

Hb [75]

514.5 4 M Wcm�2 Isolated chromosomes

composed of nucleic

acids and proteins

Photochemically induced changes in

spectra [76]

514.5 4 M Wcm�2 Pure DNA and protein

solutions

No damage [76]

514.5 4 M Wcm�2 Cell nucleus Reduced cell viability [76]

568.2 80 k Wcm�2 Hb within RBCs Stable SN ratio, weak alterations in

the oxygen-sensitive region of the

spectrum [56]

568.2 0.8 M Wcm�2 Nerve myoglobin within

the nerve cord of A.
aculeata

Photo-induced breaking of porphyrin

ring to biliverdin [77]

632.8 160 k Wcm�2 Hb within RBCs No photo-degradation [78]

632.8, 660 8 M Wcm�2 Cell nucleus Good cell viability [76]

660 6 M Wcm�2 Chromosomes,

lymphocytes,

granulocytes

No observed damage < 30 s < slight

changes in spectra [76]

690 0.8 M Wcm�2 Yeast cells Heat denaturation of Phe [49]

E. coli Enterobacter
aerogenes bacterial cells

840–930 Energy E. coli Weak dependence on l, linear
dependence on power. Lethal energy

dose for E. coli is 5 J [79]

cw 790–970 88–100 mW E. coli under anaerobic
conditions, Chinese

hamster ovary cells

Minima of photo-damage at 830 nm

and 970 nm [80]

Maxima at 870 nm and 930 nm [81]

cw 700–

1,064

100 mW C. elegans with heat

chock promoter

Maxima below 760 nm, at higher l
less photo chemistry but an increase of

heating [82]

cw 760 105 mW Human spermatozoa Autofluorescence at 760 nm, paralysis

after 35 � 20 s, cell death after 65 �
20 s

Linear and two-photon processes,

single photon absorption process [83]

(continued)
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5.2 Optical Tweezers for Surface-Enhanced Raman Scattering
(SERS)

Metal nanoparticles, typically gold and silver nanoparticles, play an important role

in optical tweezers for Raman analysis in the context of surface-enhanced Raman

scattering (SERS). In order to obtain high Raman enhancement, metal nanoparticles

are usually aggregated either during the trapping or before being subjected to the

trapping laser. Probe molecules are pre-functionalized on the surface of the parti-

cles, typically by mixing the metal colloid and the analyte solution of certain

concentration.

If a metal nanoparticle is irradiated by a laser beam, a strong electromagnetic

near-field is induced due to the excitation of the collective oscillations of the

conduction electrons known as localized surface plasmon resonances (LSPRs)

[84]. For a single spherical metal nanoparticle, the intensity of the induced electric

field can be approximated as E � ðeðoÞ � e0Þ=ðeðoÞ þ 2e0Þ � E0, where e(o) is the
frequency-dependent dielectric constant of the metal, e0 is the dielectric constant of
the surrounding medium, and E0 is the incident electric field. It can be seen that E is

much stronger than E0 when the denominator (e(o) + 2e0)! 0. This is the condition

for LSPR excitation. For silver and gold, the most common “SERS metals,” the

corresponding resonance frequencies fall in the blue and green, respectively. Note

that near-field enhancement in aggregates, such as particle dimers, or sharp parti-

cles can be much stronger than that for single spherical particles due to, for

example, near-field coupling effects. Nevertheless, under plasmon resonance exci-

tation conditions, the Raman probe molecules thus experience an enhanced inci-

dent-driving field, but the Raman scattering rate is enhanced by approximately the

same factor as the induced field. In total, the EM enhancement of Raman scattering

is proportional to the product of the excitation and emission enhancement factors,

i.e.,
Eðo0Þ
E0ðo0Þ
����

����
2

� EðoRamanÞ
E0ðoRamanÞ
����

����
2

, where o0 and oRaman are the incident and Raman

scattered frequencies, respectively.

Although metal nanoparticles experience strong radiation pressure and scatter-

ing forces due to their high absorption and polarizability, stable trapping of such

particles has been demonstrated in both two and three dimensions [74, 85, 86]. As

for cells and dielectric particles, a NIR laser is usually used to trap metal

nanoparticles while a separate laser, or the trapping laser itself, excites the

Table 18.3 (continued)

Wavelength

(nm)

Irradiance or

power Sample Observation

cw 830 nm, 120 mW RBCs No observable influence after 20 min

of trapping [56]

cw 1,064 nm 80–120 mW RBCs Linear power dependence of photo-

damage due to heating, reducible by

flow of cold buffer [16]
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Raman probes. SERS can then be performed on optically induced aggregates of the

trapped particles. Alternatively, metal nanoparticles can also be attached on

micron-sized dielectric beads, which are much easier to trap. Raman probes can

be adsorbed on the surface of the metal nanoparticles. In addition, combined with

other techniques, such as microfluidics, the applicability of optical tweezers for

SERS can be even more expanded.

5.2.1 Optical Aggregation of Metal Nanoparticles for SERS
A particularly important variant of the optical force, interparticle forces, turns out to

be crucial for SERS. This effect is similar to the attractive van der Waals force

between small particles, which is due to interactions between spontaneously fluc-

tuating dipoles, but the optical interaction is due to coupling between the actual

particle dipoles induced by the trapping laser. Due to the interparticle optical forces,

metal nanoparticles aggregate in an optical tweezers and produce “hotspots,”

i.e., particle junctions with intense local fields for SERS. Raman probes can be

excited either by the trapping laser or, preferably, by a separate low power beam

that does not disturb the trapping.

The simplest form of an aggregate, a dimer of two metal nanoparticles, has

been shown to produce high enough field enhancement for efficient SERS detec-

tion [87]. The example in Fig. 18.2a shows the dimerization of two silver

nanoparticles using optical tweezers to create “hotspots” for SERS. In these

experiments, a NIR laser of 830 nm is used for optical trapping, and a separate

laser 514.5 nm is used for Raman excitation. Thiophenol molecules are chemi-

cally bound to the surface of the silver nanoparticles as Raman probe. A single

silver nanoparticle immobilized on a glass slide or trapped by the focused laser

can be identified by dark-field imaging as a bluish spot, from which no SERS

signal is detected. However, if a dimer is created by moving a trapped particle to

an immobilized one, significant SERS signal arises due to the strong near-field

coupling effect.

The dimerization is easily understood considering the optical potential created

by the trapping laser. Figure 18.2b shows the calculated optical potential experi-

enced by a silver nanoparticle that is free to move in a Gaussian laser focus at

a wavelength of 830 nm. The particle is also affected by the optical interparticle

force from an immobilized silver particle located at different separations from the

laser focus. It is clear that a deep potential minimum is induced when the trapped

particle approaches the immobilized one, giving rise to spontaneous optical dimer-

ization and a SERS “hot spot” in the optical trap. Note that the two particles are

expected to align parallel to the laser polarization in this case, as has been demon-

strated experimentally recently [88].

For larger aggregates, stronger enhancement is expected. The work by Tanaka

et al. [89] showed that silver nanoparticles simultaneously trapped by a NIR laser

beam also tend to align parallel to the linear polarization, and it exhibited pro-

nounced SERS signal at a very low concentration of probe molecules, 10�14 M

pseudoisocyanine (PIC) excited by a separate laser beam, whereas no SERS

appeared if the trapping laser was not focused in the solution.
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Fig. 18.2 (a) The dimerization of silver nanoparticles, dark-field images, and corresponding

Raman spectra. (b) Simulated optical potential under 830-nm laser irradiation experienced by

a trapped AgNP with different separations to an immobilized one
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5.2.2 SERS from Metal Nanoparticles Immobilized on Optically
Trapped Beads

Due to the high dissipative force, stable trapping of metal nanoparticles requires

high NA objectives and high laser power. In order to facilitate the optical trapping

of metal nanoparticles without compromising their SERS capability, an alternative

approach is to decorate metal nanoparticles on dielectric beads that are much easier

to trap [90, 91]. Petrov et al. [90] reported the optical trapping of silica beads, a few
microns in diameter, decorated with 20–40 nm silver nanoparticles bound on their

surfaces. The silica beads were firstly functionalized using aminopropyltri-

methoxysilane (APTMS) and then mixed with a silver colloid. The surface density

of nanoparticles could be adjusted by changing the reaction conditions, such as the

rotation rate of the vial during the binding process. Strong SERS spectra were

detected if probe molecules (emodin in this example) were added (curve 3 in

Fig. 18.3), while no signal appeared for non-decorated silica beads (curve 1) and

only weak peaks from silica show up for silver nanoparticles decorated beads

without probe molecules (curve 2). The laser beam used for both optical trapping

and Raman excitation was 785 nm. In a slightly different experimental setup where

silver nanoparticles decorated silica beads were trapped for SERS. Jordan et al. [91]
used a frequency doubling KTiOPO4 (KTP) crystal to produce 532-nm laser light

for Raman excitation while the original laser line 1,064 nm line was used for

trapping.

5.2.3 Optical Trapping of Raman Active Objects Approached to
a SERS-Active Substrate

Instead of creating SERS-active sites in an optical trap, Raman enhancement can

also be obtained by moving Raman active probes to the vicinity of a SERS-active

substrate using an optical tweezers [50]. As schemed in Fig. 18.4a, gold

nanoparticles were pre-immobilized on the surface of a glass slide facing the

solution where biological spores were trapped. When the spore is far from the
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substrate, weak normal Raman spectra were recorded. However, if the spore is

moved close to the SERS-active substrate, the Raman intensity increases dramat-

ically, as shown in Fig. 18.4b. Although the features in the SERS spectrum are

difficult to assign due to the complex bacterial composition, the surface-

enhancement in the Stokes-shifted range is clear.

5.2.4 Optical Tweezers for SERS Integrated with Microfluidics
Raman tweezers exhibits a prominent potential for lab-on-a-chip based chemo/bio

sensing [92]. Using microfluidics, two flows, the metal colloid and the analyte

solution, can be injected separately and allowed to mix in a common flow pipe

before entering the microfluidic channel. The metal nanoparticles incubated by the

molecules to be detected can then be trapped and allowed to form aggregates in the

channel, thus producing a SERS signal for sensing. Figure 18.5a shows dark-field

images of the growing aggregate created by optical tweezers using a NIR laser

trapping at 830 nm. The corresponding SERS spectra, excited by the 514.5 nm Ar+

line, are shown in Fig. 18.5b. Using microfluidics, the analyte flow is interchange-

able, enabling consecutive detection of a series of species simply by changing the

analyte solutions and keeping the Ag colloid flow. With a Y-shaped microfluidic
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Fig. 18.5 (a) Dark-field microscopy images of silver nanoparticles trapped in a microfluidic

channel. The trapping wavelength was 830 nm. (b) Corresponding SERS spectra from the

optically induced nanoparticle aggregates. A separate laser line at 514.5 nm was used to excite

the Raman probes
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channel, where metal colloid and analyte solution can flow in parallel, a SERS

signal can also be detected at the interface where nanoparticles and analyte mole-

cules are mixed through diffusion [92].

6 Conclusions and Future Perspective

A large number of studies have demonstrated that optical tweezers integrated with

Raman spectroscopy have a very high potential for real-time chemical characteri-

zation and diagnosis of micron-sized dielectric beads and biological objects. The

most important benefit of optical tweezing to Raman spectroscopy is that small

particles can be easily isolated from solution, brought to the Raman excitation beam

and kept there for sufficiently long time for spectroscopic identification with high

signal-to-noise ratio. This enables studies that are impossible using ensemble

averaging macro-Raman techniques or Raman microscopy on freely diffusing

particles. However, optical tweezing requires high-power laser beams, usually

much higher than what is needed for Raman excitation, and great care has to be

taken to avoid laser-induced thermal or photochemical destruction of the sample.

Raman tweezers offers unique but as yet largely unexplored possibilities for

nanoscience. However, optical trapping is more difficult in the case of nanoparticles

because the optical gradient force decreases rapidly with particle volume. Never-

theless, a number of studies on metal nanoparticles, which have sufficiently high

polarizability for trapping, have demonstrated a significant potential. In particular,

by utilizing the power of surface-enhanced Raman scattering, the sensitivity

increases by orders of magnitude and a vast range of small organic molecules

attached to metal nanoparticles can be studied in solution. One interesting possi-

bility is to use trapped silver or gold colloids as biosensors within biological cells.

Proofs of principle have been demonstrated [74] and gold nanoparticles have been

introduced into cells to serve as nanosensors that measure Raman signals from

biomolecules in their native environment [93]. There is also a large potential in the

combination of Raman tweezers with microfluidic systems [16, 57], so called lab-

on-a-chips. In particular, SERS studies based on optical aggregation completely

avoids the considerable reproducibility problems associated with chemical aggre-

gation of metal colloids.
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Portable SERS Sensor for Sensitive
Detection of Food-Borne Pathogens 19
Hongxia Xu, Michael Y. Sha, Remy Cromer, Sharron G. Penn,
Ed Holland, Gabriela Chakarova, and Michael J. Natan

1 Definition of the Topic

A prototype portable Raman spectrometer has been developed for detection of micro-

bial DNA. The pathogen genomic DNA was captured by probe conjugated magnetic

bead and detected by probe conjugated SERS tag under Raman spectrometer.

2 Overview

NanoplexTM biotags are silica-coated gold nanoparticles that, by virtue of surface-

enhanced Raman scattering (SERS) active molecules adsorbed to the metal surface,

can be used in numerous assay formats for analyte quantification. Multiple, unique-

signal tags can be generated by varying the adsorbed Raman active molecules, thus

allowing extensive multiplexed detection to be performed. Importantly, because the

tags are excited at near-IR wavelengths, the optical output generated is unaffected

by biological matrices offering robust measurement in crude lysates and impure/

semi-pure DNA preparations. A novel assay comprising Nanoplex™ biotags,

magnetic beads, and a prototype portable Raman spectrometer has been developed

for rapid and simultaneous detection of enteric food-borne bacterial pathogens such

as Escherichia coli O157:H7 and Salmonella species with good analytical sensi-

tivity, accuracy, and specificity. Sensitivity in the low picomolar range was

obtained with a single capture probe for detection of the Stx1 gene of E.coli
O157:H7 in a model system. The assay sensitivity was greatly improved to low

femtomolar range in real genomic DNA samples by using a multiple probes
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approach without the aid of amplification. The simplicity of the Nanoplex™ biotag

DNA direct assay and the minimal level of operator intervention and training

required to achieve exquisitely sensitive DNA detection offers enormous benefit

to the nucleic acid testing in the demanding area, such as point-of-care, on-site food

quality diagnostics, or field GMO testing.

3 Introduction

Raman scattering is a laser-based optical spectroscopy that, for molecules, gener-

ates a fingerprint-like vibrational spectrum with features that are much narrower

than fluorescence. Raman scattering can be excited using monochromatic far-red or

near-IR light that has photon energies too low to excite the inherent background

fluorescence in biological samples. However, Raman scattering is an extremely

inefficient process with low scattering cross section. After surface-enhanced Raman

scattering (SERS) was recognized 30 year ago, [1–3] which the SERS detection

sensitivity is enhanced up to 106–1012 order of magnitude over the conventional

spectroscopy by coupling Raman active molecules to noble metal particles, SERS

has been demonstrated to be a powerful analytical tool. Several characteristics of

SERS make it an attractive method for the detection of biological samples. Because

of the uniqueness of molecular Raman spectra, it is possible to detect several

molecular species simultaneously and enable viable multiplexed detection [4, 5].

As Raman scattering, SERS is resistant to photobleaching [6]. It has also been

demonstrated that SERS has lower limits of detection even down to the single-

molecule level [7–9], by three orders of magnitude in comparison to fluorescence

with same commercially available fluorophore [10], and is 200-fold brighter with

20–30 times narrower emission peak than another commonly used nanotag, quan-

tum dot [11]. Particular advantages over traditional assay detection technologies

with fluorescence and chemiluminescence are that SERS are excited at near-IR

wavelengths, so the optical output generated is unaffected by biological matrices

such as blood, tissue, crude lysates, and impure DNA preparations, offering robust

measurement in raw biological samples, largely reducing the cost and labor asso-

ciated with sample preparation and simplifying the assay procedures. With these

exquisite sensitivities, SERS transforms Raman into a useful optical label for

applications in life science and diagnostics.

Healthcare and disease management rely heavily on diagnostics. To meet the

overwhelming demand for diagnostics, SERS has been extensively applied in many

areas, such as cancer diagnostics [12], pathogen and biothreat detection [13], and

with various techniques, such as in vitro glucose biosensor, [14] real-time in vivo

SERS glucose sensing [15], DNA and RNA detection [4, 16, 17], protein immu-

noassay [18–20], enzyme activity [21, 22], pH measure in cells [23], cell imaging

[24–27], tissue immunohistrochemistry [28], lateral flow immunoassay [29], and

in vivo tumor detection [11]. Moreover, the unique biological SERS spectra have

also been applied for identification of pathogens [30–36] or detection of biological

substrates, such as creatinine in human serum or urine samples [37, 38]. However,
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the robustness, reproducibility, and throughput still remain challenges associated

with the label-free and direct detections.

Molecular diagnostics mainly focuses on DNA detection using technology such

as DNA hybridization, microarray, PCR, or DNA sequencing. The detection targets

include food-borne pathogens, human, plant and animal pathogens, biothreats, and

even genetically modified organism (GMO), drugs, and substances of interest in

forensics. Since the completion of the sequencing of the human genome was

announced [39], DNA microarrays have been increasingly used for many applica-

tion in molecular diagnostics. The common types of microarrays are either solid

(planar)-based or liquid (Bead)–based. Planar microarrays offer the potential for

simultaneous detection of many pathogens that are of interest to public health,

medicine, homeland security, and veterinary diagnostics. However, its high cost

and limited sample throughput render it less attractive in comparison to bead-based

arrays [40]. Bead array technology has been widely used for gene expression, DNA

methylation, immunoassay, and SNP genotyping [41–47]. A few publications

reported the bead-based assay applied in pathogen detection [48–51].

Food-borne and diarrheal diseases are the most common infectious diseases. An

estimated 76 million cases of food borne disease occur each year in the United

States. The food borne diseases cause suffering and death and impose a financial

burden on society. The food borne pathogen Escherichia coli O157:H7 (E. coli
0157:H7) and Salmonella spp were chosen as the targets in our assay system,

because both of them are the major causative agents of food borne infectious

diseases, and are actively monitored by the Centers for Disease Control & Preven-

tion (CDC) [52–54]. The traditional methods for pathogen detection are labor

intensive and time consuming. Here, we report a novel assay comprising

Nanoplex™ biotags, magnetic beads, and a portable Raman spectrometer for

rapid, sensitive identification of the food-borne pathogens. The assay sensitivity

was further improved to low femtomolar range in real genomic DNA samples by

using a multiple probes approach without the aid of amplification. Thus, it increased

assay sensitivity without introducing amplification bias.

The demands for medical diagnostics with high quality, more information, and

reduced cost have been a significant driver for multiplexing assays over single-

analyte assays [41, 55]. In recent years, eight multiplexed diagnostic products have

been cleared by the US FDA, of which half were molecular diagnostic-based [41].

Several groups reported a SERS-based multiplexed assay for DNA detection using

fluorescent dyes as Raman labels, [4, 56] but the far broader range of non-

fluorescent Raman tags has been left fairly unexplored. Sun et al. attached the

DNA probe and non-fluorescent Raman tags to the surface of gold nanoparticles

(DNA-AuP-Rtag) and indicated the possibility for multiplexed detection of com-

plementary DNA targets in solution [57]. However, it remains a challenge to

control the loading of non-fluorescent tags and DNA probes on the nanoparticle

media. Unaddressed, this issue may cause high CVs and low reproducibility of the

assay. To demonstrate the multiplexing capability of Nanoplex biotags, we devel-

oped a multiplexed assay for detection of E. coli and S. enteriencic simultaneously.

The assay is rapid with high sensitivity and selectivity, and capable of integration
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into a portable instrument. The simplicity of the Nanoplex™ biotag technology

(called DNA direct assay in this application) and the minimal level of operator

intervention and training required to achieve exquisitely sensitive DNA detection

offers enormous benefit to the nucleic acid testing in demanding areas, such as

point-of-care, on-site food quality diagnostics, or field GMO testing.

4 Experimental and Instrumental Methodology

4.1 Genomic DNA Fragmentation

Escherichia coli O157:H7 genomic DNA (ATCC# 700927D) was purchased from

American Type Culture Collection (Manassas, VA). 1 microliters 10X FastDigest

buffer and 1 microliters FastDigest enzyme RsaI (One FastDigest® Unit/microliters,

Fermentas, MD) were added to the 8 microliters (200 ng/microliters) of genomic

DNA sample, mixed gently and incubated at 37�C for 5 min to digest DNA. Digested

DNA fragments were denatured by boiling for 3 min and chilling quickly on ice.

4.2 Probes Design and Synthesis

The coding regions of E. coli O157:H7 Stx1 gene and Salmonella enterica invA

gene sequences have been chosen as the target sequences. The pair of capture and

detection probes were designed according to the target sequences using the Oligo 6

software (Molecular Biology Insight Inc., CO). Each capture probe was synthesized

with an amine group at its 50 end and a biotin group was attached to the 30 end of

each detection probe. Table 19.1 lists the sequence details of each probe.

4.3 NanoplexTM Biotag Synthesis and Functionalization

The synthesis of the NanoplexTM biotags has been described by Mulvaney et al. [5]

and Freeman et al. [58]. Briefly, a spherical Au colloid, generally about 50 nm in

diameter, is coated first with a layer containing both a glass precursor silane and the

Raman label molecule. A thin (few nanometers) silica coating is grown then by

slow polymerization of Na silicate providing encapsulation of the Raman reporter

molecule on the gold surface. The thin glass shell is subsequently thickened up to

20–30 nm by using a mixture of Ethanol, water, tetraethylorthosilicate (TEOS), and

Ammonia. To facilitate the use of these nanoparticles as biological tags, the glass

surface is further functionalized with bioreactive groups such as thiols or amines.

The NanoplexTM biotags used in this work were thiolated by replacing 5% of the

TEOS with mercaptopropyltrimethoxysilane (MPTMS). A variety of label mole-

cules have been used for the synthesis of different flavors of NanoplexTM biotags,

but for demonstrating their multiplex capability in the DNA direct assay only two

flavors were used: SERS-420 (4, 40-dipyridyl) and SERS-421 (d8-4,40dipyridyl).
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4.4 Conjugation of NeutrAvidin to SERS NanoplexTM Biotags

1.5 mL of thiol-modified NanoplexTM biotags (OD 24) was mixed with 250 ml of
50 mM phosphate buffer (pH 7.15) in a 2 mL Eppendorf tube. 120 ml of

NeutrAvidin (5 mg/mL) and 120 ml of freshly prepared sulfo-SMCC (5 mg/mL

Table 19.1 Probe design from E. coli O157:H7 Stx1 and S. enterica invA Gene

Probe Name Sequence Tm (C)

Stx1-B1 amine-C12-TTTTTTTTTTTTTTTTTT CTTTTTTCTTTGTTAT

CTTTTCAGTTA

68

Stx1-

S1_biotin

TACCTTAGACTTCTCGACTGCAAAGACGTA

TTTTTTTTTTTTTTTTTT-C12-biotin

79

Stx1-T1 CATACGTCTTTGCAGTCGAGAAGTCTAAGGTAAATTCC

TTCGCAACCACATTAACTGAAAAGATAACAAAGAAAAAAGTT

85

Stx1-B2 amine-C12-TTTTTTTTTTTTTTTTTT CTGATGATTGATAGTGG

CACAGGGGA

79

Stx1-

S2_biotin

TTGTTTGCAG TTGATGTCAG AGGGATAGA

TTTTTTTTTTTTTTTTTT-C12-biotin

77

Stx1-T2 GGATCTATCCCTCTGACATCAACTGCAAACAAATTAT

CCCCTGTGCCACTATCAATCATCAGTA

87

Stx1-B3 amine-C12-TTTTTTTTTTTTTTTTTT AGCGGTTACATTGTCTGG

TGACAGTAG

79

Stx1-

S3_biotin

GTTACAGCGTGTTGCAGGGATCAG TTTTTTTTTTTTTTTTTT-

C12-biotin

79

Stx1-T3 CGACTGATCCCTGCAACACGCTGTAACGTGGTATAGCT

ACTGTCACCAGACAATGTAACCGCTGTTG

91

Stx1-B4 amine-C12-TTTTTTTTTTTTTTTTTT ATCGCCATTCGTTGACT

ACTTCTTATCT

75

Stx1-

S4_biotin

TGTCGCATAGTGGAACCTCACTG TTTTTTTTTTTTTTTTTT-

C12-biotin

78

Stex1-T4 GTCAGTGAGGTTCCACTATGCGACATTAAATCCAGATAAGAA

GTAGTCAACGAATGGCGATT

87

Stx1-B5 amine-C12-TTTTTTTTTTTTTTTTTT TGGATGATCTCAGT

GGGCGTTCTT

77

Stx1-

S5_biotin

ATCTTACATTGAACTGGGGAAGGTTG TTTTTTTTTTTTTTTTTT-

C12-biotin

76

Stx1-T5 CTCAACCTTCCCCAGTTCAATGTAAGATCAACATC

TTCAGCAGTCATTACATAAGAACGCCCACTGAGATCATCCAGT

89

invA-B1 amine-C12-TTTTTTTTTTTTTTTTTT CTGTCTACTTATACCA

TGCTGACCATTGGT

79

invA-

S1_Dig

TTGTCGCCCAGATCCCCGCATTG TTTTTTTTTTTTTTTTTT-C12-

Dig

80

invA-T1 AACAATGCGGGGATCTGGGCGACAAGACCATCACCAATG

GTCAGCATGGTATAAGTAGACAGAG

90

aStx1 sequence comes from E. coli 0157:H7 stx1 gene. GenBank accession number: AB083044;

invA sequence came from S. enterica invasion protein gene. GenBank accession number: U43238
bDig: digoxigenin
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in H2O) were then added to the tube, and reacted with gentle mixing for 2.5 h at

room temperature. After incubation, 100 ml of a solution consisting of 10% BSA

and 30 mg/mL MESA (in conjugation buffer) was added to the reaction tube and

incubated at room temperature for 45 min to quench the excess maleimide groups.

To purify the conjugates, the reaction mixture was centrifuged at 1,000 RCF for

15 min. After removing the supernatant, the pellet was resuspended in 1.5 mL of

resuspension buffer (20 mM phosphate, pH 7.5/0.1% BSA/0.05% sodium azide).

The centrifugation/resuspension steps were repeated four times and the particles

were then resuspend to desired concentration (OD 24).

4.5 Magnetic Microsphere Conjugation

A 40 microliters aliquot (8 � 107beads) of 2.8 micrometers magnetic Dynabeads®

M-270 carboxylic acid (Invitrogen Inc. CA) was rinsed with 50 mM MES (pH 4.5)

twice by magnetic pull in a magnetic bead concentrator. The beads were resuspend

within 163 microliters of 50 mM MES (pH 4.5) and 8 microliters 100 miocromole

oligo (800 pmole) was then added to the tube. The mixture was kept on ice.

A 15 microliters of 20% EDC (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide

Hydrochloride, Pierce Biotechnology, Inc. IL) in 50 mM MES (pH 7.0) was added

to the beads/oligo solution. The solution was briefly vortexed and incubated in

a shaker for 1 h at 4�C. The oligo conjugated beads were rinsed with 500 microliters

of 10 mM PBS four times and resuspended in 100 microliters of 10 mM PBS.

4.6 DNA Hybridization

Five microliters of target oligo or denatured fragmented genomic DNA at various

concentrations, 2 microliters (1.6 � 106) magnetic Dynabead capture probe, and

5 microliters 1 miocromole biotinylated detection probe were added to 38microliters

HS 114 buffer (Molecular Research Center, Inc. Cincinnati, OH 45212) and hybrid-

ized at 55�C for 20 min. The magnetic beads carrying the hybrids were pulled down

by a magnetic pole piece and the hybridization buffer was removed. A 40 microliters

(OD 0.6) NeutrAvidin conjugated NanoplexTM biotag S420 was then added to the

pellet, briefly mixed and incubated at room temperature for 10 min. After rising with

PBS once, the Raman signal was acquired with a in house built Raman reader (called

Nanoplex™ Reader) and analyzed with SenserSee TM software.

4.7 Raman Instrument Nanoplex™ Reader Design

A Raman spectrometer instrument compatible with the assay format, consisting of

an optical system and sample tube holder was developed in house. The sample

holder includes a magnetic assembly that produces a focused magnetic field at

a precise location on the wall of the sample tube. This location is coincident with
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the focal point of the Raman optical sensor. In this way, magnetic particles are

preconcentrated at this location on the tube such that quantitative measurement of

NanoplexTM biotags associated with the magnetic beads is facilitated. The optical

measurement system comprises a Raman spectrometer with an excitation wave-

length of 785 nm (Ahura Corp. ECL 785-325 laser module) configured to deliver

approximately 20 mW power. An Inphotonics filter head and Ocean optics

QE65000 spectrometer complete the optical train.

5 Key Research Findings

A biosensor is an analytical device which can be classified by their bioreceptor such

as DNA or antibody or their transducer such as optical, mass-based, or electro-

chemical [59]. To date, biosensor system cannot detect bacteria at concentration

below 10 CFU/mL without bacteria preenrichment of the sample [60]. However,

the integration of nanotechnology such as nanoparticles (NPs) into biosensor has

held a great promise. Optical transduction can achieve assay LOD from 1 to

1 � 104 CFU/mL, magnetic transduction from 10 to 1 � 105 CFU/mL and electro-

chemical transduction can get 10 to 4.2 � 102 CFU/mL. However, applying NPs to

achieve multiple bacteria identification using biosensor has not yet been demon-

strated [60]. In order to meet this need (multiplex) for clinical diagnostics, recently

we synthesized multiple SERS tags and had successful applied to in vivo tumor

detection [61] and circulation tumor cell detection from the whole blood [62]. In this

chapter, we tried to apply these SERS tags to detect multiple pathogens from same

sample simultaneously. By applying multiple probes strategy, we demonstrated

1,000-fold increase its sensitivity, its LOD down to 0.001 fM (6 � 102 CFU/mL)

by using five DNA probes. More importantly, we also demonstrated that detection

E. coli and S. enterica simultaneously from single sample.

5.1 SERS Tags and Its Detection Instrumentation

Oxonica’s Nanoplex™ biotags used in this chapter are comprised of Au

nanoparticles, a submonolayer of a reporter molecule adsorbed to the metal surface,

and a silica encapsulant [5]. Figure 19.1a shows a TEM image of NanoplexTM

biotags; the gold core about 50 nm in diameter and the silica shell about 20 nm

thick. Figure 19.1b is an illustration of the NanoplexTM biotags. The SERS biotags

carry numerous advantages in bioassay applications. Unlike quantum dots, where

different sizes of particles have different emission spectra, SERS spectra are

independent of particle size although optimized particle size gave higher signal

park. Their uniformity (5–10% CV) insures that all tags react similarly including

having the same diffusion coefficient. Since SERS spectra are narrow, multiple,

unique-signal tags can be generated by varying the adsorbed reporter molecules,

thus allowing extensive multiplexed detection to be performed. Figure 19.1c pre-

sents Raman spectra from seven different Nanoplex TM biotags illustrating their
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unique Raman spectra. The silica encapsulation provides the physical and optical

robustness of SERS tags, such as stability with respect to changes in temperature,

pH, ionic strength, with no apparent photobleaching. Such properties are enormous

benefits to bioassay development. In addition, the silica shell is an excellent surface

for biomolecular attachment. Importantly, because the tags are excited at near-IR

wavelengths in which assay reagents and media exhibit low inherent Raman

scattering/fluorescence background, the optical output generated by SERS tags is

unaffected by biological matrices [62]. Thus as a sensing technique, Raman spec-

troscopy as a measurement of SERS tags coupled with magnetic bead provides
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Fig. 19.1 NanoplexTM biotags. (a) TEM image of Nanoplex biotags showing metal core and

glass coating. (b) Cartoon of a Nanoplex biotag. Metal core responsible for Raman enhancement

(�50 nm size) Thin layer of label molecules (SERS report) responsible for unique spectrum.

Anchored silica shell (�20 nm size) provides stability and sites for biomolecular attachment.

(c) Raman spectra of multiple Nanoplex biotags
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a robust and sensitive technique for a no-wash homogenous assay in a diverse range

of matrices, for example, whole blood, tissue, milk, urine, crude lysates, and

impure/semi-pure DNA preparations.

In order to meet the need for point-of-care or point-of-field, obviously a portable

Raman sensor is needed for data collection. A Raman instrument (Nanoplex™
Reader) was designed to provide an inexpensive and user-friendly means to acquire

Raman spectra. It includes a Raman spectrometer and a magnetic sample holder

(Fig. 19.2). Figure 19.2a is a picture of the portable instrument developed in house.

It is 800�500�300 in size and less than 4 lbs. The excitation spot size of the spectrom-

eter can be set to 150 or 300 m depending on the magnetic bead pellet size by

substitution of alternative optical fibers, and excitation power is continually adjust-

able from 5 to 200 mW. Figure 19.2b shows that a reaction tube is inserted into the

sample holder in the process of Raman signal acquisition. Figure 19.2c further

illustrates the process. The magnetic beads binding with SERS tags are pulled down

and pelleted by a magnetic pole piece. By specific arrangement of the sample holder

design, the pellet is formed at the focal plane of the spectrometer’s objective lens.

Thus Raman signals from SERS tags may be recorded from a pellet of concentrated

reagents in a consistent manner.

5.2 SERS-Based Microsphere Array in an Oligo Model System

Food-borne diseases are the most common infectious diseases. E. coli 0157:H7 is

a major food-borne pathogen that causes diarrhea, hemorrhagic colitis, and hemo-

lytic uremic syndrome and is actively monitored by the Centers for Disease Control

Objective lens

Magnet & pole
piecepellet

Laser

~6mm

a b

c

Fig. 19.2 Raman instrument NanoplexTM Reader. (a) the portable Raman instrument. (b) the
magnet sample holder. (c) Line drawing illustrating sample holder function
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& Prevention (CDC). The complete genome of E. coli O157:H7 is about 5.5 Mb

[63]. The most clinical signs of the disease arise as consequence of the production

of Shiga-like toxin 1 (Stx1), Stx2, or the combination of these toxins. In this

chapter, E. coli O157:H7 Stx1 gene sequence thus was chosen as a target sequence.
In order to obtain a rapid, sensitive, and specific detection of this bacterial patho-

gen, we developed an assay platform comprising Nanoplex™ biotags-based micro-

sphere array and a portable Raman spectrometer. Figure 19.3 illustrates the

procedure of this assay. Target sequences were first hybridized to magnetic

beads-capture probes and biotinylated detection probes in one microtube. Pulling

down magnetic beads carrying the hybrids allowed the separation of target

sequence from noncomplementary sequences in the sample. The hybrids formed

by the target sequence, capture probe and biotinylated detection probe were then

bound to NeutrAvidin coated Nanoplex™ biotags. The resultant Raman signal from

Nanoplex biotags attached to magnetic beads carrying the hybrids was aquired with

a protable Raman Spectrometer as Fig. 19.2 describes. In the initial format, single

oligo capture and detection probe was applied to the assay. A capture probe Stx1-

B1 and detection probe Stx1-S1-biotin were designed for detecting Stx1 gene of E.
coli O157:H7 (Table 19.1). To investigate the sensitivity of the assay, the E. coli
oligo target Stx1-T1 was serially diluted to 1,000, 100, 10, 1 pM, and 0 pM as
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Fig. 19.3 Schematic of an approach for rapid detection of pathogen DNA sequence by SERS-

based microsphere array
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negative control and hybridized to capture probe conjugated magnetic bead and

biotinylated detection probe, then incubated with NeurtrAvidin-NanoplexTM biotag

S421. The Raman signal was acquired from the pulled-down, pelleted magnetic

beads. Figure 19.4 shows the Raman spectra collected from the oligo target Stx1-T1

at various concentrations and indicates a full quantitative titration demonstrating

expected dose response. Spanning over four orders of magnitude, the assay has

a good dynamic range and remains linear at the low concentration range (also see

Fig. 19.6a). The negative control has very little background in 1,500–1,600 Raman

Shift although same account Biotag was used in the assay. The limit of detection for

Stx1-T1 synthetic oligonucleotide was found to be 2 pM with 99.7% confidence

(cut off at background + 3 standard deviations) based on experiments run in triplicate.

5.3 Multiple Probes Approach for Increasing the Assay
Sensitivity

Unlike the conventional flow cytometry which scans the signal of individual bead,

the Nanoplex™ Reader Raman Instrument acquires a total signal from the whole

population of the beads within the laser spot (150 mm). Thus, increasing the portion

of the beads that carry the specific signal in the laser spot area should improve the

limit of detection of the assay. A multiple probe scheme is created to facilitate this

characteristic (Fig. 19.5). In the assay, target DNA was first chopped into small
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Fig. 19.4 Detection of E. coli O157:H7 Stx1 using NanoplexTM biotag S421. A tenfold dilution

series from 1,000 to 1 pMwere applied to E. coliO157:H7 Stx1 target oligo. The Raman spectra of

Nanoplex biotag S421 were collected from the target Stx1 at various concentrations and indicated

by a particular color
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pieces by a fast frequent restriction enzyme. Thus, the target DNA concentration

(fragment number) was increased accordingly. The multiple probes were then

designed according to the fragmented target gene sequences to take advantage of

the increased DNA fragments generated by enzyme cutting and each probe will

hybrid to its complementary fragment of the target gene. For example, there will be

five beads show Biotag signal by this strategy when using five probes (S1–S5,

Fig. 19.5, right panel). However, there is only one bead show Biotag signal when

using only one probe for detection whole gene sequence. In addition, smaller

pareses of DNA sequences are favorable for hybridization efficiency. Therefore,

this strategy approach can increase the assay sensitivity. In the multiple probes

experiment, each probe was conjugated to the magnetic beads separately, pooled,

and hybridized to the digested DNA fragments. In this way, the number of beads

T1 T2 T3 T4
multiple probes hyb. 

to chopped targets

T5

B1-S1-T1 B1-S1-T1

DNA Target
DNA

B2-S2-T2

B3-S3-T3

B4-S4-T3

B5-S5-T5

B1

B1

B1

B1

Genomic DNA

Magneticbead + Capture probe

Biotinylated detection probe

NeutrAvidin SERStag

one probe hyb. to
 ta

rget D
NA

without chopping

Fig. 19.5 Multiple probes design for path to increased assay sensitivity. Leverage ability to use

multiple sequences from a single gene, for increased sensitivity. The left panel illustrates the single
probe approach. The whole gene sequence is hybridized to a single capture and detection probe.

The right panel illustrates a multiple probes approach. The target DNA is chopped into five

fragments by restriction enzyme. Five different capture probes and detection probes hybridized to

its complementary target. B1 capture probe conjugated to magnetic bead, S1 detection probe bond
to SERS tag, T1 target fragment. B1-S1-T1 is a pair of capture and detection probes which

hybridized to the T1 DNA fragment
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carrying positive signal in the laser spot area is greatly increased, particularly in the

lower target concentration, thus causing the absolute signal to be further enhanced.

Consequently, the limit of detection of the assay will benefit from the modality.

Figure 19.6 shows results from comparative experiments using single verses mul-

tiple probes in the oligo model system. Figure 19.6a represents the single probe

approach. The small window indicates the linear range of the titration and its LOD,

about 1.4 pM. Figure 19.6b shows the multiple probes approach. As expected, the

hybridization signal was tremendously increased by combining five different oli-

gonucleotide probes and corresponding targets compared to the single probe at the

same condition. The small window (Fig. 19.6b) indicates linear signal correlation

and its LOD is less than 1 fM with dynamic range greater than 5 log. With the

multiple probe approach, the sensitivity of the assay appears to succeed the current

technologies, such as SERS PDMS microfluidic chip (LOD 10 pM), [16] bead-

based lab-on-a chip (LOD 20.6 nM), [51] gold nanoparticles probe for human

genomic DNA (LOD 50 fM), [64] Ag enhancing gold nanoparticles probe for

oligonucleotide target (LOD 10–20 fM), [4, 65] and Qbead technology with RNA

amplification (LOD 1–100 fM) [42].

5.4 Detection of Stx1 Gene from E. coli O157:H7 Genomic DNA

A factor as important as sensitivity is the ability for an assay to work with real world

samples rather than synthetic oligonucleotide targets. Therefore, the assay was

performed by using E. coli O157:H7 genomic DNA from ATCC. Genomic DNA

was serially diluted, followed by fragmentation using a fast restriction enzyme

and hybridized with a mixture of multiple probes (five probes). The result

showed that E. coli O157:H7 genomic DNA at 1 fM, 0.1 fM, 0.01 fM or even

0.001 fM (6 � 102 CFU/mL) was detectable when the multiple probes technique

was applied (Fig. 19.7). Compared to the oligo model system, sensitivity for

genomic DNA seem to be 10–100 fold improved. One of the explanations for this

is that the higher copy number of the Stx1 gene in this strain (E. coli O157:H7) [66]
may be the result of more available target number for hybridization, which resulted

in detectable signal even in 0.001 fM. This phenomenon also was observed for

genetics modify organism (GMO) detection (unpublished data). This assay shows

that the limit of detection of the assay is 6 � 102–6 � 103 CFU/mL, similar to or

more sensitive than the current amplification related methods, such as microarray

with target amplification (104–106 CFU/mL), [67, 68] PCR/gel electrophoresis

(105–106 CFU/mL) [69], fiber-optical DNA microarray (103–104 CFU/mL) [49],

or real-time PCR (103–104 CFU/mL) [9, 70]. This SERS biotag assay requires the

minimal level of operator intervention, allows the untrained and inexperienced

personnel to perform, and achieves exquisitely sensitive DNA detection. This offers

enormous benefit to nucleic acid testing in demanding areas, such as point-of-care

diagnostics, on-site food safety testing or field GMO testing. The rapid nature of the

test (less than 1 h) offers advantages over today’s technologies including being

amenable for use in an intra operative setting.
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5.5 Possibility of Multiplexed Assay for Detection of E. coli O157:
H7 and S. enterica DNA

To further illustrate the detection capability of NanoplexTM biotags, the assay was

extended to detect E. coli O157:H7 and S. enterica simultaneously. In order to

prove of the concept, we used single probe for each pathogen in following test. In

the multiplexed assay, the capture probe (Stx1-B1), biotinlyated detection probe

(Stx1-S1_biotin), and NeutrAvidin-S421 tag were applied to identify E. coli O157:
H7 Stx1. The capture probe (invA-B1), Digoxigenin (Dig) labeled detection probe

(invA S1-Dig), anti-dig-S420 tag were used to identify S. enterica invA

(Table 19.1). After hybridization, the magnetic beads carrying the hybrids were

concentrated and the Raman signal was acquired, deconvoluted, and analyzed with

in-house software SENSERSeeTM. Figure 19.8a illustrates the quantitative results

from the reactions where either no target was added or 1,000 pM amount of target

was added to each tube. The Raman signal for S. enterica invA (S420) and for

E. coli Stx1 (S421) was 2,500 counts and 240 counts, respectively when 1,000 pM

invA and 0 pM Stx1 targets were present. The Stx1 signal was equivalent to the

level of negative control. Similarly, when 0 pM invA and 1,000 pM Stx1 targets

were present, the panels were reversed (300 counts and 3,600 counts). Furthermore,

S. enterica invA (S420) and E. coli Stx1 (S421) were detected at 2,600 and 3,500

counts simultaneously when both targets were present. The data indicate that the

positive signal is gene sequence-specific and demonstrates the possibility of

multiplexed pathogen detection. With current availability of many different SERS

tags in house, we hypothesize that other high risk food-borne pathogens such as

R
am

an
 In

te
ns

ity
 (

A
.U

.)
1800

1600

1400

1200

1000

800

600

400

200

0
0 6.00E+02 6.00E+03

E.coli O157:H7 genomic DNA (cfu/ml)

6.00E+04 6.00E+05

Threshold 705

Fig. 19.7 Detection of Stx1 nucleotide sequence from E. coli O157:H7 genomic DNA sample.

Threshold ¼ Average background signal + 3 standard deviations (99.7% confidence). Error bars
represent �1SD, n ¼ 3

19 Portable SERS Sensor for Sensitive Detection of Food-Borne Pathogens 545



Campylobacter jejuni, Listeria monocytogenes, Shigella flexneri, Yersinia
enterocolitica, E. coli, and S. spp can be detected simultaneously in the multiplexed

assay.

To further illustrate the feasibility of a multiplexed assay, a titration of the target

analyte was conducted with tenfold serial dilutions (Fig. 19.8). In Fig. 19.8b, E.coli
Stx1 graph was dose-responsive, but not S. enterica when only E. coli Stx1 was

present. Similarly, S. enterica invA showed a dose response, but not E. coli Stx1
when only S. enterica invA was present (Fig. 19.8c). Furthermore, both E. coli Stx1
and S. enterica invA showed dose response in the presence of both targets
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(Fig. 19.8d). The data indicate that the multiplexed assay is not only DNA

sequence-specific, but also can quantitatively and simultaneously identify the

different food-borne pathogens. Obviously, the multiplex related labor and sample

processing reduction, simplicity, and breadth of testing options on one device, and

combinational power of multiple biomarkers, [41] will make the assay even more

attractive for the nucleic acids-based diagnostics.

6 Conclusions and Future Perspective

In this study, an assay using Nanoplex™ biotag-based microsphere array for rapid,

ultra sensitive, and multiplexed detection of food-borne pathogens has been

successfully demonstrated. The optical properties of the SERS biotag allows the

detection of pathogen genomic DNA sequences without the need for wash steps or

removal of sample mixtures, requires only limited handling steps, and provides

operator simplicity. Particularly, the technique shows great promise for the non-

amplified detection of genomic DNA. The assay is very rapid and can be completed

in less than 1 h. Furthermore, Nanoplex™ biotags provide great advantages for

multiplexing. We envision that this platform has the potential to leapfrog current

efforts in robotics and microfluidics required for sample preparation and assay

miniaturization, by integrating and translating advances from the nanotechnology

fields into unique applications in molecular diagnostic, genomics, and drug

discovery.
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SERS Spectroscopy and Microscopy 20
Maurizio Muniz-Miranda, Cristina Gellini, and Massimo Innocenti

1 Definition of the Topic

Surface-enhanced Raman spectroscopy coupled with microscopic investigation.

Combining SERS and microscopy measurements.

2 Overview

Coupling surface-enhanced Raman scattering (SERS) experiments and microscopic

measurements allows obtaining important information on the mechanisms of the

Raman enhancement, as well as on the properties of both adsorbates and metal

surfaces, where ligand molecules adhere. In particular, confocal SERS microspec-

troscopy represents an effective development in the performances of the conven-

tional SERS technique, because more intense Raman signals could be obtained

from the microscopic analysis of the sample. Moreover, this investigation allows

identifying different molecular components in polymeric layers, in rocks, in cells,

and tissues, and studying photochemical processes and catalytic reactions. Appli-

cations are possible in many research fields, from nanosensors to nanomedicine,

from metal corrosion to art restoration.
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3 Introduction

Microscopic investigation allowing molecular recognition assumes fundamental

importance in several research fields, as the analysis of biomolecules like nucleic

acids and proteins, in applications like clinical medicine and forensic analysis, as

well as in preservation of artistic materials or in geochemical and astronomical

investigations. On the other hand, the material science concerning sensors and

heterogeneous catalysis finds large help from the use of nanostructures that can

be analyzed by microscopic measurements. It is of interest in this context to profit

from spectroscopic methods able to couple high sensitivity with structural

information.

The vibrational spectroscopy allows a valid recognition of different molecules,

because from the observed bands representing the vibrational modes, it is possible

to achieve a chemical fingerprint to be used for the above-cited applications and

many others. In particular, Raman scattering is a rapid, noninvasive, and nonde-

structive technique applied to the investigation of both liquid and solid samples.

Coupling a Raman spectrometer with an optical microscope allows collecting

spectra from samples with volumes less than 1 mm3. Hence, Raman microspec-

troscopy is able to provide information at molecular level about the composition

and the structure of cells or tissues [1]. This technique offers marked advantages

with respect to the analogous FTIR (Fourier transform infrared) absorption

spectroscopy, which impairs the analysis of hydrated biological samples due

to the strong absorption of water in the infrared region. Raman scattering, instead,

exhibits a small interference from the aqueous environment, along with

a spatial resolution larger than that of the infrared spectroscopy (about 1 mm for

Raman, � 10 mm for FTIR), because of the minor wavelength used for the laser

excitation.

A wide employment of the Raman microspectroscopy, however, is severely

limited by the low sensitivity of this technique. The probability of a molecule to

produce scattering is much less than the probability of absorption in the IR region.

The Rayleigh scattering intensity is typically 10�3 to 10�5 of the incident intensity,

while the Raman scattering only 10�7 to 10�10. As a consequence, a Raman

spectrum may be measured only when the incident radiation, normally in the visible

spectral range, interacts with a large number of molecules (10�2 to 10�3 M) in

solution or with many molecular layers in a solid. The intensities of the Raman

bands can be increased if the energy of the exciting radiation is close to that

necessary to promote an electronic excitation of the sample molecules, as in the

resonance Raman (RR) measurements. Only the vibrational modes associated with

the resonating electronic transitions show sizeable enhancements with respect to the

normal Raman (NR) bands, allowing identifying the bands of the chromophore

groups. RR technique is mainly used to study biological molecules, which present

electronic excitations in the visible spectral region, where the more common laser

lines are found. On the other hand, exciting in an electronic transition may also
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cause fluorescence emission and/or photodegradation of the sample, both inconve-

niences occurring in RR experiments.

The Raman scattering efficiency can be greatly increased by the use of the SERS

(surface-enhanced Raman scattering) effect [2–4]. The latter provides huge

enhancements for the Raman signals of molecules adhering to surfaces of metals

like Ag, Au, and Cu with nanoscale roughness. The observed enhancement factors

are in the order of 107 with respect to the NR scattering of non-adsorbed molecules.

By coupling the SERS spectroscopy with the microscopic investigation, perfor-

mances and applications of this technique can be largely amplified [5]. Moreover,

by adopting a suitable instrumental arrangement, enhancements up to 1014–1015

were measured in the single-molecule SERS experiments [6, 7], which allows

a microscopic investigation beyond the diffraction limit.

In this chapter, we want to present and discuss the advantages deriving from the

microscopic investigation for obtaining SERS spectra. For this aim, it is of basic

importance to give a brief illustration of the mechanisms of the SERS effect in

relation with the surface roughness, which can be investigated by microscopic

techniques.

Two mechanisms usually contribute to the SERS enhancement, both related to

the increase in the dipole moment m induced by the incident radiation, m ¼ a E, that
is, molecular polarizability timed with the radiation electric field.

The electromagnetic effect enhances by some orders of magnitude the local

electric field nearby the metallic surface. The chemical effect, instead, derives from

polarizability changes when molecules are bound to active sites of the metal sub-

strates. Both mechanisms are related to metal surface irregularities or defects, on

nanometric or atomic scale, as shown in Scheme 20.1.

electromagnetic mechanism

SERS ENHANCEMENT

increase of the electric field
near the metal surface

where the molecule adheres

1) Ag, Au or Cu surfaces
2) nanoscale roughness

Enhancement factor ~ 104

chemical mechanism

Increase of the molecular
polarizability by formation of

chemical bond with metal

1) atomic scale roughness

Enhancement factor ~ 102

Scheme 20.1 SERS enhancement mechanisms related to the surface roughness
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The SERS electromagnetic enhancement originates from the resonance between

incident radiation and electronic excitation wave on the metal surface, called

“surface plasmon band,” as explained below. The resonance condition depends

on the dielectric constant of the metal e (o)¼ e1 + i e2, which is a complex function

of the frequency o. The enhancement factor can be expressed as:

EF ¼ eðooÞ � 1½ �= eðooÞ þ 2½ �f g2 eðoÞ � 1½ �= eðoÞ þ 2½ �f g2

where oo and o are the frequencies of the incident and scattered radiations,

respectively. By approximating o to oo, we obtain

EF ¼ eðooÞ � 1½ �4= eðooÞ þ 2½ �4

Finally, if the real part of the dielectric constant, e1, is near to �2, as it is for

high-reflectivity metals, the enhancement factor becomes:

EF / 1

ðe2Þ4

In other words, huge enhancements of the scattering response are expected when

the imaginary part of the dielectric constant, e2, is very small. This condition, which

is related to the high reflectivity of the metal, occurs for silver in all visible regions

and for gold and copper in the red-light region. Moreover, below 500 nm, the real

part of the dielectric constant is near to �2 for Ag, Au, and Cu. In Fig. 20.1, the

profiles of the real and imaginary parts of the dielectric constants for silver, gold,

and copper are reported versus the wavelength of the electromagnetic radiation.

The condition concerning the dielectric constant is necessary to have electro-

magnetic enhancement, but for observing a sizeable SERS effect, it is also
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necessary that the metal exhibits a nanostructured surface. Actually, the maximum

enhancement is obtained when the frequency of the incident radiation is near to that

of the electronic excitation band due to the plasmons localized at the metal surface.

The localized plasmons are collective oscillations of the conduction electrons of

a metal under electromagnetic irradiation, when they are trapped in structures with

dimensions smaller than 100 nm, as shown in the Fig. 20.2. Larger particles

generate plasmons whose bands may occur in the infrared region, while too small

particles cannot produce collective oscillations.

The surface plasmon resonance (SPR) bands of metals like silver, gold, and copper

are observed in the near-UV and visible extinction spectra, depending on the type of

metal and the dimension of the nanoparticles. For Ag colloids, single particles with

15-nm average size exhibit a very strong SPR band around 390 nm. The latter moves

to longer wavelengths, showing a secondary SPR band, when adsorbed molecules

induce aggregation of the metal nanoparticles, as shown in Fig. 20.3 for the adsorp-

tion of different benzodiazines [8]. For these ligands, the maximum enhancement

occurs when the laser excitation radiations match the SPR bands of nanoparticle

aggregates observed at longer wavelengths, as verified by the SERS excitation pro-

files shown in Fig. 20.3. Actually, for every benzodiazine adsorbed on Ag colloidal

particles, the maximum SERS enhancement is obtained with exciting laser lines

corresponding to the maximum of the secondary plasmon resonance band, which is

located at different wavelengths depending on different particle aggregations.

The electromagnetic mechanism is necessary to observe the SERS effect from

adsorbed molecules, providing enhancement factors of more than 104. The chem-

ical enhancement mechanism usually gives rise to factors only up to 102, but

however it is important because both position and relative intensity of the SERS

bands closely depend on this effect [9]. The latter is due to the formation of

complexes between ligand and metal active sites, which represent atomic-scale

defects of the surface. Hence, the chemical SERS effect can be considered mainly

due to the resonance between the incident radiation and the electronic excitation of

the ligand-metal adduct.

metal particle
E

electronic cloud

Fig. 20.2 Electronic excitation in metal nanoparticles by radiation electric field
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4 Basic Methodology

4.1 Spectroscopic Measurements

The Raman spectra on solid metal substrates were measured using a Renishaw

RM2000 micro-Raman apparatus, coupled with a diode laser source emitting at

785 nm. Sample irradiation was accomplished using the 50� microscope objective

of a Leica microscope DMLM. The beam power was �3 mW, the laser spot

diameter was adjusted between 1 and 3 mm. Raman scattering was filtered by

a double holographic notch filter system and collected by an air-cooled CCD

detector. The acquisition time for each measurement was 10 s. All spectra were

calibrated with respect to a silicon wafer at 520 cm�1.

SERS spectra in Ag hydrosols were recorded using a Jobin-Yvon HG2S mono-

chromator equipped with a cooled RCA-C31034A photomultiplier and a data acqui-

sition facility. To reduce the thermal effects due to the laser light, a defocused beam

with low power (20 mW) was used. Raman data were obtained with exciting lines

supplied by Ar+ and Kr+ lasers (406.7, 413.1, 457.9, 488.0, 514.5, 520.8, 568.2,

647.1, 676.4 nm) or by He-Ne laser (632.8 nm). All spectra were corrected to account

for monochromator and photomultiplier efficiency. Power density measurements

were performed with a power meter instrument (model 362; Scientech, Boulder,

CO, USA) giving 5% accuracy in the 300–1,000 nm spectral range.

The UV-vis absorption spectra of silver colloids were observed by means of

a CARY 5 spectrophotometer.

4.2 Preparation of the Ag Colloids

Stable silver sols were prepared by reduction of AgNO3 (Aldrich, purity 99.998%)

with excess NaBH4 (Aldrich, purity 99%), aged a week to prevent the formation of

reduction products. The usual pH value of the aqueous suspension was about nine.

NaCl (Aldrich purity 99.999%) was added in a small amount (10�3 M) to the Ag

colloids to improve the SERS effect, without altering the sol stability.

4.3 Filtration of Ag Nanoparticles

Silver hydrosols (10 ml) with chloride anions were filtered by using ANODISC

alumina filters (0.02 mm diameter) and a membrane filter holder supplied by

Whatman Intern. Ltd. (England). After two successive filtrations, the liquid was

free of metal particles, as detected by the total absence of plasmon absorption bands

in the UV-vis region. The filter surface resulted coated by a layer of colloidal silver.

4.4 Preparation of Metal Substrates

Smooth plates of silver (1.0-mm thick, 99.9% purity), as supplied by Aldrich, were

first treated with a plasma cleaner (Mod. PDC-32G, Harrick Sc. Co., NY, USA)
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to eliminate traces of preexisting substances, and then, they were roughened by

immersion for 30 s in a solution composed of ammonium hydroxide (Aldrich, 28%

in water) and hydrogen peroxide (Aldrich, 50% in water) in a 10:1 volume ratio.

Alternatively, Ag plates were polished with successively finer grades of alumina

powder down to 0.3 mm, then kept in a stirred solution of 30 mM thiourea (Fluka)

and 20 mM Fe(NO3)3�9(H2O) for 30 s, producing etching of silver with very

homogeneous roughness.

4.5 TEM Measurements

Transmission electron microscopy (TEM) measurements on Ag hydrosols were

obtained by using a Philips EM 201 instrument with an electron beam emitted at

80 kV, after placing a drop of colloidal sample on a carbon–Cu grid. Large

magnifications (up to 46,000) were adopted in order to investigate the metal

aggregates at the level of nanoparticles.

4.6 SEM Measurements

Microscopic measurements were performed by using a Quanta 200 ESEM (envi-

ronmental scanning electron microscopy) instrument (FEY Company), operating in

low-vacuum mode, with an electron beam emitted at 25 or 30 kV under 1 Torr

(133 Pa) pressure. Solid-state backscatter detector (SSB) allowed collecting

backscattered electrons emitted from the samples.

4.7 AFM Measurements

Topography was measured ex situ in a dry nitrogen atmosphere, using a Molecular

Imaging AFM (PicoSPM, Molecular Imaging) operating in contact mode, with

a commercial Si3N4 cantilever (Nanosensors, Wetzlar-Blankenfeld). The samples

were characterized by nonfiltered 512 � 512 pixel images of areas ranging from

1 � 1 mm2 to 10 � 10 mm2.

5 Key Research Findings

5.1 Contribution of the Microscopic Techniques to the SERS
Investigation

Owing to the strong link between nanostructured surfaces and SERS effect, it is

easily understandable that the various microscopic techniques may offer a valid

help in obtaining and interpreting the SERS spectral data. In this section, the

importance of TEM (transmission electron microscopy), SEM (scanning electron
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microscopy), and AFM (atomic force microscopy) analyses will be briefly

presented in relation to some SERS studies on different substrates.

5.1.1 TEM Microscopy
To gain the maximum SERS enhancement in colloidal systems, the exciting

radiation must have a wavelength corresponding to the plasmon band of the

metal nanoparticles coated by adsorbed ligand. As shown in Fig. 20.4, when

adenine is added to the colloidal dispersion, the ligand adsorption induces a fast

aggregation of the metal particles, evidenced by the appearing of a broad secondary

band at longer wavelength with respect to that of the non-aggregated Ag (about

390 nm).

The aggregation may be explained considering that neutral ligand molecules

adsorbed on the metal surface remove charged species from the surface itself,

mainly hydroxide anions, which prevents the approach of the colloidal particles

[10]. This effect may be monitored by means of TEM measurements that shows

isolated spheroidal nanoparticles when ligand is absent; when, instead, the ligand is

added, the nanoparticles get closer forming larger aggregates. Moreover, the TEM

experiments can explain why a very strong SERS enhancement is observed for

adenine: The molecules may be chemisorbed between metal particles, in very

effective hot spots producing high Raman signal intensification. The SERS spec-

trum of adenine adsorbed on silver colloid is shown in Fig. 20.5.

The spectrum has been measured in the presence of 10�5 M adenine by using the

632.8-nm exciting line of a He-Ne laser. Although the laser power is low (around

5 mW), the resonance with the plasmonic band at 624 nm (see Fig. 20.4) ensures
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Fig. 20.4 Extinction spectra

of pure Ag and adenine/Ag

colloids with the

corresponding TEM images
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a very intense SERS spectrum. The strongest enhancement occurs for the ring

breathing mode (736 cm�1), indicating that the molecules interact with the silver

particles by means of the nitrogen atoms of the aromatic system, as confirmed by

the presence of a band at 216 cm�1, due to the stretching mode of the Ag-N bond.

Recently, novel nanomaterials have become a new frontier for SERS experi-

ments, where different metals are collected together to form, for example, bimetal-

lic particles. Thus, the same nanoparticle could be responsible for both SERS effect

and catalytic activity. This is the case of the Ag/Pd colloids synthesized by

chemical reduction with sodium borohydride (NaBH4) of silver nitrate (AgNO3)

and palladium nitrate (Pd(NO3)2), with a 96:4 Ag/Pd molar ratio [11]. The silver

nanoparticles provide the SERS enhancement for the ligand molecules, while

palladium may induce catalytic reactions. Also, in this case, TEM microscopy

provides an important help to characterize these composite materials. In Fig. 20.6

TEM images at different magnifications are reported for bimetallic Ag/Pd particles,

in comparison with those constituted by pure silver. While these latter present

spheroidal shapes, bimetallic particles show more irregularities, due to palladium

clusters in contact with the silver core surface.

The catalytic activity toward hydrogenation reactions has been indeed observed

in such bimetallic colloidal systems. The SERS spectrum of p-nitrobenzoate
(PNBA) adsorbed on colloidal silver and the SERS spectra observed on Ag/Pd

nanoparticles, immediately after the addition of PNBA and after 1 week, are shown

in Fig. 20.7 A, B, and C, respectively. In the bimetallic colloid, instead of the SERS

spectrum of PNBA (spectrum A), a different spectrum is obtained (spectrum B) that

slowly evolves toward a different spectral feature, which becomes predominant

after a week (spectrum C). This modification may be related to the initial formation

of p-aminobenzoate as a result of the catalytic reduction of the nitro group,

followed by slow oxidation to azodibenzoate by atmospheric oxygen (see

Fig. 20.8).

TEM investigation becomes relevant in forecasting an effective SERS response

in other composite materials, made of SERS metal particles joined by nonmetallic
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materials. Figure 20.9 shows the TEM images of colloidal silica particles partially

coated by silver clusters obtained by photoreduction of Ag+ ions with laser irradi-

ation in the visible region [12]. The average particle size is less than 100 nm; thus,

adsorbed molecules are expected to undergo SERS effect due to the resonance with

the plasmons localized at the metallic surface. Actually, this composite material is

an efficient SERS platform, as shown in Fig. 20.9 for adsorbed phenazine.

5.1.2 SEM Microscopy
SEM microscopy may be equally used in providing information about the SERS

efficiency of mesoporous silica doped with silver nanoparticles, as produced by

photoreduction with laser light at 514.5 nm [13]. The SEM micrographs of

Fig. 20.10 are related to mesoporous silica deposited on a quartz plate as dry

layer. The shining areas refer to nanosized silver aggregates, whose SERS activity

is proved by using 1,10-phenanthroline as organic ligand (Fig. 20.11).

The SERS enhancement of adsorbed molecules increases when colloidal

particles start to aggregate. The aggregation may be induced by adding chloride

anions, which markedly intensify the SERS signal of the adsorbate, generally by

2 or 3 orders of magnitude [14–20]. This activation is important because only

for activated Ag colloids, single-molecule SERS spectra were detected.

Different explanations were proposed on the basis of the surface complex formation

and of the electromagnetic field increase by aggregation of metal colloidal

particles [21].

0 nm 400 0 nm 400

0 nm
Ag colloid Ag/Pd colloid

100 0 nm 100

Fig. 20.6 TEM images of

Ag and Ag/Pd colloidal

nanoparticles at different

magnifications
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This effect is depicted combining the SERS analysis with the microscopic

investigation, as done in Fig. 20.12, where SEM images of Ag colloidal particles

with adsorbed 1H-1,2,3-triazole, deposited as dry layers onto cover glasses [22], are

reported together with the SERS spectrum and the SPR (surface plasmon reso-

nance) bands occurring in the UV-vis region.

Fig. 20.10 SEM images of Ag-doped mesoporous silica
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5.1.3 AFM Microscopy
AFMmicroscopy is more suited for the morphological study of solid surfaces, such

as metallic plates with variable roughness; therefore, it is extremely helpful when

used in combination with the SERS investigation. In this way, the SERS
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enhancement measured by spectroscopic experiments can be related to the surface

roughness evaluated by means of AFM measurements [23].

Figure 20.13 shows the 5 � 5 mm2 AFM micrographs of silver nanoparticle

aggregates with (left) and without (right) chloride anions, as obtained by filtration

of colloidal suspensions on alumina. The second sample appears clearly less

roughened than the first one. The roughness degree can be estimated directly

from the AFM images by the root mean square (RMS) factor, defined as

RMS2 ¼ 1=Nð ÞSij hij � ĥ
� �2

Here, N is the number of pixels in the image, hij is the local height at pixel ij, and ĥ

is the mean height. In the presence of chloride anions, RMS is equal to 28.1 nm,

while in the absence of anions, it is only 16.6 nm. By considering that RMS square

is proportional to the effective surface area, the ratio between the square of these

two values gives a factor of about 3, which roughly corresponds to the increase of

the SERS signal, as experimentally observed [23].

When used as dried film spread on surfaces, silver colloidal particles may be

employed to activate solid substrates that do not show SERS efficiency. It may be

the case of smooth noble metal surfaces, such as Ag, Au, Cu, that do not have the

required nanometric roughness, or nonreflecting transition metals, such as Ni, Fe,

Pd. For both these two cases, AFM microscopy provides the indispensable infor-

mation to predict the SERS response before performing the spectroscopic

measurements.

This activation method consists in a first stage where a metallic plate is plunged

into a water solution of ligand for obtaining the chemisorption of molecules on the

metal surface. Then, the plate is accurately washed to remove non-adsorbed

molecules and dried. Finally, a drop of silver colloid is deposited onto the surface

and left to dry as a thin layer. Thus, the ligand is adsorbed on the plate surface,

while the colloidal particles play the role of promoting the electromagnetic

enhancement necessary to observe the adsorbate SERS spectrum. An example of

this procedure is given in Fig. 20.14: On the left, the AFM image shows a smooth

Au surface coated with a diacetylenic polymer monolayer [24], for which no

Raman signal of the adsorbate could be observed; on the right, the AFM figure
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Fig. 20.13 AFM images of alumina filters coated with Ag particles with (left) and without (right)
chloride anions
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shows the gold substrate covered by a dry layer of deposited Ag particles, which

provides a quite strong SERS spectrum, as shown in the lower panel of the same

figure.

For transition metals, unable to provide SERS enhancement, activation of

smooth surfaces by deposition of Ag colloidal particles produces strong SERS

signals of adsorbed molecules that could not be observed even after surface

roughening treatment.

Figure 20.15 shows the AFM micrographs of a nickel smooth surface, without

(upper) and with (lower) Ag nanoparticles [25]. Below, the SERS spectra of

1,10-phenanthroline adsorbed on Ni, Fe, and Pd are shown, after SERS activation

by means of the Ag layer.

The same molecule has been used as probe to evaluate the SERS efficiency of

substrates where ligand molecules are located in a “sandwich” configuration

between two metal surfaces both SERS active [10]. The first one belongs to

a silver plate, whose surface roughening was produced via chemical etching with

ammonia and hydrogen peroxide; the second is a layer of silver colloidal particles

deposited after chemisorption of the ligand molecules, as shown in Fig. 20.16.

The enhancement factor of the Raman signal by depositing Ag particles is

estimated to be more than ten (see Fig. 20.17). The strong SERS spectrum observed
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Fig. 20.14 AFM images of a flat Au surface (left) with adsorbed diacetylenic polymer, then

coated with deposited Ag particles (right). In the lower panel, the SERS of the polymer is shown.

Exciting line: 647.1 nm
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Fe, and Pd smooth surfaces are shown. Exciting line: 514.5 nm
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here for 1,10-phenanthroline can be ascribed to the fact that the molecule is located

in hot spots that are particularly effective in promoting SERS effect.

Finally, in order to demonstrate the close relationship between microscopic

analysis and SERS spectroscopic investigation, we present here a study on the

functioning of OLED (organic light-emitting diode) based on poly(3-octylthiophene)

(P3OT) deposited on Al electrode [26]. A simultaneous reduction of the emitted

power and an increase of the SERS signal of the polymer were observed with

current flow, as shown in Fig. 20.18 for the C ¼ C stretching band of the chain.
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Fig. 20.16 Simplified depiction of a sandwich-like SERS-active Ag substrate. The dimension of

the ligand molecules is not realistic

200

In
te

ns
ity

400 600 800 1000

Raman shift / cm−1

1200

N N

1400 1600

0µm

3µm 0µm

3µm

0µm

3µm 0µm

3µm

Fig. 20.17 SERS spectra of 1,10-phenanthroline adsorbed on a rough Ag plate and on the

sandwich-like Ag substrate, with the corresponding AFM micrographs. Exciting line: 514.5 nm
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Figure 20.19 (left side) shows the surface morphology of the Al cathode before

current flow. In this case, the RMS roughness evaluated on a 10 � 10 mm2 area

was 7.4 nm with peak-valley fluctuations of 42 nm and an average cluster radius

of 138 nm. Figure 20.19 (right side) shows, instead, an image of the same

electrode after current flow: an increase of surface roughness corresponding to

a RMS value of 9.1 nm, with peak-valley fluctuations of 72 nm, and an average

cluster radius of 178 nm is observed. The growth of the SERS signal with current

flow can be attributed to the electromagnetic enhancement due to roughening of the

Al layer.
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Fig. 20.19 AFM picture of Al cathode before (left) and after (right) current flow
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5.2 SERS Spectroscopy with Confocal Optical Microscopy

Spectroscopic analysis has become richer in information, thanks to the use of

confocal micro-Raman instrumentation, where the same portion of sample

observed by means of the microscope is irradiated with the laser excitation to

gain the scattering signal. This instrumental apparatus is extremely useful for

studying the SERS effect deriving from surface roughness in metals. The previous

section has reported on the multiplicity of information that may be acquired by

combining spectroscopic measurements with microscopic techniques that explore

the surface morphology at nanoscale. However, in that case, the microscopic

analysis was performed ex situ, that is, apart from the spectroscopic investigation.

By using SERS microspectroscopy, instead, the same analysis is performed in situ,

with the same instrument that explores the surface and detects the scattering

radiation, even if it is focused in sample areas down to 1 mm2 spatial resolution.

The Raman techniques combined with AFM microscopic imaging, as for

instance TERS (tip-enhanced Raman scattering) spectroscopy [27], allow to ana-

lyze surface nanostructures beyond the diffraction limit, but the cost of the instru-

mental apparatus is not affordable for any research laboratory. Therefore, in this

chapter, the results obtained with those techniques will not be presented, though

they increased Raman enhancement factors by up to 1015, with the possibility of

single-molecule detection. Conversely, confocal micro-Raman apparatus is afford-

able to every research group allowing SERS investigations with more comparable

results.

In this section, it will be shown as most information at nanometer level coming

from electronic or atomic force microscopy, previously described, may be easily

transferred to micro-SERS investigation.

In Fig. 20.20, AFM images of silver colloidal particles placed on alumina disk

by filtration are shown. The surface morphology is formed mainly by metal

particles having 30–50 nm diameters, but also larger isolated aggregates are visible

with dimension above 1 mm. Such structures can be detected also by means of the

optical microscope of the micro-Raman apparatus [28], as shown in Fig. 20.21,

where they appear as darker objects. The silver aggregates give strong SERS

signals, as shown in the case of adsorbed p-nitrobenzoate (PNBA) reported in

Fig. 20.22; other regions of the investigated sample, instead, do not give definite

SERS spectra. These metal aggregates can also promote catalytic reactions when

irradiated by focused 514.5-nm laser line. In this case, the nitro group bands at

865 cm�1 (bending) and at 1,348 cm�1 (symmetric stretching) disappear, along

with the growing of the strong 1,452-cm�1 band, assigned to N¼N stretching. This

band signs the photoreduction of PNBA to azodibenzoate, as hypothesized in the

previous section. Irradiating the sample with the 785-nm laser line shows no

photoreaction.

In the case of mixed Ag/Pd nanoparticles, shown in the previous section, the

TEM measurements pointed out the importance of palladium clusters lying on the

Ag nanoparticle surface in promoting the catalytic hydrogenation of adsorbed

nitroderivatives. When bimetallic particles are immobilized on quartz plates by
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drying the colloidal suspension, they may be analyzed through the micro-Raman

instrumentation. The SEM image of Fig. 20.23 highlights that the bimetallic

nanoparticles tend to aggregate in larger structures that become visible with the

Raman microscope. The SERS results for p-nitrobenzonitrile (NBN) adsorbed on
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Fig. 20.22 Micro-SERS

spectra of PNBA adsorbed on

Ag-coated filter

Fig. 20.23 SEM image of

a quartz plate coated with

immobilized Ag/Pd particles
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Ag/Pd particles [29] are shown in Fig. 20.24, in comparison with those obtained

from pure Ag particles. A catalytic reaction due to the presence of palladium

occurs for the adsorbed NBN, which transforms to azodibenzonitrile. Actually,

the 1,316-cm�1 nitro group band observed on Ag particles is replaced by that at

1,455 cm�1, due to the N ¼ N stretching mode of the azoderivative.

Diacetylenic polymers can be obtained by irradiating the monomer units

adsorbed on gold surfaces with UV light [24]. The irradiation induces polymeriza-

tion between adjacent diacetylenic chains resulting in formation of CC single,

double, and triple bonds, as shown in the scheme in Fig. 20.25.

Actually, different polymer forms are obtained under UV light, mainly the blue

form, with a more ordered arrangement of the polymer chain, and the red form,

which becomes dominant after prolonged irradiation. The presence of these poly-

mers can be revealed by SERS measurements by observing the occurrence of the

C ¼ C and C � C stretching modes. The same polymer forms have been observed
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also on silver nanoparticles deposited on alumina by filtration and then studied by

means of SERS microspectroscopy [30].

The image shown in Fig. 20.26 is obtained with the Raman microscope, which

allows to identify the presence of the blue and red forms by observing sample areas

with different colors and to obtain separately the SERS spectra of the polymers, as

reported in Fig. 20.27.
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The SERS spectrum of the blue form is dominated by the stretching bands of

double and triple CC bonds at 1,460 and 2,090 cm�1, respectively. In the red form,

the same vibrational modes occur at 1,520 and 2,120 cm�1, due to less electronic

conjugation along the polymer chain.

Silver colloidal nanoparticles can be used to activate non-SERS substrates by

just depositing them over the substrate surface. This technique is of general use both

in the case of metallic as well as nonmetallic surfaces, but when adopted in SERS

microspectroscopy, it is very effective. In fact, by means of the Raman microscope,

the sample regions, where the deposited Ag nanoparticles are present as large

aggregates, can be selected, as shown in Fig. 20.28. There, a stronger SERS

response is expected, as verified with different adsorbed ligands [31].

Fabrication of nanostructured surfaces has grown as a field of active research in

recent years due to the possibility of controlled deposition of regular patterns on these

surfaces. The so-called micro-contact printing (mCP) lets the production of SERS-

active solid surfaces characterized by ordered nanostructures with different rough-

ness as a function of the stamp [32]. When nanopatterning is performed on a metal

substrate having high reflectivity, such as Ag, Au, or Cu, the optical properties of the

surface can be exploited to produce giant Raman enhancements from adsorbed

molecules by means of SERS effect. The nanopatterned regions can be identified by

Raman microscope. In Fig. 20.29 the micro-SERS spectrum of 1,10-phenanthroline

on Ag nanopatterned substrate obtained by mCP technique is shown, together with

the AFM images relative to the ordered nanostructures. Since the plasmon bands

depend on the shape and dimension of the surface nanostructures, by employing

printing supports with variable lateral dimension of the stripes, it is possible to tune

the SERS response with respect to the exciting radiation. Conversely, tuning the

excitation laser line in the plasmonic band can optimize the SERS response.
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Fig. 20.28 Microscopic image of Ag aggregates after deposition of colloidal suspension, as

obtained by the optical microscope of the Raman instrument
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SERS spectroscopy may also provide fundamental information in the mineral-

ogical analysis on rocks and soils, allowing the identification of the different

minerals constituting the rock matrix and the chemical and structural composition

of these minerals. The spectroscopic exploration of composite rocks may be

performed by means of a micro-Raman apparatus; in this way, it should be possible

to analyze the response of different micro-specimens distributed all over the

surface. The SERS scattering could be greatly enhanced over the fluorescence

emission of the rock matrix by depositing Ag colloidal nanoparticles onto the

surface of the rock matrix, thus revealing its composition [33]. The effect is ensured

by the close vicinity of the Ag particles with the microcrystalline grains embedded

in the rock. The SERS spectrum (upper) of clinopyroxene obtained by

a microspectroscopic analysis on a rock sample is shown in Fig. 20.30, in compar-

ison with the Raman spectrum of the corresponding single crystal (lower).

6 Applications and Future Perspectives

In this section, some applications of SERS microspectroscopy will be reviewed, by

considering that this technique is being liable of new perspectives and evolution in

the future of micro-analysis.
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6.1 Nanosensors

Detection systems that are able to detect molecules with a very high efficiency and

sensitivity are now in great demand in diverse research fields, ranging from the

analytical determination of pollutants to the discovery of biological traces in

forensic activities.

The high sensitivity ensured by the SERS microspectroscopy has thus stimulated

many efforts in fabricating nanosensors especially suitable for biomedical applica-

tions [34]. For these, the challenge is to produce substrates with high SERS
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efficiency but at the same time easy to synthesize, be reusable, and be stable with

a long half-life. This ensures maximum reproducibility of the spectroscopic data

obtained in different laboratories and research groups. Following these require-

ments, silver SERS-active substrates have been prepared simply by chemical

etching of metal plates to get the most effective and uniform surface roughness.

Figure 20.31 shows two silver surfaces after chemical etching, respectively, with

thiourea and ferric nitrate on the left, with ammonium hydroxide and hydrogen

peroxide on the right. Although the degree of roughness expressed by means of

RMS value is high in both the cases, the first one presents a much larger uniformity

of nanostructures all over the surface. Hence, the micro-SERS experiments

performed on these metal substrates can provide quite reproducible results, because

the spectral response is almost constant over the different areas of the examined

sample. The SERS efficiency has been verified by adsorption of micro-RNAs with

different nucleotide contents, with the trace detection approaching the attomole

limit. As a conclusion, these Ag platforms have demonstrated to be suitable bio-

sensors, by recognizing the SERS bands of nucleobases.

6.2 Metal Corrosion

Copper was the first metal used and shaped by mankind, and nowadays, it is

employed in different fields for its resistance, ductility, malleability, and electric

and thermal conductivities. It is indispensable for the metallurgic industry as well as

in water and gas transport, in applications of advanced technology, and in the

aerospace industry.

Copper does not usually undergo severe corrosion problems, due to its high

electrochemical potential and due to the formation of protective salts on its surface.
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Fig. 20.31 5 � 5 mm2 AFM images of Ag plates roughened with thiourea and ferric nitrate (left)
and with ammonium hydroxide and hydrogen peroxide (right)
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However, chemical agents like ammonia or nitric acid, and stray electric currents

may give rise to destructive corrosion processes. Since then, protective coatings

have been largely used to prevent the copper oxidation, by forming stable, inert, and

compact films on the metal surface. Normally, these films are made of organic

molecules forming strong Cu-S bonds, such as cysteine [35] and thiolic derivatives

of benzoazoles [36] or strong Cu–N bonds, such as triazoles and benzotriazoles

[37, 38]. Because of the huge application of copper in many industrial and domestic

manufactures, it becomes fundamental to have a very high sensitive technique for

testing the integrity level of these protective coatings at the microscopic level.

SERS microspectroscopy may be applied in this important field of survey, thanks to

the Raman enhancement provided by roughened copper surfaces. Anyway, in the

case of smooth copper surfaces, the addition of silver colloidal particle directly onto

the copper surface may induce an efficient SERS activation [39].

6.3 Biomedical Applications

SERS microspectroscopy can also be used for the analysis of cells (average

dimension 10 mm) to recognize the different components and gain information

about their metabolism. SERS enhancement may ensure a giant intensification of

the Raman scattering of the proteins contained in living cells, along with a drastic

quenching of the fluorescence emission that makes their identification possible and

provides structural and biological information on their structure and activity. Early

studies were performed in 2006 [40] to localize the PSA antigen in biopsy specimen

from patients undergoing prostatectomy. The most promising biomedical applica-

tions, however, concern the in vivo micro-SERS detection of important diseases,

such as cancer. The first study was reported by Nie and coworkers in 2008 [41] and

was realized by means of gold colloidal particles suitably functionalized for

selectively binding the epidermal growth factor receptors, overexpressed in many

malign tumors.

Other than for diagnostic purposes, SERS-active nanoparticles may be used also

for therapeutic aims. Nanohybrids consisting of gold (or silver) colloidal

nanoparticles functionalized with drugs may be inserted in living cells and detected

by SERS microspectroscopy. Thus, two goals may be reached: first, the drug is

localized inside the cellular structures and, second, the action mechanism may be

discovered.

6.4 Astrobiology

The inquiry about life traces (past or present) outside Earth represents one of the

most fascinating goals of the space exploration toward Mars, Titan, Europa, and

other bodies of the solar system.

In both NASA-MSL and ESA-ExoMars projects, an analysis by means of micro-

Raman instrumentation is contemplated for the in situ detection of past traces of

20 SERS Spectroscopy and Microscopy 581



flowing water and of geologically recent volcanism, indicating the possibility of life

in an environment warmer and wetter than previously hypothesized.

The scarce sensitivity generally observed in Raman measurements and the

occurrence of fluorescence, which could strongly interfere with the observation of

the vibrational bands, are inconveniences that can be overcome, thanks to the SERS

effect induced by deposition of silver colloidal nanoparticles. By this method, we

have demonstrated [42] that on pyroxene rocks, similar to that present on Mars

surface, it is possible by means of SERS microspectrometry to detect the presence

of nucleotides in traces less than 1 pg. As substrates we have chosen terrestrial

magmatic minerals containing mainly pyroxenes, which present close analogy with

those existing in the Martian rocks. On the other hand, pyroxenes represent the most

important mineral group in planets and are the major rock-forming silicates on the

surface of Mars. Adenine and guanine, nucleobases present in both DNA and RNA

strands, and micro-RNA containing adenine (A), guanine (G), and cytosine (C)

have been analyzed in this study by SERS microspectroscopy as testing ligands for

identifying traces of nucleic acids in Martian rocks and sediments. Adenine, in

particular, is a fundamental prebiotic factor [43], which gives rise to strong SERS

spectra [44–46]. The micro-Raman apparatus probes different areas of the surfaces

without sample manipulation, in contrast with previous Raman experiments

[47, 48]. Hence, this study represents a basis for reliable tests of in situ search for

life traces in extraterrestrial environments.

Figure 20.32 shows the micro-Raman image of a pyroxene rock wet with

a nucleotide solution and successively with silver colloid. The dark regions contain

large silver aggregates and give more intense SERS signals. In the lower part of the

figure, the SERS spectrum of a micro-RNA sequenced as AGAGACAGCAGA-

GACAGACA is shown. The predominant band observed at 735 cm�1, marker of

the adenine nucleotide, may be used to detect the presence of biological material.

This kind of investigation may be reasonably extended to the extraterrestrial

detection of amino acids and oligopeptides, other than being employed for samples

transferred onto Earth from planets like Mars or from asteroids. As a conclusion,

SERS microspectroscopy may become a frontier technique in the astrobiological

research field.

The applications that have been presented above are among the most innovative

for SERS microspectroscopy, but others are still developing in very different fields,

such as cultural heritage preservation and restoration. To this purpose, the SERS

study is very important to identify organic dyes in fibers, paintings, and artistic

enamels [49].

Finally, it has to be highlighted that the micro-SERS performances can be

greatly implemented by combining the spectroscopic measurements with the

“mapping” and “imaging” techniques, already present in the modern instrumen-

tations. In the first case, X-Y motorization of the microscopic analysis allows

a spectroscopic scanning of all the points included in a defined sample region. In

the second case, the spectra acquired in a complete scan of a region allows to

rebuild an image of the region itself as an intensity function of single spectral

components.
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However, it should be considered that a focused laser radiation, as that employed

in the micro-Raman experiments, may alter the examined sample due to thermal or

photochemical effect, leading to severe problems in obtaining reproducible spectra.

This is mainly true in the micro-SERS measurements, where monolayers or

submonolayers of molecules adsorbed on metal surfaces are investigated. Anyway,

an appropriate choice of laser powers, focusing conditions, and wavelengths of the

exciting radiation is crucial for overcoming these difficulties.
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Ultraviolet Raman Spectroscopy of
Nanoscale Ferroelectric Thin Films and
Superlattices

21

Dmitri A. Tenne

1 Definition of the Topic

Raman spectroscopy with ultraviolet excitation: advantages and recent applications

for nanoscale ferroelectric materials.

2 Overview

Ultraviolet Raman spectroscopy has emerged as a powerful technique for charac-

terization of nanoscale materials, in particular, wide-bandgap semiconductors and

dielectrics. The advantages of ultraviolet excitation for Raman measurements of

ferroelectric thin films and heterostructures, such as reduced penetration depth and

enhanced scattering intensity, are discussed. Recent results of application of ultra-

violet Raman spectroscopy for studies of the lattice dynamics and phase transitions

in nanoscale ferroelectric structures, such as superlattices based on BaTiO3,

SrTiO3, and CaTiO3, as well as ultrathin films of BaTiO3 and SrTiO3 are reviewed.

3 Introduction

3.1 Ferroelectricity at the Nanoscale

Ferroelectrics are a class of materials possessing a spontaneous electric polariza-

tion, which can be switched between crystallographically defined directions by
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the application of an electric field [1]. Ferroelectric materials have been investi-

gated for various device applications such as nonvolatile memory devices, pie-

zoelectric micro- and nano-electromechanical systems, or tunable microwave

devices [2–7]. Recent progress in epitaxial technology of oxide materials [8–10]

has opened a new stage in the field, making possible an experimental realization

of complex artificial oxide nanoscale heterostructures with an atomic-level thick-

ness control comparable to that developed for semiconductor heterostructures.

The advances of epitaxial oxide thin film deposition and the continuous demand

for device miniaturization have rapidly moved the science and technology of

ferroelectrics toward thin films and multilayer structures at the nanometer scale.

High-quality ultrathin films of ferroelectric materials can be grown and combined

with other ferroelectrics and such materials as superconducting and magnetic

oxides, semiconductors, allowing fabrication of multifunctional structures and

opening exciting opportunities for potential device applications. On the other

hand, nanoscale ferroelectrics are also fascinating objects from the fundamental

physics point of view, since the reduction of the structural dimensions gives rise

to new phenomena and properties dramatically different from those of homoge-

neous bulk ferroelectrics [6, 11–14].

A number of factors can influence the behavior of ferroelectric thin films and

multilayer structures with layer thickness at nanometer scale. One of the major

factors is strain in epitaxial structures [15]. Recent demonstrations of huge strain

effect on ferroelectric properties include changes in the phase diagram [16–22],

dramatic enhancement of ferroelectric polarization, and increase of the ferroelectric

phase transition temperature Tc [23–27], induced ferroelectricity in non-

ferroelectric materials like SrTiO3 or KTaO3 [28–33], or even simple rocksalt

binary oxides like BaO ([34], theoretically predicted).

Size effect is another factor that strongly influences the properties of ferroelec-

tric nanostructures, and the issue of a critical size for ferroelectricity has been

actively discussed [4, 6, 11–14, 35]. For a long time it was believed that ferroelec-

tricity was suppressed in small particles and thin films [1], and there was a critical

size in order of few tens of nanometers below which a spontaneous polarization

cannot be sustained in a material. Recent experimental and theoretical studies

[36–48] demonstrated that ferroelectricity exists down to vanishingly small sizes,

much smaller than previously thought. These studies revealed that the issue of

critical size is very complex, and electrical and mechanical boundary conditions

play an essential role in nanoscale ferroelectricity.

Periodic structures containing alternating layers of different ferroelectric and

non-ferroelectric materials – superlattices (SLs) – have received increased atten-

tion. High-quality ferroelectric SLs with nearly atomically sharp interfaces in

various perovskite systems have been synthesized and investigated [14, 24–27,

49–56], and also studied theoretically [44, 57–64]. Properties of such structures are

not just a simple combination of the properties known for constituent bulk mate-

rials, as they are affected by both mechanical (lattice-mismatch-induced strain) and

electrostatic boundary conditions at multiple interfaces located within close prox-

imity to each other. Strain engineering is one of the most appealing ways to
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enhanced properties in ferroelectric materials [15–17], and SLs are especially

attractive for that purpose. This is because it is usually much easier to grow

a large thickness multilayer film, while maintaining the structure under a coherent

strain state (commensurate to the substrate), which is hard or impossible to achieve

for a single layer of the same thickness. Varying the thicknesses of individual SL

constituents provides an additional opportunity to manipulate its properties. Just as

the development of semiconductor epitaxy in the 1970s–1980s enabled to synthe-

size semiconductor superlattices with monoatomic layer precision and lead to great

advances in semiconductor physics and technology, so the advances in fabrication

of artificial ferroelectric and dielectric superlattices are expected to promote the

progress in fundamental understanding of ferroelectric effects and utilization of

these effects in novel electronic devices.

3.2 Lattice Dynamics and Ferroelectricity

Of central importance for understanding the fundamental properties of ferroelec-

trics is dynamics of the crystal lattice, which is closely related to the phenomenon of

ferroelectricity [1]. The soft-mode theory of displacive ferroelectrics [65] has

established the relationship between the polar optical vibrational modes and the

spontaneous polarization. The lowest-frequency transverse optical phonon, called

the soft mode, involves the same atomic displacements as those responsible for the

appearance of spontaneous polarization, and the soft mode instability at Curie

temperature Tc causes the ferroelectric phase transition. The soft-mode behavior

is also related to such properties of ferroelectric materials as high dielectric

constant, large piezoelectric coefficients, and dielectric nonlinearity, which are

extremely important for technological applications. The Lyddane-Sachs-Teller

(LST) relation connects the macroscopic dielectric constants of a material with its

microscopic properties – optical phonon frequencies:

e0 ¼ e1
Y
j

o2
LOj

o2
TOj

(21.1)

where e0 and e1 are the static and high-frequency dielectric constants and oLO and

oTO are the frequencies of longitudinal and transverse optical phonons, respec-

tively. Usually the frequencies of higher optical phonons vary slightly with tem-

perature, and the temperature dependence of e0 is mostly determined by the

behavior of the lowest-frequency TO mode, the soft mode. The decrease of the

soft mode frequency as the temperature approaches to Tc causes a dramatic increase

of the dielectric constant. The electric field–induced hardening, that is, increase of

the soft-mode frequency [66, 67] is responsible for the dielectric nonlinearity, since,

according to the LST relation, the increase of oTO leads to the decrease of e0.
Another important materials parameter for applications, the dielectric loss, is also

related to the soft-mode behavior. In an ideal ferroelectric crystal, it is determined
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by the damping of the soft mode through multiple-phonon processes in the

paraelectric phase, and dominated by the quasi-Debye contribution in the ferro-

electric phase [68–70].

Optical phonons other than the soft mode, the so-called hard modes, can also be

used to study ferroelectric and structural phase transitions, since their frequencies

and spectroscopic activity are affected by transformations of crystal structure.

Lattice dynamics in bulk perovskite oxide ferroelectrics has been investigated

for several decades using neutron scattering [71–77], far infrared spectroscopy

[78–83], and Raman scattering. Raman spectroscopy is one of the most powerful

analytical techniques for studying the lattice vibrations and other elementary

excitations in solids providing important information about the structure, compo-

sition, strain, defects, and phase transitions. This technique was successfully

applied to many ferroelectric materials, such as bulk perovskite oxides: barium

titanate (BaTiO3), strontium titanate (SrTiO3), lead titanate (PbTiO3) [84–88], and

others.

More recently, important results were obtained on lattice dynamics of thin films

of these materials ([89–106]; see [107] for a review). These results contributed

significantly to a fundamental understanding of lattice dynamical properties in thin

films of ferroelectric materials. However, the above mentioned results were

obtained on films thicker than 150 nm. Study of lattice dynamics in ferroelectric

ultrathin films and heterostructures thinner than �100 nm has been a challenging

task. A difficulty in applying conventional Raman spectroscopy (using visible or

near-infrared excitation) for thin films of ferroelectrics and other wide-bandgap

materials lies in the fact that the visible photon energy is much smaller than the

bandgap. Consequently, the absorption of light is extremely weak and the penetra-

tion depth is large, allowing light to travel through thin film into the much thicker

substrate. Much larger scattering volume of the substrate thus generates over-

whelming signals in the Raman spectra.

Several approaches were used to overcome this difficulty. In earlier Raman

studies of ferroelectric thin films, the films were grown either on reflective sub-

strates, such as Pt/Si [89] or on substrates with low Raman activity at the frequency

of interest, such as Al2O3 [90, 91], KTaO3 [92], fused silica [93], and MgO [93–95].

For many applications, however, these are not the substrates of choice in terms of

growth of high-quality defect-free epitaxial films and structures because of lattice

and thermal expansion mismatch problems, and the crystalline quality of the

ferroelectric thin films is often compromised. In the studies of relatively thick

(over 100 nm) SrTiO3, BaTiO3, BaxSr1�xTiO3 films, the metal-oxide bilayer

technique using an opaque layer of a conductive oxide, such as SrRuO3, has been

employed to eliminate the substrate contribution [96–102]. The conductive layer

reflects a substantial part of the laser beam back into the dielectric film under study,

and the rest of the laser light attenuates quickly within the conducting layer.

Therefore, Raman scattering from the substrate can be avoided and the signal

from the ferroelectric film can be detected. In contrast to thin film growth on

substrates like Pt/Si or Al2O3, the metal-oxide layer allows the growth of the

epitaxial ferroelectric thin films with significantly higher structural quality, which
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is important for probing intrinsic thin film properties. This technique was also

successfully applied for study of the soft modes in SrTiO3 films by far infrared

ellipsometry [103].

However, for ultrathin films (<100 nm) and nanostructures, another approach is

required. In such thin films, the intensity of Raman scattering using visible excita-

tion sources is extremely low, and even a weak signal from the conductive oxide

layer used to block the substrate can prevent the observation of the phonons of the

nanometer-thick film. Raman spectroscopy using an ultraviolet (UV) excitation has

been recently demonstrated to be a suitable tool for this task [43]. In this chapter, we

summarize the advantages of UV Raman spectroscopy for probing nanoscale

ferroelectric heterostructures and review recent results obtained using this tech-

nique on ultrathin BaTiO3 and SrTiO3 films and BaTiO3/SrTiO3 superlattices.

4 Basic Methodology

4.1 Basic Principles of Raman Scattering

Raman spectroscopy in the visible range is a well-established technique, widely

used for characterization of various materials [108–117]. Raman scattering is the

process of inelastic light scattering in which the energy of scattered light �hos is

different from that of the incident light �hoi. The difference is the energy �hO of an

elementary excitation (molecular or crystal lattice vibration or electronic excita-

tion) participating in the process. Energy conservation yields:

�hos ¼ �hoi � �hO (21.2)

Here the “–” and “+” signs correspond to those Raman processes in which an

elementary excitation is created or annihilated (Stokes and anti-Stokes processes,

respectively). In crystalline solids, the quasi-momentum conservation gives the

following relation between the wave vectors ki of the incident light, ks of the

scattered light, and q of the elementary excitation:

ks ¼ ki � q (21.3)

The largest magnitude of scattering wave vector q occurs in the backscattering

geometry:

q ¼ 1

c
nðoiÞoi þ nðosÞosð Þ (21.4)

Here c is the light velocity in vacuum and n is the refractive index. For

conventional Raman experiments, when oi is in the optical range, Equation (4)

yields a q value in the range of 106 cm–1, which is much smaller than the wave

vector of the Brillouin zone edge (�108 cm–1). Therefore, only near-zone-center

excitations can participate in the first-order Raman process.
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In a Raman scattering experiment, the frequency, wave vector, and polarization

of incident light (usually from a laser source) are known. Analysis of scattered light

frequency, polarization, and relative intensity provides information on properties of

elementary excitations in the material under study. General description of the

Raman process as well as details of Raman instrumentation can be found elsewhere

[108–110, 118].

In Raman scattering, there are certain selection rules that imply the criteria

which allow determining the activity of a certain elementary excitation (in our

case a phonon) in the process and in specified polarization geometry. Energy and

quasi-momentum conservation laws (21.2) and (21.3) can also be considered as

selection rules. Selection rules of another type are determined by the symmetry of

a phonon and the symmetry of the scattering system (crystal lattice). The symmetry

of lattice vibrations and Raman selection rules were derived by group theory

methods for all zone-center phonons in all 32 crystallographic classes and can be

found in Ref. [118]. Here, we mention one characteristic example of a selection rule

found in centrosymmetric crystals and important for ferroelectric materials

discussed in the following sections. Phonons in such crystals can be of either

even or odd parity with respect to the inversion. If the phonon displacement is of

odd parity, the Raman scattering vanishes. Odd phonons are active in infrared

absorption, since the electric field vector of infrared radiation is also antisymmetric

under inversion. Hence, infrared light can interact with odd, but not with even

phonons. Therefore in centrosymmetric crystals, the Raman-active phonons (even

parity) are not infrared-active, and vice versa. In some crystals there are phonon

modes called “silent,” which are neither Raman nor infrared-active.

4.2 Advantages of Ultraviolet Excitation for Raman Studies of
Wide-Bandgap Thin Film Materials

One of the major directions in recent development of Raman spectroscopy has been

the expansion of the technique to the ultraviolet region [119]. Until the 1980s, themost

commonly used excitation sources in Raman spectroscopy were lasers emitting in the

visible range (argon ion laser with several lines between 457 and 514.5 nm being the

most frequently used). Later, ultraviolet Raman spectrometers were developed

[120–123]. Various continuous wave laser sources are currently being used, including

fundamental lines of Ar+ (364 and 351 nm), Kr+ (350.7), and He–Cd (325 nm) lasers,

as well as intra-cavity frequency-doubled lines of Ar+ (257, 244, 238, and 228.9 nm)

and Kr+ (206 nm) lasers. Currently, UV Raman spectroscopy finds applications in

various fields of physics, chemistry, biology, and materials science [123].

Despite the advantages of UV excitation for a number of applications including

studies of thin films of wide bandgap materials, there have been several technical

difficulties, such as lower throughput efficiency, insufficient dispersion, and higher

stray light level of UV Raman spectrometers compared to those operating in visible

range. These difficulties impeded the wide application of UV Raman spectroscopy,

in particular, deep UV (200–300 nm) for the studies of thin films of wide-bandgap

materials, such as ferroelectric oxides.
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For effective Rayleigh scattering separation and stray light rejection required for

near-excitation measurements of low-frequency vibrations such as soft phonon

modes, triple monochromators are normally used. However, triple monochromators

have low throughput efficiency, and in the UV range only 2–3% (5–7% at best) of

scattered light is typically through a triple spectrometer to the detector. Therefore,

for the experiments not requiring near-excitation measurements (below 200 cm�1

from the excitation laser line), single monochromators are commonly used in

combination with holographic notch filters for the Rayleigh light rejection. How-

ever, efficient notch filters are not currently available in the UV region. Efficient

Raman spectrometers operating in UV, including deep UV range with excitation at

244 nm and even at 224 nm have been reported [120–122]. Asher’s group

[120, 121] constructed a highly efficient (over 10% throughput at 250 nm) UV

micro-Raman spectrometer based on single monochromator combined with specially

designed dielectric filters for Rayleigh scattering rejection. A Cassegrain reflective

microscope objective was used to increase the efficiency of collecting the scattered

radiation. Sands et al. [122] described a confocal and scanning near-field Raman

microscope operating at deep UV wavelengths. However, Raman measurements on

those systems were limited to high-frequency range (at least 300 cm�1, typically

above 500 cm�1). Such a limitation of frequency range is insufficient for studies of

many dielectric and semiconductor materials, because many optical phonon lines in

these materials lie below 500 cm�1, not to mention the soft phonon modes, which are

usually observed below 100 cm�1 (as low as 10 cm�1). Therefore, more effective

Rayleigh scattering filtering and stray light reduction is required.

Reports of UV Raman spectrometers for characterization of dielectric (ZrO2,

SrZrO3) [124, 125] and wide bandgap semiconductor (SiC and AlGaN) [126]

materials demonstrated that these problems can be overcome. These spectrometers

were, in fact, triple monochromators using subtractive double monochromator as

a filter for stray light reduction. The use of double monochromator as a filter

allowed Yashima et al. to measure Raman spectra of ZrO2 as close as 20 cm�1

using 363.8 nm excitation line [124]. Using the same system and excitation

wavelength, Fujimori et al. studied the high-temperature phase transition in

SrZrO3 and observed the soft phonon modes in the frequency range

110–140 cm�1. Nakashima et al. [126] reported deep UV (using 244 nm excitation)

Raman spectra of several wide bandgap materials (SiC, AlGaN) in the frequency

range starting as low as 170 cm�1. The reduction of the throughput efficiency

caused by using double monochromator as a filter can be compensated in part by the

improved throughput of the collecting optics and incident optical path by using low

optical loss high-reflectivity dielectric mirrors and objectives. Nakashima et al.

[126] reported the throughput efficiency of 34% with deep UV (244 nm) excitation.

Currently, double and triple monochromators and efficient multichannel CCD

detectors optimized for UV range are available commercially, allowing measure-

ment of UV Raman spectra very close to the excitation laser line (as close as

�10 cm�1 with 325-nm excitation). Recent examples of application of UV Raman

spectroscopy for characterization of thin films of various wide bandgap materials

include GaN [127], InGaN [128], nanocrystalline diamond [129–132], and silicon
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Fig. 21.1 (continued)
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nitride [134]. Tisinger et al. reported UV Raman study of epitaxial SrTiO3 films on

Si substrates.

There are several advantages of using UV Raman spectroscopy for thin films and

nanostructures of wide bandgap materials compared to excitation in the visible

region. First, using UV excitation allows probing nanometer-thin films and

heterostructures because of greatly reduced penetration depth. As mentioned in

Sect. 1.2, a major reason why conventional visible Raman spectroscopy works

poorly for ferroelectric thin films is transparency of the materials to visible light

leading to the dominance of the substrate signal in spectra. For UV excitation, the

photon energy is above the bandgap of ferroelectric oxides such as SrTiO3 or

BaTiO3, which leads to a much stronger absorption. This is illustrated in Fig. 21.1a

showing absorption and penetration depth of visible and UV light in BaTiO3

(absorption data from [136]). This advantage of UV over visible excitation is

clearly demonstrated by Fig. 21.1b showing Raman spectra of a ferroelectric thin

film heterostructures: (BaTiO3)5(SrTiO3)4 � 25 superlattice (SL, one period con-

sists of 5 unit cell-thick BaTiO3 layer followed by 4 unit cell-thick SrTiO3; repeated

25 times; total thickness �90 nm) measured with visible (514.5 nm) and UV

(351.1 nm) excitations. The substrate features completely dominate the 514.5-nm

spectrum while they are greatly reduced in the UV (351.1 nm) spectrum, in which

peaks of superlattice phonons are clearly observed. Using even shorter, 325-nm

excitation wavelength allows further reducing the penetration depth. Raman spectra

from BaTiO3 films as thin as 1.6 nm have been detected using this wavelength [48].

Many ferroelectric oxides (such BaTiO3, PbTiO3, SrTiO3) have bandgaps in the

range 3.0–3.5 eV and UV excitation near the bandgap can also lead to a resonance

enhancement of Raman signals. In quantum-mechanical treatment, the process of

inelastic light scattering consists of three transitions: (1) the electronic transition

from the ground state 0j i to an excited state aj i – creation of an electron–hole pair

induced by the absorption of a photon hoi; (2) the electronic transition from aj i to
another intermediate state bj i caused by the interaction with a phonon or another

elementary excitation; (3) the transition from bj i to the ground state: recombination

of the electron–hole pair accompanied by the emission of a scattered photon hos.

For the probability of the whole process the third-order perturbation theory yields

the following expression [109, 110]:

Is / Ii
o4

sV

c4

X
a;b

0h jHER bj i bh jHEP aj i ah jHER 0j i
Eb � �hos þ iGb
� �

Ea � �hoi þ iGað Þ

�����
�����
2

� dð�hoi � �hos � �hOÞ

(21.5)

�

Fig. 21.1 (a) Schematic of the band structure, absorption coefficient a, and penetration depth d of
light in BaTiO3 as compared to the energies of the visible (514.5 nm) and UV (351 and 325 nm)

photons. (b) Spectra of (21.1) a bare SrTiO3 substrate (blue curve), (21.2) a (BaTiO3)5(SrTiO3)4 �
25 superlattice (green curve) measured with visible excitation (514.5 nm), and (21.3) the same

superlattice measured with 351.1 nm UV excitation (red curve). The dashed line (21.4) shows the
bare SrTiO3 substrate spectrum measured with 351.1-nm UV excitation. Arrows and labels
indicate the superlattice phonon peaks (After Ref. [43])
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Here Ii, Is are the intensities of incident and scattered light, respectively, and V
is the scattering volume. Ea, Eb, Ga, Gb are the energies and widths of the

electronic levels aj i and bj i, HER, and HEP are the Hamiltonians of electron-

radiation and electron–phonon interaction, respectively. The summation in (21.5)

is performed over all possible intermediate states. The formula (21.5) gives an

expression for the dominant term of scattering probability. If one takes into

account all six possible permutations of the three processes, the expression for

total probability will contain five more similar terms [110]. The energy conser-

vation must be obeyed for the whole process, but it is not required for each stage

separately. However, if the energy of the incident or scattered light is close to the

energy of an electronic transition (i.e., hoI � Ea or hos � Eb) then the scattering

intensity is strongly enhanced. This effect is called resonant Raman scattering.

The resonant enhancement, combined with the intensity increase resulting from

the o4 dependence of the normal Raman scattering cross-section, gives the UV

another advantage over visible excitation. For bulk dielectric crystals and

ceramics, the scattering volume V can be orders of magnitude larger for non-

absorbing visible excitation, thus yielding larger overall scattering intensity

(unless laser energy is precisely tuned into the electronic or excitonic resonance).

For nanoscale films, however, V is often determined by film thickness rather than

the penetration depth, so the resonant denominator and o4 factor lead to

a significantly larger UV Raman signal from thin films of ferroelectric oxides

and other wide bandgap materials compared to visible excitation. It should be

noted that using deep UV excitation (e.g., 244 nm) for materials like BaTiO3

would lead to extremely short penetration depth, hence very small scattering

volume, while moving away from the resonant enhancement. Therefore, Raman

signal can become too weak to detect. So, for ferroelectric titanates and materials

with similar band gaps, the wavelength range 300–350 nm seems to be optimal

for UV Raman excitation.

UV excitation presents another advantage important for characterization of high-

temperature phase transitions in ferroelectric materials. A difficulty in measuring

Raman spectra of materials at high temperatures using visible excitation is caused

by continuous background due to thermal emission, which can be rather intense

compared to weak and broadened Raman features. UV excitation shifts Raman

spectra to much shorter wavelength range, far away from the peak intensity of

thermal radiation. Yashima et al. [124] demonstrated that in the case of conven-

tional visible excitation using the 488-nm line of Ar+ laser, thermal radiation

background became significant even at 900�C, and rapidly increased between 900

and 1100�C, while the UV excitation (363.8 nm) allowed measuring Raman spectra

of ZrO2 with practically no backgrounds up to 1500�C. UV Raman spectroscopy

was successfully applied for high-temperature studies of calcium silicates [137,

138], and phase transitions in hafnia at �2085 K [139]. High-temperature UV

Raman spectra of SrZrO3, which, like many ferroelectrics, belongs to the perovskite

family, revealed the soft phonon mode behavior causing the cubic-tetragonal phase

transition around 1,200�C [125].

596 D.A. Tenne



Micro-Raman spectroscopy is widely utilized for characterization of semicon-

ductor materials and devices, providing information about local strain, composi-

tion, and crystallinity in semiconductor structures at sub-micrometer scale.

Raman scattering by phonons and electronic excitations is very sensitive to the

local environment and can provide information unavailable by other commonly

used materials characterization techniques, such as conventional X-ray diffrac-

tion (lacks lateral and depth resolution) and transmission electron microscopy

(destructive technique). In this area, UV excitation can also present an advantage

over commonly used visible Raman spectroscopy, because of improved lateral

and in-depth spatial resolution [126, 134, 140]. Shorter wavelength of the UV

light allows significant reducing of the focused laser beam size (theoretical

Rayleigh limit for 325-nm laser line and 100� objective with a numerical

aperture 0.9 is �220 nm, which can be reduced further by using a high numer-

ical aperture immersion lens [140]), while much shorter optical penetration depth

(less than 5 nm in Si at 244 nm) allows probing very thin films. However, much

stronger absorption of UV radiation can cause significant local heating and

potential damage to a material, and care must be taken to avoid these effects,

especially when using a microscope, since the laser power density can be much

higher than in macro-configuration. For ferroelectric oxide materials, potential

laser damage is not an issue for the power levels used in spectroscopy and

microscopy. However, local heating effect should be avoided as it can introduce

an error when determining phase transition temperatures from spectral data.

Using low or moderate power densities (below 10 W/cm2) is usually sufficient

to avoid the laser-induced heating effects even in silicon, which has about ten

times stronger absorption in the UV range compared to ferroelectric oxides such

as SrTiO3 or BaTiO3 [141].

Recent results of Raman studies utilizing the advantages of ultraviolet excitation

for probing nanoscale ferroelectric heterostructures and ultrathin films are reviewed

in the next section.

5 Key Research Findings

5.1 Applications of Ultraviolet Raman Spectroscopy to
Characterization of Ferroelectric Nanostructures:
BaTiO3/SrTiO3 Superlattices

Until recently, UV Raman spectroscopy has not been widely used for ferroelectric

films because of the above mentioned technical difficulties such as lower through-

put efficiency, insufficient dispersion, and higher stray light level of UV Raman

spectrometers compared with those operating in the visible range. Recent progress

in UV Raman instrumentation has made measurement of ferroelectric ultrathin

films possible. First measurement of SrTiO3 films grown on Si using 325-nm
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excitation has been reported [135], however, only room temperature data were

presented, and ferroelectric properties were not discussed. Periodic layered

heterostructures – BaTiO3/SrTiO3 superlattices – were the first nanoscale ferro-

electric materials studied by UV Raman spectroscopy [43] using UV-optimized

triple spectrometers with a multichannel-coupled charge-device detector. The

spectrometer (Horiba Jobin Yvon T64000) employed a triple monochromator

to provide high-resolution and effective stray light reduction. The 351.1-nm line

of an Ar+ laser and the 325-nm line of a He–Cd laser were used for excitation, and

optical paths were optimized to improve the throughput. With these setups, Tenne

et al. measured Raman scattering in BaTiO3/SrTiO3 superlattices as thin as 24 nm,

and in single-layer BaTiO3 films as thin as 1.6 nm, that is, four unit cells

(Sect. 5.3).

The [(BaTiO3)n/(SrTiO3)m] � N superlattice samples were grown by reactive

molecular beam epitaxy (MBE) on TiO2-terminated (001) SrTiO3 substrates. (Here

n and m refer to the thickness, in unit cells, of the BaTiO3 and SrTiO3 layers,

respectively; N is the total number of periods.) The n and m values were controlled

in situ using reflection high-energy electron diffraction oscillations during growth,

and confirmed by X-ray diffraction (XRD) and in some samples by high-resolution

transmission electron microscopy (HRTEM) [141]. XRD showed excellent epitaxy

and crystallinity in the superlattice samples, with all superlattice peaks present in

the y–2y scan. HRTEM images showed atomically sharp BaTiO3/SrTiO3 interfaces

and accurate periodicity. Growth and structural characterization is described in

detail by Soukiassian et al. [56]. According to XRD results, all samples studied

were commensurate to the SrTiO3 substrate (a¼ 3.905 Å), meaning that the SrTiO3

layers are strain-free and the BaTiO3 layers are under 2.2% compressive biaxial

strain (a¼ 3.992 Å in bulk BaTiO3 at room temperature), except for a 200-nm-thick

superlattice [(BaTiO3)8/(SrTiO3)4] � 40, in which the strain is partially relaxed

(a ¼ 0:3946 Å in-plane). In this case, the SrTiO3 layers are under biaxial tensile

strain and the BaTiO3 layers are under biaxial compressive strain.

Figure 21.2 shows room temperature spectra of two SLs, [(BaTiO3)5(SrTiO3)4]�
25 and [(BaTiO3)8/(SrTiO3)4] � 10 compared to the spectra of BaTiO3 single

crystals in the three different ferroelectric phases and the SrTiO3 substrate spectra

at 295 and 5 K. The phonon mode assignment is made by comparison with the

spectra of SrTiO3 and BaTiO3 single crystals. Bulk BaTiO3 and SrTiO3 have the

same cubic perovskite structure in the high-temperature phase, however, they

exhibit different behaviors at lower temperatures. BaTiO3 undergoes 3 consecutive

phase transitions from a cubic 3mm to a tetragonal 4mm phase at 403 K, then to an

orthorhombic 2mm phase at 278 K, and to a rhombohedral 3m phase at 183 K [136].

The three low-temperature phases are ferroelectric, and can be distinguished by

their characteristic Raman spectra [20]. Bulk SrTiO3 is an incipient ferroelectric

(quantum paraelectric), in which the ferroelectric phase transition is suppressed by

quantum fluctuations [142]. An antiferrodistortive cubic-tetragonal phase transition

occurs in SrTiO3 at 105 K, which involves the rotation of the Ti–O octahedra.

The resulting tetragonal structure 4/mmm is still centrosymmetric and, hence, not

ferroelectric.
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The perovskite structure has five atoms per unit cell, therefore, there are 12

optical vibrational modes. In the cubic 3mm phase, the zone center optical phonons

belong to 3F1u + 1F2u irreducible representations. Each of the Fu modes is triply

degenerate, and all of them are of odd parity with respect to the inversion, therefore,

forbidden in the first order Raman scattering. The F1u modes are infrared active,

while the F2u modes are silent. Upon transition from the cubic to the tetragonal

phase the F1u modes split into A1 and E modes, and the F2u phonons give rise to B1

and E modes. The E modes are doubly degenerate. In the orthorhombic phase, the

optical phonons belong to A1, A2, B1, and B2 symmetry. In the lowest-temperature,

rhombohedral phase, the modes originating from the cubic F1u phonons are split

into A1 and E modes, while the F2u vibrations produce A2 and E modes. The

symmetric A1 and E modes are Raman-active. Also, in polar crystals, which

perovskite oxides belong to, long-range electrostatic interaction results in addi-

tional splitting of each optical phonon branch into transverse (TO) and longitudinal

(LO) modes. Since SrTiO3 remains paraelectric and centrosymmetric down to 5 K,

its phonons remain Raman inactive, and the spectra of SrTiO3 bare substrate are

dominated by the second-order (two-phonon) Raman features [86]. However, the

antiferrodistortive phase transition at 105 K leads to the appearance of sharp peaks

of R modes in the low-temperature spectra (labeled R in Fig. 21.2). Those are the

zone-edge (R point) phonons, which become Raman active via double folding of

the Brillouin zone.

Fig. 21.2 Raman spectra of

the [(BaTiO3)5(SrTiO3)4] �
25 and [(BaTiO3)8/(SrTiO3)

4]� 10 superlattices at 295 K,

measured with 351.1-nm laser

line. The spectra of BaTiO3

single crystals at 295, 190,

and 100 K, corresponding to

tetragonal, orthorhombic, and

rhombohedral phases,

respectively, and the spectra

of SrTiO3 single crystals at

295 and 5 K are shown for

comparison. The bulk crystal

spectra were measured with

the 514.5-nm laser line (After

Tenne et al. [141])
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The top two spectra in Fig. 21.2 are typical of the UV Raman spectra of BaTiO3/

SrTiO3 SLs below Tc, exhibiting strong first order (single-phonon) peaks as labeled
in the figure. (Weak second-order (two-phonon) features from the SrTiO3 substrate

can be seen between 600 and 700 cm�1 and as a background in the range

200–500 cm�1). The lines at about 290 cm�1 have similar positions and shapes to

the TO2 modes of A1 symmetry of BaTiO3 in the tetragonal phase, thus are assigned

to the BaTiO3 phonons, indicating that the BaTiO3 layers in the SLs are tetragonal.

This is supported by the absence of the sharp peak at 310 cm�1 characteristic of the

orthorhombic and rhombohedral phases of BaTiO3, but not pronounced in the

tetragonal phase. It should be noted that the spectra of superlattices, and thin

films described in this and following chapters were measured in backscattering

geometry in both parallel zðx; xÞz and perpendicular zðx; yÞz polarization configu-

rations, where z || (001) (normal to the film surface), x and y are in-plane directions,
for example, (100) and (010). (In Porto notation used here, the letters outside the

brackets indicate the propagation directions of the incident and scattered light, and

the inside letters refer to the polarization directions of the incident and scattered

light, respectively.) However, it was found that the polarized signal dominates the

spectra, while almost no signal was observed in zðx; yÞz geometry. Therefore,

although the spectra shown here and in the following sections are unpolarized,

the dominant contribution comes from zðx; xÞz configuration, in which A1 (LO)

modes are active. The presence of the A1(TO) modes is likely due to deviations

from true backscattering along (001) direction.

The frequencies of several phonon branches in SrTiO3 and BaTiO3 are close to

each other, and the phonons are not expected to be strongly localized within the thin

SrTiO3 and BaTiO3 layers. Such vibrations extend through the whole superlattice.

This is the case for the LO3 and the TO4 modes, observed at about 478 and

530 cm�1, respectively.

The line at about 180 cm�1 is attributed to the SrTiO3-like TO2 phonons. Its

position corresponds closely to the TO2 line in the electric-field-induced Raman

spectrum of SrTiO3 crystals [87] and the weak feature in the 5 K spectrum of the

SrTiO3 single crystal. (The first-order Raman lines are visible in these cases

because the electric field and defects break the inversion symmetry in the SrTiO3

crystals.) The 180 cm�1 line is not from the SrTiO3 substrate because the first-order

Raman lines are symmetry-forbidden in bulk SrTiO3. In fact, even the much

stronger second-order features of the substrate at 230 and 610 cm�1 are barely

seen in the UV Raman spectra. Although BaTiO3 also has a feature due to the TO1

mode of A1 symmetry at about the same position (177 cm�1), at room temperature

(in the tetragonal phase) that feature is about 15–20 times weaker compared with

the TO2 and TO4 lines, and it has a characteristic interference dip due to the

coupling of the TO1 and TO2 modes of A1 symmetry [85]. The 180 cm�1 line

observed in the spectra of the superlattices is of the same order of magnitude in

intensity as the TO2 and TO4 lines of BaTiO3 and does not have the dip character-

istic of BaTiO3. Therefore, although the contribution of the BaTiO3 layers cannot

be absolutely ruled out, we believe this line should be attributed to the phonons of

the SrTiO3 layers in the superlattices. The observation of the first-order Raman
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scattering by SrTiO3 phonons indicates that the inversion symmetry is broken, and

the SrTiO3 layers in the superlattices are polar. In this case, the polarization in the

unstrained SrTiO3 layers is induced by neighboring ferroelectric BaTiO3 layers.

Doublets of folded longitudinal acoustic (LA) phonons due to the superlattice

periodicity [143] can also be seen in the Raman spectra of the SLs (indicated by

arrows in Fig. 21.2). The positions of the doubled peaks agree well with the first

doublet frequencies calculated within the elastic continuum model [144]. The

observation of the LA phonon folding suggests that these superlattices possess

the requisite structural quality for acoustic Bragg mirrors and cavities to be used for

potential coherent phonon generation applications [145–147].

Studying the temperature evolution of UV Raman spectra was demonstrated to be

an effective approach to determine the ferroelectric phase transition temperature Tc in
ferroelectric ultrathin films and superlattices, which is a critical but challenging step

for understanding ferroelectricity in nanoscale systems. The Tc determination from

Raman data is based on the above mentioned fact that perovskite-type crystals have

no first order Raman active modes in paraelectric phase. Therefore, Raman intensities

of the ferroelectric superlattice or thin film phonons decrease as the temperature

approaches Tc from below and disappear upon transition into paraelectric phase.

Above Tc, the spectra contain only the second-order features, as expected from the

symmetry selection rules. This method was applied to study phase transitions in

BaTiO3/SrTiO3 superlattices. Figure 21.3 shows the temperature evolution of Raman

spectra for two BaTiO3/SrTiO3 superlattices. From the shapes and positions of the

BaTiO3 lines it follows that the BaTiO3 layers remain in ferroelectric tetragonal

Fig. 21.3 Temperature

evolution of UV Raman

spectra of SLs

[(BaTiO3)5(SrTiO3)4] � 25,

and [(BaTiO3)8(SrTiO3)4] �
10 ((a) and (b), respectively).
The arrows mark the

superlattice phonon peaks,

whose intensities decrease as

the temperature increases and

disappear at Tc. After Tenne
and Xi [107]
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phase at all temperatures below the Tc, that is, the low-temperature phases (ortho-

rhombic and rhombohedral) characteristic for bulk BaTiO3 are suppressed by com-

pressive strain imposed on the BaTiO3 layers by the SrTiO3 substrate. The intensities

of the first-order superlattice phonons decrease as the temperature increases and

disappear at Tc. Above Tc, the spectra contain only the second-order features as

expected from the symmetry selection rules. When the BaTiO3 layers are

paraelectric, the induced polarization in the SrTiO3 layers also disappears.

By plotting the first-order Raman intensity as a function of temperature, one

can determine Tc accurately as the temperature where the intensity of the first-

order Raman peaks becomes zero, as shown in Fig. 21.4a and b. For the Tc

determination from the SLs spectra shown here, the TO2 and TO4 phonon lines

(shown by arrows in Fig. 21.3) are the most suitable because they do not

overlap with the second-order substrate features. (However, other optical

phonon modes can be used in the same manner, provided that they are clearly

observed in the spectra of the ferroelectric phase.) The results, with the

phonon intensities normalized by the Bose factor nþ 1 ¼ ð1� expð��ho=kTÞÞ�1

and divided by the intensities of corresponding peaks at 5 K, are shown for

four SLs: [(BaTiO3)2(SrTiO3)4] � 40, [(BaTiO3)5(SrTiO3)4] � 25,

[(BaTiO3)8(SrTiO3)4] � 40, and [(BaTiO3)8(SrTiO3)4] � 10. Sample

[(BaTiO3)8(SrTiO3)4] � 40 is partially relaxed (remaining compressive strain in

BaTiO3 layers is�1%), while the other samples are commensurate with the SrTiO3

substrate. Both TO2 and TO4 phonons show similar behaviors and the dashed-

dotted lines are linear fits to the average of the two modes. The linear fit corresponds

to a parabolic decrease of polarization with temperature approaching Tc from

below, since Raman intensity is proportional to the square of atomic displacement.

The intersection of a dash-dotted line with the horizontal axis is taken as the Tc of
the sample.

In comparison with the values of Tc determined from Raman data, the temper-

ature dependence of ferroelectric polarization calculated using a thermodynamic

phase-field model [148] is plotted in Fig. 21.4c and d for the same samples as in

Fig. 21.4a and b. The model assumed the BaTiO3 and SrTiO3 layers in the SLs to

possess their respective bulk elastic and thermodynamic properties. The in-plane

lattice constant was commensurately constrained to the SrTiO3 substrate except for

the partially relaxed case, and the top surface is stress-free, and a short-circuit

electrostatic boundary condition was employed. The corresponding three-

dimensional time-dependent Ginzburg-Landau equations were then numerically

solved using the perturbation method with semi-implicit Fourier-spectral algo-

rithms [149]. More detail on the phase field modeling can be found elsewhere

[148, 150, 151]. The result reveals a spontaneous polarization along the growth

direction with multiple 180� domains in the BaTiO3 layers, which induces polar-

ization in the adjacent SrTiO3 layers whose magnitude and distribution vary with

the thickness and domain size of the BaTiO3 layers. The spontaneous polarization

in the BaTiO3 layers becomes zero at Tc, and the predicted Tc values agree well with
those from the Raman data. This is remarkable considering that no fitting param-

eters from the Raman experiments are used in the calculations.
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Figure 21.5 shows the Tc in superlattices determined by the Raman data,

variable-temperature XRD, and the phase-field model, as a function of the

BaTiO3 and SrTiO3 layer thicknesses. The XRD measurements provide data on

the temperature dependence of the lattice parameters, and the observed noticeable

change in the slope of the out-of-plane c-axis lattice parameter due to the

Fig. 21.4 Temperature dependencies of normalized Raman intensities of TO2 (solid triangles)
and TO4 (open triangles) phonons for (a) SLs [(BaTiO3)2(SrTiO3)4] � 40 and

[(BaTiO3)5(SrTiO3)4] � 25; (b) SLs [(BaTiO3)8(SrTiO3)4] � 40 and [(BaTiO3)8(SrTiO3)4] �
10. The dash-dotted lines are fits to linear temperature dependence. (c) and (d) – three-dimensional

phase-field model calculations of polarization as a function of temperature in the same superlattice

samples. Polarization is given as a fraction of the polarization of bulk BaTiO3, P0 ¼ 0.26 C/m2

(After Tenne et al. [43])
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development of spontaneous polarization in the superlattice is an indication of Tc
[141, 151]. The Tc values obtained from XRD agree well with Raman results. As

Fig. 21.5 shows, UV Raman spectroscopy results demonstrated that BaTiO3 layers

in the superlattices are ferroelectric even when their thickness is only one unit cell,

with Tc as high as 250 K. These ultrathin BaTiO3 layers are not only ferroelectric,

but are able to polarize the much thicker adjacent non-ferroelectric SrTiO3 layers.

Tc increases with increasing BaTiO3 layer thickness n as the dipole-dipole interac-

tion in BaTiO3 layers becomes stronger, while large SrTiO3 layer of thickness m
suppresses Tc by reducing the coupling between the BaTiO3 layers. By changing the

values of n and m, Tc was tuned from �150 to 640 K, that is, from 250 K below to

240 K above the bulk value of BaTiO3 (403 K). The higher-than-bulk Tc is due to
the strain in the BaTiO3 layers, just as strain enhances Tc in single-layer ferroelec-

tric films [23, 24, 30]. When the strain is partially relaxed in sample

[(BaTiO3)8(SrTiO3)4] � 40, Tc drops to 440 K, almost to the bulk BaTiO3 value

(see Fig. 21.4b, d). The partial relaxation leads to the inhomogeneous strain

distribution in the superlattice, so XRD does not provide the information about Tc
[151], since the temperature dependence of the c lattice parameter does not exhibit

a noticeable change in the slope. Raman spectroscopy has a certain advantage here,

yielding an average value of Tc (Fig. 21.4b). However, the effect of strain on the

phase diagram of superlattices could be better investigated if the superlattices were

subject to coherent strain of variable magnitude. With recently developed novel

rare earth scandate substrates ReScO3 (Re ¼ Gd, Dy, Sc, and other lanthanide

elements) [152, 153], such a systematic variation of strain state in superlattices

becomes possible. These scandates have pseudocubic lattice constants that can be

tailored in approximately 0.01 Å steps from 3.93 Å (for HoScO3) to 4.05 Å (for

LaScO3) by varying the Re element [152]. This is the range of lattice constant of

Fig. 21.5 Tc dependence on
layer thicknesses n and m in

superlattices (BaTiO3)n/

(SrTiO3)m. Blue triangles and
red circles are for m ¼ 4 and

m ¼ 13, respectively. Open
squares show the values

obtained from variable

temperature X-ray diffraction

measurements. Solid lines are
from the three-dimensional

phase-field model

calculations, dashed lines –
simulations assuming a single

domain in the BaTiO3 layers.

The dash-dotted line shows Tc
in bulk BaTiO3 (After Li et al.

[150])
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many perovskite ferroelectrics including BaTiO3, (tetragonal at room temperature

with a ¼ 3.9920 Å, c ¼ 4.0361 Å), and SrTiO3, (cubic, a ¼ 3.905 Å) [136].

Utilizing these substrates allows varying the in-plane lattice constant from 3.905 Å

(SrTiO3 substrate; BaTiO3 under 2.2% compressive biaxial strain, SrTiO3

unstrained) to 3.99 Å (SmScO3 substrate; BaTiO3 nearly unstrained, SrTiO3

under 2.2% tensile strain) and further to 4.016 Å (NdScO3 substrate; both BaTiO3

and SrTiO3 under tensile strain). Growth of BaTiO3/SrTiO3 superlattices of very

high structural quality on some of these substrates was recently demonstrated [56],

and preliminary data show potential of UV Raman spectroscopy for characteriza-

tion of phase diagram in these structures.

Comparison of the experimental results with the phase-field model calculations

shows that the three-dimensional phase-field model allowing domain formation

(180� domains for the case of fully coherently strained superlattices on SrTiO3

substrates) provides a good description of the Raman data, while simulations

assuming a single domain in the BaTiO3 layers yield significantly lower Tc,
especially for thicker SrTiO3 layers (m ¼ 13). This demonstrates the importance

of taking into consideration multiple domains for more accurate description of

ferroelectric properties, in particular, prediction of the phase transition temperature

in better agreement with the experimental data. UV Raman spectroscopy results

supported by the phase fields modeling allow to conclude that ferroelectricity can

be very strong in one-unit-cell thick BaTiO3 layers (Tc � 250 K for n/m ¼ 1/4, see

Fig. 21.5). The electrical boundary conditions play a critical role. With the highly

polarizable SrTiO3 in contact with the BaTiO3 layers, the critical thickness is

reduced to a single unit cell. Meanwhile, the mechanical boundary condition

imposed by the SrTiO3 substrate leads to strain in the BaTiO3 layers and thus

enhanced ferroelectricity. The interplay between the electrical and mechanical

boundary conditions enables the tuning of Tc by nearly 500 K. This interplay was

further explored in single-layer BaTiO3 films (Sect. 5.3).

5.2 Three-Component BaTiO3/SrTiO3/CaTiO3 Superlattices

Similar to binary BaTiO3/SrTiO3 superlattices described in the previous section,

UV Raman spectroscopy was applied to studies of three-component SrTiO3/

BaTiO3/CaTiO3 short-period superlattices, combining ferroelectric BaTiO3, and

non-ferroelectric titanates, SrTiO3 and CaTiO3 [154]. Synthesis of such structures

by molecular beam epitaxy [55] and high-precision pulsed laser deposition [25] was

recently reported. Use of CaTiO3 (bulk pseudocubic lattice constant a ¼ 3.83 Å)

and BaTiO3 (a ¼ 3.9920 Å) in combination with SrTiO3 can result in a superlattice

growing commensurately on SrTiO3 substrate (a¼ 3.905 Å). In such a superlattice,

the constituent BaTiO3 and CaTiO3 layers are subject to significant epitaxial strain

of opposite signs. Due to the strong coupling between strain and polarization in

ferroelectrics, this can result in substantial enhancement of the polarization relative

to that of the bulk constituents, as has been observed experimentally [25] and

demonstrated theoretically [26, 27].
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UV Raman experiments were performed on a series of three-component SrTiO3/

BaTiO3/CaTiO3 superlattices, focusing on the temperature evolution of the vibra-

tional spectra and the phase transition behavior. The superlattices with atomically

smooth interfaces were grown on SrTiO3 (001)-oriented substrates with SrRuO3

buffer layers by pulsed laser deposition with atomic-layer precision by Lee et al.

[25] As in the case of MBE growth of binary superlattices (previous section), the

deposition process was monitored by reflection high energy electron diffraction.

The samples were characterized by atomic force microscopy (AFM), high resolu-

tion scanning transmission electron microscopy (STEM), XRD, and reciprocal

space mapping (RSM) [25]. AFM and STEM data demonstrated high structural

quality of both the superlattices and underlying SrRuO3 layers: the single-

monolayer terrace steps on both the SrRuO3 surface and on the top SL surface

after the growth, and abrupt interfaces between the layers. The y–2y XRD scans

show excellent diffraction patterns with all the superlattice peaks present, thus

confirming the designed periodicity of the SLs. The SLs (SrTiO3)1/(BaTiO3)m/

(CaTiO3)n SLs are labeled SlBmCn (l, m, and n are thicknesses of SrTiO3,

BaTiO3, and CaTiO3 layers, respectively (in unit cells)).

RSM data were used to examine the strain state of the SLs and SrRuO3 buffer

layers, and demonstrated that the SrRuO3 layers in the samples studied were

commensurate with SrTiO3 substrates. Also, RSM data showed that the SLs with

BaTiO3 layer thickness not exceeding the combined thickness of SrTiO3 and

CaTiO3 layers were coherently strained; the SLs with thicker BaTiO3 layers were

partially relaxed [25, 154]. While the S2B6C2 SL is still nearly fully strained (strain

in BaTiO3 layers is still 2.15%), the S2B8C2 structure was significantly relaxed

(strain decreased by 1.21%) [154]. All the SLs studied had the total thickness of

200 nm, which was more than enough to completely block the UV light used

(325 nm) from penetrating into the SrRuO3 layers and the substrate, so only the

superlattice signal was observed in Raman spectra. A 200-nm-thick BaTiO3 film

grown using the same technique was also studied for comparison. This film was

fully relaxed due to its large thickness.

Figure 21.6a shows the low temperature (30 K) UV Raman spectra of SrTiO3/

BaTiO3/CaTiO3 SLs and the 200-nm-thick BaTiO3 film. All the SLs studied are

ferroelectric at low temperatures, and the first-order Raman peaks of superlattice

phonons are seen in the spectra. The peaks of optical phonons are identified and

labeled similarly to the case of binary superlattices BaTiO3/SrTiO3. The peaks at

about 290 cm�1 in the spectra of fully or nearly fully strained SLs (top five spectra

in Fig. 21.6a) have similar positions and shapes to the TO2 modes of A1 symmetry

of BaTiO3 in the tetragonal phase, although there is probably a contribution of TO3

and LO2 modes observed in the spectra of bulk BaTiO3 [85] at 304–308 cm�1.

Similar features are characteristic for the spectra of bulk and thin film BaTiO3

[85, 100]. Therefore, these peaks are assigned to the BaTiO3 phonons (note that this

feature is almost absent in the spectra of the sample S1B1C1 having the smallest

BaTiO3 content). One can conclude then that BaTiO3 layers are likely tetragonal in

these SLs, which is reasonable because BaTiO3 layers are compressively strained,

like in the case of binary BaTiO3/SrTiO3 SLs grown on SrTiO3 substrates.
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The line at �180 cm�1 in the SL spectra, also observed in BaTiO3/SrTiO3 SLs,

is similarly attributed to the first-order Raman scattering by SrTiO3-like TO2

phonons in SLs (see previous section). BaTiO3 also has a TO1 mode of A1

symmetry at about the same position (177 cm�1), and CaTiO3 has phonons in this

frequency range, too [155]. Therefore, this phonon is likely not localized within

thin SrTiO3, BaTiO3 or CaTiO3 layers. These vibrations likely involve the atoms of

the neighboring layers of other materials, so they belong to the whole superlattice.

This is also the case for the LO3 mode, observed at about 485 cm�1, which has

nearly the same frequency in these materials, and the peak of TO4 phonon observed

at about 540–545 cm�1. The frequencies of the TO4 phonons in bulk BaTiO3,

SrTiO3, and CaTiO3 are also close (522, 545 and 547 cm�1, respectively) and can

be even closer in the superlattices studied because of strain.

The broad feature assigned to the LO4 phonons was observed in the range

700–800 cm�1. In bulk BaTiO3, this feature is seen at about 720 cm�1, while in

SrTiO3 [98] and CaTiO3 [155] its frequency is significantly higher, �795 cm�1.

Therefore, this phonon can be considered as localized either in BaTiO3 or in SrTiO3

and CaTiO3 layers. The individual contributions of BaTiO3 and SrTiO3 + CaTiO3

layers are hard to distinguish because the spectral line is broad. However, one can

Fig. 21.6 (a) Low-temperature (30 K) UV Raman (li ¼ 325 nm) spectra of SrTiO3/BaTiO3/

CaTiO3 superlattices and a 200-nm-thick BaTiO3 film. (b) Temperature evolution of Raman

spectra for (SrTiO3)2/(BaTiO3)4/(CaTiO3)2 superlattice. Arrows indicate Raman peaks used for

Tc determination (After Tenne et al. [154])
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see that the peak shifts toward lower frequencies in SLs with larger BaTiO3 content.

As the BaTiO3 layer thickness increases, the structures become partially relaxed,

and the spectra closely resemble that of single BaTiO3 film (compare two bottom

spectra in Fig. 21.6a).

Raman spectra as a function of temperature are shown in Fig. 21.6b for the

C2B4S2 SL. Other superlattices exhibit similar temperature evolution of Raman

spectra. These data were used to determine Tc using the same approach as described

in the previous section, based on the fact that cubic centrosymmetric perovskite-

type crystals have no first-order Raman active modes in the paraelectric phase. The

temperature evolution of Raman spectra has indicated that all SLs remain in the

tetragonal ferroelectric phase with out-of-plane polarization in the entire tempera-

ture range below Tc. The Tc determination is illustrated in Fig. 21.7 for three of the

SLs studied: S1B1C1, S2B4C2, and S1B3C1. Again, the normalized intensities of

the TO2 and TO4 phonon peaks (marked by arrows in Fig. 21.6b) were used. In the

three-component SLs studied, a structural asymmetry is introduced by the presence

of the three different layers, BaTiO3, SrTiO3, and CaTiO3, in each period. There-

fore, the phonon peaks should not disappear from the spectra completely upon

transition to the paraelectric phase at Tc. Raman intensity should rather drop to

some small but non-zero value. However, this inversion symmetry breakdown

appears to have a small effect in terms of atomic displacement patterns associated

with phonons, and this residual above-Tc Raman intensity appears too small to be

detected. Therefore, the observed temperature evolution of Raman intensities

shows a behavior similar to that of symmetric two-component superlattices.

Figure 21.8 summarizes the results of the Tc determination for all the SLs plotted

as a function of the thickness ratio R ¼ dBT
dSTþdCT

, where dBT, dST, and dCT are the

thicknesses of BaTiO3, SrTiO3, and CaTiO3 layers, respectively. Raman results

Fig. 21.7 Temperature

dependencies of normalized

Raman intensities of TO2

(solid symbols) and TO4

(open symbols) phonons for
three CaTiO3/BaTiO3/SrTiO3

superlattices. The dash-dotted
lines are fits to a linear

temperature dependence

(After Tenne et al. [154])
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have demonstrated that even the SLs having the ferroelectric BaTiO3 layers as thin

as 1 unit cell (S1B1C1) are ferroelectric with Tc near room temperature (283 K, as

determined from Raman data). Significant variation in Tc was observed; the SLs

with the highest fraction of ferroelectric BaTiO3 layers respective to non-

ferroelectric SrTiO3 and CaTiO3 layers have the highest Tc, provided that BaTiO3

layers remain fully (or nearly fully) strained. Strain relaxation causes a drastic

decrease in the ferroelectric phase transition temperature, as demonstrated by the

rightmost point in Fig. 21.8. It corresponds to the sample with the largest BaTiO3

fraction (S2B8C2), but it is significantly relaxed, hence Tc decreases. These results
correlate with the data on ferroelectric polarization in these SLs. As reported by Lee

et al. [25], the strongest polarization enhancement was also observed in fully

strained SLs with the largest ratio R.

5.3 Size Effect on Phase Transitions in Strained Ultrathin BaTiO3

Films

One of the remarkable demonstrations of the capabilities of ultraviolet Raman

spectroscopy to probe extremely thin ferroelectric oxide layers reported so far has

been its application for studies of ultrathin BaTiO3 films [48]. In order to investigate

the size effect on the ferroelectric phase transitions, variable temperature UV

Raman spectroscopy was applied to studies of a series of BaTiO3 films with layer

thicknesses varied from 1.6 to 10 nm (4–25 unit cells).

Strained BaTiO3 films were grown by molecular-beam epitaxy on TiO2-

terminated (001) SrTiO3 substrates, monitoring the growth by reflection high

Fig. 21.8 Results of Tc
determination from Raman

data for three-component

CaTiO3/BaTiO3/SrTiO3 SLs

studied. Tc is plotted as

a function of the thickness

ratio dBT (dST + dCT). Dashed
line is guide to an eye (After

Tenne et al. [154])
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energy electron diffraction. Both uncapped BaTiO3 films and the same thickness

films capped with 10 nm of SrTiO3 were studied. The samples have been studied by

synchrotron X-ray scattering using the Advanced Photon Source at Argonne

National Laboratory. Synchrotron X-ray data showed that all but the 10-nm-thick

samples were commensurate to the SrTiO3 substrates, which implies 2.2% biaxial

compressive strain in the BaTiO3 films. In the 10-nm films, slight strain relaxation

(less than 0.5% of the BaTiO3 volume) occurred.

Raman spectra were measured in a broad temperature range (10–950 K). 325-nm

laser line, used for excitation, provided short enough penetration depth and no

thermal background at high temperatures. Room temperature spectra of four

BaTiO3 films and a bare SrTiO3 substrate are shown in Fig. 21.9. The BaTiO3

films studied were too thin to absorb the UV light completely, and all spectra

contain broad second-order Raman features of SrTiO3 substrates in the ranges

200–500 and 600–750 cm�1 [86]. However, in the 10, 5, and 2.4 nm-thick films,

the first-order Raman peaks of BaTiO3 are clearly seen, indicating that the films are

Fig. 21.9 Room temperature

Raman spectra of four

BaTiO3 ultrathin films on

SrTiO3 substrates compared

to the spectrum of a bare

substrate. Arrows mark the

phonon peaks of the BaTiO3

films. The inset shows Raman

spectra of 1.6-nm-thick

BaTiO3 film and SrTiO3

substrate measured at 10 K,

and the difference between

the two spectra (After Tenne

et al. [48])
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polar at room temperature. Thinner, 2 and 1.6-nm-thick BaTiO3 films are still

paraelectric and do not exhibit the first-order Raman scattering at room temperature

(the 295 K spectrum of the 2-nm film shown in Fig. 21.9 contains the second-order

peaks only). However, even these thinnest films become ferroelectric at low temper-

atures, around 60–70 K. The inset to Fig. 21.9 shows the spectra measured at 10 K

from the 1.6-nm-thick BaTiO3 film, bare substrate, and the difference spectrum,

clearly indicating the presence of BaTiO3 peaks. Positions of the observed phonon

peaks (labeled in Fig. 21.9) are characteristic to the spectra of tetragonal BaTiO3,

indicating that BaTiO3 layers are tetragonal in these strained films.

Variable-temperature Raman spectra for the 2.4-nm-thick BaTiO3 film is shown

in Fig. 21.10. Other films exhibit similar temperature evolution. As can be seen, the

peak positions and lineshapes remain nearly unchanged with increasing tempera-

ture. Hence, the films remain in the single ferroelectric phase (tetragonal) and the

low-temperature orthorhombic and rhombohedral phases characteristic for bulk

Fig. 21.10 Temperature

evolution of Raman spectra of

a 2.4-nm-thick BaTiO3 film

on a SrTiO3 substrate. Arrows
mark the phonon peaks of the

film used for Tc determination

(After Tenne et al. [48])

21 UV Raman Spectroscopy of Nanoscale Ferroelectric Thin Films and Superlattices 611



BaTiO3 are suppressed by biaxial compressive strain, which stabilizes the tetrag-

onal c phase. Similar behavior was also observed in compressively strained

BaTiO3/SrTiO3 superlattices described in Sect. 4.1.

Raman spectra measured as a function of temperature allow ferroelectric phase

transition Tc to be determined, by plotting the first-order Raman intensity as

a function of temperature as described in Sect. 4.1. This is illustrated in

Fig. 21.11 for two of the films studied. In this case, the most distinct lines due to

the phonons of BaTiO3 films were observed at about 175–185, 475, and 540 cm�1,

and attributed to TO2 + LO1, LO3, and TO4 modes of A1 symmetry, respectively.

These peaks can be used for Tc determination; the normalized intensities of the first

two peaks as a function of temperature are shown in Fig. 21.11.

Figure 21.12 summarizes the results of the Tc determination for all the samples as

a function of BaTiO3 film thickness. Even the films containing only four monolayers

of BaTiO3 are ferroelectric with Tc �70 K. Raman data demonstrate the dramatic

effect of BaTiO3 film thickness on Tc. The latter varies over a very broad range, from
70 to about 925 K (more than 500 K above the bulk BaTiO3 value), as the film

thickness increases from 1.6 to 10 nm, provided that the films remain fully (or nearly

fully) strained. This is the case even for the 10-nm-thick films (less than 0.5% of the

film volume is relaxed, as follows from synchrotron X-ray scattering data).

Synchrotron X-ray scattering results indicated the presence of 180� domains in

the 2.4, 4.0, and 10-nm-thick BaTiO3 films capped with 10-nm SrTiO3. Similar to

the results obtained for PbTiO3 films [38, 156], diffuse intensity induced by the

periodic nature of the ferroelectric 180� domains appeared in the scattering around

the BaTiO3 Bragg peaks [48]. In particular, for the 10-nm-thick capped film the

diffuse intensity was absent at 950 K, but it was present at 870 K and below,

yielding a Tc value consistent with Raman results. Similar diffuse scattering was

observed for the 4.0- and 2.4-nm-thick capped samples at room temperature, while

Fig. 21.11 Temperature

dependencies of normalized

Raman intensities of the

peaks at �180 and 540 cm�1

for 2.4- and 10-nm-thick

BaTiO3 films capped with

10-nm SrTiO3. The dash-
dotted lines are linear fits
(After Tenne et al. [48])
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the data for 2.0 and 1.6 nm films provided no evidence for diffuse scattering,

suggesting that Tc was below room temperature for these films, also consistent

with Tcs obtained from Raman data. While the satellites were not clearly observed

for the uncapped BaTiO3 samples, this may be due to the existence of nonperiodic

domains or domain periods larger than observable by the experimental resolution

(�80 nm). Raman spectra and their temperature evolution for uncapped and capped

BaTiO3 films show almost no difference in terms of the shape and relative intensity

of phonon peaks. This indicates that both for capped and uncapped films have

similar ferroelectric properties. The Tc values are pretty close for capped and

uncapped of the same BaTiO3 thickness, being slightly higher for capped films.

Observed Tc for the thickest, 10-nm films (925 K) approaches the value obtained

from the phase diagram calculated without considering the finite thickness effect

[22] at the relevant strain, �2.2% (�1000 K). For thinner films the size effect

becomes significant and causes a dramatic decrease in Tc. Figure 21.12 also shows

the result of the phase-field model calculation of Tc in BaTiO3 films clamped to

SrTiO3 substrates as a function of film thickness. The time-dependent Ginzburg-

Landau equations [22] have been used, considering open circuit electrostatic

boundary conditions, corresponding to the case of the films with no electrodes,

studied here. The result agrees very well with Raman spectroscopy data, as one can

see in Fig. 21.12. Comparing Raman results with other calculations of the phase

diagrams of ultrathin BaTiO3 films for ideal short-circuit electrical boundary

conditions [157, 158], films with imperfect-screening metal electrodes [156], and

under open-circuit conditions [159], a good agreement with the latter calculations

was found. (Tc value for 2.4-nm BaTiO3 films is 370 K from Raman data presented

here and �380 K from Fig. 21.3 of Ref. [159], extrapolated to �2.2% strain).

Fig. 21.12 Ferroelectric

phase transition temperature,

Tc in strained BaTiO3 films on

SrTiO3 substrates as

a function of the film

thickness, as determined from

Raman data for all films

studied (symbols). The
dashed-dotted line is a result
of the phase-field model

calculation with open circuit

boundary conditions. Dotted
line shows Tc in bulk BaTiO3

(After Tenne et al. [48])
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5.4 Ferroelectricity in Strain-Free SrTiO3 Films: Effect of Non-
stoichiometry

Pure SrTiO3 is a well-known incipient ferroelectric (quantum paraelectric) mate-

rial, and in bulk remains paraelectric down to 0.3 K, where quantum fluctuations of

atomic positions suppress ferroelectric ordering [142]. Slight perturbations in the

lattice structure can, however, break the delicate balance of forces and lead to the

appearance of ferroelectric polarization. Ferroelectricity induced by strain [29, 30],

doping [161, 162], or oxygen isotope substitution [163] was reported. Recent study

[164] by Jang et al. reported a study of strained and strain-free SrTiO3 films by

dielectric, ferroelectric, optical, and nanoscale piezoelectric property measure-

ments. (001) SrTiO3 films were grown on (110) NdGaO3 and (001) SrTiO3 sub-

strates using pulsed-laser deposition (PLD) with in situ growth monitoring by

reflection high-energy electron diffraction. The lattice mismatch between

pseudocubic in-plane lattice parameters of the NdGaO3 substrate and SrTiO3

induced a biaxial compressive strain of �1:18% in a fully commensurate SrTiO3

film on this substrate, while the films grown on SrTiO3 were strain-free. For

electrical measurements, 60-nm-thick lattice-matched Sr0.2Ca0.8RuO3 electrodes

were used with the samples grown on NdGaO3 substrates; strain-free SrTiO3

films were deposited over 50-nm-thick SrRuO3 bottom electrodes.

By a direct comparison of the strained and strain-free SrTiO3 films using

temperature-dependent capacitance, ferroelectric polarization, Raman, second har-

monic generation, and piezoresponse force microscopy measurements, it was

demonstrated that both strained and strain-free SrTiO3 films are relaxor ferroelec-

trics, and the role of strain is to stabilize longer-range correlation of preexisting

polar nanoregions. UV Raman results provided one of the key points of the study,

shedding light on the likely origin of these nanoregions. Figure 21.13a shows

Raman spectra of five SrTiO3-based materials: bulk single crystals, nearly stoichio-

metric and intentionally Sr-deficient 100-nm-thick homoepitaxial films grown on

SrTiOs substrates by molecular beam epitaxy, and two strain-free nominally stoi-

chiometric films (50- and 1000-nm-thick) grown on SrRuO3/SrTiO3 by pulsed laser

deposition. Figure 21.13b shows the temperature evolution of Raman spectra for the

50-nm-thick SrTiO3 film on SrRuO3/SrTiO3. The shape and temperature evolution

of Raman spectra of the MBE-grown strontium-deficient films are remarkably

similar to the spectra of PLD-grown nominally stoichiometric films that were

proved to be ferroelectric by a combination of techniques including the polarization

hysteresis loops measured by piezoresponse force microscopy [164].

The key result is the appearance of first order Raman scattering (forbidden in

centrosymmetric paraelectric phase) by optical phonon modes (TO2, LO3, TO4, and

LO4) in all the film systems. These phonon peaks are weak in the nearly stoichio-

metric MBE-grown film, and are the strongest in the non-stoichiometric

(Sr0.9TiO3�x) film with intentionally introduced large Sr deficiency. The nominally

stoichiometric PLD-grown SrTiO3 films also exhibit strong first order Raman

peaks; nearly identical behavior was observed in both 50- and 1000-nm-thick

films. The temperature evolution of Raman spectra (Fig. 21.13b) clearly indicates
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that the films remain polar up to �350 K, which is consistent with the optical

second harmonic generation and piezoresponse force microscopy observations

[164]. Chemical composition analysis of the 1000-nm-thick SrTiO3 film by wave-

length dispersive X-ray spectroscopy indicated that the film had a Sr/Ti ratio of

�0.97, being stoichiometric within experimental error. These findings indicate that

the most likely reason for the observed ferroelectricity is a small amount of

Sr-deficiency in our nominally stoichiometric SrTiO3 samples, which can lead to

the formation of polar nanoregions.

6 Summary and Future Perspective

Ultraviolet Raman spectroscopy has been proven to be an effective technique for

probing lattice dynamics and studying phase transformations in nanoscale ferro-

electric superlattices and ultrathin films. Advantages of ultraviolet excitation,

including shorter penetration depth, enhanced scattering intensity, and absence of

thermal radiation background at high temperatures, helped to obtain results

discussed in this chapter, which contributed to improved understanding nanoscale

Fig. 21.13 (a) UV Raman spectra of four SrTiO3 films and a bulk single crystal at 10 K. (1) and
(2): nominally stoichiometric 1000-nm and 50-nm-thick films grown on SrRuO3/SrTiO3 by pulsed

laser deposition; an intentionally Sr-deficient Sr0.9TiO3�x film (3) and a near-stoichiometric

SrTiO3 film (4) grown on SrTiO3 by molecular beam epitaxy. (b) Variable-temperature Raman

spectra of the film (2): 50-nm-thick SrTiO3 film on SrRuO3/SrTiO3 (After Jang et al. [164])
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ferroelectricity. UV Raman spectroscopy demonstrated that coherently strained

BaTiO3/SrTiO3 and CaTiO3/BaTiO3/SrTiO3 superlattices can be ferroelectric

even when the thickness of ferroelectric BaTiO3 layer is only one unit cell (4 Å),

and the ferroelectric phase transition Tc in superlattices varies largely depending on
layer thicknesses and strain.

In single-layer trained BaTiO3 films, using UV excitation allowed observation of

phonons in films as thin as 1.6 nm (4 unit cells), indicating that even such ultrathin

films become ferroelectric at low temperatures�70 K, if subject to sufficient strain.

Variable-temperature Raman spectroscopy showed Tc in these strained films to

vary in a very broad range as a function of layer thickness, being as high as�930 K

for the 10-nm-thick films, that is, exceeding the bulk BaTiO3 value by over 500�.
This demonstration of the size effect on the Curie temperature in BaTiO3 films, the

ability to adjust, measure, and understand tuning of the phase transition temperature

by nearly 900 K using strain and thickness is an example of the great utility of

ultraviolet Raman spectroscopy for studying nanoscale ferroelectrics and showing

an example of the dramatic modification of material properties in artificially

engineered epitaxial heterostructures.

UV Raman studies of ferroelectricity in strain-free non-stoichiometric and

nominally stoichiometric SrTiO3 films, in combination with dielectric, ferroelec-

tric, nonlinear optical and nanoscale piezoelectric property measurements

highlighted the sensitive role of stoichiometry when exploring strain and epitaxy-

induced electronic phenomena in oxide films, heterostructures, and interfaces.

Nevertheless, investigation of lattice dynamics in ferroelectric nanostructures is

still at its very beginning, and the ultraviolet Raman spectroscopy technique has just

begun to show its effectiveness in the study of nanoscale ferroelectricity. New

materials and structures are to be studied, and many questions related to their

vibrational spectra, effects of strain, temperature, size, stoichiometry on their

behavior are to be answered. Generally, ultraviolet Raman spectroscopy is still

a relatively new technique, and its applications to dielectric and ferroelectric

materials systems are still rare. We believe the results presented here, such as

observation of Raman scattering by an oxide film as thin as 1.6 nm, will attract

interest for researchers working not only in the ferroelectrics field, but also those

dealing with thin films and nanostructures of wide bandgap semiconductors and

high-k dielectrics. These materials are in the focus of many fundamental and

applied studies in the field of nanoscience and nanotechnology. Therefore, we

believe the applications of ultraviolet Raman spectroscopy for characterization of

nanomaterials will continue to expand.
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Appendix

A
Aberration Aberration is a deviation from the normal.

Amorphization It is the process of transforming a metallic or nonmetallic material

from the crystalline state into the amorphous or glassy state.

Anharmonicity Anharmonicity is the deviation of a system from being in a simple

harmonic motion.

Anharmonicity effects in nanocrystals Materials’ properties, especially the phys-

ical properties, are dependent on temperature. A change in the lattice parameters of

crystalline materials is expected when population of the different levels for each

normal mode is influenced by variation in temperatures. Therefore, any change of

the lattice parameters with temperature is attributed to the anharmonicity of the

lattice potential. Raman spectroscopy is a great tool to investigate these effects. The

Raman spectra of various nanocrystals as well as other amorphous or crystalline

materials show changes in line position and bandwidth with temperature. These

changes manifest in shift of line position and a change in line width and intensity.

Anisotropy While isotropy is homogeneity of a property (absorbance, refractive

index, density, etc.) in all directions, anisotropy is the property of being

directionally dependent.

Anti-Stokes The atoms or molecules in excited state show special lines called anti-

Stokes in the Raman spectra.

B
Backscattering In physics, backscatter (or backscattering) is the reflection of waves,

particles, or signals back to the direction they came from. It is a diffuse reflection

due to scattering, as opposed to specular reflection like a mirror. Backscattering has

important applications in astronomy, photography, and medical ultrasonography.

Bimetallic nanomaterials Currently used monometallic SERS tags such as gold

and silver NPs have a main drawback in that the metal surface is unprotected.

The assays are therefore unreliable as components of the analyte can adsorb on

the metal surface, leading to the possibility of replacing the label species. One

way to overcome this problem is to encapsulate the metal particle/label molecule

in a protective shell. Bimetallic nanostructures, with two different metals in a

single particle, such as core-shell-type nanomaterials are gaining importance as

Raman tags [1].
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Bioanalysis Surface-enhanced Raman scattering (SERS) is seen in molecules that

are in close proximity to nanostructured metal surfaces, primarily silver and

gold, that are capable of supporting plasmon resonances in the visible spectral

region where Raman scattering is excited. The phenomenon provides the basis

for a powerful analytical technique offering both quantitative and qualitative

molecular information about biological molecules. In contrast to IR spectros-

copy, the Raman scattering cross section of water molecules is small, allowing

vibrational information to be obtained from biological molecules in their native

aqueous environment and their efficient detection and discrimination from the

background. Low detection limits, narrow spectral bandwidths, the ability to

quench fluorescence, and the capacity to be used with or without optical labels

make SERS a good choice for DNA or RNA analysis, genetics and proteomics,

medical diagnostics, and the detection of chemical warfare agents.

Biosensor SERS possesses many desirable characteristics as a tool for biosensing

with high specificity, attomole to high zeptomole mass sensitivity, and to

picomolar concentration sensitivity. Recently, SERS has been used in the quan-

titative detection and analysis of bio-related molecules [2].

Blackbody radiation Blackbody radiation, coming from all objects simply

because of their temperature is greater than absolute zero, is a potential source

of spectrally broad background signal.

C
Cancer diagnosis Now it is well established that Raman spectroscopy has great

potential in detection of tissue abnormalities and therefore is a promising new

tool for noninvasive cancer diagnosis. Raman spectroscopy offers detailed

information about tissue biochemistry (including conformations and concentra-

tions of constituents). It particularly provides molecular specific information

about tissues, which is necessary for cancer diagnosis. Surface-enhanced Raman

spectroscopy (SERS) is an excellent technique that can detect molecular signa-

tures in trace amounts. Similarly, near-infrared (NIR) dispersive Raman spec-

troscopy, in which NIR excitation minimizes fluorescence and absorption by

tissue, has also proved to be a sensitive technique. Raman spectroscopy is

particularly suited for diagnosing cancer because of its sensitivity in detecting

small molecular changes that are associated with cancer, such as an increased

nucleus-to-cytoplasm ratio, disordered chromatin, higher metabolic activity, and

changes in lipid and protein levels. Thus, many researchers have applied NIR

Raman spectroscopy in vitro, ex vivo, as well as in vivo for the diagnosis of

cancer with varying degrees of success [4].

Cell-based biosensors Sensing of toxic chemicals and biological toxins at rele-

vant concentrations and in real time is the need of the day. Using living cells as

the sensor elements offers a key advantage that they are not engineered to

respond specifically to a single toxic agent but are free to react to many

biologically active compounds. Of the many techniques to develop cell-based

sensors, which can measure changes in cell behavior such as, cell-cell and cell-

substrate contact, metabolism, or induction of cell death following exposure of
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cells to toxic agents, optical method offers a significant advantage as it is

a noninvasive tool. This is truer in the case of Raman spectroscopy as it has

already been well established as a powerful analytical technique that can provide

useful biochemical information regarding live cells, which can be related to the

interaction with toxic agents or drugs, disease, cell death, and differentiation.

[3] Several different variants of Raman spectroscopy such as resonant Raman

(RS) spectroscopy, surface-enhanced Raman spectroscopy (SERS), and coher-

ent anti-Stokes Raman spectroscopy (CARS), in addition to conventional

nonresonant Raman spectroscopy have been used for studying live cells and

for developing sensors and biosensors. Of these, conventional nonresonant

Raman spectroscopy has a great potential for interrogation of cells. Since

different toxic chemicals have different effects on living cells and induce

specific time-dependent biochemical changes related to cell death mechanisms,

one can obtain comprehensive information of the overall biochemical composi-

tion of the cell using the Raman spectrum. It is expected that different toxic

agents that initiate different cellular responses and biochemical changes should

produce distinct changes in the Raman spectra. In addition, time-resolved

Raman spectroscopy of living cells under real-time conditions can be obtained

noninvasively. The information obtained will be purely based on intrinsic

molecular composition of the cell without any alterations due to the use of

labels or other contrast agents as is the case in other types of cell biosensors.

The detection of time-dependent biochemical changes of cells has the potential

to provide the additional level of information needed for quantification and

discrimination of a wider range of toxic agents.

Cellular imaging Raman spectroscopy can be used for imaging of cells at the

resolution of conventional microscopy based on the spectral signatures of cell’s

components; Raman imaging of cellular organelles such as nucleus, chromatin,

mitochondria or lipid bodies has been demonstrated. Particularly advantageous

is the possibility to obtain the associated chemical information noninvaisively.

Raman imaging is also proving to be a useful tool to image uptake and distri-

bution patterns of several drug delivery carriers and nanoparticle-based drug

delivery systems.

Charge-transfer resonance Raman (CT-RR) scattering There is a chemical

enhancement (CE) because of an increase in the static polarizability of

a molecule due to adsorption on the metal and light-induced charge transfer

between the molecule and the metal surface resulting in enhancement in the

Raman cross section similar to molecular resonance Raman scattering. This

effect is sometimes called charge-transfer resonance Raman (CT-RR) scattering.

Chemical enhancement (CE) The interaction of molecules with metallic surfaces

may be behind an additional increase in the Raman scattering and this is called

chemical enhancement (CE).

Coherent anti-Stokes Raman spectroscopy (CARS) Unlike spontaneous Raman

emission, the magnitude of signal in CARS is number of orders stronger as

multiple photons are employed to address the molecular vibrations, resulting in

production of a signal in which the emitted waves are coherent with one
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another. In this technique, which is a third-order nonlinear optical process,

at least two different laser beams interact with the sample and generate

a coherent optical signal at the anti-Stokes frequency. The Raman signal relies

on a spontaneous transition, competes with other fluorescent processes and is

detected on the red side of the incoming radiation. On the other hand, CARS

signal relies on a coherently driven transition and is detected on the blue side,

which is free from fluorescence. However, it comes with a nonresonant

contribution.

Coherent Raman spectroscopic imaging Coherent anti-Stokes Raman scattering

(CARS) microscopy/microspectroscopy has become a powerful technique for

three-dimensional vibrational imaging of chemical and biological systems.

Recently, significant progress has been made in multiplex CARS micro-spec-

troscopy where a CARS spectrum covering 3,500 cm�1 region was obtainable

with the use of a white light laser source.

Coherent Raman spectroscopy Coherent Raman spectroscopy is a term that

refers to a series of closely related nonlinear Raman techniques in which the

scattered Raman radiation emerges from the sample as a coherent beam –

coherent meaning that the photons are all in phase with one another. The

coherent techniques include Stimulated Raman Scattering (SRS), Coherent

anti-Stokes Raman Spectroscopy (CARS), Coharent Stokes Raman Spectros-

copy (CSRS), and Stimulated Raman Gain Spectroscopy (SRGS). Although

most of the nonlinear Raman techniques are also coherent techniques, there is

one incoherent nonlinear Raman process called Hyper Raman.

Confocal microscopy It is an optical imaging technique to increase optical reso-

lution and contrast. While in a conventional microscope, the entire specimen is

flooded evenly in light from a light source resulting in detection of a large

unfocused background part, the confocal microscope uses point illumination

and a pinhole in an optically conjugate plane in front of the detector to eliminate

out-of-focus signal – the name “confocal” stems from this configuration.

D
Dark-field resonant Rayleigh scattering spectroscopy and imaging One

approach to obtain excellent signal-to-noise ratio for both imaging and spectros-

copy is by utilizing a dark field configuration. In this, a sample is obliquely

illuminated through a dark-field condenser that partially blocks the incident light

thereby resulting in the scattered light to be collected while providing a dark

background. With this low background, it is now possible to carry out spectros-

copy on a single nanoparticle or a nanostructure with the ability to make non-

ensemble measurements so that individual LSPR spectra can be correlated either

with nanostructure topography or surface-enhanced spectroscopic intensity

depending on the secondary measurement method used.

Dark-field spectroscopy (DFS) Dark-field spectroscopy, also known as resonant

Rayleigh scattering spectroscopy (RRSS), is a technique that correlates the

LSPR of single nanoparticles to enhancements in fluorescence and Raman

scattering.
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Deep-UV tip-enhanced Raman scattering In order to analyze molecules using

Raman spectroscopy with a nanoscale resolution beyond the diffraction limit,

the technique of choice is tip-enhanced Raman spectroscopy (TERS). It has been

successfully applied in the field of nanoscience and nanotechnology for the

analysis and imaging of carbon nanotubes, organic dye molecules, DNA bases,

various cellular components, and so on. In this technique, the localized surface

plasmon resonance (LSPR) supported by a sharp metallic tip provides a strong

and highly confined electromagnetic field at the tip apex, which is used to locally

excite and enhance the Raman scattering of molecules under investigation. In

TERS, the metal tips (e.g., in gold and silver) have an optical property that has

negative real and minimal imaginary part in the dielectric function at the

excitation wavelength. On the other hand, for deep ultraviolet (DUV) wave-

lengths there are some metal tips such as aluminum that show dielectric function

with small imaginary part and negative real part. Therefore, the technique that

utilizes tip-enhancement in the DUV region is called deep-UV tip-enhanced

Raman scattering. This technique is proving to be an excellent one for imaging

of proteins and nucleic acids as they exhibit electronic resonance in the DUV

region. It is to be anticipated that DUV resonance Raman scattering technique

along with the tip-enhancement technique will be invaluable for gathering

information in the nanoscale for a number of biomedical applications [5].

Degenerate four-wave mixing (DFWM) Degenerate four-wave mixing (DFWM)

is another well-known nonlinear technique based on third-order nonlinear sus-

ceptibility similar to CARS

Density of states (DOS) In statistical and condensed matter physics, the density of

states (DOS) of a system is used to describe the number of states at each energy

level that are available to be occupied. A high DOS at a specific energy level

means that there are many states available for occupation. A DOS of zero means

that no states can be occupied at that energy level.

Dispersive Raman spectroscopy This spectroscopy technique uses grating and/or

prism dispersing elements.

Double-resonant Raman scattering In a double-resonant process, different wave

vectors of phonons corresponding to different incident phonon energies scatter

the excited electron across the band minimum. For phonons with dispersion, the

different k-vectors correspond to different phonon energies, and hence the

excitation-energy dependence of the phonon peak follows naturally. In order

to fulfill momentum conservation (both incident and scattered photon momen-

tums are very small), the electron has to be scattered back near to where it was

excited. This process is usually ascribed to an elastically scattering defect (D-
mode and high-energy mode) or a second phonon (second order mode scatter-

ing). Of course, in a full calculation of the Raman intensity in double resonance

the single resonant process (only the photon is resonant) is automatically

included; however, its contribution to the total signal is small. The process is

shown schematically in Fig. 1. On the left, one can see double-resonant process

for a metallic carbon nanotube with different incident phonon energies implying

different phonon wave vectors in the double resonance. On the right, different
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scattering vectors corresponding to different phonon frequencies are shown.One

very well established process for describing a number of features of the Raman

spectra of sp2-bonded carbon compounds such as graphite or carbon nanotubes

is the double-resonant Raman scattering [6].

E
ESM The elastic sphere model [7].

F
Far-from-resonance (FFR) limit The Raman scattering gets simplified dramati-

cally where the exciting laser radiation is far from the lowest allowed excited

electronic state of a molecule and this is called as Far-from-resonance (FFR)

limit in Raman Spectroscopy. In this limit, the interaction of light with mole-

cules is approximately same for both incident and scattered radiation.

Femtosecond stimulated Raman spectroscopy Femtosecond stimulated Raman

spectroscopy (FSRS) is a tool for investigating real-time structural measure-

ments of a chemical change through recording of vibrational structural informa-

tion with high temporal (50-fs) and spectral (10-cm�1) resolution. It, therefore,

enables studies of chemical and biochemical reaction dynamics, giving previ-

ously unattainable insight into the structural dynamics of reactively evolving

systems. In FSRS, the simultaneous interaction of a narrow-bandwidth picosec-

onds Raman pulse and a broadband, femtosecond continuum probe pulse leads

to the appearance of sharp vibrational gain features on top of the probe envelope

[8]. Figure 2 shows a schematic of broadband vibrational probing employed in

femtosecond stimulated Raman spectroscopy. In this figure, the Raman pulse is a

narrow-bandwidth, picosecond pulse (green), whereas the probe is a broadband
femtosecond continuum pulse (purple). When both pulses are overlapped spa-

tially and temporally in a Raman-active medium, photons are transferred from

the high-intensity Raman pulse to the weak probe pulse at the vibrational

resonances of a sample. A typical spectrum obtained in a single laser shot for

cyclohexane is depicted in Fig. 2. Division of probe spectra obtained in the

presence (black) and absence (purple) of the Raman pulse produces a vibrational

spectrum in the expanded trace (blue). Conceptually it is similar to femtosecond
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Fig. 1 A schematic

representation of process in

double-resonant Raman

scattering [6]
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dynamic electronic absorption spectroscopy where similar disentanglement of

time and energy resolution is exploited. However, the difference is that FSRS

drives vibrational rather than electronic coherence. Because vibrational

dephasing times are much longer (up to picoseconds) than their electronic

counterparts (<50 fs), the corresponding energy resolution is excellent

(<10 cm�1) [8].

FRET: Forster resonance energy transfer Förster resonance energy transfer,

named after German scientist Theodor Förster, is also known as fluorescence

resonance energy transfer, resonance energy transfer (RET), or electronic energy

transfer (EET). It is a process that describes energy transfer through nonradiative

dipole–dipole coupling between two chromophores: a donor chromophore and

an acceptor chromophore. When both chromophores are fluorescent, the term

“fluorescence resonance energy transfer” is often used in scientific literature.

H
Hyper Raman Hyper Raman is a nonlinear effect in which the vibrational modes

interact with the second harmonic of the excitation beam, thereby, allowing

observation of vibrational modes that are normally “silent.” It frequently relies

on SERS-type enhancement to boost the sensitivity.

I
Impulsive stimulated Raman scattering (ISRS) Impulsive stimulated Raman

scattering (ISRS) is the creation of coherent ground-state nuclear motion through

an impulsive force caused by the interaction of a Raman-active medium with an

ultrashort light pulse.

Interferometric Raman spectroscopy Interferometric Raman Spectroscopy

is a measurement technique that utilizes time-domain or space-domain measure-

ments of electromagnetic radiation or other type of radiation for collecting

Raman spectra based on the coherence of a radiative source. An example is a

Fourier transform (FT) Raman spectrometer.

700

Raman
pulse

1000 1300 1600

Raman shift (cm-1)

Wavelength (nm)

Probe pulse

Fig. 2 Illustration of

broadband vibrational

probing employed in

femtosecond stimulated

Raman spectroscopy [8]
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Inverse Raman scattering Inverse Raman scattering (IRS) is a coherent process

involving stimulated loss at an anti-Stokes-shifted frequency. The term inverse

Raman refers to the fact that, at resonance, the probe radiation is attenuated. In

spontaneous Raman spectroscopy, on the other hand radiation at Raman-active

frequencies would he generated in the course of the experiment. Inverse Raman

scattering (IRS) and stimulated Raman gain (SRG) are closely related. While

one involves stimulated gain at an anti-Stokes-shifted frequency, the other

involves stimulated loss at a Stokes-shifted frequency.

Inverse Raman spectroscopy The Inverse Raman effect is a form of Raman

scattering, first noted byW.J. Jones and B.P. Stoicheff, wherein stokes scattering

can exceed anti-Stokes scattering resulting in an absorption line (a dip in

intensity) at the sum of irradiated monochromatic light and Raman frequency

of the material. This phenomenon is referred to as the inverse Raman Effect,
application of the phenomenon is referred to as inverse Raman spectroscopy, and
a record of the continuum is referred to as an inverse Raman spectrum.

Inverse spatially offset Raman spectroscopy (SORS) Inverse SORS is a useful

sub-variant of SORS that improves certain measurements such as analysis of

tissue in vivo. Rather than use spot collection geometry and a circular spot for

illumination, the constant offset can be maintained by illuminating the sample

with a ring of light centered on the collection region. This has several advan-

tages, including lowering the total power density and allowing simple manipu-

lation of offset distance.

L
Lattice vibrations (Phonons) The vibrations of a crystal are classically described

in terms of collective motions in the form of waves called lattice vibrations.

Localized surface plasmon (LSP) The surface plasmon (SP) cannot propagate on

the surface of metallic nanoparticles and therefore, is localized and hence known

as “localized surface plasmon (LSP).” The LSP resonance of gold and silver NPs

occurs in the visible range of the spectrum, which makes these two metals

particularly useful for a number of applications ranging from ultrasensitive

diagnostic tools to biosensing devices.

M
Michelson interferometer The Michelson interferometer was invented by Albert

Abraham Michelson. It is the most common configuration for optical interfer-

ometry in which an interference pattern is produced by splitting a beam of light

into two paths, bouncing the beams back and recombining them. It is possible

that different paths may be of different lengths or be composed of different

materials to create alternating interference fringes on a back detector.

Microspectroscopy Raman spectroscopy is a scattering technique and hence

specimens do not need to be fixed or sectioned resulting in collecting spectra

from a very small volume (<1 mm in diameter) leading to identification of

species present in that volume. Raman spectroscopy, therefore, offers several

advantages for microscopic analysis, particularly, suitable for microscopic
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examination of minerals, materials such as polymers and ceramics, cells, and

proteins. There are a number of approaches for Raman microspectroscopy. For

example, it is possible to record the distribution of a molecule within a cell by

selecting a wavenumber characteristic for that molecule from the scattering

over a small range of wavenumbers (Raman shifts). This is called as direct

imaging. In hyperspectral imaging or chemical imaging, one could see the

distribution of any biomolecule ignoring the presence of water, culture media,

buffers, and others that may interfere. Particularly, Raman confocal microscopy

has a very high spatial resolution with the lateral and depth resolutions around

250 nm and 1.7 mm, respectively. It is also possible to obtain in vivo time- and

space-resolved Raman spectra of microscopic regions of samples such as pro-

teins, cells and organs. In addition, it has also been used in microscopic

examination of inorganic specimens, such as rocks and ceramics and polymers.

Multiplexing Multiplexing is the ability to send multiple signals at the same time

using a single carrier in the form of a single complex signal and then recovering

the separate signals at the receiving end.

N
Nanoparticle -enhanced backscattering Raman imaging
Nanotags – Raman spectroscopy Surface-enhanced Raman spectroscopy (SERS)

is gaining in its popularity due to several unique advantages. However, current

bottleneck in its utility is the lack of signal reproducibility due to variation in

nanoparticle size and shape or aggregation and quantification. Overcoming this

is especially important in the case of in vitro or in vivo imaging applications.

While aggregation substantially enhances SERS, it is undesirable from an

imaging or sensing application standpoint of view since aggregation cannot be

controlled and hence results in SERS signal fluctuation. An alternate approach is

to encapsulate organic dyes as signature reporter dyes between metallic

nanoparticles and a layer of silica or polyethylene glycol (PEG) which prevents

agglomeration of the nanoparticles. These are called nanotags, each with

a unique Raman spectrum (color). They can be utilized as beacons for imaging

with target ligands attached to the PEG or silica surface with well-established

bioconjugation chemistries [9].

Near-infrared surface-enhanced Raman spectroscopy Some of the major

irritants in Raman measurements are sample fluorescence and photochemistry.

However, with the help of Fourier transform (FT) Raman instruments,

near-infrared (near-IR) Raman spectroscopy has become an excellent technique

for eliminating sample fluorescence and photochemistry in Raman measure-

ments. As demonstrated recently, the range of near-IR Raman techniques can

be extended to include near-IR SERS. Near-IR SERS reduces the magnitude of

the fluorescence problem because near-IR excitation eliminates most sources of

luminescence. Potential applications of near-IR SERS are in environmental

monitoring and ultrasensitive detection of highly luminescent molecules [11].

Nonlinear Raman spectroscopy The nonlinear techniques include stimulated

Raman scattering (SRS), hyper Raman, stimulated Raman gain (SRG), inverse
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Raman scattering (IRS), coherent anti-Stokes Raman spectroscopy (CARS), and

coherent Stokes Raman spectroscopy (CSRS). Figure 3 shows Quantum dia-

grams of the nonlinear Raman processes, with spontaneous Raman included as

a reference [10]. The Levels shown are virtual states (——) and ground and

excited vibrational levels (-) in the ground electronic state of a molecule. Ground

vibrational levels are marked “G.” For each Raman process shown, arrows

entering at left are incident photons, up arrows represent photon absorption,

down arrows represent photon generation, and arrows at right are output pho-

tons. Note the conservation in the number of photons created and lost in each

process (each photon is represented as an arrow); vI ¼ laser frequency,

os ¼ Stokes frequency, Y. ¼ anti-Stokes frequency, Y, ¼ vibrational frequency.

Nyquist frequency The Nyquist frequency is also sometimes known as the

folding frequency of a sampling system. Originally discovered by the

Swedish-American engineer Harry Nyquist, it is defined as half the sampling

frequency of a discrete signal processing system.

P
Partial least squares (PLS) Partial Least Squares (PLS) is a chemo metric

technique that enables identification and utilization of the regions of complex

overlapping Raman spectra.

Photoacoustic Raman spectroscopy (PARS) Photoacoustic Raman spectroscopy

(PARS) is again a nonlinear spectroscopic technique. In this technique, selective

population of a given energy state of a system (transitions must involve change

in polarizability) is amplified using coherent Raman amplification (also known

as stimulated Raman scattering). In this process, it is also important that the

frequency difference of the two incident laser beams must be adjusted to equal

the frequency of Raman-active transition.

Polarizability Polarizability is defined as the measure of the ability to move

the electron cloud in a chemical bond using an external electric field. Since

electron cloud in a chemical bond changes with the change in the position of

atoms held together by the bond, measurement of polarizability, especially the

polarization of Raman scattered light, is important. For a particular molecular

vibration, it will be in the same direction as the changing polarizability of the

electron cloud.

Polarized analysis There is useful spectral information arising from the analysis of

polarization of Raman scattered light. This, typically called as polarized analysis,

provides an insight into molecular orientation, molecular shape, and vibrational

symmetry. One can also calculate the depolarization ratio. Overall, this technique

enables correlation between group theory, symmetry, Raman activity, and peaks

in the corresponding Raman spectra. It has been applied successful for solving

problems in synthetic chemistry; understanding macromolecular orientation in

crystal lattices, liquid crystals or polymer samples and in polymorph analysis.

Polarized Raman spectroscopy Polarized Raman spectroscopy is utilized to

investigate molecular orientation and has special significance in the study of

polymer systems.
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a Spontaneous Raman

c Hyper Raman d Stimulated Raman Gain

f Coherent Anti-Stokes Ramane Inverse Raman

g Coherent Stokes Raman

b Stimulated Raman Scattering

Fig. 3 Quantum diagrams of different nonlinear Raman processes [10]
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PRET: Plasmon resonance energy transfer Similar to SERS, plasmon

resonance energy transfer (PRET) between biomolecules and the plasmonic

nanoparticles that they are adsorbed to allows for detection of biomolecules

without appending a fluorophore. This approach yields a considerably higher

sensitivity than previously known techniques in addition to spatial resolution

amenable for in vivo assays.

Q
Quantitative Raman analysis The intensity of Raman band of an analyte is

linearly proportional to the analyte concentration. A plot of analyte band area

(integrated intensity) vs, analyte concentration is used to create an equation that

predicts analyte concentration from Raman band area. This is an example of

quantitative Raman analysis.

R
Raman effect The change in the wavelength of light that occurs when a light beam

is deflected by molecules is called Raman Effect. When a beam of light

traverses dust-free through a transparent sample of a chemical compound,

a small fraction of the light emerges in directions other than that of the incident

(incoming) beam. Most of this scattered light is of unchanged wavelength.

A small part, however, has wavelengths different from that of the incident

light; its presence is a result of the Raman Effect. The phenomenon, discovered

in 1929 by Chandrasekhara Venkata Raman, was named after the discoverer.

Raman intensity invariants Rayleigh scattering is an elastic scattering of light or

other electromagnetic radiation by particles much smaller than the wavelength

of the light, which may be individual atoms or molecules. Named after the

British physicist Lord Rayleigh, it can occur when light travels in transparent

solids and liquids, but is most prominently seen in gases. It is a function of the

electric polarizability of the particles.

Raman near-field scanning optical microscopy (RNSOM) Tip-enhancedRaman

spectroscopy (TERS) came originally as an implementation of Raman near-field

scanning opticalmicroscopy (RNSOM). InRNSOM, the optical field is confined to

a small aperture at the tip of a metal-coated optical fiber brought extremely close

to the sample. This allowed overcoming resolution-limiting diffraction phenomena

but only a faint signal could be collected owing to the fiber cutoff. In TERS, the

optical fiber is replaced with an apertureless metallic tip, which favors surface

enhancement of the Raman signal (the so-called SERS effect).

Raman optical activity (ROA) Due to molecular chirality there is a difference in

the intensity of Raman scattered right and left circularly polarized light. Raman

optical activity (ROA) is a vibrational spectroscopic technique that is reliant on

this difference and the spectrum of intensity differences recorded over a range

of wavenumbers reveals information about chiral centers within a sample

molecule. It is a useful probe to study biomolecular structures and their behav-

ior in aqueous solution especially those of proteins, nucleic acids, carbohy-

drates, and viruses. The information obtained is in realistic conditions
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complementing the data from crystallographic approaches in static conditions.

Depending on the polarization of the incident and the scattered light, ROA

can be observed in a number of forms. When the incident light is linearly

polarized and the differences in circular polarization of the scattered light are

measured, it is called as the scattered circular polarization (SCP). However,

when both the incident and the scattered light are circularly polarized, either

in phase (DCPI) or out of phase (DCPII), it is called the dual circular polariza-

tion (DCP).

Raman tensors The Raman scattering of a molecule is generated by the interac-

tion of its electrons with an incident light. The electric vector of the scattered

light is related to the electric vector of the incident light through a characteristic

Raman tensor. A unique Raman tensor exists for each Raman-active molecular

vibrational mode [12].

Raman-induced Kerr effect spectroscopy (RIKES) There is an intensity-

dependent birefringence induced in a material through its interaction with

applied laser fields. This effect is called as the Raman-induced Kerr effect

(RIKE). Generally, a media containing ellipsoidal molecules which are free to

reorient themselves under the influence of an external electric field show a large

optical Kerr effect. The field tends to orient the molecules so that their polariz-

abilities are largest in the direction of the field. RIKES offers a relatively easy

method for suppressing the nonlinear background signal when there are several

Raman modes in addition to a nonresonant Kerr susceptibility [13].

S
Scattering The scattering of light is defined as the redirection of light that takes

place when an incident light encounters a scattering material. The light can be an

electromagnetic (EM) wave. When the light or EM wave interacts with mole-

cules, it results in perturbation of the electron cloud leading to a periodic

separation of charge within the molecules, which is called an induced dipole

moment. The oscillating induced dipole moment manifests as a source of EM

radiation, thereby, resulting in scattered light. The scattering is of two types:

elastic and inelastic. In elastic scattering, majority of the light scattered is

emitted at the identical frequency of the incident light. However, in inelastic

scattering, additional light is scattered at different frequencies and Raman

scattering is one such example of inelastic scattering. If the scattered frequency

corresponds to the incident frequency, it is elastic scattering (e.g., Mie or

Rayleigh). If the frequencies are shifted to lower or higher frequencies, these

are therefore inelastic processes with the down-shifted frequency (longer wave-

length) referred to as Stokes scattering, and the up-shifted frequency (shorter

wavelength) referred to as anti-Stokes scattering.

Scattering cross section The scattering cross section, sscat, is a hypothetical area
which describes the likelihood of light (or other radiation) being scattered by

a particle. In general, the scattering cross section is different from the geomet-

rical cross section of a particle, and it depends on the wavelength of the light and

the permittivity, shape, and size of the particle. The total amount of scattering in
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a sparse medium is determined by the product of scattering cross section and the

number of particles present.

Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS)
Traditionally, tip-enhanced Raman spectroscopy (TERS) studies have been

largely limited to molecules having large Raman cross sections. The reason is

that the total Raman scattering signal from the tip area (about 20–50 nm

in diameter) is rather weak. Adding to this is its high cost and complexity.

Therefore, TERS is impractical for many applications. It has been recently

demonstrated that if the Au tip is replaced by a monolayer of Au nanoparticles,

each coated with an ultrathin shell of silica or alumina (here denoted Au/SiO2 or

Au/Al2O3 nanoparticles), with each nanoparticle acting as an Au tip in the TERS

system, it is possible to simultaneously bring thousands of TERS tips to the

substrate surface to be probed. With this approach one can obtain combined

enhanced Raman signal contributed by all of these nanoparticles; which is a two

to three orders of magnitude higher than that obtained with a single TERS tip.

This new technique is called as shell-isolated nanoparticle-enhanced Raman

spectroscopy (SHINERS). Since a chemically inert shell coating is around the

Au nanoparticle, it protects the SERS-active nanostructure from contact with

whatever is being probed. The main virtue of such a shell-isolated mode is its

much higher detection sensitivity and vast number of practical applications

utilizing various materials with diverse morphologies [14].

Shifted excitation Raman difference spectroscopy (SERDS) One way to

remove the fluorescent background in traditional Raman Spectroscopy is

to take advantage of the shift response of the Raman Effect to excitation

wavelength shifts. In SERDS, two spectra of a sample are acquired with slightly

different excitation wavelengths, and are then subtracted to estimate the Raman

spectrum of a sample. This difference will impact the Raman spectra where the

entire spectrum will shift in energy by the amount of excitation shift [16].

SIERA: Surface-enhanced infrared absorption As in the case of surface-

enhanced Raman scattering (SERS), molecules adsorbed on metal island films

or particles exhibit intense infrared absorption several folds higher than what one

would expect from conventional measurements without the metal. This effect is

referred to as surface-enhanced infrared absorption (SEIRA).

Single-electronic-state (SES) limit The Raman spectroscopy in SES limit is where

the incident photon energy is very close to, or falls within, the absorption band of

an excited electronic state of a molecule, and the resulting Resonance Raman

(RR) scattering is dominated by the properties of this resonant electronic state.

Spatially offset Raman spectroscopy (SORS) Conventional Raman Spectros-

copy is limited to the near-surface of diffusely scattering objects and to the

first few hundred micrometers depth of surface material. Spatially Offset Raman

Spectroscopy (SORS) is a variant of Raman Spectroscopy that allows highly

accurate chemical analysis of objects beneath obscuring surfaces. This is done

by making at least two Raman measurements; one at the surface and one at an

offset position of typically a few millimeters away. To do this without using an

offset measurement would be severely restricted by photon shot noise generated

638 Appendix



by Raman and fluorescence signals originating from the surface layer. It is

possible to extend this to multilevel systems requiring multivariate analysis.

Accurate chemical analysis of bone beneath skin, tablets inside plastic bottles,

explosives inside containers, and counterfeit tablets inside blister packs have

been previously carried out. It is also used to discover counterfeit drugs without

opening their internal packaging, and for noninvasive monitoring of biological

tissue. In inverse SORS, rather than use spot collection geometry and a circular

spot for illumination, the constant offset can be maintained by illuminating the

sample with a ring of light centered on the collection region.

Stimulated Raman gain Stimulated Raman gain (SRG) and inverse Raman

scattering (IRS) are closely related. While one involves stimulated gain

at a Stokes-shifted frequency, the other involves stimulated loss at an anti-

Stokes-shifted frequency. SRG can be viewed as an induced emission process

at the Stokes frequency. Both SRG and IRS are coherent processes.

Stimulated Raman spectroscopy Conventional Raman Spectroscopy is insensi-

tive to be useful in sub cellular imaging [10, 15]. An extension of that technique

is Coherent anti-Stokes Raman scattering (CARS) in which two lasers (a pump

beam and a Stokes beam) interact with a sample, causing identical molecules to

vibrate in phase, generating an enhanced anti-Stokes signal. Thus CARS

increases the sensitivity of detection several folds over conventional Raman

microscopy. However, the problem with CARS is that the resulting spectrum’s

strong background makes assigning all but well-isolated bond frequencies

very difficult. One approach to eliminate the strong background is to amplify

the Raman signal only when the difference in laser frequencies matches

a particular molecular frequency and generate no signal if the difference fre-

quencies do not match any molecular frequency. This new approach called

stimulated Raman spectroscopy (SRS) trains a pump beam and a Stokes beam

on the sample; when the difference in laser frequencies matches a particular

molecular frequency, the Raman signal is amplified. When the difference fre-

quency does not match any molecular frequency, no signal is generated, thereby

eliminating the spectral background. Thus the SRS spectrum is essentially

identical to a conventional Raman spectrum, making spectral assignment

much easier than in CARS. Also, SRS microscopy allows three-dimensional

imaging of specific molecular species to a depth of about 0.3 mm making it

particularly useful for imaging lipids and small molecules such as drugs. It is to

be noted that stimulated Raman scattering, unlike stimulated Raman gain (SRG)

is a nonlinear technique in which the spontaneous Raman radiation is amplified

and the amplified radiation emerges as a coherent beam coincident with the

direction of the incident laser radiation.

Stokes and anti-Stokes scattering There are two types of Raman scattering,

Stokes scattering and anti-Stokes scattering. In Stokes scattering, molecules

absorb energy and the resulting photon of lower energy generates a Stokes line

on the red side of the incident spectrum. On the other hand, in anti-Stokes

scattering, molecules lose energy because the incident photons are shifted to

the blue side of the spectrum, thus generating an anti-Stokes line. Since lower
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energy states will have more molecules in them than in the case of higher

(excited) energy states, the Stokes spectrum will be more intense than the anti-

Stokes spectrum.

Surface plasmons Surface plasmons (SPs) are collective excitations of the

electrons within the conduction band of a metal.

T
Thermo-Raman spectroscopy Raman spectroscopy is a useful technique to

extract information during dynamic thermal processes and this specific applica-

tion is termed as thermo-Raman spectroscopy (TRS). It is possible to investigate

thermally induced changes in Raman band positions, band intensities, and

bandwidths and correlate with corresponding structural changes in samples.

TRS can also provide quantitative information related to the dynamics thermal

processes. Unlike techniques such as thermogravimetric analysis (TGA) and

differential thermal analysis (DTA) which can only provide bulk information

associated with thermal properties of a solid sample, TRS can be used to study

thermally induced structural transformation in solids [17].

Time-resolved Raman spectroscopy (TRRAS) Time-resolved Raman spectros-

copy (TRRAS) is used to analyze low energy excitation on ultrafast timescale.

While it is not directly sensitive with respect to the atomic positions, it is

possible to extract information related to structural, magnetic, and electronic

properties. In this technique, by monitoring the Stokesto anti-Stokes ratio, one

can obtain information about the thermodynamics of different excitations mea-

suring directly the temperature of the excitation investigated, and thereby to

disentangle. A unique aspect of TRRAS is that one can measure the “strength” of

the crystalline potential in real time. Since it is inexpensive to carry out TRRAS,

this is one of the most sought after tools for studying electronic dynamics. It is

also a power tool for investigating structural and magnetic dynamics.

Tomography-Raman Even though the Raman Effect is weaker than fluorescence,

algorithms developed for fluorescence imaging can be applied to Raman signals.

Using the waves of energy one can image section by section of an object, thereby

creating what is known as tomography. Since Raman signals are used for

imaging, the tomography is called Raman Tomography.

Transmission Raman spectroscopy (TRS) Raman spectroscopy has several

variants and Transmission Raman Spectroscopy (TRS) is one such. In a con-

ventional back-scattering Raman spectroscopy the signal tends to be a represen-

tative of the surface and near-surface composition. In TRS Raman photons can

be created at all points such that the light passing through the total scrambled

Raman signal can be measured on the opposite face of an object. Therefore,

Transmission Raman Spectroscopy (TRS) is highly representative of the bulk of

the material and a large thickness can be measured in the absence of photon

absorption. This produces an analysis representative of the entire mixture and is

typically insensitive to coatings, or thin containers. The technique is also some-

what similar to Spatially Offset Raman Spectroscopy, where the light in

a diffusely scattering sample spreads through the object randomly. Therefore,
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TRS can be regarded as an extreme example of SORS. Most importantly,

Transmission Raman is rapid as it requires no sample preparation and involves

no phase change.

W
Waveguide Raman spectroscopy (WRS) Waveguide Raman spectroscopy

(WRS), in which the pump laser beam in traditional Raman spectroscopy is

coupled into a planar dielectric waveguide in order to probe the Raman-active

vibrations of the waveguiding material, is used to study thin films, surfaces, and

interfaces. Since micrometer dimensions of a waveguide can generate large

electric field strengths resulting in high intensities, WRS signals are three to

four orders of magnitude higher compared to those from conventional Raman

scattering [18].
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