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Abstract We report exciton and phonon properties of pure
and Ag-modified ZnO nanostructures are prepared using
solution-based refluxing route. X-ray diffraction studies show
lower angle shift in the characteristic diffraction peaks of ZnO.
Additional diffraction peaks related to nano-sized Ag were
observed from XRD. Broad absorption band (which covers
the 400–1000 nm range) results from surface plasmon reso-
nance (SPR) absorption of metallic silver is observed from
optical absorption studies. Enhancement in luminescence and
Raman scattering is observed in Ag-modified sample when
compared with pure ZnO sample. This is attributed to the
presence of metallic Ag in the samples, and we attempted to
understand the observed enhancement from the perspective of
the local field associated with the metal nanoparticles.

Keywords Metal nanoparticle . Local field . Enhanced
photoluminescence . Enhanced Raman scattering .

Metaloxide:metal

Introduction

Biological applications such as imaging, sensing, etc. can be
addressed by the use of hybrid nanocomposites formed by
metal-oxide:metal systems [1–4]. ZnO as a capping layer
along with other semiconductor quantum dots (QD) was used
to form heterojunction (core/shell) nanocrystals to enhance the
photostability of QD’s and was successfully used as fluores-
cence probes for bio-labeling/imaging [5, 6]. Surface-
modified ZnO nanoparticles served as potential candidates in
medicinal applications [7]. This surface modification may
affect the emission properties ZnO nanostructures. Hybrid
metal-oxide:metal nanocomposites can overcome this by the
presence of metal nanoparticles in the nanocomposites. Thus,
the requirements of the technological applications can be met
by designing hetero-ZnO/metal nanostructures with multiple/
novel properties. Among metal nanoparticles, noble metal
nanoparticles showing surface plasmon resonance (SPR) as-
sociated with collective oscillation of conduction electrons
exhibit absorption in the visible range. Noble metal nanopar-
ticles are promised candidates for metal nanoparticle induced
surface-enhanced Raman scattering (SERS) and surface-
enhanced fluorescence (SEF) or metal-enhanced fluorescence
(MEF) mechanisms for rapid detection of trace level
impurities/bio-imaging applications [8–13]. Optical absorp-
tion spectra of noble metal nanoparticles such as Ag and Au
exhibit strong SPR-related band at ~430 and ~530 nm, respec-
tively. The optical and electrical properties of these metal
nanoparticles are influenced by nanoparticles size, shape, and
surrounding medium. Presence of metal nanoparticles leads to
enhanced-Raman scattering and exhibits enhancement/
quenching in fluorescence of the nearby fluorophores or sur-
rounding medium. Local field enhancement in the vicinity of
metal nanoparticles and electrons transfer between the metal
and metal oxide system plays a key role in deciding the use of
these heterosystems for SERS and SEF applications [14, 15].
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In this letter, we report synthesis of pure and Ag-modified
ZnO nanorods. The synthesis method used is simple in prep-
aration, cheap in cost, and less toxic to improve the lumines-
cence and Raman scattering of ZnO. Our experimental result
shows an improvement/enhancement in luminescence and
Raman scattering after Ag modification. Possible reasons for
the observed enhancement in luminescence and Raman scat-
tering in Ag-modified ZnO nanorods when compared with
pure ZnO nanorods are discussed. Here, we demonstrate
remarkable optical effects, which stems from collective inter-
actions of metal nanoparticles and metal oxide nanorods.

Experimental

High-purity chemicals zinc nitrate, silver nitrate, and hexa-
methylenetetramine (HMTA) are used for synthesis of pure
ZnO and Ag-modified ZnO nanostructures. The synthesis of
the nanorods is as follows: pure ZnO nanorod (without silver
content) sample was prepared by mixing clear solutions of
100 ml (0.1 M) zinc nitrate and 100 ml (0.1 M) hexamethy-
lenetetramine (using double-distilled (DD) water), and the
resulting solution is refluxed for ~8 h. In the same manner,
Ag-modified ZnO nanostructures are prepared by using 0.001,
0.003, and 0.005 M solutions of silver nitrate along with
0.099, 0.097, and 0.095 M zinc nitrate solutions, respectively.
The final solutions after the addition of 100 ml (0.1M) HMTA
were refluxed for ~8 h. The precipitates collected with prior
washing and dried in a hot air oven at ~60 °C for about ~4 h.
Here, after the samples are represented by the code name as
ZAg0, ZAg1, ZAg3, and ZAg5 based on the Ag content used
in the synthetic process (i.e., 0.0, 0.001, 0.003, and 0.005 M
Ag precursor, respectively). The crystalline structure of the
prepared samples was investigated with Rigaku Dmax 2000 X-
ray diffraction (XRD) instrument in 20–80° diffraction angle
range (2θ). For optical characterizations, 3mg of prepared sample
mixed with 5 ml of DDW and sonicated for 15 min is used for
UV–Visible absorption and photoluminescence (PL) studies.
Optical absorption spectra of the samples were recorded using
Lamda35 dual beam spectrometer in the range of 300–1000 nm.
HORIBA JobinYvon (Fluoromax) fluorometer with an excitation
wavelength of 330 nm is used for PL measurements. Raman
scattering measurements were recorded using RENISHAW inVia
Raman Microscope with an excitation source of Ar ion laser
having wavelength of 514.5 nm.

Results and Discussions

The powder X-ray diffraction patterns of the prepared
unmodified and silver-modified ZnO samples were shown
in Fig. 1. The diffraction patterns of unmodified ZnO
sample (ZAg0) indexed with the hexagonal wurtzite

structure of ZnO. The strongest peaks located at 31.91°,
34.56°, and 36.39° correspond to (100), (002), and (101)
diffraction planes of hexagonal wurtzite ZnO, respective-
ly. The other peaks representing the (102), (110), (103),
(200), (112), and (201) planes of hexagonal wurtzite ZnO
are also indexed in the XRD pattern [13]. The diffraction
patterns obtained from Ag-modified ZnO samples (ZAg1,
ZAg3, and ZAg5) shows the typical diffraction pattern of
hexagonal wurtzite ZnO. From the diffraction patterns of
the Ag-modified sample characteristic peaks (marked with
“*”) of metallic Ag are identified (JCPDS, #893722). The
presence of silver during synthesis may results in the
substitution of Ag into the ZnO lattice at Zn site and also
leads to segregation of silver. The lower angle shift ob-
served from the XRD patterns (inset of Fig. 1) is due to
substitution of lower ionic radius Zn2+ ions (74 pm) with
higher ionic radius Ag+ ions (122 pm). The observed
extra peaks related to metallic silver (whose intensity
increases with increase in Ag content) supports segrega-
tion of Ag as particles. Further decrease in the intensity of
diffractions peaks of ZnO is observed with the increase in
Ag content used during synthesis [16, 17]. Scanning elec-
tron microscopy images (provided as Fig. 2) depict a rod-
like morphology of the prepared samples. The TEM im-
ages of the prepared Ag-modified samples shown in
Fig. 3 depict rod-like morphological features of ZnO
and also showing nearly spherical Ag NPs over them.
Electron dispersive X-ray spectroscopy analysis (EDX)
of ZAg3 and ZAg5 samples is carried out and the results
are provided as Supplementary material. From the
FESEM image of ZAg5 (Supplementary material) it is
observed rod-like morphological features and also nearly
spherical particles. The extra diffraction peaks related to
metallic Ag observed in XRD and EDX analysis supports
the presence of the Ag particles in the samples.

Fig. 1 XRD patterns of the pure ZnO and ZnO:Ag nanostructures
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Optical Studies

Optical absorption spectra of the pure and Ag-modified ZnO
nanorods are shown in Fig. 4a. The absorption peak that
corresponds to excitonic absorption of ZnO appeared at
around 368 nm for pure ZnO nanorods. This peak shows
redshift in the Ag-modified samples, and this shift is indepen-
dent of Ag content used during synthesis. An intense absorp-
tion feature is observed which nearly covered the visible
region, and near NIR (400–1000 nm) arises from the surface
plasmon resonance (SPR) absorption of Ag nanoparticles
whose presence along with ZnO is supported by the XRD
studies. The shift and shape variations observed in the plas-
mon band of Ag in the absorption spectra are due to the
influence of shape changes (variation from the spherical
shape) and dielectric constant of the surrounding medium.
Metal nanoparticle with non-spherical nature usually shows

broad/multiple bands in their optical absorption spectrum
[18]. A redshift, indicative of band gap decrease is reported
earlier for ZnO by doping [19–21]. The shift in the excitonic
absorption band and observation of distinctly broad absorp-
tion band in the visible range is due to doping of Ag and
presence of Ag nanoparticles with a strong interfacial
coupling/interaction with ZnO [18]. Further, in order to sup-
port the presence of Ag particles, we recorded optical absorp-
tion spectra of the supernatant (collected by centrifuging the
sonicated dispersion of ZAg5 sample) and it clearly shows the
SPR band of Ag that confirms the presence of silver nanoparicles
in the heterosystem (Supplementary material). The optical ab-
sorption spectrum of the supernatant shows Ag’s SPR-related
absorption band at around 413 nm and a broad absorption
feature in the 600–800 nm range. Thus, the presence of nearly
spherical features in the ZAg5 sample (Supplementary material)
and observation of Ag-related absorption features in the optical

Fig. 2 Scanning electron
microscope (SEM) images of the
Ag-modified ZnO samples. Scale
bar for all the images is 200 nm

Fig. 3 TEM images of the silver-
modified ZnO samples (ZAg3
and ZAg5). Small particles
indicated with arrow are nearly
spherical Ag nanoparticles
presented along with rod-like
structures of ZnO
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absorption spectra of the supernatant collected from ZAg5
sample strongly supports that prepared samples consists of Ag
particles along with ZnO rods.

Photoluminescence spectra of the prepared samples are
shown in Fig. 4b. Pure ZnO nanorod sample (ZAg0) showing
band at around 380 nm is due to the near-band edge (NBE)
emission of excitons. From Fig. 4b, it is clear that the intensity
of NBE emission, which originates from the excitonic recom-
bination in ZnO, increases with the increasing amount of the
Ag [22]. This enhancement is possible by the interfacial
contact present between Ag nanoparticles and ZnO nanostruc-
tures. Ag doping as an acceptor results in the availability of
more holes, thereby lifting the exciton-related emission [23].
Emission related to various defect centers like zinc vacancies,
interstitial zinc, oxygen vacancies, interstitial oxygen, etc. of
ZnO results in broad emission which covers visible region and
is observed in all the samples. Intensity of this visible emission
is enhanced in the Ag-modified samples when compared with
as prepared pure ZnO sample (ZAg0). Broad green emission
at around 550 nm can be assigned to the presence of oxygen
defects in ZnO nanorods. Inset of Fig. 4b provides the varia-
tion of intensity of NBE to visible emission (broad green
emission band). Decrease in this ratio shows the increasing
contribution of visible emission, which is expected as the
defect centers located near the surface are influenced by the
presence of metal NP’s.

Tanabe [24] discussed about the dependence of the field
enhancement factor on various parameters, such as wave-
length, distance from the nanoparticle/nanoshell, surrounding
medium, and diameter ratio between the core and the shell.
The field enhancement factor calculation is based on the
classical electromagnetic field theory in the quasi-static limit
using empirical wavelength-dependent dielectric constants.
The field enhancement factor is defined as the intensity ratio
between the field around the metal nanoparticle and original
incident field. When a homogeneous, isotropic sphere placed

in a medium under static electric field ( E0
�! ¼ E0bez), metal

sphere experiences induced charge on its surface due to the
difference in dielectric constants of metal sphere and medium.
The field enhancement factor at a point r (observing point
from the center of the sphere) is defined as [24]

η ¼
E2
�!��� ���2
E0
�!��� ���2 ¼ 1þ 2

a3

r3
g

����
����
2

ð1Þ

and g is defined as

g ¼ ε1−εm
ε1 þ 2εm

ð2Þ

where E2
�!

is the electric field outside the sphere, a is the
radius of the metal sphere, ε1 is the dielectric constant of the
metal sphere which is the function of wavelength, and εm is
the dielectric constant of the surrounding medium, which is
ZnO in our samples. Dielectric constant of the metal sphere
given in the appendix of ref. [24] work based on wavelength-
dependent optical constant data [25] is used in this paper.
Figure 5 shows the calculated field enhancement factor η
around silver nanoparticle in the medium (ZnO) for two
values a/r (ratio between the radius of the metal sphere to
the observing point). Surrounding medium in the present case
is ZnO whose dielectric constant is size dependent. Yang et al.
[26] in their work on ZnO nanowires observed a decrease of
dielectric constant from 6.4 to 2.7, which is smaller than bulk
ZnO value (8.66). In view of this, we calculated field enhance-
ment factor for different dielectric constant values of the
medium (εm=1, 2, 4, 6, and 8). These calculations make us
to better understand about the influence of surrounding medi-
um and observing point (distance from themetal nanoparticles
surface) on the field enhancement factor. It is clear that the

Fig. 4 a Optical absorption
spectra of pure and silver-
modified ZnO nanorods. b The
PL spectra of unmodified and Ag-
modified ZnO nanorods were
measured at room temperature
with an excitation wavelength of
330 nm. Inset of the figure depicts
intensity ratio of NBE to visible
emission
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field enhancement factor is larger when the observing point is
nearer to the surface and it diminishes when the observing
point moves away from the metal particles’ surface. It is
observed that surrounding medium influences the peak posi-
tion of the field enhancement factor, and peak position is
independent of particle size. With this conceptual understand-
ing about the nature of the concentration of electromagnetic
fields around nanoparticles, we believe that the local field
associated with randomly distributed metal nanoparticles,
which are closely associated with ZnO nanostructures in the
present system of samples under study, influences the optical
and vibrational properties.

The interaction between surface plasmons of Ag and spon-
taneous emission of (recombination of electron-hole pairs)
ZnO will also contribute to the observed enhancement of
photoluminescence. Lai et al. [27] reported about large en-
hancement in emission intensity from ZnO films capped by
Ag while negligible effect from Au-coated films and this
enhancement was attributed to resonant coupling. Resonance
energies of plasmons at different interfaces can be determined
by considering the following dispersion relation [27]

hksp ¼ Ei

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmεd

εm þ εd

r

where Ei is the incident energy, εm and εd are dielectric
constants of metal and dielectric medium, respectively, and
ksp is the wave vector of surface plasmon. Based on the above
relation, Lai et al. [27] reported that ZnO, whose luminescence
falls between the determined resonance energies of surface
plasmon at Ag/ZnO (2.93 eV) and Ag/air interfaces (3.7 eV),
has a high rate of resonant coupling with the presence of Ag

nanoparticles, and this supports our observed enhanced lumi-
nescence from ZnO after Ag modification.

Raman Spectral Analysis

Figure 6 shows the Raman scattering spectra for pure and Ag-
modified ZnO nanorods recorded at room temperature using
Ar ion laser source (514.5 nm). As per group theory predic-
tions, wurtzite ZnO (having two formula units per primitive
cell) belongs to theC6v

4 space group. Usually Raman spectra of
ZnO exhibits E2Low, E2High, longitudinal optical (LO), trans-
verse optical (TO) phonon modes as Raman active modes and
modes related to second order process (like 2E2Low, E2High −
E2Low, etc.) will also be observed. Apart from these, phonon
modes related to silent modes (B1Low, 2 B1Low) and local
lattice vibration or disorder-induced scattering-related modes
will also be observed [28].

From Fig. 6, Raman spectra of pure ZnO (ZAg0) shows
prominent peaks at ~100 and ~438 cm−1 that corresponds to
the Raman process related to E2Low and E2High phonon modes
which are associated with the vibration of Zn and O atoms in
the ZnO lattice, respectively. Weak bands appeared at ~335,
~381 and ~578 cm−1 which corresponds to E2High – E2Low,
A1(TO), and quasi-1LO phonon modes, respectively. These
Raman bands does not show any remarkable shift in their
position in the Ag-modified ZnO samples [29, 30]. The extra
prominent band around ~225 cm−1 observed in the Ag-
modified samples is attributed to the mode that arises from
Ag and chemisorbedmolecular oxygen species on theAg [29].

Raman modes appeared at around ~1379 and ~1585 cm−1

are observed in the Ag-modified samples alone. The former
band can be assigned to the mode arise from vibration related
to Ag and interstitial oxygen and later mode can be assigned to
structural defects that arises due to Ag presence while these
two modes are not shown by pure ZnO [31, 32]. Perhaps these

Fig. 5 Calculated field enhancement factors (η) of the Ag nanoparticle
for observing point immediately adjacent to the metal particle: (a/r)=1.
The legend of the figures is provided with (a/r, εm) values for each plot.
Inset of the figure depicts η for observing point far away from the particles
surface: (a/r)=0.1

Fig. 6 Raman spectra for the pure and Ag-modified ZnO nanorod
samples excited with Ar ion laser source
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modes fall in the range of the well-known D and G bands of
the disordered graphitic carbon [33]. At this stage, its highly
difficult to comment on the origin of these modes as the
presence of carbon on the surface and enhancement of the
Raman signal of the surface adsorbents due to metallic silver,
by local field enhancement, cannot be ruled out in the case of
our samples. Higher order Raman modes of the Ag-modified
ZnO samples in the range of 2500–3500 cm−1 are visible with
good resolution when compared with the pure ZnO Raman
spectrum [21, 32, 33].

Compared to pure ZnO, Ag-modified ZnO nanorod
sample shows enhanced Raman scattering, and this en-
hancement arises due to the local field associated with
metal nanoparticles at the interfaces of ZnO and Ag.
Metal nanoparticle induced local field scaled up the
active phonon interactions and also enhanced the scatter-
ing associated with higher order phonon modes [34, 35].
Observation of intensity enhancement with the presence
of Ag nanoparticles resembles SERS-like behavior of
ZnO sample with randomly distributed metallic Ag nano-
particles. Two enhancement mechanisms: electromagnetic
and chemical enhancements contribute to the surface-
enhanced Raman scattering (SERS). The local field en-
hancement in the surroundings of metal nanoparticles is
the origin for the former enhancement mechanism and
later originates from the electron transfer between the
semiconductor and metal nanoparticles [36].

Rumyantseva et al. [37] reported pronounced en-
hancement of Raman scattering from ZnO nanocrystals
on substrates coated with Ag nanoparticles and possible
explanation as a theory to understand this enhancement
is given, which contains three contributing factors for
the Raman scattering enhancement factor, FRS.. Raman
scattering enhancement factor, FRS in the vicinity of
metal nanooparticle for a probe located at a point r is
given by [37]

FRS ω;ω
0
; r

� �
¼ GI ω; rð ÞGLDOS ω

0
; r

� �
G ω; rð Þ

where G(ω,r) is Gersten-Nitzan factor (contribution of
field reflected from a nanobody), GI(ω,r)= I(ω,r)/Io(ω) is
the incident field enhancement factor (for light intensity
Io and frequency ω) and GLDOS(ω′,r) is enhancement
factor related to the local photon density of states with
respect to vacuum density of states. This enhancement
factor is metal nanoparticle size dependent. As
discussed earlier in the section of this manuscript, when
the wavelength of the incident light is close to the
surface plasmon wavelength of the metal nanoparticles,
large electromagnetic field surrounding the surface of
these metal nanoparticles makes the way for enhanced
Raman scattering of ZnO system.

Conclusion

In summary, cost-effective synthesis route is chosen for the
successful preparation of pure and Ag-modified ZnO nano-
structures. From the XRD patterns, Ag doping-induced lower
angle shift is observed. The presence of metallic silver is
identified from the extra XRD peaks related to metallic silver.
Optical absorption studies show a decrease of band gap for
Ag-modified ZnO when compared with pure ZnO sample.
Broad optical absorption in the visible region is attributed to
the SPR absorption of Ag nanoparticles, whose presence
along with ZnO is supported by the XRD studies. From this
work, we attempted to understand the observed enhancement
in photoluminescence and Raman scattering in the view of the
local field associated with the metal nanoparticles. The ob-
served enhancement in luminescence and high Raman signals
with lower laser intensities in case of Ag-modified ZnO nano-
rod samples makes these materials as a promising candidate
for bio-imaging/bio-labeling applications where one can take
advantage of ZnO nanostructures with enhanced lumines-
cence and Raman scattering.
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