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We	
   report	
   a	
   detailed	
   correlation	
   analysis	
   of	
   the	
   size,	
   shape,	
   and	
   distribution	
   of	
   Au	
  
nanoparticles	
   (NPs)	
   on	
   fine-­‐tuning	
   of	
   localized	
   surface	
   plasmon	
   resonance	
   and	
   optical	
  
absorption	
   cross-­‐section.	
   Experimental	
   analysis	
   of	
   annealing	
   temperature	
   and	
   initial	
   Au	
  
layer	
  thickness	
  on	
  NP	
  parameters	
  such	
  as	
  size,	
  interparticle	
  distance,	
  surface	
  coverage,	
  and	
  
circularity	
   factor	
   has	
   been	
   studied.	
   The	
   effect	
   of	
   annealing	
   on	
  morphological,	
   structural,	
  
dielectric,	
   and	
   elemental	
   behavior	
   of	
   Au	
  NPs	
   has	
   been	
   reported.	
   Theoretically,	
  we	
   have	
  
analyzed	
  the	
  tuning	
  of	
  LSPR	
  and	
  absorption	
  cross-­‐section	
  peaks	
  by	
  varying	
  NP	
  parameters,	
  
surrounding	
   medium,	
   and	
   substrate.	
   This	
   report	
   is	
   critical	
   in	
   terms	
   of	
   predicting	
  
performance	
  enhancement	
  of	
  ultrathin	
  photovoltaics	
  with	
  varied	
  cell	
  architectures.	
  
	
  

A. Introduction	
  

	
  	
  	
  	
  	
  Plasmonic nanoparticles (NPs) are appreciable 
for scientific research because of their interesting 
applications in the field of photonics, electronics, 
optical sensing, imaging, and drug delivery.1-4 Most 
of these interesting applications are built upon the 
captivating surface plasmon resonance (SPR) 
feature of the nanoparticles. SPR arises in metal 
NPs, with dimensions smaller than that of the 
incident wavelength (λ), as a collective charge 
density oscillation, when subjected to electric field 
associated with incident field 5, which is a function 
of size, shape, inter-particle distance, surface 
coverage, and surrounding medium. 6-11 Plasmonic 
NPs are emerging as a possible solution to enhance 
the efficiency of mainly thin film solar cells 

(SCs).12-16 The NPs compensate high losses in SCs, 
occurring due to partial absorption of the solar 
spectrum and thermalization losses of photons. 
These losses are the primary challenges that have 
generally been addressed to overcome the 
limitations of photovoltaic efficiency. The 
incorporation of NPs enhances the light scattering 
in the photoactive absorber layer, which improves 
the overall performance of SCs. If scattering 
efficiencies of NPs is less than 50%, it may lead to 
heat dissipation and absorption suppression.5, 17 
This results into undesired reduction of 
photocurrent in SCs.13 Moreover, the change in the 
parameters (such as size, shape, inter-particle 
distance, surface coverage, and surrounding 
medium) of NPs affects their polarizability. In 
general, this phenomena causes a red shift in the 
resonance wavelength and leads to enhancement in 
the absorption of photons having less energy in 
comparison to band gap energy of the 
absorber.19Enhancement in the photo-absorption 
below band gap edge in thin film SCs produces 
optically thick, but physically thin photovoltaic 
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absorbers, and could motivate ultrathin and high 
efficiency photovoltaic design. 12, 15, 16, 20  

     Absorption and scattering of incident photons 
rely on the NP polarizability, which can be tuned 
by NP parameters as demonstrated elsewhere.1, 5, 9, 

21-23 However, till date there has not been a report 
consisting of extensive experimental and analytical 
studies incorporating correlation of generation and 
variation of localized surface plasmon resonance 
(LSPR) effect of Au NPs and optical scattering 
cross-section. In this article, a detailed theoretical 
and experimental analysis of the effect of Au NPs 
parameters on LSPR has been performed. For SC 
applications, Au NPs are generally used because of 
their absorption falls in the (~2.3 eV) visible range 
and it is less reactive in environmental conditions.24 
In general, Au NPs are grown by colloid chemical 
synthesis, electrodeposition method, laser ablation, 
and vacuum deposition technique.1 The control in 
terms of the distribution of NPs is achieved from 
mask templates in colloid chemical synthesis and 
electrodeposition25, light manipulation in laser 
ablation26, and implantation with focused ion-beam 
lithography in combined chemical and vacuum 
deposition techniques8. However, all these 
techniques require complex and expensive 
procedure, which limits the direct incorporation of 
NPs into the required layers of SCs. We report a 
simple and cost-effective process of sputtering 
deposition followed by post-deposition annealing 
to generate and suitably engineer the distribution, 
size, and shape of Au NPs. Thermal annealing is 
particularly well suited for photovoltaic application 
as it can be implemented using large area and high 
throughput process and utilizes equipment that is 
already a part of conventional solar cell fabrication 
process. Hereby, adopting this methodology, Au 
plasmonic layers can easily be integrated along 
surface of the SCs,15 embedded inside photo-active 
absorber layer,15 or integrated into back contact 
layer.15, 27 For theoretical studies, simulation is 
performed using a MNPBEM toolbox of MATLAB 

by utilizing the Boundary Element Method (BEM) 
computational scheme.24, 28 simulated data shows 
proper agreement to the experimentally obtained 
data. 

 

B. Experimental	
  
Ultrathin layers of Au films with thickness of 5 and 
10 nm are grown on low resistive single crystal p-
type Si (100) wafers using Pulsed DC sputtering 
system (Advanced Energy Inc., USA) at deposition 
rate of 0.9A/s, having chamber base pressure of 1.4 
× 10-7 mbar and deposition pressure of 4× 10-3 
mbar. The thickness of deposited Au films is 
further confirmed by spectroscopic ellipsometry 
measurement. Au films on Si substrates are 
annealed at 500, 600 and 700°C 
(  𝐴𝑢!!"!""°",𝐴𝑢!!"!""°",𝐴𝑢!!"!""°" and 𝐴𝑢!"!"  !""°" ,
𝐴𝑢!"!"!""°",𝐴𝑢!"!"!""°") in Nabertherm GmBh annealing 
furnace. The annealing process is carried out in 
three steps: (1) temperature enhancement is 
performed with a ramp up rate of 6 °C/minute, (2) 
annealing at desired temperature for 2 hours, and 
(3) natural cooling of the samples up to the room 
temperature. 

Crystalline quality of Au samples is analyzed using 
Rigaku SmartLab system with Cu Kα radiation 
(0.154 nm). For studying the morphological 
properties of samples, field-emission scanning 
electron microscope (FESEM) based on Supra55 
Zeiss lens is used. Elemental properties of the 
samples are examined by X-ray photoelectron 
spectroscopy (XPS) utilizing PHOIBOS 100 
analyzer with an Al Kα radiation (1486.6 eV) as an 
excitation source. Optical properties, such as 
dielectric functions, dispersion curves, and 
absorption, of the samples are analyzed by using 
M-2000D J.A. Woollam spectroscopic ellipsometry 
(SE). 
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C. Results	
  and	
  discussion	
  
	
  
Morphological characterization 

Fig. 1(a)-(f) illustrate the FESEM images of 
annealed Au samples with a thickness of 5 and 10 
nm, respectively. The formation of both NPs and 
their clusters is observed after annealing process 
and the distribution of NPs on the substrate surface 
is non-uniform. It is well-known that these NPs are 
formed due to surface tension and compressive 
stress associated with the mismatch of the thermal 
expansion coefficients of Si and Au.29 In order to 
extract crucial parameters such as the particle size, 
inter-particle distance, surface coverage, and 
circularity factor of Au NPs processing of FESEM 
images are performed by ImageJ software.30 

Results of processing (refer Table I) of FESEM 
images are plotted in Fig. 1(g) and (h). From the 
results of image processing for 5 nm thick Au 
sample, it can be inferred that the mean Au NP size 
increases from 42.84 to 52.72 nm and the average 
inter-particle distance decreases from 69.67 to 
60.97 nm with the corresponding increase in 
annealing temperature (Ta). The reduction in the 
average inter-particle distance leads to an 
enhancement of the inter-particle coupling effects 
and surface coverage area.5, 22, 31 As observed in 
Table 1, for 5 nm film the surface coverage area 
increases from 17.58 to 31.14 % and the average 
circularity factor of the NPs decreases from 0.94 to 
0.76 as Ta is increased from 500 to 700 °C. Similar 
variations of NP parameters are observed for 10 
nm-thick Au samples annealed at 500 and 700 oC 
(𝐴𝑢!"!"!""°" and𝐴𝑢!"!"!""°"), as shown in Fig. 1(b) and 
(f). However, Au samples annealed at 600 
oC(𝐴𝑢!"!"!""°") exhibits a different trend, as could be 
observed in Fig. 1(d). It might be due to more 
interlinks between the NPs, which gradually lead to 
the formation of larger NP clusters as shown in Fig. 
1(d). For sample  𝐴𝑢!"!"!""°", formation of NPs 
clusters and smallest surface coverage of ~7.99% 

are observed. These parameters of 𝐴𝑢!"!"!""°" sample 
differs from those from the other annealed Au 
samples and because of this reason 𝐴𝑢!"!"!""°"  sample 
shows anomalous behavior during other 
experimental characterizations, as explained later in 
this article. However, on an overall basis the 
inference that we can draw from the morphological 
characterizations is that with the increase in Ta, the 
values of NP size and surface coverage increases 
while inter-particle distance and average circularity 
factor decreases.  

Structural characterization 

XRD patterns of annealed Au samples are plotted 
in Fig. 2. Bragg reflection peaks at 2θ = 38.2°, 
44.3°, 56°, and 61.7° corresponding to Au (111), 
Au (200), Au5Si2 (308), and Au (220) crystal 
planes, respectively are observed. Additionally, 
XRD peaks at 2θ angles of ~69.2° and ~69.45° 
corresponding to Si (100) and Au5Si2 (416), 
respectively are shown in the insets of Fig. 2. For 
𝐴𝑢!!"!""°"  sample, diffraction peaks corresponding to 
(111) and (220) planes are observed. In this case, 
the intensity of (220) is four-fold higher than that 
of (111) and thus almost 80% of crystals formed 
are in (220) plane for 𝐴𝑢!!"!""°" sample. For 𝐴𝑢!!"!""°" 
sample, three diffraction peaks corresponding to 
(111), (200), and (220) planes are observed and in 
this case ~70% of the crystals are oriented in (220) 
plane, ~22% crystals are in (111) orientation, while 
remaining ~8% of the crystals are in (200) 
orientation. For 𝐴𝑢!!!!""°" sample, two prominent 
diffraction peaks corresponding to (111) and (200) 
planes are observed and in this sample ~55% of 
crystals are in (111) plane while remaining ~45% 
are in (200) plane. 

As observed in Fig. 2 (b), it can be inferred that for 
sample 𝐴𝑢!"!"!""°",  diffraction peaks associated with 
Au (111) and Au (220) planes are observed. In this 
case, 55% of the Au crystals planes are (111) 
oriented and remaining 45% are in (220) 
orientation. In case of 𝐴𝑢!"!"!""°" sample, two 

Page 3 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



PAPER	
   RSC	
  Advances	
  

4 	
  |	
  J.	
  Name.,	
  2012,	
  00,	
  1-­‐3	
   This	
  journal	
  is	
  ©	
  The	
  Royal	
  Society	
  of	
  Chemistry	
  20xx	
  

Please	
  do	
  not	
  adjust	
  margins	
  

Please	
  do	
  not	
  adjust	
  margins	
  

diffraction peaks corresponding to (111) and (200) 
atomic reflections are present. Here, ~66% crystals 
are in (111) orientation and rest ~33% are in (200) 
orientation. For Au sample annealed at 500°C, two 
diffraction peaks corresponding to (111) and (200) 
are present, in which ~90% of the crystals are in 
(111) orientation and remaining 10% are in (200) 
orientation. Formation of Au5Si2 oriented in (416) 
plane is observed for all the annealed Au samples. 
Moreover, formation of Au silicide becomes more 
prominent with the corresponding increase in the Ta 
for both 5 and 10 nm-annealed Au samples. 
Additionally, peak associated with Au5Si2 oriented 
in (308) is also observed for 5 nm samples 
annealed at 600 and 700°C, while for 10 nm sample 
it is observed only for sample annealed at 700°C. 
From Fig. 2 it can also be observed that with the 
decrease in Ta the probability of formation of (111) 
crystal planes increases. From FESEM images as in 
Fig. 1 it is observed that more number of circular 
NPs are formed at reduced Ta.32 Thus, it can be 
inferred that formation of (111) crystal planes is 
correlated with the circular nature of NPs. 
Moreover, a closer examination reveals that the 
Bragg angle corresponding to (111) crystal plane 
shifts to slightly larger value as the value of Ta 
reduces. This phenomenon indicates a lattice 
contraction in Au NPs. 33, 34 

Elemental characterization 

To determine the elemental properties of Au NPs, 
XPS measurement has been performed. Fig. 3(a) 
and (b) illustrate XPS spectra of all 5 and 10 nm 
annealed Au samples. In XPS spectra, major peaks 
corresponding to Au 4f7/2 (~ 84 eV), Au 4f5/2 
(~87.71 eV), Si 2p (~99 eV), SiO2 (~103 eV), C 1s 
(~286 eV), Au 4d5 (334 eV), Au 4d3 (353 eV), Au 
4p3/2 (~531 eV), Au 4s (~762) and O (auger) (980 
eV) are clearly observed. From the insets of the 
Fig. 3 (a) and (b) it is evident that the core level 
peaks of 4f7/2 and 4f5/2 of Au are shifted towards 
higher values of binding energy (BE) in 
comparison to the bulk phase values (Au 4f7/2 = 84 

eV and Au 4f5/2 = 87.7 eV) for most of the annealed 
Au samples such as 
  𝐴𝑢!!"!""°",𝐴𝑢!!"!""°",𝐴𝑢!"!"  !""°" 𝑎𝑛𝑑  𝐴𝑢!!!"!""°", which 
could be due to a reduced final state screening 
attributable to reduced metallic conductivity 35 and 
also be an indicator of silicide formation.36 The 
shift towards higher values of BE for Au core level 
peaks of 4f7/2 and 4f5/2 increases with the 
corresponding reduction in the average dimension 
of NPs, as observed in Table 1. Similar 
experimental observations are reported by Sham et. 
al.37 and Peters et. al.38 

However, for sample 𝐴𝑢!!"!""°" and𝐴𝑢!"!"!""°", the shift 
of Au core level peaks of 4f7/2 and 4f5/2 is observed 
towards lower values of BE as compared to those 
of corresponding bulk core level peaks. It can be 
explained by initial state effects due to 6s to 5d 
charge reorganization for less coordinated surface 
atoms.39 Such interatomic charge transition causes 
a large final state screening, which is due to 
contraction in the 5d shell, resulting in smaller BE 
for less coordinated Au atoms in comparison to the 
fully coordinated bulk atoms.38 Distinct spectral 
changes are observed for Si 2p and SiO2 XPS peaks 
with the increase in Ta. As Ta increases from 500 to 
700 oC, a small shift to lower values of BE for the 
Si 2p peaks is observed, along with the peak of 
SiO2 and the splitting between peaks of Si 2p and 
SiO2 peaks is ~4.6 eV, nearly 0.8 eV higher than 
the typical reported value of  3.8 eV.36 This can be 
attributed to the formation of gold silicide.36 40 It 
can be observed from Fig. 3, as the average size of 
NP decreases, intensity of Au 4f7/2 and 4f5/2 XPS 
peaks decreases and full-width half-maximum 
(FWHM) values of those XPS peaks increases. The 
loss in the observed XPS intensity can be attributed 
to the occurrence of the localized surface plasmon 
resonance (LSPR) in Au NPs.33 The broadening of 
XPS peaks with declining NP size can be attributed 
to both the increasing inhomogeneity of Au atoms 
in smaller clusters (increasing surface/bulk ratio) 
and the presence of more localized unoccupied d 
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states at the Fermi level, enhancing a many-body 
effect known as Doniach-Sunjic line shape.33, 41, 42 

Spectroscopic Ellipsometry measurement 

SE is a non-destructive, sensitive and powerful 
analytical technique to study the optical response of 
various materials. In ellipsometric measurements, 
change in the polarization state of the reflected 
light from the surface of the film is given in terms 
of ellipsometric angles [psi (Ψ) and delta (Δ)]. By 
fitting, the measured values of Ψ and Δ using 
appropriate model enables precise extraction of the 
optical constants and accurate thickness. 
Ellipsometric measurements of annealed samples 
along with 5 nm (𝐴𝑢!!"!" ) and 100 nm  (𝐴𝑢!""!"!" ) 
unannealed Au samples are performed. All 
ellipsometric measurements are performed with an 
incidence angle of 70° in the wavelength range of 
350-1000 nm. The measured data is fitted by B-
Spline model 43-45 using Complete EASE software46 
and the model shows good agreement with the 
experimentally obtained data in the entire spectral 
range. 

Ellipsometric angles: Ψ spectra for annealed 5 and 
10 nm samples are depicted in Fig. 4(a) and (b), 
respectively. In the observed spectra, peaks are 
observed in the visible region at ~550 nm 
corresponding to LSPR peak. This LSPR peak 
shows red shift and broadening with the increase in 
Ta. In fact, as Ta increases, the average size of Au 
NPs also increases (as in Table I), which leads to a 
gradual reduction in the concentration of free 
electrons in NPs. This, in turn, weakens the 
plasmonic field of the corresponding LSPR peak 
causing the peak to broaden and red shifted.11 This 
phenomenon is observed for 5 nm annealed Au 
samples and for 𝐴𝑢!"!"!""°"  𝑎𝑛𝑑  𝐴𝑢!"!"!""°" samples. 
However, for 𝐴𝑢!"!"!""°" sample, blue shift in LSPR 
peak position is recorded, when compared other 10 
nm samples. From Fig. 4(a) and (b), it is obvious 
that that the LSPR peak for 5 nm annealed Au films 
are more prominent than that for 10 nm annealed 

Au films; and this indicates a comparatively better 
LSPR generation in 5 nm Au films. Additionally, it 
is also observed that Ψ (λ) spectra display 
continuous decline for 5 nm un-annealed Au 
sample (𝐴𝑢!!"!" ) and constant rise for 100 nm un-
annealed Au sample (𝐴𝑢!""!"!" ) in the visible range 
(400-700 nm) 22, 47 Δ(λ) spectra of 5 nm annealed 
Au sample, as shown in Fig. 4(c), demonstrate 
steep decline at the LSPR wavelength. Moreover, Δ 
value at LSPR wavelength gradually reduces with 
corresponding rise in Ta. Similar behaviour is 
observed for 𝐴𝑢!"!"!""°"  𝑎𝑛𝑑  𝐴𝑢!"!"!""°" samples. 
However, for 𝐴𝑢!"!"!""°" sample, the value of Δ at 
LSPR wavelength is observed to be the maximum 
(~130). The values of Δ are higher for 10 nm Au 
films as compared to those for 5 nm Au film 
without significant variation in the shape of Δ(λ) 
spectra, and this is a typical ellipsometric feature of 
thin films.47, 48 

Analysis of optical constants: The optical 
constants such as real part ε(r) and imaginary part 
ε(i) of the complex dielectric function, ε = ε(r) + 
ε(i), the refractive index (n), and extinction 
coefficient (k) are the determining parameters for 
electronic polarizability of the NPs.  Fig. 4(e)-(l) 
show the spectral variation of n, k, ε(r), and ε(i), 
obtained by data conversion using respective Ψ and 
Δ values, for both 5 and 10 nm annealed Au 
samples. In Fig. 4(e)-(l), LSPR feature is illustrated 
as a peak in k and ε(i) in the visible region, while in 
n and ε(r) spectra the feature is exhibited in the 
form of a sharp ascent. As Ta increases, n and k 
spectra of Au NPs demonstrate bulk-like behavior. 
On comparison, the variation of n and k spectra of 
10 nm annealed Au sample is comparatively closer 
to those of bulk Au film than the 5 nm annealed Au 
counterpart. In fact, higher film thickness and Ta 
may lead to aggregation of Au NPs and results in 
large-scale coalescence, which eventually causes a 
continuous film-like or bulk-like behavior.22 
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Variation of LSPR wavelength with Ta: As 
shown in Fig. 4(m), spectral location of LSPR is 
gradually red-shifted with respect to corresponding 
rise in the value of Ta. As displayed in Table 1, the 
dimension and overall volume of Au NPs increases 
with the increase of Ta. Due to enhanced volume of 
NPs, the concentration of free electrons in NPs 
reduces, which eventually leads to generation of 
weaker LSPR with reduced resonance energy.11, 49 
Moreover enhancement in Ta gives rise to larger 
surface coverage area, diminished inter-particle 
distance, and lower circularity factor.8 All these 
parameters have attributed to gradual red shift of 
LSPR peak with increasing Ta. In case of𝐴𝑢!"!"!""°", 
similar trend is not observed possibly due to 
nanocluster formation, as observed in Fig. 1(d). 
The formation of nanocluster results in the smallest 
surface coverage area (~7.99%), as evaluated from 
FESEM data analysis. The combined effect of these 
parameters might have resulted into dissimilar 
behavior of LSPR peak for 𝐴𝑢!"!"!""°" sample, as 
shown in Fig. 4(m). 

 

Absorption analysis: Fig. 5(a) depicts the 
variation in absorption coefficient for 5 nm 
annealed Au film in the wavelength range of 200-
1000 nm. In the Fig, mainly three peaks are 
observed centered at ~284, ~368, and ~550 nm. 
These peaks correspond to second interband 
transition,50 first interband transition,51 and LSPR 
generation, respectively. First and second interband 
transitions are initiated from d-valance band to the 
empty states of s- and p- bands above the Fermi 
level, respectively.50-52 With the increase in Ta, a 
marginal blue shift in the interband transitions is 
observed. Moreover, these absorption peaks 
become more closely matched to those of 
𝐴𝑢!!"!" sample with the increase in Ta. In the LSPR 
band, the magnitude of absorption coefficient 
declines and the LSPR peak demonstrates a red 
shift with the enhancement in Ta. As explained 

before, weaker LSPR with reduced resonance 
energy is generated with increasing Ta. This loss in 
resonance energy results in the lower optical 
absorption, as observed in Fig. 5(b). 

In absorption spectra, Drude absorption band 
occurs due to the existence of free electrons, which 
are obviously more prominent in bulk than in NPs. 
In Au NPs, the LSPR band dominates over Drude 
absorption band.22, 49 As the thickness of Au 
increases from 5 to 10 nm, Drude band becomes 
comparatively more noticeable than LSPR band.52 
For 𝐴𝑢!""!"!"  sample, Drude band completely 
dominates over LSPR band. It is believed that in 
thick films, interlinks are formed between the Au 
NPs due to an aggregation phenomenon.22, 31 This 
aggregation triggers delocalization of free electrons 
in NPs, which results in the higher concentration of 
free electrons in thicker films causing Drude band 
to suppress LSPR band. 

D. Factors	
  affecting	
  LSPR	
  (Simulation	
  
Studies)	
  

Primarily three critical mechanisms that govern the 
performance of plasmon-based ultrathin and cost-
effective photovoltaic are: (a) the scattering from 
the plasmonic metal NPs that also act as dipoles 
(far field effect) at the metal-dielectric medium 
interface, (b) the near field enhancement, and (c) 
direct generation of charge carriers in the 
semiconductor substrate. The first mechanism 
mainly controls the enhancement of photocurrent 
for most of the reported inorganic-based SCs 13, 15, 

17 while the second mechanism govern functioning 
of organic-based SCs.53 The first mechanism is the 
most crucial factor that determines the photon 
conversion efficiency of ultrathin film SCs because 
of the light-trapping phenomenon occurring at the 
interface of buffer and photoactive layer and light 
scattering into the substrate. When excited, LSPR 
modes can result in optical scattering and massive 
enhancement of the associated electric field. Metal 
particles in the order of wavelength of incoming 
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radiation act as miniscule dipoles scattering the 
incident radiation, which is coupled to the 
propagating modes of the underlying 
semiconductor. 

Thus, from a viewpoint of realizing cost-effective, 
high-efficiency, and ultrathin plasmon-based SCs, 
it is quite interesting to thoroughly examine the 
correlation between light trapping, scattering, and 
absorption phenomena with size, shape, and 
distribution matrix of Au NPs. In the experimental 
study, the variation of NP parameters such as 
average particle size, surface coverage, interparticle 
distance, and circularity factor with respect to Ta is 
observed. The effect of such variation in the 
generation of LSPR is also demonstrated. Here, a 
detailed analysis of the effect of size and shape of 
NP, surrounding medium, and interaction between 
NPs on LSPR excitation is carried out. Suitable 
engineering and fine-tuning of these parameters of 
Au NPs can be performed to enhance the 
performance of ultrathin SCs. 13, 15, 27   

For NP-based SCs, theoretical analysis for effective 
optimization of different NP parameters has been 
done by using different simulation tools and 
mechanisms such as discrete dipole approximation 
toolbox, finite difference time domain method 
(FDTD), Green function technique, multiple 
multipole method, and boundary element method 
(BEM).24, 28 The BEM computational approach is 
simple, accurate, faster, and requires moderate 
computer memory in comparison to other 
simulation tools. 28 Here, we have deployed the 
MNPBEM toolbox of MATLAB based on BEM 
computational methodology. In this methodology, 
only by varying various parameters of NPs, one 
could analyze the modifications of properties, 
which on the other hand have an impact on the 
performance of ultrathin SCs. The detailed analysis 
of the effect of all such parameters of NP is 
explained below. 

Effect of NP size 

The scattering cross-section (C.S.) can be evaluated 
by using the following equation: 

      𝐶!"# =
!
!!
(!!
!
)!|𝛼|!              (1) 

Where α is the polarizability of the particle. 

The variation of scattering C.S. with wavelength is 
plotted in Fig. 7(a). With increasing the NP size a 
red shift in the peak of scattering C.S. is observed 
as shown in Fig. 7(a), and it shows good agreement 
to the shift of LSPR peak as shown in Fig. 5. As 
can be perceived from Fig. 5 and 7, there is a 
minute difference in the location of LSPR and 
scattering C.S. peak positions, which should ideally 
be at the same spectral position. However, it should 
be noted that Fig. 7(a) represents the spectral 
variation of scattering C.S. for a single Au NP 
unlike the cumulative spectral variation of a large 
number of Au NPs, as shown in Fig. 5. The 
amplitude and FWHM of scattering C.S. peaks are 
approximately determined by ε(i).49 It can be 
observed that an enhancement in optical scattering 
with the increase in the dimension of NPs. Thus as 
an application of this phenomenon, Au NPs having 
larger dimensions can be placed on the rear side of 
the thin SCs (shown in Fig. 6 (a)) , and such NPs 
will backscatters the fraction of light into the SC. 27 
NPs with relatively smaller dimensions can also be 
used as trapping centers for smaller wavelengths of 
incident radiation at the front surface of the SC ( as 
shown in Fig. 6 (b)), and most of the radiation 
higher than LSPR wavelength scatters into the cell 
(higher dielectric medium), which results in the 
optical path length enhancement within the cell 
structure. It can also reduce the cell surface sheet 
resistance, which leads to a decline in the cell series 
resistance. All these phenomena instigate an 
enhancement in the photo-conversion efficiency of 
ultrathin SCs.54 The optimum values of NP 
diameter should be in the range of 50-100 nm for 
photovoltaic applications, as suggested by Link et. 
al.11, 55 As observed in our experimental study, the 
diameter of NPs can easily be engineered by 
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controlling initial layer thickness and annealing 
conditions. 

Effect of surrounding medium 

The LSPR and scattering C.S. peaks strongly 
depend on the surrounding medium. As the 
surrounding medium varies from CdTe to CIGS 
(i.e. refractive index increases) these peaks get red 
shifted, as demonstrated in Fig. 7(b). This shift can 
be explained on the basis of the resonant condition 
given in Mie theory: 

                                                                          
𝜀(𝑟)   =   −  2  ×  𝜀(𝑠)                                           (2) 

provided ε(i) is very small or weakly dependent on 
𝜔.11 Here, ε(r) and ε(s) are dielectric constants of 
Au NPs and surrounding medium, respectively. As 
the value of ε(s) increases the value of ε(r) is also 
required to increase following satisfy the equation 
(2). It should be noted that as per the Drude model, 
the value of metal dielectric constant increases with 
the increase in wavelength of incident energy.6, 9 
Due to this, the Mie resonant condition is satisfied 
at higher wavelength of incident radiation, which 
ultimately results in the red shift of LSPR or 
scattering C.S. peak.9 Therefore, by varying the 
local dielectric environment of NPs dispersed in SC 
structure (as shown in Fig. 6 (c)), absorption 
coefficient of photoactive layer can be 
supplemented. This improved absorption 
coefficient makes possible to use ultrathin 
absorbers and because of smaller required thickness 
defective and relatively impure semiconductor 
absorbers may be incorporated in SC structure. For 
this mechanism to be efficient, absorption rate in 
the semiconductor material must be larger than the 
reciprocal of the LSPR lifetime15. Otherwise the 
absorbed energy is dissipated into ohmic damping 
in the metal. Such high absorption rates are 
achievable in many direct band gap inorganic and 
organic materials. Moreover, the incorporation of 
Au NPs into absorber materials can be performed 

by varying post-deposition annealing condition of 
absorber/Au/back contact structure. Additionally, 
NPs dispersed in the absorber not only reduces 
manufacturing cost of realizing SCs and modules 
but also enhances the device performance by 
reducing bulk recombination losses due to ultrathin 
SC materials.17 Similar improvement in external 
quantum efficiency by tuning absorption 
coefficient has been experimentally demonstrated 
for Si SCs.56 

Interaction between NPs 

The interaction between NPs also affects LSPR and 
scattering C.S. peaks. Fig. 7(c) shows, as the 
interparticle distance decreases, the LSPR peak 
gets red shifted that is also verified in the 
experimental studies. Reduction in interparticle 
distance leads to the condition of dipole-dipole 
coupling, which results in the loss of plasmon 
energy and hence the red shift in LSPR 
wavelength.8, 57 Thus, by selecting suitable 
annealing conditions one can play with the 
coupling effect between NPs. Pala et. al. have 
utilized  the coupling effect to attain 43% 
enhancement in the short circuit current from Ag 
NP distribution in Si.58 Additionally, at smaller 
values of interparticle distance, multipolar modes 
are excited and these modes result in the shift of the 
scattering C.S. peaks towards longer wavelength 
and the scattering spectra becomes wider, as shown 
in Fig. 7(c).  

Effects of NP morphology 

Deviation in NP morphology has an impact on the 
LSPR or scattering C.S. peak location.7, 33 For non-
spherical NPs, the resonance wavelength depends 
on the orientation of the incident electric field.59 
From Fig. 7(d), it is evident that a blue shift in the 
LSPR peak position occurs with the increase in the 
number of lines of symmetry of NPs i.e. while the 
shape of NP is gradually shifted from polygonal to 
circular.7 Moreover, as observed in Fig. 7(e), when 
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the lines of symmetry are less for NP such as the 
case for triangular NP, there exist two distinct 
LSPR peaks corresponding to longitudinal (due to 
x-polarized component of the excitation) and 
transverse modes (due to y-polarized component of 
the excitation) oscillation of free electrons.9 In a 
recent report, Atwater et. al.15 have found that 
cylindrical and hemispherical particles are likely to 
produce larger optical path length enhancement as 
compared to spherical particles inside SC structure, 
due to more light scattering into the substrate which 
leads to greater field enhancement.20, 56 Similar to 
our study, it has also been reported that the 
morphology of metal nanoparticle can also be 
tuned by changing Ta. 5  

 

Substrate effects 

Optical scattering by NPs is also dependent on the 
choice and spatial distance of substrate from such 
NPs. As the distance increases, substrate-NP 
interaction reduces, and because of this larger 
fraction of light scatters into the air than to 
substrate.16 On the other hand, if the distance is 
reduced, the fraction of light scattered into 
substrate increases. The enhanced substrate-NP 
interaction triggers inhomogeneous substrate 
induced field on NPs and this phenomenon leads to 
excitation of multipolar modes resulting in the shift 
of the scattering C.S. peak towards longer 
wavelength and the scattering spectra becomes 
wider, as shown in Fig. 7(f).6 Au NPs are highly 
tunable and can reduce reflection without 
necessitating semiconductor texturing. Au NPs are 
the best alternative for anti-reflection (AR) coatings 
as compared to single or multilayer of dielectric 
medium. These NPs interact with incident photons 
by exciting localized surface plasmons, which 
causes localization of light of particular LSPR 
wavelength and scatters most of the radiation 
having wavelength higher than the resonance 
frequency into the high refractive index material.18 

In this mechanism, NPs act as AR coating for the 
wavelength region higher than the resonance 
wavelength. 

Optimization of the aforementioned parameters of 
NPs for ultrathin photovoltaic devices is 
challenging because of the involvement of a 
number of process and design variables. Thus, it is 
quintessential to have a rigorous and detailed 
understanding of the science and technology 
involved in the interaction amongst Au NPs, 
incident radiation energy, and surrounding 
medium. As evident from our present study that 
this type of rigorous analysis is needed to predict 
the performance enhancement of photovoltaic 
devices to enable fabrication of NP embedded light 
trapping applications. 

 

E. Conclusions	
  
A thorough correlation analysis of the size, shape, 
and distribution of Au nanoparticles (NPs) on fine-
tuning of localized surface plasmon resonance and 
optical absorption cross-section has been 
demonstrated. Experimental analysis of annealing 
temperature and initial Au layer thickness on NP 
parameters such as size, interparticle distance, 
surface coverage, and circularity factor has been 
studied. The effect of annealing on morphological, 
structural, dielectric, and elemental behaviour of 
Au NPs has been reported. Theoretically, we have 
analyzed the tuning of LSPR and absorption cross-
section peaks by varying NP parameters, 
surrounding medium, and substrate. Our study will 
enable one to predict the performance enhancement 
of different architectures of ultrathin photovoltaic 
cells, incorporating NP embedded semiconductors. 
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 Figure. 1(a)-(f): FESEM images of 10 and 5 nm samples annealed at different temperatures. Insets show 
magnified images and the histograms of NP count vs particle size, as in Fig 1. (a), (c) & (e). 
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Fig. 2 (a) and (b): XRD spectra of 5 nm and 10 nm annealed samples. Insets show magnified XRD peaks of Au 
silicide and Si.                            
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Fig. 3: XPS spectra of (a) 5 nm and (b) 10 nm annealed Au samples. Insets show 
magnified version of XPS peaks for Au 4f, Si and SiO2. 
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Fig. 4: Ψ vs. wavelength plot of (a) 5 nm Au sample and (b) 10 nm Au sample; Δ vs. wavelength plot of (c) 5 
nm Au sample and (d) 10 nm Au sample.                                                                                                                                                          
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Fig. 4: n vs. wavelength plot for (e) 5 nm Au sample and (f) 10 nm Au sample; k vs. wavelength plot for (g) 
5 nm Au sample and (h) 10 nm Au sample.                                                                                                                                      	
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Fig. 4: ε(r) vs. wavelength plot for (i) 5 nm Au sample and (j) 10 nm Au sample; ε(i) vs. wavelength plot for (k) 
5 nm Au sample and (l) 10 nm Au sample.  
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Fig. 4(m): Variation of LSPR wavelength with Ta for 5 
and 10 nm annealed Au samples.	
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Fig. 5: Absorption coefficient vs. wavelength plot for (a) annealed 5 nm thick 
Au and (b) magnified LSPR band of annealed 10 nm gold samples. Inset in 
Fig. 5(a) shows magnified LSPR band of 5 nm annealed sample. 
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Fig 6: Different cell structures incorporating plasmonic NPs at (a) Au NPs 
embedded into back contact (b) Au NPs deposited over front surface (c) Au 
NPs embedded in absorber layer. 
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Fig. 7: Scattering cross section vs. wavelength plot for (a) Au NP with different diameter (Inset shows 
schematic of Au NP of diameter ‘d’) (b) surrounding medium having different refractive index (Inset shows 
near field excitation of Au NP), (c) different interparticle distance [Inset shows two adjacent Au NPs with 
interparticle distance of ‘a’], (d) NP with different morphologies (Inset shows varied geometry of Au NPs) 
(e)	
   incident radiation with different polarization (Inset shows triangular gold NP with x- and y- polarized 
excitation), and (f) different distance between substrate and NP (Inset shows Au NP placed ‘b’ distance 
above the substrate).	
  (S.M: refractive index of surrounding medium and P.D: NP diameter) 
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Table-1: Results from image processing of FESEM data 
 

 

 
Sample 

 
Average Particle 

Size (± 5 nm) 
in nm 

 
Surface Coverage 

(in %) 
 

 
Average Interparticle 

Distance (± 5 nm) 
in nm 

 
Circularity 

Factor 

𝐴𝑢!!"!""°" 
 

 
52.71 

 
31.14 

 
60.97 

 
0.76 

𝐴𝑢!!"!""°" 
 

 
50.46 

 
25.77 

 
65.81 

 
0.88 

𝐴𝑢!!"!""°" 
 

 
42.84 

 
17.58 

 
69.67 

 
0.94 

𝐴𝑢!"!"!""°" 
 

 
101 

 
22.48 

 
134.83 

 
0.86 

𝐴𝑢!"!!""°" 
 

 
77 

 
18.16 

 
143.23 

 
0.95 
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