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ABSTRACT: We introduce a strategy for the fabrication of silver/

polycarbonate (Ag/PC) nanocomposite flexible films of (20 + 0.01) ym K _— \
thickness with different filling factor of surface plasmon metal using e e ar v
customized solution cast—thermal evaporation method. Structural > [ "N ]“"”"'"'I‘
characterizations confirmed the good crystallinity with cubic phase of (S [ aporr

— "= eater
Polycarbonate (PC) CastPC film Ag deposition on PC film

Ag nanoparticles in PC films. Moreover, the microstructural evolutions of
nanocomposite films are investigated by transmission electron
microscopy, which indicates that the metal fraction is in the form of
fractals. Additionally, the surface plasmonic behavior of nanocomposite
films has been explored in detail to examine the distribution of Ag \
nanoparticles in PC film by spectroscopic technique. Furthermore, the P

obtained transmittance spectral features of this nanocomposite film are k‘g”’c Mgl Trans. Sp. AgIPC NC films ~ Flexible AG/PC NC my
suitable for the applications of band-pass filter at 320 nm UV range,
which is highly desirable for a HeCd laser.
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Bl INTRODUCTION systems help in preventing both oxidation and aggregation of
NPs.

Among the various metals NPs, silver (Ag) metal NPs are of
significant interest in a wide field of applications such as

Recently, the polymer composite materials based on incorpo-
ration of noble inorganic nanoparticles (NPs) provide a
potential solution to meet the requirement of present and

forthcoming technological demand in virtue of the good catalysts,10 bactericides,™ linear or nonlinear optical materi-
processability, structural flexibility, and thermal, mechanical, ~ als,'” surface plasmon resonance (SPR) in the UV range,” and
and optical properties of polymers combined with the unique the ability to modify the refractive index of host materials."?
properties (electrical, optical, and dielectric) of the NPs.! The The insertion of Ag NPs into polymer films offers considerable
polymer embedded nanostructures have eminent use for a interest for environmental protection and allows the plasmonic
number of technological applications, especially as advanced devices to exploit the mechanical flexibility of polymers and
functional materials, viz, high-energy radiation shielding simultaneously prevent the agglomeration of NPs. These are

materials, microwave absorbers, optical filters, reflectors, optical
limiters, polarizers, and sensors." > Thus, the incorporation of
inorganic NPs in the polymer system significantly increases the
physical parameter range beyond that of the host polymer and
allows the material properties for the explicit applications. In
particular, the optical properties of polymer nanocomposite
(NC) films have huge interest for optoelectronics and
photonics devices.* ® The properties of polymer NC films
depend on the size, shape, and concentration of incorporated
NPs and their interaction with the polymer films.””” Received: March 5, 2014
Incorporation of NPs inside the polymer system provides Accepted:  April 25, 2014
flexibility and stability. Additionally, polymer encapsulation Published: April 25, 2014

used in photovoltaics,14 solvent switchable electronic proper-
ties,"> optical limiters or filters,"”"¢ surface plasmon enhanced
random lasing media,"” catalytic additives,"® and antimicrobial
coating'? applications. The central aim of present investigations
is focused on the optical applications of nanocomposite films
for band-pass filter under the UV range at 320 nm wavelength,
which is highly desired for a HeCd laser.”""**
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Figure 1. (a) Chemical structure of a repeating unit of polycarbonate. (b) Schematic of indigenously developed process for the fabrication of metal—
polymer nanocomposite (Ag/PC NC) films. {c) Photographs of pure PC film and different wt % (3, 3.5, 4, 4.5, and S) of Ag NPs in PC films.

There have been several coevaporation and co-sputtering
approaches for the fabrication of nanocomposite films.'**** It
has also been observed that their behaviors about linear and
nonlinear optical properties are different from the pure polymer
films. The formation and growth of Ag NPs in the films is
affected by the sticking coefficient of metal atoms during
deposition. It is also well-known that the linear optical
properties (extinction, absorption, and scattering of light) of
nanocomposite films are strongly related to the microstructure
of films.>® The present study is aimed at the fabrication and
design of silver/polycarbonate nanocomposite (Ag/PC NC)
films using customized solution cast—thermal evaporation
technique. Polycarbonate (PC) is an optically transparent
amorphous thermoplastic resin possessing very low electrical
conductivity and has a wide range of useful properties like
excellent toughness, flexibility, and very good dimensional as
well as thermal stability.*® The chemical structure of a repeating
unit of PC is shown in Figure la. The influences of different
filling factor of Ag NPs in PC films in terms of composite
morphology and optical properties are analyzed and explored in
detail in the present study. The obtained results show that such
fabricated NC films have suitable application characteristics for
band-pass filter under the UV range around 320 nm (a very
important wavelength region in laser technology).

B EXPERIMENTAL SECTION

Synthesis of Ag/PC Nanocomposite Films. The Ag/PC NC
films were prepared using customized solution cast followed by
thermal evaporation technique. However, polycarbonate [bisphenol A
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carbonate-co-4,4'-(3,3,5-trimethylcyclohexylidene) diphenol] (Al-
drich), also known as amorphous polycarbonate (APC), and silver
(Ted Pella) were used to fabricate nanolaminate samples® and Ag
nanoparticle impregnated polycarbonate substrates” which have been
reported earlier. Initially, 0.169 g of PC was dissolved in 30 mL of
dichloromethane (CH,Cl,) under magnetic stirrer for S—6 h. The
solution was poured in a flat bottom Petri dish, which was further
floating over the mercury bath for 24 h. During this process, the
solvent evaporated and film was peeled off and dried in a desiccator
under rotary vacuum (107 Torr) to remove the solvent completely.
Thus, PC films of uniform thickness (20 + 0.01) um were prepared by
customized solution cast method. After that, the Ag NPs with different
wt % were deposited on PC films by thermal evaporation technique
under high vacuum. The Ag wire (99.99% purity with 1 mm diameter)
was wrapped on tungsten filament for the deposition process. The
deposition rate was kept precisely about (3.00 + 0.01) A/s. The
different wt % of Ag NPs deposition on PC films was optimized by the
thickness monitor. Further, the Ag deposited PC films were crushed
and dissolved in CH,Cl, solution by ultrasonication method for
uniform dispersion of Ag NPs in PC polymer. The nanocomposite
films were obtained by casting the homogeneous solution in a Petri
dish floating on mercury. Thus, the Ag/PC NC films of uniform
thickness (20 + 0.01) um with different weight fractions (3, 3.5, 4, 4.5,
and § wt %) of Ag were prepared. The films were dried under vacuum
to eliminate the residual solvent. The nanocomposite films were
studied in terms of their structural and optical properties. The
schematic of complete fabrication process of Ag/PC nanocomposite
films is shown in Figure 1b. The photographs of all as-prepared Ag/PC
NC films with different weight fractions (3, 3.5, 4, 4.5, and 5 wt %) of
Ag NPs are presented in Figure Ic.

Characterization of Ag/PC Nanocomposite Films. The gross
structural properties of synthesized Ag/PC NC films were studied

dx.doiorg/10.1021/am501307h | ACS Appl. Mater. Interfaces 2014, 6, 84078414
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using the X-ray diffraction (XRD) patterns, recorded on a PANalytical
X’pert PRO X-ray Diffractometer with Cu Ka radiation of 1 = 1.5404
A wavelength. The distribution of Ag NPs in the polymer films was
characterized by high-resolution optical microscopy under trans-
mission mode using Labomed optical microscope at 10X magnifica-
tion. Scanning electron microscopy (SEM) was performed using Carl
ZEISS EVOR-18 equipment at 10 KV operating voltage. For
microstructural analysis, transmission electron micrographs (TEM)
were obtained by employing a model JEOL — 2000FX operated at
voltages of 200 kV. The photoluminescence (PL) characterization of
NC films was carried out using luminescence spectrometer
(Edinburgh, FLSP — 920) with EPL 375 nm picosecond pulsed
diode laser as a source of excitation. The PL mapping of NC films was
performed by WITech alpha 300R+ Confocal PL microscope system
(WITech GnBH, Ulm, Germeny), where 375 nm diode laser was used
as a source of excitation. The UV—vis spectra (transmittance and
absorbance) of NC films were recorded using the dual beam Hitachi
U3300 spectrophotometer in the spectral range 1200—200 nm with
different angle of incidence.

Bl RESULTS AND DISCUSSION
The gross structural properties of Ag/PC NC films were
studied using the X-ray Diffraction (XRD) patterns. Prior to the

XRD measurements, the calibration of the diffractometer was
done with silicon powder (dy;; = 3.1353 A).*” Figure 2a—c

Intensity (a.u.)

20 (Degree)

Figure 2. XRD patterns of (a) pure PC film, (b) 3 wt %, and (c) 5 wt
% Ag/PC NC film.

exhibit the XRD patterns of pure PC, 3 and 5 wt % Ag/PC NC
films. The pure PC is amorphous as expected, and a broad
diffraction peak has appeared at about 20.28° which exhibits the
signature of PC polymer as shown in Figure 2a. In contrast, the
diffraction peaks of 3 and 5 wt % Ag in Ag/PC NC films are
shown in Figure 2b and ¢, respectively. The XRD results reveal
that the diffraction peaks of Ag dominate over the polymer
amorphous peaks with respect to concentration of Ag
nanoparticles in Ag/PC NC films. The diffraction peaks of
Ag have face centered cubic (FCC) phase with lattice
parameters a = (0.4092 + 0.012) nm and a = (04090 +
0.023) nm for 3 and S wt % Ag in Ag/PC NC films,
respectively, which is comparable to the standard value (JCPDS
No. 040783, a = 0.4086 nm) as shown in Figure 2b,c. It is
interesting to note that a slight shift is observed in major peak
of Ag in Ag/PC NC films as shown in Figure 2b,c which
depends on the concentration of Ag nanoparticles in Ag/PC
NC films. The peaks are indexed as (111), (200), and (220)
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crystallographic planes corresponding to the 20 values of
38.239°, 44.265°, and 64.450°, respectively,’>*' and another
broad peak is also observed due to the amorphous PC films.
With an increase in wt % of Ag in PC films, the intensity of Ag
peaks increases and intensity of PC peaks decreases. The Ag
crystalline peaks progressively become sharper and better
defined. These results indicate that the intense peaks represent
the highly crystalline Ag nanostructures formed in Ag/PC NC
films. These dispersed nanocrystallites in the nanocomposite
films are also seen by the SEM and TEM images which are
further evidenced. However, it is pertinent to note that the
appearance of a broad peak (as observed here) is consistent
with nanometer-sized crystallites or with a broad range of
crystallite size including a nanometer sized fraction.

The optical micrograph images of pure PC films, 3, 4, and 5
wt % Ag/PC NC films are shown in Figure 3a—d. For all the
samples, the scale bar is 10 gm. The images show that the
distribution of Ag particles throughout the PC films is
homogeneous. Thus, this method is the best possible way to
acquire a uniform dispersion of the filler inside the polymer
matrix which also preserves the properties of Ag NPs.

Scanning electron microscopic (SEM) images of pure PC
film and 5 wt % Ag/PC NC film are shown in Figure 4a,b. Both
types of samples show homogeneous surfaces. The spots which
are marked by red colored circle indicate the presence of nearly
spherical clusters of Ag particles and are uniformly dispersed in
PC film as shown in Figure 4b. The evidence for the presence
of elements in the formation of nanocomposite films based on
Ag/PC is given by energy dispersive X-ray spectroscopy (EDS).
The spectrum is collected for 5 wt % Ag/PC NC film as shown
in Figure 4c. It distinctly indentifies Ag as the elemental
component while the other peak belongs to carbon contained
in PC film. It also indicates that Ag NPs are well distributed
without any chemical and structural modifications into PC film.
For further microstructural analysis, transmission electron
microscopy (TEM) was performed to evaluate the micro-
structure information. Figure 5a shows the typical TEM image
of 5§ wt % Ag/PC NC film. TEM results reveal that Ag NPs are
homogeneously dispersed in the PC film and seep in to form an
aggregate of irregular shapes. In this case, the NPs are found to
be present throughout the entire host matrix of polymer, with
the sizes in the range as required for optical applications. The
particle size dependent frequency (histogram) is represented in
the inset of Figure 5a which shows that the frequency is
maximum for the particle size on the order of ~11 nm. The
distance between the particles is very small and the composite
is nearly impregnated due to coalescence between the Ag NPs.
The elongated uneven shapes of Ag particles are oriented in
possible different directions in the PC matrix. The selected area
electron diffraction (SAED) pattern for S wt % Ag/PC NC film
is shown in Figure Sb. It presents a set of rings corresponding
to the diffraction from the different planes of nanocrystallites
with FCC structure. It is observed that the three rings
correspond to the (111), (200), and (220) lattice planes of
cubic phase of Ag, which is in good agreement with the XRD
results. To evaluate more homogeneous distributions of Ag
nanoparticles in 5 wt % Ag/PC NC film, we performed TEM
and SAED in different parts of the film as shown in Figures S1—
S4 (see Supporting Information). Microstructures of Ag/PC
NC film confirm the homogeneous distribution of Ag in PC
NC film.

Moreover, it is also interesting to explore as well as track the
plasmonic PL signature of Ag/PC NC films by photo-
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Figure 3. Optical images of (a) pure PC film, (b) 3 wt %, (c) 4 wt %, and (d) S wt % Ag/PC NC film.
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Figure 4. SEM images of (a) pure PC film, (b) 5 wt % Ag/PC NC film, and (c) EDAX spectrum of 5 wt % Ag/PC NC film.

luminescence spectroscopy. Figure 6a,b exhibits the plasmonic wavelength. The PL spectra for different wt % (3—5 wt %) of
photoluminescence emission of Ag nanoparticles in Ag/PC NC Ag in Ag/PC NC films are shown in Figure 6a. The highest PL
films with xenon lamp as source of excitation at 375 nm emission intensity has been observed for 5 wt % Ag/PC NC
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Figure $. () TEM image of 5 wt % Ag/PC NC film and inset shows frequency vs nanoparticles size distribution estimated from TEM image and (b)

SAED pattern of 5 wt % Ag/PC NC film.
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Figure 6. (a) PL spectra of Ag/PC NC films for different wt % (3, 3.5, 4, 4.5, and 5 wt %) of Ag NPs in PC films. (b) PL emission spectra of pure
polymer film and optimized wt % (5 wt % Ag) of Ag NPs in PC composite film. (c) 2D view of plasmonic fluorescence PL intensity mapping and
(d) 3D lateral view of plasmonic fluorescence PL intensity distribution in Ag/PC NC film.

film. The comparative study of PL emission spectra of pure
polymer and optimized $ wt % Ag/PC NC film is shown in
Figure 6b. The PL emission spectra of Ag/PC nanocomposite
film is obtained within the visible range, from 380 to 600 nm,
with the peak positions at 435, 470, and 495 nm which
corresponds to the band to band transition of Ag NPs. It is
observed that the intensity of the PL peak increases with the
content of silver NPs up to 5 wt %, and beyond it decreases as
shown in Figure S5 (Supporting Information). Up to certain
concentration of the Ag nanoparticles (2—S wt %), it is possible
to homogeneously disperse Ag nanoparticles in polymer matrix
as observed in our experiment; beyond this, homogeneous
dispersion of Ag nanoparticles in polymer matrix is difficult. As
a result, uneven clustering of Ag is formed in the polymer
matrix; thus, the intensity of Ag nanoparticles is quenched at
higher concentration (6 wt % and above). Simultaneously,
other properties, like absorption, which is required for filter
application, are also affected. It is well-known that Ag is a d
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block element with outer shell electronic configuration Ss'4d'’.
Thus, the visible plasmonic PL emission of Ag NPs is due to
the excitation of electrons from occupied d bands into states
above the Fermi level and radiative recombination of an
electron with the hole. The optical properties of silver
nanoparticles depend on both interband and intraband
transitions between electronic states.*

Furthermore, we also examine the distribution of silver
nanoparticles in Ag/PC NC films by plasmonic PL mapping,
which is recorded by confocal PL mapping instrument with a
375 nm diode laser as the source of excitation. The 2D (two-
dimensional) view of plasmonic fluorescence mapping and 3D
(three-dimensional) lateral view of plasmonic fluorescence
distribution in NC film are shown in Figure 6¢,d, respectively.
The obtained result reveals the uniform distribution of
photoluminescence emission intensity in NC films which is
attributed from plasmonic emission of Ag NPs. The optical

dx.doiorg/10.1021/am501307h | ACS Appl. Mater. Interfaces 2014, 6, 84078414
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Figure 7. (A) Absorbance spectra for Ag/PC NC films for different wt % of Ag NPs in PC films: (a) 3 wt %, (b) 3.5 wt %, (c) 4 wt %, (d) 4.5 wt %,
and (e) 5 wt % Ag/PC NC films; inset shows the absorbance spectra of pure PC films at the normal incidence. (B) Expanded region of the

absorbance line width in the range of 397 to 407 nm.
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Figure 8. (A) Transmittance spectra for Ag/PC NC films for different wt % of Ag NPs in PC films: (a) 3 wt %, (b) 3.5 wt %, (c) 4 wt %, (d) 4.5 wt
%, and (e) 5 wt % Ag/PC NC films; inset shows the transmittance spectra of pure PC films at the normal incidence. (B) Expanded region of the

transmittance line width in the range of 280 to 360 nm.

micrograph images of 5 wt % Ag/PC NC film is shown in
Figure S6 (Supporting Information).

UV—vis absorption spectra are shown in Figure 7A for
different wt % of Ag NPs in PC films and the inset shows the
absorbance spectra of pure PC film at the normal incidence.
The absorbance spectra reveal that there is no absorbance of
pure PC film before the addition of Ag NPs, while broad SPR
bands are found at around 401 nm for NC systems due to
excitation of the surface plasmon vibrations or interband
transitions of Ag atoms dispersed in the PC matrix, which
indicates the formation of Ag NPs (clearly shown in Figure
7B). This is in agreement with the calculations based on Mie
scattering theory. The width of the observed SPR peaks for the
composite system might be due to the size distribution of silver
NPs. The intensity and broadening of the peak increases with
the wt % of Ag NPs, and peaks are very minorly shifted to the
lower wavelength, indicating that mean diameters of Ag NPs
have increased.

The transmittance spectra of Ag/PC NC films for different
wt % of Ag NPs in PC films are shown in Figure 8A and the
inset shows the transmittance spectra of the pure PC film. It
reveals two interesting features. First, it shows the narrow band
transmittance around 320 nm wavelength and the block the rest
of the spectrum (400—1200 nm) that has significant interest,
being the same wavelength as that of the HeCd laser. The
maximum transmittance wavelength at 4 &~ 320 nm is mainly
due to the interplay between the end of the absorption edge of
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the polymer and the beginning of the surface plasmon
resonance absorption band edge of silver. Second, the width
of the transmittance band varies with Ag contents. With an
increase the concentration of Ag in the polycarbonate matrix,
the bandwidth becomes narrower and the attenuation of
transmittance intensity increases at 320 nm wavelength. These
effects are clearly seen in Figure 8B which represents the
expanded region of corresponding transmittance line width in
the range of 280 to 360 nm. The narrow band is a result of the
combined composition of PC polymer at the lower wavelength
and Ag nanostructure at the higher wavelength region, which is
the lower wavelength edge of the broad plasmon resonance of
the Ag nanostructures.” The variation of full width at half-
maximum (fwhm) and corresponding transmittance with the
wt % of Ag NPs in PC films is summarized in Table 1. This
shows that the distribution of Ag NPs in PC films affects the

Table 1. Variation of fwhm and Transmittance for Different
wt% of Ag/PC NC Films

sample Ag (wt %) fwhm (nm) transmittance (%)
a 3 25 A4
b 35 23 39
c 4 20 34
d 4.5 19 30
e S 17 25

dx.doiorg/10.1021/am501307h | ACS Appl. Mater. Interfaces 2014, 6, 84078414
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transmissivity, which was not previously reported for the Ag/
PC nanocomposite system to the best of our knowledge.
Additionally, by tilting the fabricated filters in the present case,
the angle of incidence varies from 0° to 70°% a blue shift is
observed in the transmittance peak for S wt % Ag/PC NC film
as shown in Figure 9 and results are summarized in Table 2.

Incident angle
(Degree)
—(
—e=10
30
—v=—>50
70

- - N
= o =]
1

Transmittance (arb. unit)

L
N

320
Wavelength (nm)

360

Figure 9. Transmittance spectra for 5 wt % Ag/PC NC film for
different angles of incidence and inset exhibits the flexibility of film.

Table 2. Transmittance as a Function of Angle of Incidence
for S wt % Ag/PC NC Film

angle (deg)  transmittance (%)  peak wavelength (nm)  fwhm (nm)
0 25 320 17
10 23 320 17
30 21 319 16
50 16 318 12
70 11 317 11

These changes occur due to the optical path difference between
the waves reflected from either side of the film structure. These
changes are also observed for all other samples, as shown in
Figures S7—S10 (see Supporting Information). The inset of
Figure 9 shows the high flexibility of film after several statistical
foldings. It can be folded up to 360° without any kind of
distortion in the film. Thus, these Ag/PC nanocomposite films
have ultimate optical properties with flexibility, which is highly
desired for the fabrication of HeCd laser as a band-pass filter at
320 nm UV range. Its excellent wavelength is matched to the
photopolymer and film sensitivity ranges. HeCd laser is
extensively used in 3D stereolithogarphy, printing and
typesetting, fluorescence excitation investigations for current
scientific research, and holographic applications.

Bl CONCLUSION

The strategy to design the various compositions of Ag/PC NC
films having (20 + 0.01) pm thickness using the simple
solution cast—thermal evaporation method are demonstrated
successfully and described in detail. The fabrication method is
simple and effective and can be used for large scale production.
The fine dispersion of Ag NPs inside the polymer films was
obtained and confirmed through the structural/microstructural
analysis of Ag/PC NC films. TEM images suggest the superior
crystallinity and cubic phase of Ag NPs in PC films, which are
in good agreement with the XRD results. The plasmonic
fluorescence mapping attests to the uniform distribution of Ag
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NPs in Ag/PC NC films. The narrow transmittance at 320 nm
arises due to the absorption edge of polymer and metal fractals
in the nanocomposite films. The transmittance range is tunable
from 44% to 25% at 320 nm by the variation of Ag wt % in PC
films. The fwhm is about 17 nm with 25% transmittance for §
wt % Ag/PC NC films. Furthermore, a blue shift was observed
in the transmittance peak with a variation in the angle of
incidence from 0° to 70° for S wt % Ag/PC NC films. The
central wavelength shifts toward the shortwave part and
relatively decreases the transmittance as the angle of incidence
increases. Thus, these Ag/PC nanocomposite films have
specific features to act as a band-pass filter at 320 nm UV
range which makes it highly suitable for potential applications
with HeCd laser.

Bl ASSOCIATED CONTENT

© Supporting Information

TEM and SAED of Ag/PC NC films at different parts and PL
spectra of various wt % of Ag in Ag/PC NC films. This material
is available free of charge via the Internet at http://pubs.acs.org.
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