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Abstract

Metallodielectric photonic crystal has emerged as a formidable asset in the realms of light trapping materials. Inverted silica, and
alloy noble metal nanoparticles of gold-silver alloy(Au-Ag) exhibited promising light trapping capabilities that have the potential
of applications across many fields including solar cell, and biomedical device production. This composite was prepared via self-
assembly; a fast, simple, and low-cost method capable of generating photonic crystals of greater surface area. Poly(methyl
methacrylate) (PMMA) was used as the crystal template, and hydrolysed tetracthyl orthosilicate (TEOS) as the cementing
component. In this study, methyl methacrylate monomer underwent a complete polymerisation reaction to form PMMA due to the
absent of C=C bond around 1639.83 cm™ as characterised by IR spectroscopy. Alloy(Au-Ag) nanoparticles displayed good light
absorption ability as shown from UV-Vis analysis of the nanoparticles at wavelength of 437nm. SEM imaging revealed that after
the removal of PMMA template from Si-Alloy(Au-Ag)-PMMA composite, an inverted structure that possessed a hole skeleton
structure was produced. The performance of the inverted Si-alloy(Au-Ag) composite was tested via a dye sensitive solar cell
(DSSC) that showed an amplification in voltage reading.
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Abstrak
Kristal fotonik metallodielektrik telah muncul sebagai aset yang menggerunkan dalam bidang bahan perangkap cahaya. Silika
songsang, dan aloi nanopartikel logam adi daripada Aloi emas-perak (Au-Ag) mempamerkan keupayaan memerangkap cahaya
yang mempunyai potensi aplikasi merentasi banyak bidang termasuk sel solar, dan pengeluaran peranti bioperubatan. Komposit
ini disediakan melalui pemasangan sendiri; kaedah yang cepat, mudah dan kos rendah yang mampu menghasilkan kristal fotonik
dengan luas permukaan yang lebih besar. Poli(metil metakrilat) (PMMA) digunakan sebagai templat kristal, dan tetraetil
orthosilikat terhidrolisis (TEOS) sebagai komponen penyimenan. Dalam kajian ini, monomer metil metakrilat menjalani tindak
balas pempolimeran lengkap untuk membentuk PMMA kerana ketiadaan ikatan C=C sekitar 1639.83 cm'! seperti yang dicirikan
oleh spektroskopi IR. Nanozarah aloi (Au-Ag) menunjukkan keupayaan penyerapan cahaya yang baik seperti yang ditunjukkan
daripada analisis UV-Vis bagi nanozarah pada panjang gelombang 437nm. Pengimejan SEM mendedahkan bahawa selepas
penyingkiran templat PMMA daripada komposit Si-Alloy(Au-Ag)-PMMA, struktur songsang yang mempunyai struktur rangka

lubang dihasilkan. Prestasi komposit Si-aloi(Au-Ag) songsang

menunjukkan penguatan dalam bacaan voltan.

telah diuji melalui sel suria sensitif pewarna (DSSC) yang

Kata kunci: struktur nano, fotonik, metalo-dielektrik, zarah nano aloi, opal songsang,

Introduction

Nobel laureate Richard Smalley once pointed out that
energy and environmental problems will be the hardest
challenges mankind will face in the next 50 years [1].
Solar photovoltaic (PV) technology gained traction as a
popular renewable energy source due to its cost
effectiveness, easy fabrication, and environmental
friendliness [2]. In particular, solar cell devices, which
harness sunlight and convert it into usable energy and
electricity, became the focal interest of the photovoltaic
industries that are ever-expanding due to the increasing
prices of fossil fuel and to accelerate the push towards
sustainable energy options [3]. Many endeavours had
been made in researching and developing thin film
materials that are capable of reducing costs of mass
producing efficient solar strategies and mechanically
flexible devices [4, 5]. Silicon is a prevalent material in
solar cells, provided it yields strong low-light
performances and is non-toxic [6, 7]. However, a
shortcoming of the current silicon thin-film solar cells is
the insufficient absorption of the near-bandgap light.
The limitation could possibly be overcome by efficient
light trapping which points towards the expansion of
different light trapping geometries, one of which is the
photonic crystal [8-10].

A photonic crystal is a periodic optical nanomaterial that
manipulates the movement of the light (photons)
directed by their lattice structure [11]. Photonic crystals
have different dielectric constants and these materials
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cause a photonic band gap (PBG) that allows precise
control over the flow of light [12]. This unique property
has been applied in various advance technological
devices such as sensors, photovoltaic and solar
concentrators [13-16].

PMMA is used as the crystal template because higher
yield of monodispersed particles can be produced [17].
PMMA will be synthesised through free-emulsifier
emulsion polymerisation in water. This method is much
safer for environment compared to methods that utilise
toxic solvents such as toluene, dimethylformamide and
dimethyl sulfoxide as medium of reaction. The removal
of PMMA template results in inverse opal capable of
achieving a complete band gap.

“Bottom up” method is used in the fabrication of film.
This simple step reinforces the quality of long range
ordered structures with greater strength. “Bottom up”
co-crystallisation method is used rather than “top down”
as the “top down” approach is complex, involves multi-
steps and costly procedures [18-20].

Materials and Methods
Synthesis of PMMA colloidal nanoparticle
PMMA was synthesised through free-emulsifier
emulsion polymerisation reaction with potassium
persulphate as initiator, methyl methacrylate monomer,
and deionised water as dispersion medium under
nitrogen condition at 90 °C. The reaction was kept
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stirring at speed of 350 rpm. Deionised water of 64 ml
was bubbled with nitrogen gas and heated for 15 minutes
at 90 °C. MMA monomer was added and kept stirring
for 30 minutes. Lastly, potassium persulphate was
added, with the solution kept stirring for another 40
minutes until polymerisation reaction was completed.
The milky colloidal was centrifuged and washed for 6
times.

Synthesis of hydrolysed TEOS

Hydrolysed TEOS was prepared utilising the sol-gel
method. Tetraethylorthosilicate (TEOS) of 1 ml, 8 ml of
ethanol, and 1 ml of HCL were mixed together and
stirred at speed of 350 rpm for 1 hour.

Synthesis of alloy(Au-Ag) nanoparticles

Deionised water of 78 ml was heated at 100 °C. 1 ml of
0.05M HAuCly, 1 ml of 0.05M AgNO3z and 8 ml of 0.1M
sodium citrate were added and stirred for 15 minutes at
100 °C.

Fabrication of inverted silica alloy(Au-Ag) film
Silica, alloy(Au-Ag), and PMMA film were prepared by
utilising vertical deposition of the self-assembly
method. A clean glass substrate was placed in the
mixture of PMMA+TEOS+Alloy(Au-Ag) with a
volume ratio of 50ul:5pul:40ul. Then, the mixture was
placed in the oven for 3 days at 60 °C. Inverted silica
and alloy(Au-Ag) were prepared by soaking the film in
acetone and heated on hot plate at 300 °C to remove the
PMMA template.

Results and Discussion

Characterisation of PMMA

The synthesised PMMA colloidal nanoparticles were
investigated by wusing Fourier-transform infrared
spectroscopy (FTIR). The FTIR spectra (Figure 1), of
the synthesised PMMA was compared to MMA to
gauge the complete polymerisation reaction of MMA to
form PMMA. As shown in Table 1, there is a distinct
difference in presence of C=C functional group between
MMA and PMMA.

Table 1. Comparison of functional group of MMA and PMMA

Functional Group Absorbance of MMA(cm™) Absorbance of PMMA (em™)
(e} CHg
H,C _CH
oo o _—
CH3 CH3
O-H 3437.68 3445.11
Sp* CH 2969.64-2857.88 2996.14-2843.33
C=0 1748.47 1731.91
Cc=C 1639.83 -
CH; 1329.97 1449.45 & 1388.57
C-0 1169.36 1242.77
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Figure 1. FTIR of methyl methacrylate(MMA) and poly(methyl methacrylate)

From the IR spectra obtained, the synthesised PMMA
nanoparticles were concluded to be successful due to the
absence of C=C peak at 1639.83 cm™! which would be
present should there be incomplete polymerisation
leaving residual MMA.

Structural elucidation of the synthesised PMMA was

determined by using X-ray diffraction (XRD). Figure 2
shows the XRD diffractogram of synthesised PMMA.
PMMA powder was analysed in the range from 0 to 80
of 20 at a scan speed of 2°/min. Bragg’s angle was
observed at 20 13.75°. Based on the XRD
diffractogram, PMMA had a broad peak that suggested
a complete amorphous, non-crystalline trait in nature.
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Figure 2. X-ray diffraction of synthesised PMMA

Thermogravimetric analysis (TGA) was used to further
probe the purity and composition of the synthesised
PMMA. Figure 3 shows the TGA curve, whereby the
decomposition of PMMA and mass loss occurred in
three stages.
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According to Gatka et al. [21], thermal degradation of
PMMA involved three stages; the first stage happened
due to depolymerisation process that initiated involving
head-to-head linkages, second stage involving
unsaturated vinyl ends, and the last stage involving
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chain scissions. For the synthesised PMMA, first stage
of decomposition of PMMA occurred at 264 °C due to
the loss of water and weak head-to-head bonds become
decomposed. Second stage happened at 339 °C due to
the radical transfer to unsaturated chain, which led to the
decomposition of unsaturated chain-ends. Last stage of
decomposition of PMMA occurred at 422 °C due to the

random scission of polymer chains. These results
conformed to established thermogravimetric analysis of
PMMA thermal stability, suggesting that the success in
PMMA synthesis via the method of free-emulsifier
emulsion polymerisation reaction, which was the
‘greener’ option for fabrication.
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Figure 3. TGA graph of the synthesised PMMA

The surface morphology of PMMA was characterised
by using scanning electron microscopic (SEM). Figure
4 shows that the PMMA produced were homogeneous
sphere-shaped particles with average size of 495 nm.
The homogeneous sphere shape of PMMA was obtained
due to the stable control temperature throughout the
experiment. Centrifugation also aided in separating

PMMA particles based on density and eliminated the
small particles of PMMA. The SEM images also shows
the formation of well-ordered arrangement of the
nanosized particles. The PMMA particles were not
aggregated and had good monodispersity, which was
fundamental for yielding high quality photonic crystals.

Figure 4. Scanning electron microscopic characterization of synthesised PMMA at 20000x (left) and 10000x (right)
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Characterisation of hydrolysed TEOS

Hydrolysed TEOS was prepared utilising sol-gel
polymerisation and the functional groups of the TEOS

molecule were

determined by Fourier-transform

infrared spectroscopy (FTIR). The functional groups in
the FTIR spectra of the hydrolysed TEOS (Figure 5), is
translated into Table 2.

3312.61
$1-OH

1634.54

bort e (O

Figure 5. FTIR of hydrolysed TEOS

Table 2. Functional groups of hydrolysed TEOS

Molecular Structure of TEOS

?R ?R
RO—SIi—O—SIi—OR
OR OR

where R is an alkyl chain

Vibrational mode Hydrolysed TEOS
(cm™
Si-OH 3412.61
Si-O-Si 1159.07
Si-O 963.45
C-H 658.51

A strong peak can be seen at 3412.61 cm™! due to the
stretching of Si-OH bond. Peak at 1159.07 cm!
indicated the formation of Si-O-Si bond. A weak peak
appeared at 963.45 cm™! due to the Si-O bond. Lastly, C-

152

H peak appeared at 658.51 cm™'. This indicated the
successful synthesis of hydrolysed TEOS to be used as
the cementing component. The sol-gel polymerisation
method involved hydrolysis and condensation
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processes. First, TEOS underwent catalytic hydrolysis
in the presence of HCL and water. Ethanol was added as
a homogenising agent between water and TEOS, which
were immiscible, and HCL was added to expediate the
hydrolysis process. The condensation reaction took
place under acidic condition. The Si became more
electrophilic and susceptible to nucleophilic attack,
forming a longer polymer network.

Characterisation of alloy(Au-Ag)

Au and Ag can strongly interact with sunlight. Silver is
the commonly chosen metal nanoparticle due to its low
cost and great absorption. However, silver is not the
most stable. On the other hand, gold is much more stable
in comparison. According to Al-Azawi et al. [22], the
bimetallic nanoparticle (Au—Ag alloy nanoparticle)

structure possessed a good stability, a greater ability to
absorb light in a wider range of wavelength (broad
LSPR peak). Also, capacity to tune the nanoparticle
optical properties compared with that originating from
individual nanoparticle. These; thus suggested a
potential in increasing the effectiveness of a solar cell.

Absorption of alloy(Au-Ag) was determined by using
ultra-violet visible spectroscopy. Typical absorption of
Au is located at 521 nm, and Ag at 407 nm. Figure 6
shows a single absorption peak at 437 nm, which is the
intermediate position between typical absorption of Au
and Ag. This broad absorption band strongly indicated
the formation of Au—Ag alloy NPs and not simply a
mixture of Au and Ag NPs.
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Figure 6. Ultraviolet—visible spectroscopy of alloy(Au-Ag)

Figure 7 shows the morphology of alloy(Au-Ag) characterised by SEM. SEM image revealed the properties of
aggregation of alloy(Au-Ag) nanoparticle. Based on SEM image, alloy(Au-Ag) with volume ratio 1:3 had a uniform
spherical shape. Au has a tendency to aggregate more than Ag due to its smaller size.
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Figure 7. Morphology of alloy(Au-Ag).
Characterisation of inverted silica alloy(Au-Ag) film alloy(Au-Ag) had been characterised by using scanning

The surface morphology of silica-PMMA, inverted electron microscope (SEM) as shown in Figure 8.
silica, PMMA-silica-Alloy(Au-Ag) and inverted silica-

(b)

(d)

Figure 8. SEM image of silica-PMMA morphology (a), inverted silica morphology (b), silica-PMMA -
alloy(Au-Ag) morphology (c), and inverted silica-alloy(Au-Ag) morphology (d)
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The morphology of silica-PMMA (a) was sphere-shaped
with homogenous structure of the same size. The
addition of hydrolysed TEOS held the PMMA structure
together and prevented cracking in the film. The
structure was packed closely with almost consistently-
sized spaces in between. The morphology of the inverted
silica (b) showed a skeleton structure of silica after the
removal of PMMA. The ‘holes’ were almost uniform in
size and arrangement. With the addition of alloy(Au-
Ag) into the solution of silica-PMMA, morphology of
PMMA-silica-alloy(Au-Ag) (c) appeared to also
possess spherical shape with homogenous structure of
the same size, including the presence of alloy(Au-Ag)
scattered around the PMMA. The morphology of the
inverted silica-alloy(Au-Ag) (d) too had a skeleton
structure, similar to the inverted silica (b). However, the
inverted silica-alloy(Au-Ag) (d) had a ‘grainy’
appearance from the successful embedding of the
alloy(Au-Ag) within the inverted silica structure.
Precise control must be applied to obtain a completely
inverted structure by tuning the volume ratio of PMMA
suspension, alloy nanoparticles solution and TEOS
solution during fabrication. The average diameter of the

Analogue

hole was observed to shrink after the removal of PMMA
spheres. However, no silica backbone cracking was
observed. This proved that the suitability of hydrolysed
silica or TEOS as cementing agent for crack-free
inverted structure. This inverted structure with the
plasmonic properties of the alloy(Au-Ag) has potential
in increasing the light trapping capabilities, particularly
in increasing the effectiveness of a solar cell.

Performance of inverted structure towards dye
sensitive solar cell (DSSC)

Inverted Si-alloy(Au-Ag) substrate with spherical holes
structure contained voids that had the potential in fully
trapping light within a solar cell for photovoltaic
applications. The performance of inverted Si-alloy(Au-
Ag) substrate in DSSC was tested by utilising a
multimeter. Figure 9 illustrates the multimeter setup. It
was found that the voltage reading of the multimeter
increased by 0.4V when the inverted silica-alloy(Au-
Ag) was applied. This showed that the inverted
structure, possessing plasmonic properties of alloy(Au-
Ag), had successfully trapped light and the increased the
voltage of the multimeter.

DSSC

Sample Holder

Figure 9. Simplified illustration of the multimeter setup
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Conclusion

Photonic crystals or photonic band gap materials have
harnessed global interest for the past decades due to the
special periodic structure capable of modulating the
propagation of electromagnetic waves [23, 24].
Presently, more attention is turned towards adapting
inverted opal photonic crystals in light trapping and
solar energy harvesting, allowing improvements in the
photo-collection efficiency in dye desensitised solar cell
(DSSC) and silicon solar cell through enhanced electron
transport [13, 24].

In this work, the researchers presented the fabrication
and structural, and optical characterisations of inverted
Si-alloy(Au-Ag) composite photonic crystal via co-
crystallisation method involving tetraethyl orthosilicate
(TEOS) solution, poly(methyl methacrylate) (PMMA)
spheres, and alloy of gold and silver nanoparticles.
Polymer PMMA was synthesised via free-emulsifier
emulsion polymerisation and used as template. Free-
emulsifier emulsion polymerisation is an environment-
friendly method of synthesising PMMA because of the
absence of harmful surfactants that negatively impact
the environment, particularly wastewater pollution. The
reaction utilised water as dispersion medium instead of
toxic solvents. The complete polymerisation of PMMA
from MMA via this technique was confirmed via the
absence of C=C peak at 1639.83 cm' in the FTIR
spectra and further characterised via XRD diffraction
analysis, thermogravimetric analysis, which aligned
with the established pattern of PMMA TGA curve. Also,
SEM analysis that revealed homogeneous sphere-
shaped PMMA nanospheres of 495 nm in average size
and good monodispersity. TEOS was successfully
prepared via sol-gel polymerisation consisting of
hydrolysis and condensation reaction. The initial
reaction began with the use of an alkoxysilane in ethanol
and resulted in a solution of siloxane polymer suitable to
be used to produce a crack-free inverted structure. The
FTIR spectra of TEOS collated with the molecular
structure of hydrolysed TEOS to be used as cementing
component. TEOS used in this research is a cheaper and
non-toxic alternative to other silica precursors. Gold and
silver nanoparticles were alloyed and characterised
through UV-vis spectroscopy and SEM analysis. The
synthesis of alloy(Au-Ag) was deemed successful as the
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absorption spectra of the produced alloy nanoparticles
was absent of single Au and Ag absorbance peaks,
indicating the absence of single Au and Ag species in
the solution. Inverted silica alloy(Au-Ag) film was
successfully synthesised via co-crystallisation method
by implementing ‘bottom-up’ vertical deposition
fabrication method. At each stage of the fabrication
process, SEM analysis was conducted. The SEM
imaging of silica-PMMA, inverted silica, silica-PMMA-
alloy(Au-Ag), and inverted silica-alloy(Au-Ag)
compared the 3D nanostructures pre-PMMA removal
and post-removal through calcination process, and the
absence and presence of the alloy(Au-Ag). The inverted
silica-alloy(Au-Ag) film fabricated possessed consistent
skeleton hole structure of rough-textured grainy surface
appearance, notably ideal for light manipulating
functions [25, 26].

In this paper, the researchers also investigated briefly the
effect of silica-alloy(Au-Ag) substrate towards DSSC,
as it is one of the most common purposes of photonic
crystals in solar technology. The two are almost
synonymously mentioned in any search. The inverted
structure of silica-alloy(Au-Ag) had proven to trap light
within a solar cell, consequently increasing its
effectiveness. This is due to the skeletal structure of the
substrate combined with the plasmonic properties of
alloy(Au-Ag) of which increased the multimeter reading
by 0.4V once applied.

The systematic light trapping properties of inverted
silica-alloy(Au-Ag) nanostructure provide much room
for future work in exploring further applications of the
material synthesised in this work. Surface-enhanced
Raman spectroscopy (SERS) is an excellent vibrational
analytical technique for probing minute molecules
bound in proximity to plasmonic surfaces [27,28]. The
material synthesised in this study allowed for effective
light trapping and photon density state, combining with
the alloy nanoparticles of Ag that produced impressive
SERS signal intensities, and Au that is highly resistant
to oxidation [29]. Aside from that, the procedures in
synthesising these substantially homogenous inverse
silica-alloy(Au-Ag) by using PMMA and environment-
friendly surfactant-free dispersion medium and linking
agent makes mass producing this material an easier,
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cheaper, a ‘greener’ sustainable approach to SERS
substrate. Inverse silica-alloy(Au-Ag) requires a short
fabrication time and could be integrated into plasmonic
biosensors and point-of-care devices in the studying and
monitoring of disease progression. Moreover, the
composite could be easily modified or coated to be
relatively safe and biocompatible for further study in in
vivo applications [30,31]. Optical microchips could
significantly minimise the power consumption of
computers and permits exponentially faster data
processing speed. With some fine-tuning, the photonic
band gap of 3D silica-alloy(Au-Ag) photonic crystal
allows for not just the simple trapping of light but also
guiding light beyond the traditional method that is
rooted in total internal reflection, such as optical fibres
[32]. Incorporation of silica-alloy(Au-Ag) in
optoelectronics could be made possible in offering
important advantages over 2D electronic chips and
expand the class of optical telecommunications in a
variety of fields, including engineering and medicine in
future studies [33].
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