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Abstract This paper reports the complete ellipso-

metric characterization of gold nanoparticles (NPs)

embedded in a photoresist films. The effective dielec-

tric function of nanocomposite films as well as the

shape distribution and the volume fraction of NPs are

extracted from ellipsometric measurements by intro-

ducing an effective medium theory which takes into

account the NP shape distribution and the intrinsic

confinement effect. This theory remains valid as long

as the nanoparticle interaction is negligible. We show

that the magnitude of the confinement depends on the

nanoparticle shape and the environment through

chemical damping. This suggests that the NP shape

distribution can be directly estimated by ellipsometry,

while the determination of absolute radius distribution

requires transmission electron microscopy measure-

ments. The imaginary part of the effective dielectric

function exhibits a strong asymmetric surface plasmon

band, while a large variation of the real part occurs

close to the resonance. The redshift and the broaden-

ing of the plasmon band as the gold volume fraction

increases are correlated to the evolution of NP shape

distribution. This evolution is attributed to a

competition between the nucleation and the coales-

cence of NPs. This unambiguously demonstrates that

ellipsometry combined with a shape-distributed effec-

tive medium theory is a powerful alternative tool to

transmission electron microscopy for the NP shape

analysis.

Keywords Nanoparticles � Shape distribution �
Spectroscopic ellipsometry � Plasmon � Confinement �
Instrumentation

Introduction

Plasmonic nanoparticles (NPs) embedded in polymer

matrices are remarkable composites mainly for their

unique optical properties (Biswas et al. 2004; Kinnan

et al. 2009; Pacios et al. 2007; Qu et al. 2004; Sandu

2012), which lead to their application as filters,

blackbody, or optical sensors (Aldeanueva-Potel

et al. 2009; Gradess et al. 2009; Hedayati et al.

2011; Liu et al. 2009; Misra et al. 2015; Pandey et al.

2012), but they have also proven enhanced conduc-

tivity (Kuila et al. 2007; Reddy et al. 2008; Takele

et al. 2006), luminescence (Guzatov et al. 2012; Yang

et al. 2012), and further worth as antibacterial agents

(Kubacka et al. 2009; Tamboli et al. 2012). Usually,

these materials are characterized by UV–visible

spectroscopy, as the plasmon resonance (SPR) of

NPs provides qualitative information on the NP load,
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size, shape, and distribution. However, in order to

establish these parameters precisely, transmission

electron microscopy (TEM) studies are required. Even

then, the optical characterization of the material is

limited using this technique, as it is blind to the

elucidation of its refractive index.

Spectroscopic ellipsometry (Azzam and Bashara

1977) is an indirect optical characterization tool based

on the change of the polarization state of light after

reflection on the sample. Ellipsometry requires an

appropriate modeling to simultaneously determine the

film thickness and dielectric constant. Recent works

suggest that ellipsometry can be used to characterize

nanomaterials (Losurdo et al. 2009; Naciri et al. 2013;

Oates et al. 2011). Ellipsometry was previously used

to monitor the growth of silver NPs on a surface (Oates

and Mücklich 2005), in polymer (Oates 2006; Oates

and Christalle 2007), or in mesoporous silica matrices

(Battie et al. 2011). However, classical effective

medium theories, used to exploit ellipsometric data,

only consider monodispersed NPs and could give

erroneous results (Keita and Naciri 2011). Pecharro-

man et al. (2015) used the Bergman formalism to

extract the effective dielectric function of gold

nanoparticules in TiO2. The Bergman formalism is

based on the determination of the spectral represen-

tation function (SRF) which depends on a large

number of parameters such as the NP size and shape

distributions, or the interactions between NPs. This

multivariate dependence makes unclear the interpre-

tation of the SRF. Persechini et al. (2014) have

introduced the nanoparticle shape in effective medium

theory to exploit reflectance anisotropy spectroscopic

measurements. However, the authors consider

monodispersed NPs. In addition, contrary to ellipsom-

etry, reflectance anisotropy spectroscopic measure-

ment is limited to oriented NPs. Recent advances in

effective medium theory make it possible to take into

account the influence of the NP size (Battie et al.

2014b; Keita et al. 2014) or shape distribution (Battie

et al. 2014a, 2015; Bohren and Huffman 1998; Gao

and Li 2003; Goncharenko 2003, 2004; Goncharenko

et al. 2001; Goncharenko and Pinchuk 2014; Gon-

charenko and Venger 2004; Resano-Garcia et al. 2015;

Toudert et al. 2008, 2012) on the optical properties of

films. An extension of effective medium theories was

developed by Toudert et al. (2008, 2012) to describe

the optical properties of a collection of NPs distributed

in shape and assembled into a 2D array. However, this

model requires a preliminary estimation of the pair

correlation function of NPs by transmission electron

microscopy. By considering mean field approxima-

tion, Bohren and Huffman (1998) have introduced the

NP shape distribution in the Maxwell–Garnett theory.

By assuming a low NP volume fraction, a spectral

Bergman representation can be derived from this

shape-distributed effective medium theory (SDEMT)

(Goncharenko 2004). By combining mean field

approximation and the Bruggeman theory, Gon-

charenko and Venger (2004) have investigated the

influence of the NP shape distribution on their

percolation threshold. However, these authors con-

sider unphysical distributions such as uniform step-

like shape distribution. SDEMT was successfully

exploited to analyze the absorption spectra of colloids

(Battie et al. 2015; Resano-Garcia et al. 2015).

However, contrary to ellipsometry, absorption spec-

troscopy is not sensitive to the real part of the complex

dielectric function of NPs.

This paper reports the first complete ellipsometric

determination of the NP shape distribution of gold NPs

embedded in a photoresist matrix. The aim behind the

use of this resist is to develop metamaterials based on

3D metallic structures using 3D lithography. Based on

a direct laser writing in a metallic precursor-loaded a

photoresist solution, 3D metallic metamaterials can be

obtained (Destouches et al. 2013; Ishikawa and

Tanaka 2012; Shukla et al. 2011). In this context,

ellipsometry was used to get the optical properties and

in particular the dielectric constant of gold NPs

embedded in thin polymer films. It is interesting to

note that in the present study, the NPs were thermally

fabricated to obtain similar NP properties as in photo-

patterned structure. Indeed, as we used a positive

photoresist, the areas exposed to light are removed

after the photolithographic step while the reduction of

Au precursor and the growth of AuNPs inside the

unexposed areas require a postannealing treatment.

The ellipsometric data are analyzed using the SDEMT

model. In agreement with TEM, the NP shape

estimated from ellipsometry evolves from spherical

to nonspherical NPs as the gold concentration

increases. This variation, which comes from a com-

petition between the nucleation and the coalescence of

NPs, has a significant impact on the complex dielectric

function. It induces a red shift and a broadening of the

plasmon resonance. This demonstrates that ellipsom-

etry can be used to simultaneously estimate the NP
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shape distribution and the complex dielectric function

of nanocomposite films.

Materials and methods

Synthesis of the Au@AZ9260 composites

As a test material, we present a nanocomposite that

includes AuNPs inside a well-known photosensitive

prepolymer which may still be used as two-photon

lithography resist, as the similar composites prepared

by Marques-Hueso et al. (2010). The AuNPs in the

composite were generated in situ, reducing HAuCl4 by

the cresol novolac resist present in the AZ9260

commercial preparation. For each AuNP load level,

weighted solutions of HAuCl4�3H2O in propylenegly-

col monomethyl ether acetate (PGMEA)were added to

the corresponding amount of commercial AZ9260. The

mixtures were homogenized in an ultrasonic bath for

1 min at room temperature. Immediately after prepa-

ration, they were spin coated over a silicon substrate at

5000 rpm for 60 s. Cleaned transparent glass substrates

are also used for absorption spectroscopy measure-

ments. Baking on hot plate for 8 min at 80 �C followed

by 2 min at 120 �C evaporates all traces of solvent and

activates theNP formation.While theAuNP loadon the

composite could be controlled by the amount of gold

salt added to the polymer, the layer thickness was

defined by the proportion of PGMEA. It was verified

that a 70:30 proportion of PGMEA on AZ9260 at the

former spin coating conditions led to uniform layers

with thickness in the 150–250 nm range.

The gold load in each sample was expressed as the

mass fraction of gold salt on the commercial AZ9260

as weighted for the solution preparation, ignoring

further additional solvent. However, AZ9260 is spec-

ified to contain already a 60–65 % wt. of solvents

which are eliminated during soft bake. The relation-

ship between the gold salt mass fraction and the final

gold NP volume fraction is shown in Table 1.

Uncertainties around 12 % in the mass fraction are

mainly due to the uncertainty in the polymer concen-

tration in AZ9260, while an additional 8 % uncer-

tainty in the volume fraction is caused by the errors

accumulated in the measurement of the polymer

density. For simplicity, the composites will be called

by their nominal gold salt initial concentration.

Characterization

Ellipsometric measurements were performed in the

0.59–4.43 eV spectral range with a phase-modulated

ellipsometer (UVISEL, Horiba). The ellipsometric

parameters Is and Ic were measured at three angles of

incidence: 50, 60, and 70�. These parameters depend

on the ellipsometric angles W and D:

Is ¼ sin 2W sinD; ð1Þ

Ic ¼ sin 2W cosD: ð2Þ

TEM images are recorded with a Technai CM200

microscope operating at 200 kV. To prepare TEM

grids, the films are stripped off the substrate by

scratching the samples with a razor blade. The film

fragments are then deposited on a copper TEM grid.

Extinction measurements are made with a home-

made downright microscope. The sample is irradiated

with a tungsten lamp. The angle of incidence is set at

0�. The transmitted light is collected with a 109 (NA:

0.3) microscope. The light is then focalized in the core

of an optical fiber connected to a CCD spectropho-

tometer (Maya 2000pro UV–visible detector). For

absorption spectroscopy, films are deposited on glass

substrates. The reference intensity I0 is measured after

a glass substrate. Then, the light intensity I is measured

by replacing the glass substrate by the sample. The

extinction of the film is estimated by calculating the

logarithm of the ratio I0/I, neglecting the reflection at

each interface. The extinction at plasmon resonance is

then normalized to 1.

Shape-distributed effective medium theory

(SDEMT)

In the following, we consider a collection of

spheroidal NPs distributed in shape and randomly

oriented in a polymer matrix. This medium is consid-

ered as a homogeneous medium described by an

effective dielectric function eeff. The random orienta-

tion of NPs suggests that this effective medium is

isotrope. In mean field approximation, the spatial

averages of electric hEi and displacement hDi fields in
the material are the sum of two contributions (Bohren

and Huffman 1998):

Eh i ¼ 1� fð Þ Emh i þ f Enp

� �
; ð3Þ
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Dh i ¼ 1� fð Þem Emh i þ f enp Enp

� �
; ð4Þ

where f is the NPs volume fraction, while hEmi and
hEnpi are the spatial average electric field inside the

matrix and NPs, respectively. enp and em are the

complex dielectric function of NPs and the matrix,

respectively. The effective dielectric function eeff is
defined by

Dh i ¼ eeff Eh i: ð5Þ

In the quasi-static limit i.e., for NP size smaller than

the wavelength, the field inside the matrix is propor-

tional to the field inside NPs.

Enp

� �
¼ b Emh i: ð6Þ

The slope b is defined by (Resano-Garcia et al.

2015)

b¼ em
3

Z Z
PðL1;L2Þ

X3

i¼1

1

emþLi enpðlÞ� em
� � dL1dL2:

ð7Þ

The depolarization parameters (L1, L2, L3) which

only depend on the NP shape vary in the 0–1 range and

must respect the following sum rule:

1 ¼ L1 þ L2 þ L3: ð8Þ

P(L1, L2) is the normalized distribution of NP

depolarization factors. We assume that the depolar-

ization parameters follow a Gaussian distribution

(Battie et al. 2014a, 2015; Resano-Garcia et al. 2015):

P L1; L2ð Þ ¼ Ce
�0:5

L1� �L1ð Þ2
r2
1

þ L2� �L2ð Þ2
r2
2

þ L3� �L3ð Þ2
r2
3

� �

: ð9Þ

Note that other distributions can be used. The

distribution of NP depolarization factors is related to

the NP shape distribution. �Li and ri are the mean value

and standard deviation of Li, respectively, while C is a

constant used to normalize the distribution. To make

easier the interpretation, we adopt the Bohren con-

vention (Bohren and Huffman 1998): L1 � L2 � L3:

The effective dielectric function of a medium

composed of ellipsoidal NPs embedded in a dielectric

matrix can be calculated from Eqs. (3–6):

eeff ¼
1� fð Þem þ f enpb

1� fð Þ þ fb
: ð10Þ

Note that the volume fraction must be small enough

to neglect the interaction between NPs (Evlyukhin

et al. 2012; Hohenester and Krenn 2005; Ranjan 2013;

Yousif and Samra 2013). The dielectric function of

bulk Au (ebulk) (Palik 1985) is related to the contri-

bution of interband and intraband transitions of bound

and conduction electrons, respectively (Kreibig and

Vollmer 1995). The intraband transitions are

described by the Drude dispersion law (Kreibig and

Vollmer 1995). In a classical limit, intrinsic confine-

ment occurs for NP size smaller than the mean-free

path of conduction electrons. By assuming that the

intrinsic confinement only affects free electrons, the

dielectric function of AuNPs can be deduced from

enpðlÞ ¼ ebulk �
x2

p

x xþ iC0ð Þ þ
x2

p

x xþ i C0 þ A
vf
l

� �� � ;

ð11Þ

where x is the photon energy and A a constant.

xp = 8.64 eV, C0 = 0.097 eV, and vf = 1.4*106 m/s

are the bulk plasma energy, the bulk electron damping

and the Fermi velocity of free electrons, respectively.

l is the mean value of NP size. The value of the

constant A is still under debate and depends on the

scattering scheme (Coronado and Schatz 2003;

Kreibig and Vollmer 1995), the NP shape (Coronado

and Schatz 2003), and the chemical environment

(Charlé et al. 1984; Hövel et al. 1993; Kreibig 2008).

As example, in the case of spherical NPs in vacuum, an

isotropic electron scattering leads to A = 1 while

A = 0.75 for a Lambert cosine scattering law (Coron-

ado and Schatz 2003), both being significantly higher

than the experimental result for 2 nm AgNP in

vacuum of A = 0.25 (Hövel et al. 1993).

Table 1 Nominal gold mass and the corresponding nominal

Au volume fraction for each formulation

Nominal HAuCl4
concentration (% wt)

Nominal fNP
(% vol)

fNP from

ellipsometry

(% vol)

5 0.6 ± 0.1 0.7 ± 0.05

10 1.0 ± 0.2 1.2 ± 0.05

20 2.2 ± 0.4 2.3 ± 0.08

40 6 ± 1 7 ± 0.1

60 12 ± 2 11 ± 0.1

The volume fraction of gold NPs deduced from ellipsometry is

also reported
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Results and discussion

Figure 1 shows typical TEM images of AuNP films

and the corresponding diameter distributions mea-

sured over 300 NPs. In the following, the diameter is

defined as the mean value between the smaller and

larger apparent dimensions of each NP. Since the

thickness of the film chips obtained during the TEM

grid preparation is not controlled, the concentration of

NPs cannot be estimated by TEM. Indeed, TEM

images show juxtaposition of AuNPs located at

different film depths. In other words, the interparticle

distance cannot be evaluated from TEM measure-

ments. In first approximation, the NP diameter distri-

bution follows a Gaussian distribution. To avoid

negative diameter value, we limit the representation

of the Gaussian distribution to diameter higher than

1 nm which approximately corresponds to the resolu-

tion limit of TEM.

Au5, Au10, and Au20 have similar NP diameter

distributions centered close to 4 nm with 1 nm

standard deviation. The Au40 diameter distribution

has a slightly larger width estimated at 1.5 nm. On the

other hand, the Au60 diameter distribution is drasti-

cally broadened while its mean diameter is 3 times

higher than the Au5 one. In all cases, the NP diameter

is smaller than the 42 nm electron mean-free path of

bulk Au (Kreibig and Vollmer 1995).

The NPs aspect ratio distributions reported in Fig. 2

enable a quantitative estimation of the NP shape

distribution. In the following, the NP aspect ratio is

defined as the ratio between the lower and the higher

NP diameter. Au5, Au10, and Au20 mainly contain

spherical NPs. However, the amount of spherical NPs

tends to decrease from 86 to 30 % as the gold

precursor concentration increases from 5 to 60 %.

Indeed, as shown in the TEM image (Fig. 1e), Au60 is

mainly composed of elongated NPs which come from

the coalescence of NPs. These NPs are randomly

oriented inside the photoresist film. Note that the

proportion of spherical NPs deduced from TEM

measurements should be overestimated since elon-

gated NPs in one direction can appear as nearly

spherical NPs, depending on their orientation.

Fig. 1 TEM images of a Au5, b Au10, c Au20, d Au40 and e Au60. In inset the corresponding NP diameter distributions
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Spectroscopic ellipsometric measurements of Au20

are illustrated in Fig. 3. Similar spectra are obtained

for other films (not shown). To extract optical

properties of nanocomposite layers from ellipsometric

data, an optical model must be introduced. This model

consists of a silicon substrate covered with a photore-

sist film which contains AuNPs.

The optical properties of these films are described

by an effective dielectric function calculated from

Eq. (10). In agreement with the quasi-static approx-

imation, the NP size deduced from TEM measure-

ments is much smaller than the wavelength. In other

words, multipolar and dynamic effects are negligible

for this NP size (Battie et al. 2014b). In addition, by

considering the nominal NP volume fraction

(Table 1), the interparticle distance is sufficiently

high to neglect the interaction between NPs. The

dielectric function of the matrix em is set to the value

measured on a photoresist film without gold precursor.

The transfer matrix formalism (Azzam and Bashara

1977) is then used to calculate the ellipsometric

parameters (Is, Ic). The mean values (�L1, �L2) and

standard deviations of (r1, r2, r3) of the distribution of
depolarization factors, the NP volume fraction f, the

ratio A/l, and the film thickness have been simultane-

ously fitted using the Levenberg–Marquard algorithm

(Levenberg 1944). These parameters are summarized

in Tables 1 and 2.

As shown in Fig. 3, a good agreement is obtained

between the experimental spectra and the calculated

ones. The root mean square error between the exper-

imental and the simulated data does not exceed 0.06 for

all films (spectra not shown), confirming the correct-

ness of this model. Moreover, the correlation matrix

Fig. 2 NP aspect ratio

distribution of a Au5,

bAu10, cAu20, dAu40 and

e Au60

Fig. 3 Measured and

calculated a Is, b Ic

ellipsometric spectra of

Au20. The angles of

incidence are 50, 60, and 70�

217 Page 6 of 13 J Nanopart Res (2016) 18:217

123



(not shown) suggests that all free parameters are

independent. The NP volume fractions deduced from

ellipsometry (Table 1) are close to the nominal values,

suggesting that the gold salt is completely reduced

during the heat treatment. This model is limited to

small NP volume fraction to neglect the interaction

between NPs. The maximum value for which this

model remains valid has not reached a consensus yet.

Myroshnychenko et al. (2008) have suggested that the

volume fraction must be smaller than 30 %. On the

other hand, as reported by Kreibig et al. (1995), the

dipolar interaction is negligible for volume fraction

smaller than 5 %. Although the volume fraction of

Au60 is slightly larger than this threshold, we assume

that Au60 is only slightly affected by dipolar interac-

tions. In other words, we consider that Au60 is at the

edge of SDEMT applicability.

The distributions of NP depolarization factor P(L1,

L2) deduced from ellipsometry are reported in Fig. 4.

Au5, Au10, and Au20 have narrow depolarization

factor distribution centered close to (1/3, 1/3) suggest-

ing that AuNPs are spherical for HAuCl4 concentration

lower than 20 %. The distributions of depolarization

factors are broadened forHAuCl4 concentrations higher

than 40 %. Moreover, the mean values of depolariza-

tion factors deviate from that of spherical NPs.

By assuming that film contains ellipsoidal NPs, the

distribution of depolarization factor P(L1, L2) illus-

trated in Fig. 4 can be converted into a distribution

P(r2, r3) in aspect ratios of ellipsoidal NPs by applying

the following space transformation (Bohren and

Huffman 1998):

Li ¼
r2r3

2

Zþ1

0

dq

qþ r2ið Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQ3

i¼1 qþ r2ið Þ
q ; ð12Þ

where ri ¼ ai=a1 (i = 1, 2, 3) the aspect ratios of an

ellipsoidal NP. a1, a2,and a3 are the length of principal

axes of the ellipsoidal NP. To obtain a bijective space,

the lengths of principal axes are sorted in the following

order: a3 � a2 � a1. The NP aspect ratios distributions

are depicted in Fig. 5.

In accordance with the NP aspect ratio distribution

found by TEM (Fig. 2), Au5, Au10, and Au20 are

mainly composed of spherical NPs. Indeed, their

aspect ratios r2 and r3 are close to 1. The distributions

of aspect ratios are broadened for Au40 and Au60. In

addition, the Au60 aspect ratio distribution is centered

at the (0.68, 0.57) values confirming the nonsphericity

of NPs. This also suggests that the NP shape is close to

prolate since the mean value of r2 is close to the mean

value of r3. TEM measurements reveal that the

nanoparticles aspect ratio is in the 0.4–1 range.

However, a large number of NPs with an aspect ratio

close to 1 is observed by TEM. TEM gives a two-

dimensional projection of NPs. Indeed, only one

aspect ratio per NP can be measured by TEM. In other

words, the aspect ratio estimated by TEM can be

overestimated because nonspherical elongated

nanoparticles could appear as closely spherical NPs,

depending on their orientation. In other words, TEM

can overestimate the amount of spherical NPs.

To quantify the variations of NP shape distribution,

we introduced the sphericity parameter Ps and the

dispersity parameter D:

Ps ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X3

i¼1
�Li �

1

3

� �2
s

; ð13Þ

D ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3

i¼1
1
r2
i

q : ð14Þ

Ps is the Euclidian distance between the center of

the depolarization factor distribution and the locus of

spherical NPs. It varies in the 0–0.82 range. The

sphericity parameter of monodispersed spherical NPs

Table 2 Parameters of the NP shape distributions and A/l values deduced from ellipsometry for all nominal HAuCl4 concentration

Nominal HAuCl4 concentration

(% wt)

�L1
�L2 r1 r2 r3 A/l (nm-1)

5 0.330 ± 0.005 0.332 ± 0.005 0.042 ± 0.003 0.013 ± 0.002 0.021 ± 0.003 0.72 ± 0.02

10 0.33 ± 0.01 0.33 ± 0.01 0.014 ± 0.005 0.015 ± 0.006 0.02 ± 0.008 0.71 ± 0.04

20 0.318 ± 0.006 0.328 ± 0.008 0.013 ± 0.004 0.012 ± 0.004 0.022 ± 0.006 0.73 ± 0.02

40 0.320 ± 0.005 0.321 ± 0.005 0.089 ± 0.005 0.065 ± 0.004 0.021 ± 0.001 1.02 ± 0.05

60 0.22 ± 0.02 0.35 ± 0.01 0.017 ± 0.002 0.851 ± 0.009 0.078 ± 0.003 0.48 ± 0.02
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should be equal to 0. However, SDEMT does not take

into account multipolar effects which appear for large

NP radius (Kreibig and Vollmer 1995). To give a

better sphericity criterion, spectra of spherical NPs

simulated from Mie theory (Bohren and Huffman

1998) are fitted with the SDEMT (not shown). We

conclude that the spherical NPs with a diameter

smaller than 50 nm have a sphericity parameter

smaller than 0.03. The dispersity parameter evaluates

the width of the shape distribution. As example,

monodispersed NPs have a D value close to 0.

Figure 6 reports the variations of sphericity and

Fig. 4 P(L1,L2) distribution of a Au5, b Au10, c Au20, d Au40 and e Au60

Fig. 5 Distribution of NP aspect ratios P(r2,r3) of a Au5, b Au10, c Au20, d Au40 and e Au60
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dispersity with the HAuCl4 concentration. The dis-

persity parameter remains approximately constant for

HAuCl4 concentration smaller than 20 %, while it

drastically increases for higher concentrations. In

addition, the sphericity parameters of Au5, Au10, and

Au20 are lower than 0.03 confirming that these films

are mainly composed of spherical NPs. The Au40

sphericity parameter is close to the spherical shape

criterion threshold. However, it has a high dispersity

parameter estimated at 0.019. The Au60 sphericity

parameter and dispersity parameter are 0.15 and 0.017,

respectively. In other words, Au40 and Au60 have

broad NP shape distributions. Indeed, TEM images

suggest that both films are composed of a mixture of

spherical NPs, elongated NPs and faceted large NPs.

The variations of the NP shape distribution with the

Au concentration can be explained by considering two

mechanisms: the nucleation and the coalescence of

NPs. In a low concentration regime, the NP growth

mechanism is governed by the reduction of Au salt and

the nucleation of isolated spherical NPs. A small rise

of Au salt concentration increases the number of

nucleation centers, i.e. the number of NPs, without

changing their radius distribution. Then, the coales-

cence of NPs appears for a gold precursor concentra-

tion higher than 40 %. This induces the growth of

large nonspherical NPs.

The NP mean radius obtained by TEM (Fig. 1) is

smaller than the 42 nm electron mean-free path of Au

(Kreibig and Vollmer 1995). In other words, the

scattering of electrons on the NP surface limits their

mean-free path. Ellipsometry cannot give a direct

estimation of A parameter without the knowledge of

nanoparticle radius. Thus, we combine ellipsometric

measurements and TEM to give an estimation of A.

The constant A is calculated from the product between

the ellipsometric estimation of A/l and the NP mean

radius deduced from TEM. Figure 7 reports the

calculated A parameter as a function of the sphericity

and dispersity parameters. The magnitude of the A

error bars is calculated by taking into account the error

on A/l deduced from the fitting procedure and the

standard deviation of NP radius distribution obtained

from TEM. For a sphericity parameter smaller than

0.03, i.e., for nearly spherical NPs, the A parameter

collapses to the 1.42 ± 0.26 value. As reported by

several authors (Charlé et al. 1984; Coronado and

Schatz 2003; Hövel et al. 1993; Kreibig 2008; Kreibig

and Vollmer 1995), the A parameter of spherical NPs

in vacuum or in air is smaller than 1. However, for

embedded NPs, an energy transfer between the NP and

its matrix can occur for a plasmon energy close to the

adsorbate energy levels (Charlé et al. 1984; Hövel

et al. 1993; Kreibig 2008). This chemical interface

damping, which reflects the chemical and structural

properties at the NP–matrix interface, damps the phase

coherence of the collective oscillation. As example,

Hövel et al. (1993), Kreibig (2008) and Kreibig and

Vollmer (1995) have reported a value A of 1.4 for

silver NPs embedded in silica matrix. In other words,

the chemical damping plays a major rule in the optical

properties of small spherical NPs embedded in pho-

toresist film. On the other end, Au40 and Au60 which

have broad NP size and shape distributions have A

parameter larger than 2. The A parameter depends on

the plasmon band width. Since SDEMT does not take

into account inhomogeneous broadening due to the NP

size distribution, the A parameter can be slightly

overestimated. This inhomogeneous broadening

should be more pronounced for larger NP diameter

such as Au40 and Au60 as illustrated by the high

magnitude of their A error bar. In addition, as reported

by Coronado and Schatz (2003), the A parameter is

shape and aspect ratio dependent. As example, the A

parameter of oblate NPs in vacuum varies in the

0.25–1.7 range. Moreover, the high error bars of the A

parameter of Au40 and Au60 are related to their broad

NP size distributions. Indeed, the size distribution,

which can induce inhomogeneous broadening of the

SPR bands, is not taken into account in SDEMT. In

other words, the high A parameter value of Au40 and

Au60 is due to their broad NP size and shape

Fig. 6 Dispersity parameter versus the sphericity parameter for

each HAuCl4 concentration
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distributions and the deviation of the NP shape from

spherical NPs.

The NP shape distribution has a strong influence on

their optical properties. Figure 8a and b shows the real

part and the imaginary part of the effective dielectric

function of films. The effective absorption coefficients

of the photoresist/AuNP films calculated from the

effective dielectric functions and the normalized

absorption measured by absorption spectroscopy are

also reported in Fig. 8c and d. Note that due to the

random orientation of NPs, the AuNPs/photoresist

film is described as an isotropic effective medium. The

complex dielectric function of the photoresist matrix is

also reported. The matrix is transparent below 3.6 eV

while it has a nonnegligible absorption for higher

energy. The contribution of 5d ? 6sp interband

transitions of AuNPs is traduced by a nearly constant

imaginary part of the effective dielectric function in

the 2.7–4 eV range which increases with the Au

concentration. The imaginary part of dielectric func-

tion and the absorption coefficient exhibit a strong

asymmetric SPR band located in the 2–2.5 eV range.

In accordance with the Kramers–Kronig relations

(Kronig 1926), a large variation of the real part of the

effective dielectric function occurs close to the

resonance. The absorption coefficient calculated using

the effective dielectric function deduced from ellip-

sometry is in agreement with the normalized absorp-

tion measured by absorption spectroscopy (Fig. 8c)

confirming the correctness of the ellipsometric model.

The small differences between the spectra obtained by

absorption spectroscopy and ellipsometry are due to

the fact that both measurements are made on different

samples. Indeed, contrary to ellipsometry, absorption

measurement cannot be performed on nontransparent

substrate. In addition, the determination of absorption

coefficient from absorption spectroscopy requires the

knowledge of film thickness, and the losses, due to the

reflection at each air/film and film/substrate interfaces,

are not taken into account in absorption spectroscopy.

Moreover, the complex dielectric function, which is a

crucial parameter to design optical devices such as

waveguides, or metamaterials cannot be extracted by

absorption spectroscopy. Although the volume frac-

tions are different, the dielectric functions of Au10 and

Au20 are close together confirming that the polariza-

tion state of light is sufficiently sensitive to detect

small variations of the complex dielectric function.

The SPR energy of Au5, Au10, and Au20 is 2.25 eV.

In accordance with the Fröhlich relation (Kreibig and

Vollmer 1995), this band is assimilated to the SPR

band of spherical NPs. The SPR band is redshifted

from 2.25 to 2 eV, while its full width at half

maximum increases by 1.5 times when the Au

precursor concentration evolves from 20 to 60 %. By

considering the low NP size obtained from TEM

(Fig. 1), these spectral variations cannot be due to

multipolar and dynamic effects which are observed for

NPs size diameter than 50 nm (Battie et al. 2014b).

Moreover, the NPs volume fraction (Table 1) is too

small to attribute this redshift to the interaction effects.

Thus, these variations come from the evolution of NPs

shape with the gold precursor concentration. More-

over, a shoulder attributed to the transversal SPRmode

of nonspherical NPs is observed at 2.2–2.3 eV in the

effective absorption coefficient and the measured

absorption spectra of Au60 (Fig. 8c, d). The SPR

energy and bandwidth are mainly influenced by the

Fig. 7 Influence of the

sphericity and dispersity

parameters on the value A
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mean value and the width of the depolarization factor

distribution, respectively (Resano-Garcia et al. 2015).

In order words, the high NP shape dispersity in Au40

or Au60 induces an inhomogeneous broadening of the

plasmon band.

Conclusions

In summary, we have introduced an effective medium

theory which takes into account the intrinsic confine-

ment effect and the distribution of NPs shape. This

theory has been used to analyze ellipsometric spectra

recorded on photoresist films which contain AuNPs.

This theory is valid for low volume fraction. The A

parameter is matrix and shape dependent suggesting

that the absolute size of NPs cannot be determined

from ellipsometric measurements. However, the NP

shape distributions and volume fraction are extracted

from ellipsometric measurements. Contrary to TEM

measurements, the NP shape distribution is obtained

from a large number of NPs. Indeed, by considering

the ellipsometric beam diameter, the film thickness,

and the NP volume fraction, we can conclude that the

light beam probes approximately 1011 NPs. Moreover,

contrary to TEM measurements, ellipsometry is a

nondestructive technique which gives the dielectric

function of nanocomposite film. Thus, we demonstrate

that ellipsometry combined with SDEMT is an

inexpensive alternative for TEM to estimate the NPs

shape distribution.
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