Effective light trapping enhancement by
plasmonic Ag nanoparticles on silicon pyramid
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Abstract: Plasmonic Ag nanoparticles were deposited on the silicon
pyramid structures to further reduce surface reflectance. Compared with the
bare silicon pyramid surface, a dramatic reflectance reduction around 380
nm was observed and the weighted average surface reflectance from 300 nm
to 1100 nm could be reduced about 3.4%. By a series of designed
experiments combined with Mie theory calculations, the influences of the
size, shape and density distribution of Ag nanoparticles on the surface
reflectance reduction were investigated in detail. This study shows a
practicable method to improve light trapping for the application to solar
cells.
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1. Introduction

Currently, local surface plasmon (LSP) in metallic nanoparticles currently has been widely
exploited for a variety of solar cells including thin layer, organic and Si based solar cells [1-5].
The common material choices are Ag and Au, owing to their excellent light trapping ability
[6,7]. And among them, Ag is much better for its cheaper cost and lower absorption losses in
the visible spectrum [8]. Several detail investigations have been done to study the light
trapping abilities of Ag nanoparticles with different sizes, shapes and local dielectric
environment [9]. However, all these works were carried out on Ag nanoparticles deposited on
flat surface, in which, the back scattering could not be collected by substrates and large part of
rays scattered back into air [10-12].

In this work, taking advantage of both the effective back scattering collection ability of
silicon pyramids surface [13-15] and the light trapping abilities of the metal nanoparticles, a
new structure that deposit Ag nanoparticles on silicon pyramid surface was fabricated to
further enhance the light trapping efficiency. Then, the influences of the size, shape and density
distribution of Ag nanoparticles on the surface reflectance reduction were investigated in
detail. To reveal the reflectance reduction mechanism of this structure, theoretical simulations
based on Mie theory were also carried out [16]. This study shows a practicable method to
reduce the surface reflectance of silicon pyramid surface.

2. Experiment methods and simulation sets

In our experiments, the one-side polished p-type Si (100) wafers with thickness around 0.5 mm
were employed. The silicon pyramid surface was fabricated by exposing these samples into an
etching solution, which is composited by NaOH (3wt%), IPA (8volt%) and deionized water
[17], at 80 °C for 40 min. Ag nanoparticles were fabricated on silicon pyramid surface through
sputter-anneal process. And the sizes, shapes and densities of Ag nanoparticles were controlled
by varying sputter time, current and annealed conditions. In our experiments, all sputtering
processes were sustained 30s with the sputter current range from 20 mA to 35 mA to deposited
Ag thin layers onto the silicon pyramid surface. And the annealing processes were carried out
in nitrogen at 200 °C for 1.5h to coalesce the flat layers together to form nanoparticles with
different shapes, sizes, densities and density distributions.

The sputtering of Ag layers was completed by Quorum Q150TS, the surface reflectance
(300-1100 nm) were measured by Solar Cell QE/IPCE Measurement System. This system is a
common experiment set-up used for measuring quantum efficiency, photon-to-electron
conversion efficiency of solar cells and surface reflectance of photoelectric materials by
monochromatic incident. The main specifications of the system are expressed as following:
Wavelength range is 0.3-1.10 pm and measurement error is 0.2 nm, FWHM (Full Wave at Half
Maximum) is 0.1 nm and reflectance measurement error is 0.1%. And the shape, size, density
and size distribution of Ag nanoparticles of these samples were characterized by Scanning
electron microscopy (SEM).
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For the calculations, a model was designed as shown in Fig. 1. to describe the structure
obtained in our experiments. The height of each pyramid is 3.266 um, and the distribution of
Ag nanoparticles is evenly deposited on them. In the following numerical calculations, these
pyramids were divided into 10 layers from bottom to top, and the area of the nth layer can be
expressed as:

2-Ah
| =4-
" 3

where |, is the nth layer area of the lateral surface, and n is the layer number.

To simplify our model, the incident light is assumed perpendicular to the pyramid bottom
in our model, as shown in Fig. 1. And from this assumption, the effective scattering angle 6, of
the nth layer, which represents the arrangement of back scattering light collected by pyramids
B, was deduced as:

(n-1). (1)

(n—1/2)Ah—c0s(70.6°)-h
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Fig. 1. Surface reflectance calculation model of Ag nanoparticles deposited on the pyramids (a)
Scattering model of Ag particles deposited on pyramids. (b) The dividing methods for single
pyramid.

Applying Mie theory to our model, we assume that Ag spherical nanoparticles in a matrix
with an averaged dielectric function in between the vacuum value and that of the support
material Si. Considering these assumptions, the scattering cross section Cs, and extinction
cross section C,,; 0f Ag nanoparticles can be expressed as [13]:

2 o0
Coa =7 2 0+, [ +[o, ). ®3)
n=1
C,. - %i(Zn +1)Re(a, +b ). @)
n=1

In our model, the parallel and perpendicular polarizations incident light were divided into
the equivalent two parts. And the expression of the amplitude-scattering matrix elements of
parallel and perpendicular polarizations of spherical nanoparticles can be depicted by:

5,(cos(8) = Y nZ(: j) (8,0, +b,7,). (5)
2n+1
S,(e050) = @, h,0,) (6)

In these expressions, a, and b, are the scattering coefficients of the nth scattering
electromagnetic mode. In Eq. (3). and Eq. (4)., X = 2zNa/4, a is the size of particle and N is
averaged dielectric function in between the vacuum value and that of the support material. In
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Eq. (5). and Eq. (6)., Si, S, represent parallel and polarization of amplitude scattering
distribution. ¢, and 7, represent the angle-dependent functions of the nth mode. @ is the
scattering angle has a range 0<8<x, and A is wavelength of the incidence light.

By applying Mie theory to this model, the forward-scattering light scattered into pyramid A
was obtained as following:

ppovers 1o C '-'In . T s, @) dmwr s, do). ™

2 C, b s

And the backscattered light collected by pyramid B could be expressed as:

I C_ - 35.3' -6, X
et =2z= [ [s) do. ®)

ext 35.3°

where |y is the intensity of total incident light, and | is the area of the lateral surface. The
scattering efficiency of pyramid B can be given in the same way.

Other assumptions in our deduction are that the light absorption of Ag nanoparticles is
neglected as its low value [18], all scattered lights from pyramid A to pyramid B by Ag
nanoparticles are parallel to the bottom of the pyramids for simple, and only twice reflections
are considered. Based on these assumptions, the final surface reflectance was obtained by
combing calculation results of scattering mount of parallel and perpendicular polarizations,
which can be expressed as follow:

ref forward _ _ forward . (9)

total — 1-n, s

forward forward

where, 7, and 7, represent the forward scattering of pyramid A and pyramid B
respectively.

4. Results and discussion

As the coactions of the plasmon enhancement of Ag nanoparticles and the backscattering
collection effect of silicon pyramid surface, the reflectance of the new structure with Ag
nanoparticles on silicon pyramid shows an obviously reduction. Figure 2 shows the
anti-reflectance curves of the new structure 35% covered by spherical Ag nanoparticles, whose
average radii are around 68 nm. Compared with that of the bare silicon pyramid surface, a
dramatic reflectance reduction around 380 nm was observed and the weighted average surface
reflectance from 300 nm to 1100 nm reduced about 3.4%.
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Fig. 2. Experiment results of surface reflectance curves of Si surface with different sizes of Ag
nanoparticles.
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As following, the influences of the size, shape and particles density distribution of Ag
nanoparticles on surface reflectance were investigated in detail.

4.1 Size effect of Ag nanoparticles on surface reflectance

Through changing the sputter-anneal process conditions, Ag nanoparticles with different sizes
deposited on silicon pyramid surface are obtained. And the SEM results are shown in Fig. 3(a)
and 3(b). By sufficient annealing, the shapes of fabricated Ag nanoparticles are all spheroidal
and their average radii are about 60 and 85 nm, respectively. The surface reflectance curves of
these two samples are given in Fig. 3(c), and the predicted results by Mie theory are given in
Fig. 3(d) for comparison.
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Fig. 3. Ag nanoparticles with different radii deposited on silicon pyramid surface and the
surface reflectance results by experiment and calculation. (a) SEM image of silicon pyramid
surface with 60 nm Ag nanoparticles deposited on the surface. (b) SEM image of silicon
pyramid surface with 85 nm Ag nanoparticles deposited on the surface. (c) Experiment results
of surface reflectance. (d) Calculation results of surface reflectance.

Two obvious wave troughs around 380 nm on the both reflectance curves of these two
samples are observed, and this phenomenon is reappeared exactly in the calculation results. By
Mie theory, these wave troughs can be attributed to the quadrupolar mode resonance of Ag
nanoparticles. As the size of Ag nanoparticles increases, the slightly red-shifting from 380 to
420 nm of the wave troughs is caused by the larger relaxation time of the electrons in larger Ag
nanoparticles [19,20].

Compared the two curves in Fig. 3(c), we can see that the reflectance of the sample with 85
nm Ag particles is much lower than that with 68 nm Ag particles in all frequencies range from
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350 nm to 1100 nm. It is because that, as the size of Ag nanoparticles increased, higher order
modes let more rays scattering forward into Si substrate. However, it doesn’t mean that larger
Ag particles are better, as the increased particle size can also reduce the light trapping
efficiency by decreasing the scattering cross section of Ag particles. There must be an
optimized size of Ag particles, which can get a trade-off between achieving higher order modes
whilst suppressing the scattering cross section reduction.

4.2 Shape effect of Ag nanoparticles on surface reflectance

With insufficient annealing, there will be not enough surface tension to coalesce the flat Ag
islands together for forming nanoparticles with spherical shape. In this section, we investigated
particle shape effect on the reflectance of silicon pyramid surface. The SEM image of the
sample and its surface reflectance curve are given in Fig. 4(b). Another curve in Fig. 4(b) is
obtained from a sufficient annealed sample with the same fabricated conditions for
comparison.
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Fig. 4. SEM image of the sample with irregular particle shape Ag nanoparticles and the surface
reflectance properties comparison with regular sample. (a) SEM image of sample with irregular
shape Ag nanoparticles. (b) Reflectance comparison between with regular shape Ag
nanoparticles and irregular shape Ag nanoparticels on the surface.

From Fig. 4(b) we can see that, the sample with irregular Ag nanoparticles obtains a higher
reflectance and the wave trough of reflectance curve around 420 nm is disappeared. A
reasonable explanation is that Ag nanoparticles with irregular shapes act as a homogeneous
layer with an effective refractive index between Si and air. And this homogeneous layer can
slightly reduce the surface reflectance [9].

4.3 The influences of particle density on surface reflectance

By adjusting the conditions of sputter-annealing process, two samples with likely particle sizes
but with different particle densities were obtained on silicon pyramid surface, and their SEM
images are given in Fig. 5(a) and 5(b). An obviously higher particle density can be observed in
Fig. 5(a) which also contains mounts of smaller particles around the bigger ones.
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Fig. 5. SEM results and surface reflectance properties of the structure with different densities of
Ag nanoparticles on the surface. (a) SEM image of sample with higher particle density. (b) SEM
image of sample with smaller particles density. (c) Surface reflectance with different particle
densities.

The reflectance curves of these two samples are measured and shown in Fig. 5(c), from
which we can see that the sample with higher Ag particles density shows much lower
reflectance on both sides of the wave trough positions around 420 nm, which corresponding to
the quadrupolar mode resonance of Ag nanoparticles. This phenomenon probably results from
the surfaces of the pyramid are covered imperfectly by the scattering cross section of Ag
nanoparticles. As the scattering cross section of Ag nanoparticles associate with the frequency
of incident light, when the frequencies of incident light far away from the quadrupolar mode
resonance position (the wave troughs in reflectance curves), the scattering cross section of Ag
nanoparticles samples with low particle density couldn't cover the whole silicon pyramid
surface well [21]. While, for the sample with more Ag nanoparticles, the higher density
remedies this defects and shows a lower surface reflectance.

5. Conclusions

Ag nanoparticles were fabricated on silicon pyramid surface by sputter-anneal process, and the
surface reflectance of this structure has been studied. Compared with the bare silicon pyramid
surface, the surface reflectance around 380 nm shows a dramatic reflectance reduction. By
theoretical simulations based on Mie theory and experimental researches, the reflectance
reduction mechanisms of this structure were investigated and the influences of several factors
on the reflectance were studied systematically. Within certain range of size, an obvious
decrease of the surface reflectance could be obtained as the sizes of Ag nanoparticles increase.
But when their sizes greater than a certain value, the surface reflectance would increase instead
owing to the reduction of their scattering cross section. Ag nanoparticles with irregular shapes
show a weak anti-reflectance effect, since in this situation, they play a role more like a
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homogeneous layer with an effective refractive index. Lower Ag particles density will lead to
higher surface reflectance for the light with frequencies on both sides of the wave trough
positions as the surfaces of the pyramid are covered imperfectly by the scattering cross section
of Ag nanoparticles. For the sample fabricated by optimized process, the largest total
reflectance reduction about 3.4% was achieved when the silicon pyramid surface is 35%
covered by spherical Ag nanoparticles, whose average radii around 68 nm.

As a conclusion, the new structure proposed with proper particle sizes, regular shapes and
higher densities of Ag nanoparticles could be adopted to reduce the surface reflectance for
silicon pyramid. These results also show a practicable method to improve the light trapping
efficiency for other textured surfaces.
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