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Abstract

The thermal growth of silver nanoparticles (Ag NPs) embedded in Poly-vinyl alcohol thin
films is studied as a function of annealing time by in-situ spectroscopic ellipsometry in the
visible spectral range. Each recorded spectrum is analyzed by the Shape Distributed Effective
Medium Theory model from which are determined the time evolutions of the film thickness,
the shape distribution, the volume fraction of the nanoparticles and the effective dielectric
function of the nanocomposite film. The estimated shape distribution shows that the
nanoparticles remain almost spherical in the course of the annealing process in good
agreement with the electronic microscopy examinations of the samples. As expected, the
films exhibit a plasmon resonance band, the amplitude of which increases during the
annealing while the film thickness decreases. The growth mechanism of the silver NPs was
also investigated by analyzing the variation of their volume fraction in the films. The obtained
results show that the NPs growth occurs via a mechanism involving Ag atoms (monomers)
additions and/or reduction of Ag ions directly onto the AgNPs surface.

Keywords: Plasmonic Nanoparticles Growth, Nanoparticles Shape Distribution, In-situ
Spectroscopic Ellipsometry, Growth Kinetics

Introduction

Silver nanoparticles (Ag NPs) exhibit plasmon resonances induced by the collective
oscillations of their free electrons whose position depends on the size of the Ag NPs, their
shape and their host medium[1]. Therefore, the growth of Ag NPs in dielectric thin films can
give rise to nanocomposite materials with interesting optical properties and applications such
as sensors[2], photovoltaic cells[3], non-linear optical activity-based devices[4], SERS[5], and
optical filters[6]. Since the optical properties of the nanocomposites are particularly sensitive
to the morphological properties of the embedded NPs, understanding their growth mechanism
is crucial to generate nanocomposites with controlled properties.

Several synthesis routes have been proposed to elaborate Ag NPs embedded in dielectric thin
films from the reduction of silver ions[7-19]. Porel et al.[10] were the first to introduce a
simple experimental protocol to elaborate plasmonic NPs in polymer films, which consists in
depositing a aqueous solution of polymer and metallic salts onto a solid substrates by casting
or spin-coating and thermally reducing the metallic salts. In-situ monitoring of the NP growth
would help to understand the growth kinetics and mechanism. As a non-invasive and in situ
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optical diagnostic technique, spectroscopic ellipsometry has proven to be a very effective tool
to monitor the growth NPs in polymer matrices. Oates et al.[20-22] succeeded in
determining the time evolution of the mean radius of NPs growing in a polymer thin films by
analyzing the ellipsometric spectra with the Maxwell Garnett theory. Voué et al.[23]
conducted similar experiments in the UV-near IR spectral range but using a Lorentz
oscillator. However, the theoretical approaches reported by these authors do not take into
account the shape distribution of the NPs, which can have a significant impact on the optical
response of this kind of systems[24]. Therefore, further investigation is required on the
influence of the NPs shapes on the plasmonic properties of this kind of nanocomposite
material. Recently, we have introduced a new effective medium theory called Shape
Distributed Effective Medium Theory (SDEMT) to model the optical properties of a
collection of ellipsoidal NPs which exhibits a shape distribution[25]. This model was
successively used to extract the shape distribution of silver and gold NPs from their
absorption or ellipsometric spectra[24—28]. In this paper, spectroscopic ellipsometry is used to
monitor the growth of Ag NPs in PVA thin films. The SDEMT theory is applied to analyze
the ellipsometric spectra recorded during the annealing of the films in order to determine the
time evolution of the layer thickness, the volume fraction of Ag NPs and their shape
distribution. The growth kinetics and possible mechanisms are discussed on the basis of the
experimental results and their modelling by the SDEMT.

Materials and Methods

The silicon substrates were cleaned first in an ultrasonic bath of a mixture of soap and
distilled water during 30 min, then in an ultrasonic bath of distilled water during 15 min. After
that, the substrates are immersed 15 min in an ultrasonic bath of acetone, and finally 15 min in
ethanol.

A 0.1g/ml PVA (MW: 13000 — 23000, Sigma Aldrich) aqueous solution (S0) was first
prepared under vigorous stirring during 1h at 90°C and 23h at room temperature. A solution
(S-PVAOQ) of 0.08g/ml of PVA was prepared by diluting (SO) with water with a 4 to 1 ratio.
The resulting solution was then deposited on a cleaned silicon substrate by spin-coating at a
rotation speed of 5000 rpm. The obtained film was then dried by spinning at 500 rpm for 2
min. The thickness of the PVA film as measured by spectroscopic ellipsometry was 196 + 1
nm.

Solutions of PVA 0.08g/ml containing silver nitrate (AgNO3, 99.995%, Alfa Aesar) were also
prepared and deposed on a silicon substrate by spin coating at 5000 rpm. Three different
samples named AG1, AG2, and AG3 with different Ag/PVA ratio were prepared. For the
sample AG1, an aqueous solution (S1) of silver nitrate 0.158 + 0.001g/ml was prepared. After
stirring, the solutions (SO) and (S1) were mixed and stirred in a 4 to 1 ratio as way to obtain a
new solution (S-AG1) with a PVA to water ratio of 0.08g/ml and a silver ions to PVA mass
ratio of 25%. For the samples AG2, AG2-a, AG2-b, AG2-c and AG2-d, a solution (S2) of
silver nitrate 0.400 = 0.001g/ml was prepared. Then solutions (S0) and (S2) were mixed in a 4
to 1 ratio and stirred to obtain the solution (S-AG2) with a PVA to water ratio of 0.08 g/ml
and a silver ions to PVA mass ratio of 63%. For the sample AG3, a solution (S3) of silver
nitrate 0.600 £ 0.001g/ml was prepared. After stirring, the solutions (SO) and (S3) were mixed



and stirred in a 4 to 1 ratio as way to obtain a new solution (S-AG1) with a PVA to water ratio
of 0.08g/ml and a silver ions to PVA mass ratio of 95%.

Table 1 shows a comparison between samples AG1, AG2, and AG3 in terms of nominal mass
ratios (r), volume fractions (f) of silver ions with respect to PVA, and their initial thicknesses
estimated by spectroscopic ellipsometry.

Table 1: Nominal value of the mass ratio (r) and volume fraction between Ag+ and PVA of AG1, AG2, and AG3.
The film thickness h is determined from ellipsometric measurements recorded before the annealing

Sample r (%) f (%) h (hm)
AGl1 25.0+0.2 3.0+£0.1 156+ 1
AG2 63.0+x04 70+£0.1 195+1
AG3 95.0+03 10.2%0.1 2252

The PVAO sample was annealed at 110°C for 2h, and the samples AG1, AG2, and AG3 were
annealed at 110°C for 8h on the substrate holder of the ellipsometer equipped with a Linkam
(THM-ELLIPS Low stage) heating stage. The heating rate was 5°C/min starting from 25°C to
110°C. During the thermal annealing, real-time ellipsometric spectra were recorded at an
angle of incidence of 65.5°+ 0.5° for all samples by using a homemade Real-Time
Spectroscopic Rotating Compensator Ellipsometer[29, 30] (RTSRCE). The angle of incidence
was precisely determined by fitting the first spectra recorded at room temperature. The
ellipsometer (Fig.1) is composed of a supercontinuum white light laser source (Leukos SM-
30-UV), a Rochon polarizer, and an achromatic rotating quaterwave plate. The reflected light
is split into two perpendicularly polarized beams by a second Rochon polarizer. These two
separate beams are simultaneously analyzed by two synchronized CCD detectors, providing
final spectrum of averaged ellipsometric spectra free of systematic errors [30].

Rotating
Compensator

Polarizer

Heater (Linkam)

&

Analyzer (Rochon

beamsplitter)

D

S

Sample . Ellipsometric
spectrum
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Figure 1: Scheme of the Realtime Spectroscopic Rotating Compensator Ellipsometer coupled with the Linkam
heater.



Ellipsometric angles W and A, as defined in equation 1, were collected in the 450 - 800 nm
range and averaged over 10 scans resulting in a sampling rate of 1 spectrum every 390 ms.

p= :—’S’ = tanWe'?, (1)
r, and rs are the Fresnel reflection coefficients for p-polarized and s-polarized light
respectively, and p is the complex reflectance ratio of the system. Then, one spectrum over 15
was modeled which results in a calculated data point every 5.85s. The other spectra are
discarded to reduce the modeling time. The ellipsometric spectra analysis is performed on Is
and Ic parameters which are functions of ¥ and A according to the following equations:

Is = sin2¥ sin 4 (2)
Ic =sin2¥ cos 4 (3)

Samples AG2-a, AG2-b, AG2-c, and AG2-d were annealed on the same heating stage at
110°C for 30, 60, 120, and 180 min respectively without optical characterization. The heating
rate was also 5°C/min starting from 25°C to 110°C.

After cooling to room temperature, the films were scrapped with a razor blade and the
fragments are then plunged in water and recovered on a copper grid coated with holey carbon
film. Finally, Scanning Transmission Electron Microscopy (STEM) images of the NPs inside
the PVA matrix were recorded using a Zeiss Supra 40 Scanning Electron Microscope (SEM)
operating in transmission mode at 30 kV.

Ellipsometric modeling

Figure 2 shows the model used to analyze the ellipsometric spectra of samples PVAO, AG1,
AG2 and AG3. The samples were modeled as a silicon substrate covered by a PVA layer (for
sample PVAOQ) or an Ag-PVA nanocomposite layer (for samples AG1, AG2, and AG3) with
air taken as the ambient medium and neglecting the contribution of the native oxide layer. The
ellipsometric spectra were calculated according to the Abeles formalism[31]. The dielectric
function of silicon was extracted from the literature[32] and the dielectric function of PVA
was modeled by a non-absorbent Lorentz oscillator dispersion law :

_ 2
£ =g, + (Es—€00)W( (4)

wi-w? '

where €,=1.844 £=2.277 and wo=7.78 eV are the dielectric constant at infinite frequency and
the static dielectric constant and the resonance energy of the Lorentz oscillator, respectively.
These parameters were determined by fitting simultaneously the ellipsometric spectra of



almost 10 PVA layers of different thicknesses ranging from 50 to 300 nm deposited on silicon
substrates.
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Figure 2: Model used to analyze ellipsometric spectra

Fig. 3 shows a comparison between the obtained PVA dispersion law and those given in the
literature by Schnepf et al.[33] and Guyot et al.[34]. The dispersion law obtained in this work
is similar to that proposed by Guyot et al.[34]. The slight discrepancy with the dispersion
reported by Schnepf et al. might be due to the different molecular weights and hydrolysis
degree of the PVA used by these authors.
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Figure 3: Comparison between the refractive index of PVA used in this paper (solid line) and those reported by
Schnepf et al.”® (dashed line), and by Guyot et al.?” (dotted line).

The description of the optical properties of the Ag-PVA layer requires to take into account the
shape distribution of the NPs. Indeed, as shown by several authors[1, 35-37], the plasmonic
resonances of Ag NPs are strongly related to their morphology. Thus, in our modeling
approach, we considered the Ag-PVA layer as a homogeneous medium composed of
ellipsoidal NPs distributed in shape. This nanocomposite is described by an effective



dielectric function (e.ff) according to the Shape Distributed Effective Medium theory
(SDEMT)[24]

_ (1-fem+fenp<p>
Ceff = T (-p)tr<p> )

with (L, L,) ==-Y3 e—m_sm).(a)

3 &i=1 em+Li(enp

f, &y and &,,, are the volume fraction of Ag NPs, the dielectric function of the PVA matrix
and the dielectric function of the silver NPs[32], respectively. In the following, we neglect the
confinement effect which occurs for NP size smaller than 2 nm[38]. L; < L, < L; are the
depolarization parameters which respect the following sum rule:

z‘3=1 L =1.(7)

These parameters, which vary in the 0-1 range, only depend on the ellipsoidal shape of each
NP. Each of them is equal to 1/3 for a spherical particle. In the following, we assume that the
distribution of depolarization parameters is described by a gaussian distribution:

o5y (L)
P(Li,L)=Ce " i . ®)

C is a normalization constant. L; and o; are the mean value and the standard deviation of the
depolarization parameter L, respectively. This distribution of depolarization factor P(L,, L,)
can be converted into a distribution of aspect ratios of ellipsoidal NPs by applying the
following coordinate transformation:

T3 p+00 dq

L _on )
2 fO (q+ri2) Hl3=1(q+ri2)

where 1; = % the 3 aspect ratios and a; < a, < a, the length of the principal axes of each
1
ellipsoidal NP.

As a result, the mean value of £ is given by:



<p>= ff P(Ly,Ly)B(Ly, L) dLidL,. (10)

Results and discussion
PVAO Sample

Figure 4 a,b,c shows the Is and Ic ellipsometric spectra of PVAQO measured for three annealing
times. The slight variations in the Is and Ic spectra as a function of annealing time indicate a
change in the dielectric function and/or thickness of the PVA layer. To discriminate both
effects, the evolutions of the measured ellipsometric angles at a wavelength of 500 nm are
presented together in a W-A chart (Figure 5) with three simulated iso-refractive[39] index
curves. The film thickness varies along an iso-refractive index curve. A similar approach has
been proposed by Guyot et al. to investigate the growth of gold nanoparticles in the same
polymer matrix[40]. As illustrated in Figure 5, the measured ellipsometric data are located
along the iso-refractive index curve of 1.5 suggesting that the refractive index of the PVA
layer remains almost constant during the annealing. Therefore, it can be concluded that the
variations of the ellipsometric spectra are related to a decrease of the thickness of the PVA

film.
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Figure 4: Comparison between the measured and fitted Is and Ic spectra of PVAQ for annealing time of (a) 0
min, (b) 77 min, and (c) 137 min.
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Figure 5: Representation in a ¥-A chart of the evolution of the ellipsometric angles of (a) PVAQ, and (b) AG2
measured at a wavelength of 500 nm (red dots). Three iso-refractive index curves (n=1.3, n=npy, and 1.7) are
represented as black solid lines. Time increases as h decreases.

The film thickness of the PVA film was then fitted by using the Levenberg-Marquart
algorithm (Fig.4, solid lines). The model reproduces satisfactorily the experimental data with
a root mean square error smaller than 0.067. Considering the variation range of Is and Ic, this
result suggests that the relative error is smaller than 3.5%. The film thickness of the PVA was
plotted as a function of annealing time in Figure 6. It is observed that the thickness decreases
with annealing time by about 7 % after two hours. This thickness decrease can be explained
by the evaporation of residual water inside the polymer layer [41]and/or by the relaxation of
the mechanical stresses induced by the spin coating process in the film.

110
195 +

- 95

—_ 5}
E 80 o
= 190 | 2
» =2
& 5
s 65 ©
0
= =
= 2
185 L 50
- 35
180 T T T T T T T 20
0 20 40 60 80 100 120
Time (min)

Figure 6: Evolution of the PVAO film thickness during the annealing

The impact of the annealing on the ellipsometric spectra of PVA film was further studied for
the films containing silver ions (samples AG1, AG2, and AG3). As shown in figure 5 (b), the
variations of ¥ and A (red points) measured on sample AG2 are more complex than those
observed for sample PVAOQ (Fig. 5(a)). Similar results are obtained for AG1 and AG3 (not
shown). First, the evolutions of these two parameters do not follow the iso-refractive index
curves suggesting that the annealing process induces change in both film thickness and
complex refractive index. This behavior can be related to the thermal growth of silver NPs in
the PVA matrix[21]. To corroborate this result, STEM images of Ag NPs in samples AGL,
AG2, and AG3 (Fig. 7), were recorded after eight hours annealing at 110°C. The number-
weighted distribution of the mean Feret diameter of the AgNPs was determined from these
images. The obtained NPs size distributions can be described by a lognormal law. The three
samples present similar NPs size distribution with modes of 7 nm for AG1 and 9 nm for both
AG2 and AG3. The aspect ratio distributions of the AgNPs in samples AG1, AG2 and AG3,
defined as the ratio between the minimal and the maximal Feret diameter were determined
and presented in Figure 7(g)(h)(i). For the three samples, the aspect ratio distributions exhibit
a single mode located at 0.75 showing that the NPs are almost of spherical shape. These



results reveal the weak influence of the initial Ag ions concentration on both size and shape of
AgNPs in the PVA matrix.

In order to gain insight into the growth mechanism of the AgNPs into the PVA matrix, the
influence of the annealing duration on the NPs growth at 110°C is examined. STEM
observations of samples, similarly prepared as sample AG2, were carried out after 30 (AG2-
a), 60 (AG2-b), 120 (AG2-c), and 180 min (AG2-d) annealing durations at 110°C (Fig. 8).
Whatever the annealing duration (Fig.8(i)-(l)) the aspect ratio presents a mode at 0.85,
suggesting that the NPs remain of spherical shape throughout the whole growth process. In
addition, as shown in the inset of Fig. 8(d), few large faceted NPs are observed. The
distribution of the mean Feret diameter follows, in the case of AG2-a a normal distribution
with a mode of 25 nm and a standard deviation of 10 nm. At longer annealing duration, the
mean Feret diameter distribution follows a lognormal distribution. The STEM images and the
parameters of the lognormal distributions reveal an increase of the fraction of AgNPs with
diameter less than 20 nm with increasing annealing duration. The distribution histograms are
based on a total count between 7000 and 13000 NPs for samples AG1, AG2, and AG3, and
between 400 and 3000 NPs for samples AG2-a through AG2-d.

The observed large NPs with size above 20 nm at the early stage of the annealing treatment
(Fig. 8(a)) are likely generated during the sample preparation. Indeed, a non-zero volume
fraction is calculated at t =0 min for AG1. These NPs may constitute the fraction of
previously described large facetted NPs (Fig. 8 (d)) after further growth. Another scenario can
be invoked for the formation of this large NPs population. These NPs could also be formed in
the PVA film porosities which contain rests of the non-evaporated silver ions solution. This
could explain the large particles population observed at the early stage of the annealing
process (Fig. 8(a)) as well as the large faceted particles observed at the end of the process.
These large NPs may grow via a supersaturation of Ag ion solution due to solvent
evaporation, i.e. growth in liquid medium [42]. This scenario is consistent with the high
growing rate of these particles compared to those supposed to grow in the PVA matrix. Note
also that these AgNPs are already observed after 30 min. annealing (Fig. 8(a)) which is also
the time required to reach the minimum thickness of the film according to Fig. 6. This
supports the hypothesis that these large AgNPs grow in the liquid trapped in the PVA film
pores.
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Since STEM is poorly adapted for in situ monitoring the evolution of NPs shape distribution
during their growth, the use of spectroscopic ellipsometry as a non-invasive in situ
characterization tool is proposed to further investigate the thermal growth of the AgNPs in the
PVA films. The recorded spectra of samples AG1, AG2 and AG3 at the end of the annealing
process were first analyzed by fitting the film thickness h and all the parameters of the
SDEMT model (a4, 05, 03, L, L, and f). In good agreement with the STEM observations, and
whatever the starting parameters (see Table S1, Fig. S1, and Fig. S2 in Supporting
Information), the shape distribution converged towards a spherically centered distribution

given by:

142 1
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Figure 9: Comparison between the measured and modeled Is (blue) and Ic (red) spectra. (a)(b)(c), (d)(e)(f), and
(9)(h)(i) represent samples AG1, AG2, and AG3 respectively. (a)(d)(g), (b)(e)(h), and (c)(f)(i) correspond to the
annealing time of 0, 257 min, and 497 min respectively.

Therefore, by assuming this distribution applies during the whole annealing treatment, the
number of free parameters can be reduced to 3 parameters: h, f, and o;. As illustrated in Fig.
9, the model reproduces all measured ellipsometric spectra with a root mean square error
smaller than 0.034 for AG1, 0.055 for AG2 and 0.077 for AG3. In accordance with the
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conclusion drawn from PVAQ, here again, these results reveal a decrease of the film thickness
during the annealing. The aspect ratio distributions of the NPs in samples AG1, AG2, and
AG3 estimated from ellipsometric measurements recorded 497 min annealing duration at

110°C are reported in Fig. 10.
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Figure 10: Distributions of aspect ratio of (a) AG1, (b) AG2, and (c) AG3 NPs estimated by spectroscopic

Fig.11 shows the aspect ratio distributions of NPs as calculated by the SDEMT in sample
AG2 for 30, 60 120, 180, and 480 min annealing durations at 110°C. In good agreement with
STEM observations, these results reveal the independence of the NPs aspect ratio distribution

ellipsometry for a 497 min annealing time.

on both silver ion concentration and annealing duration. However, in contrast with STEM

observations, ellipsometry is a nonlocal characterization tool, and the total count from which

these distributions are obtained is much larger (10'°-10™ particles at the end of the annealing).
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Figure 11: Distributions of aspect ratio of AG2 NPs estimated by spectroscopic ellipsometry for annealing time
of (a) 30, (b) 60, (c) 120, (d) 180 and (e) 480 min at 110°C.

Fig. 12 shows the time evolution of the volume fraction of AgNPs estimated from the
ellipsometric measurements. It is observed that the AgNPs detection threshold occurs at
110°C. In other words, their number and size are large enough to exceed the detection
threshold of the ellipsometer. Indeed, according to simulations shown in Figure S3, the
detection threshold, in terms of Ag volume fraction, is estimated to be about 0.075 %. In the
early stage of the process the AgNPs volume fraction increases with a constant rate before
reaching a plateau after, i.e. a growth rate decrease, about 5h-6h annealing duration. Note also
that the final AgNPs volume fraction is consistent with the initial silver ions concentration
(reported in Table 1) which means that almost all the silver ions are reduced to form AgNPs.
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Figure 12: Evolution of the volume fraction of AG1, AG2, and AG3 NPs estimated by spectroscopic
ellipsometry. Dashed lines represent the nominal volume fractions for each sample.

In the following, the effective dielectric function of the AG-PVA films obtained from
spectroscopic ellipsometry was determined as a function of annealing duration at 110°C. For
sake of clarity, only selected spectra are presented in Figure 13. The effective dielectric
functions of AG1, AG2 and AG3 exhibit similar trends. At 110°C, a plasmon band appears in
the imaginary part of the effective dielectric function. According to the Kramers-Kronig[43—
45] relations, a large variation of the real part of the effective dielectric function is observed
around the plasmon wavelength. According to the Frohlich condition[46], this band, centered
in the 430-460 nm range, can be assigned to spherical silver NPs. The amplitude of the
plasmon band continuously increases during the annealing, revealing the growth of AgNPs.
These results confirm the increase of the AgNPs volume fraction. Note that at the end of the
annealing, the amplitude of AG3 plasmon band is 3 times higher than that of AG1 in good
agreement with to the expected AgNPs volume fraction of these two samples[47]. Another
noteworthy feature on Fig. 13 is the red shift of the plasmon resonance of about 30 nm with
annealing duration and initial Ag ions concentration. Since, the AgNPs shape and size
distribution remain almost the same, this redshift can be assigned to plasmonic interactions
between the AgNPs[48].
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Figure 13: Blue, red and black lines represent samples AG1, AG2, and AG3 respectively. Degraded red lines
represent sample AG2 at different annealing times. (a)(c) represent the real part of the effective dielectric
function spectra. (b)(d) represent the imaginary part of the effective dielectric function spectra. Black dashed
line corresponds to 430 nm, the resonance wavelength of AG1 (b) and AG2 after 30 min annealing at 110°C (d).

According to several authors [10, 40, 49], the formation of AgNPs in PVA film via a thermal
process occurs in several steps.

The thermal annealing provides sufficient energy to promote the reduction of the silver ions
by the -OH groups of the PVA[50]. As the annealing temperature exceeds the glass transition
temperature of PVA (T,=85°C)[51], the formation and growth of AgNPs is observed. As
stated before, the observation of AgNPs occurs as soon as their volume fraction exceeds a
threshold value that depends on the detection limit of the ellipsometer (see Fig. S3).
Therefore, the initial steps of the AgNPs formation mechanism including silver reduction,
molecular clusters and nuclei formations are out of scope of this experiment.

The findings of this work show that (i) whatever the initial silver ions concentration, the final
AgNPs size distribution is lognormal and present a mode centered at about 10 nm (Fig. 7) (ii)
the final AgNPs are spherical and remain spherical throughout the annealing duration (Fig.
7,8,10 and 11), (iii) the time evolution of the AgNPs volume fraction increases monotonously
in a first stage and reaches a plateau at a volume fraction value close to the initial silver ion
concentration (Fig.12), and (iv) plasmon band red shift is observed as the initial silver ions
concentration (Fig. 13(b)) and/or the annealing duration increase (Fig. 13(d)).



The fact that the NPs remain spherical throughout the annealing process strongly suggests that
the AgNPs growth occurs via a mechanism involving Ag atoms (monomers) additions and/or
reduction of Ag ions directly onto the AgNPs surface. Growth via coalescence of AgNPs is
thus highly improbable.

Furthermore, the observed plateau, i.e. decrease of the growth rate, at the end of the
annealing process is consistent with a growth mechanism by diffusion of Ag atoms (and/or
Ag ions) issued from the polymer matrix. The growth rate may decrease as a consequence of
the depletion of Ag atoms/ions in the vicinity of the AgNPs. In this way, a simple calculation
shows that the growth of a 10 nm diameter AgNPs would require about 3x10* Ag atoms
and/or ions. Furthermore, in a Ag/PVA film prepared in a similar way to samples AG1 (3%)
and AG3 (10%), assuming the ions are homogeneously distributed in the PVA matrix, the
number of silver ions per cubic nanometer are 2 and 7 ions/nm?®, respectively. Therefore, an
Ag “depleted volume” of 10° nm®for AG1 and 3x10* nm® for AG3 would be created around a
10 nm diameter AgNPs. This Ag “depleted volume” would correspond to a 29 and 19 nm
diameter sphere around the AgNPs for AG1 and AG3, respectively. The edge to edge gap
between the surface of two AgNPs would be 19 and 9 nm, respectively giving a ratio between
g and the AgNPs radii of almost 3.8 and 1.8, for AG1 and AG3 respectively. This estimation
may explain the red shift of the plasmon bands observed between AG1 and AG3 (Fig. 13(b)).
Indeed, the AgNPs in AG1 are supposed to be sufficiently remote from each other to not
interact whereas those in AG3 are supposed to be sufficiently closed to each other so that they
are weakly coupled[52-54]. This assumption constitutes a reasonable explanation for the
independence of the AgNPs size distribution on initial silver ions concentration and is also in
good agreement with the increase of the AgNPs numbers with initial silver ions concentration.

Conclusion

In summary, real-time spectroscopic ellipsometry is used to investigate the thermal growth of
silver NPs in PVA film. We show that the film thickness decreases during the annealing due
to the evaporation of residual solvent and/or the relaxation of the mechanical stresses induced
by the spin coating process in the film. By coupling the ellipsometric measurements with the
SDEMT theory, we found that NPs are detected at 110°C. The growth rate is almost constant
at the beginning of the NPs growth while it tends to decrease at the end of the annealing. In
addition, the NPs shape distribution remains centered on the locus of spherical NPs during the
annealing. It does not depend on the silver precursor concentration. This result which is
confirmed from STEM measurement, suggests that the NPs growth is isotropic and does not
involved any coalescence process. The redshift of the plasmon band observed during the
annealing is related to the coupling between NPs. Larger NPs formed at the beginning of the
annealing are faceted, confirming that these NPs are crystallized. We found that AgNPs
growth occurs via a mechanism involving Ag atoms (monomers) additions and/or reduction
of Ag ions directly onto the AgNPs surface.
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