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Size-controlled in-situ synthesis of metal-polymer nanocomposite films

using a CO;, laser

Kazuhiko Kashihara - Yuki Uto - Takashi Nakajima*

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan

Abstract

In-situ synthesis of metal-polymer nanocomposite films by irradiating a CO- laser for several seconds is a new
alternative to fabricate metal-polymer nanocomposite films. The main features of this method are that the number
density of the synthesized metal nanoparticles is very high so that the optical density easily exceeds 0.5~1.5 for the
film thickness of ~200 nm, and owing to the short fabrication time and the use of non-focused laser beam, large-
scale processing is possible. For this technique to be applicable for a variety of purposes an important question is
how and how much we can control the film properties. In this work we demonstrate that the size and size
distribution of metallic nanoparticles in the synthesized nanocomposite films can be well-controlled by the choice of
the laser power and irradiation time as well as the concentrations of nanoparticle precursor. Properties of the
synthesized films can be roughly understood by considering the diffusion of metallic ions, atoms, and nanoparticles

in the polymer film under the elevated temperature induced by the CO laser.
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Introduction

Nanocomposites are materials with nanometer-size materials (filler) in another material (matrix), and they are used
for a variety of applications such as sensors, optics, electronics, catalysis, reinforced materials, etc. A class of
nanocomposites consist of metallic nanoparticles (NPs) as a filler in a polymer matrix, and they are conveniently
used for many applications [1-5].

In-situ synthesis of metal-polymer nanocomposite films have some advantages over the ex-situ one in terms of
the uniformity of synthesized nanoparticles in the polymer matrix. The well-known techniques for the in-situ
synthesis are the direct dispersion [6], chemical reduction [7, 8], photo reduction [9-13], microwave reduction [14],
and thermal reduction [15-18]. Chemical reduction method is sometimes combined with a post-processing such as
laser-irradiation [19] to alter the film property. Recently we have developed another alternative [20] for the in-situ
synthesis of nanocomposite films. Our method utilizes a non-focused CO; laser beam to irradiate a polymer film
(polyvinyl alcohol, PVA or polyethylene glycol, PEG) which contains a precursor (AgNQO3) of Ag nanoparticles. In
this technique the CO; laser heats the substrate to promote the reduction of Ag ions in the polymer matrix on it. The
advantage of our method is that the reduction speed is fast (from several seconds to a few tens of seconds) and no
additional reducing agent is needed, since the polymer matrix itself serves as a reducing and stabilizing agent.
Moreover, unlike the known photoreduction using a UV laser which requires the use of a well-focused laser beam
down to a few tens of micron to speed up the reduction process, a very modest laser power without a focus is
sufficient for the CO- laser reduction, and hence the large-area processing is possible. More recently we have
applied the developed technique to synthesize silver-methylcellulose films to study the influence of polymer
molecular weight on film properties [21]. Substrate heating with a CO, laser is a versatile method to fabricate
functional films, and it can be used not only to promote the reduction speed of metallic ions dispersed in a polymer
matrix (so-called metal-polymer nanocomposite films) but also to induce solid-state dewetting of metallic films (so-
called nanostructured metallic films). Indeed, we have recently shown that the irradiation of a non-focused CO; laser
beam onto thin metallic films for a few tens of seconds at a few W enables us to rapidly induce nanostructures in
thin Au [22] and Ag films [23] with some notable differences between them.

In this paper we study the morphological and optical properties of metal-polymer nanocomposite films by
systematically varying the experimental parameters such as the CO; laser power, irradiation time, and concentration

of nanoparticle precursor to explore the possibility of size-controlled synthesis of metal-polymer nanocomposite
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films using a CO; laser. As we will show later on in this paper, we have found that not only the laser power and
irradiation time but also the concentration of nanoparticle precursor significantly influences the size and size
distribution of nanoparticles, and accordingly the position and width of surface plasmon resonance. Related to this
paper there are several works which report the control of size and number density of metal nanoparticles synthesized
in the polymer matrix through chemical reduction [24], photoreduction [25, 26], and thermal reduction [27, 28]. Co-
evaporation of metal and polymer with separate evaporators brings a convenient flexibility to control the size and
shape of nanoparticles [29-31]. Similarly, co-sputtering of metal and polymer can be used to achieve the controlled

synthesis of nanocomposites [32, 33].

Materials and methods

Materials

PVA (molecular weight~60,000) is purchased from Sigma-Aldrich, and silver nitrate (AgNQs, purity 99.999 %) is
purchased from Wako. All the chemicals are of reagent grade and used as purchased without any further purification.
Laser

For the synthesis of Ag-PVA films we employ a CO; laser at 10.6 um (AL30P, Access Laser Co., peak power 60 W,
pulse duration 100-400us depending on the laser power, repetition rate 2.5 kHz). Since the pulse duration is
comparable to the pulse interval which is 400 ps, it is nearly in the quasi-CW mode. The CO; laser power is
measured with a power meter (Pronto-250, Gentec-EO Co.). The laser beam diameter is ~10 mm at the position of
the film with a Gaussian spatial profile. This means that the effective laser power density is different as a function of
distance from the irradiation center [23]. Although it is technically possible to make the spatial profile of the laser
beam to a nearly flat-top by introducing a commercial beam shaper we use the laser beam as it is in this work.
Accordingly, all the data presented in this work have been taken at the irradiation center on the synthesized film
where the laser power density is maximum.

Synthesis of Ag-PVA films

0.125 g of PVA is mixed with 2 mL of highly purified and deionized water at room temperature under continuous
stirring for 20 min, and then it is heated to 95 °C for 45 min to completely dissolve PVA. After cooling down to the
room temperature the PVA solution is mixed with a separately prepared solution which contains 0.04-0.16 g of
silver nitrate and 1 mL of water. The above procedure results in the AgNOs-PVA solution which is composed of

PVA (3.8 wt.%), AgNOs; (1.2-4.9 wt.%), and deionized water. The AgNO3(1.2-4.9 wt%)-PVA solution is



A Self-archived copy in

) ,'J?: ﬁﬁ ﬂ( % Kyoto University Research Information Repository
KYOTO UNIVERSITY https://repository.kulib.kyoto-u.acjp Pl

RBAFFHER)FD b %II

immediately spin-coated on a microscope cover glass (borosilicate glass, 18x18x0.15mm, Matsunami Co.) at 500
rpm for 5 sec which is followed by 4000 rpm for 10 sec. The AgNOs-PVA film is dried in air at room temperature

for 30 min, and then irradiated with the CO- laser at the chosen laser powers and irradiation time.

Characterization

To characterize the synthesized Ag-PVA films, we employ a compact CCD spectrometer (USB2000+, Ocean
Optics), and scanning electron microscope (SEM) (JSM-6500FE, JEOL) at 5 kV. For the analysis of the SEM
images we employ the ImageJ software to obtain the size distribution of Ag NPs and the area fraction defined by
[total surface area of NPs]/[total area of the SEM image], where the surface areas of the respective NPs are
estimated by 2 with r being the radius of NPs. Since the thickness of the synthesized films measured by the
atomic force microscopy is about 200 nm (measured by atomic force microscope (VN-8010, Keyence)), there
should be no clear difference between the Ag NPs at the surface of and in the PVA matrix, and accordingly the SEM
images would well represent the morphology of the synthesized Ag NPs. In order to ensure that the surface
morphology observed with the SEM originates from the formation of Ag NPs, we prepare a film from the pure PVA
solution (without AgNOs), irradiate it with the CO; laser at 1 W for 30 sec, and take the SEM image to find that the

surface is very flat without any structures.

Results and discussion

Film temperature

Before showing the results of the films we first present the temporal variation of film temperature at the different
laser powers. Since our CO; laser is in the quasi-CW mode (i.e., pulse duration ~ pulse interval), we can
conveniently use a thermocouple with a small head (~1 mm diameter) to measure the film temperature at the
irradiation center as a function of time [20, 22]. The results are presented in Fig. 1 at the laser powers of 0.4, 0.5, 0.6,
0.8, and 1 W for the irradiation time of 2400 sec, respectively. The small temperature modulations arise from the
fluctuation of the laser power. Upon laser irradiation the film temperature rapidly increases, and it reaches a nearly
stead-state temperature in 30 sec regardless of the incident laser power. Naturally, the steady-state temperature is
higher for the higher laser power. When we turn off the laser, the film temperature rapidly cools down to the room
temperature (~25 °C). By recalling that the thickness of the glass substrate is 0.15 mm which is far thicker than the

film itself, it is the glass substrate that mainly absorbs the CO, laser energy, which indirectly heats the film on it.
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Fig. 1 Temperature change of the Ag-PVA film on a glass substrate as a function of time. In this

measurement the laser power is 0.4, 0.5, 0.6, 0.8, 1 W and turned on and off at 0 and 2400 sec,
respectively.

Since the boiling and thermal decomposition temperatures of bulk PVA are about 230 and 300 °C, respectively, we

can say that 0.4-1 W is the appropriate range of CO; laser power.

Effect of the concentration of nanoparticle precursor

To start with, we study the influence of the concentration of nanoparticle precursor, i.e., AgQNOs3, in the AgNO3-PVA
solutions to prepare the AgNOs-PVA films. Those AgNOs-PVA films are irradiated by the CO; laser at 1 W for 10-
1200 sec. The UV-vis spectra of the synthesized Ag-PVA films are shown in Fig. 2. For the irradiation time of 10
sec the peaks of the surface plasmon resonance (SPR) are located at about 405 nm for all the concentrations of 1.2,
2.4, and 4.9 wt.%, and it is clear that Ag NPs have been formed in the PVA matrix in a much shorter time compared
with the photoreduction method with a UV laser [10]. For the longer irradiation times of 120 and 1200 sec, the
peaks of SPR shift to the longer wavelength side with a lift-up of the tail and the widths of the SPRs increases for all
three concentrations. The shift of the peak of SPR to the longer wavelength side and the lift-up of its tail after the
longer irradiation time imply the particle size increase and aggregation, respectively, while the increase of the its
width means the broadened particle size distribution. This is qualitatively reasonable, since the mobilities of silver
ions/ atoms/clusters/nanoparticles are higher in the heated (and hence softened) polymer matrix during the CO; laser
irradiation at 1 W (Fig. 1), and under such situation they are more likely to meet other silver

ions/atoms/clusters/nanoparticles to form larger nanoparticles through the growth or aggregation. Furthermore, for a
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given irradiation time the height of the SPR is higher for the Ag-PVA films synthesized from the AgNOs;-PVA

solutions with higher concentration of AgNO3, and this obviously indicates that more Ag NP have been produced.
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Fig. 2 UV-Vis spectra of the Ag(1.2, 2.4, and 4.9 wt.%)-PVA films synthesized from the AgNOs-PVA
solutions with different concentrations of AgNO3, (a) 1.2 wt.%, (b) 2.4 wt.%, (c) 4.9 wt.%. The laser power is
1 W for all cases.



e A Self-archived copy in SRR H S
B3 #B j( ? Kyoto University Research Information Repository T ERTA L

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp !wg,H.B(EENAI I?‘I

Research Information Repository.

Effect of the laser irradiation time

We now fix the concentration of AgNOs in the solution to 4.9 wt.%, and study the effect of the laser irradiation time
on the film properties. The employed laser power is 1 W and the results are summarized in Fig. 3. From Fig. 3a we
notice that, although a clear SPR of Ag NPs is observed for the irradiation time of 10 s it is broadened after the 120
sec irradiation (Fig. 2c), and then the distortion becomes more severe after the irradiation times of 1200 and 2400
sec (Fig. 3a). This change implies that significant aggregation of Ag NPs takes place in the heated (and hence
softened) polymer matrix during the longer irradiation time at 1 W, and this interpretation is confirmed by the SEM

images shown in Figs. 3b-d. Using ImageJ we carry out the analysis of the SEM images, and obtain the size
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Fig. 3 (a) UV-Vis spectra, (b-d) SEM images, (e-g) histograms of nanoparticle size distribution of the
Ag(4.9wt.%)-PV A films for different irradiation times (5 ~2400 s) at the laser power of 1 W.
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distributions of Ag NPs after the irradiation times of 10, 1200, and 2400 sec, which are shown in Figs. 3e-g,
respectively. The size of Ag NPs is relatively small and the size distribution is reasonably uniform for the irradiation
time of 10 sec (Fig. 3b and e). However, for the longer irradiation times the size becomes larger and the size
distribution becomes less uniform, as shown in Figs. 3c-d and Figs. 3f-g. Note that the SEM images and the size
distributions in Fig. 3c, f and Fig. 3d, g, respectively, do not seem to be consistent at first glance. This is simply
because a large Ag NP occupies more space in the SEM images while it is counted as one in the distribution
histogram, and they are actually consistent. The most interesting feature of Fig. 3 is that the progressive change of
the optical as well as morphological properties of Ag NPs synthesized at the laser power of 1 W does not seem to
terminate at least until the irradiation time of 2400 sec. Presumably this is because the film temperature is
sufficiently high during the laser irradiation at 1 W, and accordingly in the softened polymer matrix Ag NPs have a
higher mobility to diffuse sufficient distance to meet others to aggregate.

To highlight the influence of laser power we synthesize the Ag-PVA films at the laser power of 0.5 W so that the
film temperature stays below 100 °C (see Fig. 1), which means the much lower mobility of silver
ions/atoms/clusters/nanoparticles in the polymer matrix at 0.5 W compared with that at 1 W. The results are
summarized in Fig. 4. From the UV-vis spectra shown in Fig. 4a we notice that the peak height of SPR grows during
the irradiation of first few hundred sec some blue shift [15], while it hardly changes after the 1200 sec irradiation.
The SEM images and the histograms of NP size distribution shown in Figs. 4b-d and Figs. 4e-g, respectively, are
consistent with the UV-vis spectra. The results at the laser power 0.5 W (Fig. 4) are in contrast to those at the laser
power of 1 W (Fig. 3). This is because fewer Ag NPs are synthesized at 0.5 W, and moreover, those fewer Ag NPs
can diffuse for shorter distance in the less softened polymer matrix at 0.5 W (Fig. 1), as a result of which the Ag NPs
synthesized under the 0.5 W laser power hardly suffer from aggregation even during the long irradiation time. It
may be interesting to investigate how the reduction, diffusion, and aggregation of NPs go when the precursor of NP
is replaced from Ag (AgNO3 in this work) to Au (say, HAuUCI4), since the formation dynamics of Ag and Au NPs

have been found somehow different [34].
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Fig. 4 Similar to Fig. 3 but at the laser power of 0.5 W.

Strategy to produce small and homogeneous Ag NPs

From the above results, we have learned that the laser power and irradiation time as well as the concentration of NP
precursor (AgNQs) strongly influence the size and shape of Ag NPs synthesized in the polymer matrix during CO;
laser irradiation. To synthesize smaller and more uniform Ag NPs in the polymer matrix, the 0.5 W laser power
seems to be safer than the 1 W laser power, since the use of 0.5 W laser power restricts the diffusion of Ag NPs in
the polymer matrix to synthesize more uniform Ag NPs (Fig. 4), while a precise control of irradiation time is crucial
under the 1 W laser power to synthesize small Ag NPs with minimum aggregation (Fig. 3). Moreover, we can infer
from Fig. 2 that the use of lower concentration (1.2 wt%) of NPs precursor, i.e., AgNO3 in our case, is also

beneficial to synthesize small Ag NPs with minimum aggregation. Knowing all the above, we prepare the AgNO3-
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Fig. 5 (a) UV-Vis spectra, (b-e) SEM images, (f-h) histograms of nanoparticle size distribution of the
Ag(1.2 wt.%)-PVA films for different laser powers. The irradiation time is 1200 sec for all cases.

PVA solution with more diluted 1.2 wt% concentration of AgNQOgs, and synthesize the Ag(1.2 wt%)-PVA films by
the 1200 sec irradiation at the relatively low laser power, 0.4-0.8 W. The results are summarized in Fig. 5. Although
we can observe the small peak of SPR at the laser power of 0.4 W (Fig. 5a), Ag NPs are not visible in the SEM
image (Fig. 5b), which means that the synthesized Ag NPs are too small to detect with the resolution of our SEM.
The reason for this would be that, due to the low film temperature of 80 °C at 0.4 W (Fig. 1), the synthesized seed
Ag NPs cannot diffuse even for a short distance to meet other seed Ag NPs to merge to form larger Ag NPs. As the
laser power increases the size of Ag NPs grows (Figs. 5¢-h) and the SPR becomes broader (Fig. 5a) with some red

shift, which resembles the case of conventional thermal annealing [17] and CW laser annealing with a visible laser

10
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[35]. Under the same irradiation condition of 1200 sec at 1 W, the degree of aggregation of the Ag(1.2 wt.%)-PVA
film (Fig. 5a, e, h) is much less compared with that of the Ag(4.9 wt.%)-PVA film (Fig. 3a, c, f), because the
number of AgNPs in the former film is much less to aggregate. Consistently, at the lower laser power of 0.4 and 0.6
W, the synthesized Ag(1.2 wt.%)-PVA films after the 1200 sec irradiation at 0.4 and 0.6 W are practically free from
aggregation, which is obvious from the absence of the tails in the corresponding SPR spectra (green and blue curves
in Fig. 5a).

Now, we choose the laser power of 0.5 W with the irradiation time of 10-1200 sec, and synthesize the Ag(1.2,
2.4, and 4.9 wt.%)-PVA films. The UV-vis spectra of the synthesized Ag(1.2, 2.4, and 4.9 wt.%)-PVA films are
shown in Fig. 6. Unlike the Ag(1.2, 2.4, and 4.9 wt.%)-PVA films synthesized at the laser power of 1 W (Fig. 2) the
10 sec irradiation at 0.5 W does not result in the visible SPR in the UV-vis spectra for all three concentrations (Figs.
6a-c), because the reduction goes very slow at this laser power and hence film temperature. Of course, after the
longer irradiation, say, 120 sec, the SPR becomes visible at all concentrations. Although Fig. 4 has already shown
that aggregation of Ag NPs can be effectively avoided at the laser power of 0.5 W for the concentration of 4.9 wt.%
(and obviously below 4.9 wt.% as well), this does not necessarily mean that the size of synthesized Ag NPs under
this condition are uniform, since the widths of SPRs we see in Figs. 6a-c are not very narrow. In contrast, the widths
of SPRs we see in Figs. 2a-b after the 10 sec irradiation at 1 W are narrower for all three concentrations of AgNOs.
From the results at 1 W (Fig. 2) and 0.5 W (Fig. 6) with three different concentrations of AgNO3; we can confirm
that not only the laser power and irradiation time but also the concentration of NPs precursor (AgNOs in this study)
strongly influence the size and size distribution (and hence the peak position and width of SPR) of synthesized NPs
in the polymer matrix. The use of digestive ripening process [36] may be one way, if necessary, to improve the

dispersity of size distribution.

11
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Conclusion

In conclusion we have studied the optical and morphological properties of metal-polymer (Ag-PVA) nanocmposite
films synthesized by the irradiation of CO, laser with the laser power, irradiation time, and concentration of
nanoparticle precursor being the controlled parameters. We have found that all those three factors influence the
nanoparticle size and size distribution, and accordingly the position and width of surface plasmon resonance. The
use of high laser power is very convenient to quickly (within a few seconds) synthesize nanoparticles in the polymer
matrix, but the irradiation time and the concentration of nanoparticle precursor have to be carefully chosen.
Otherwise severe aggregation can take place. We have found two approaches to synthesize relatively small metal
NPs without severe aggregation. One is to set the laser power low and the other is to employ the low concentration
of nanoparticle precursor. Our findings indicate that the size and size distribution of metal nanoparticles can be well-

controlled by the choice of CO- laser power, irradiation time, and concentration of nanoparticle precursor.
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