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Abstract
Dielectric nanospheres have emerged as a promising candidate for enhancing absorption in thin
film photovoltaics. In this paper, we utilize numerical electrodynamic simulations to investigate
the absorption enhancements achievable in crystalline Si (c-Si) thin films of thicknesses from
100 to 2000 nm from 2-dimensional close-packed silica (SiO2), silicon nitride (Si3N4), and titania
(TiO2) nanosphere array coatings. We demonstrate that dielectric nanospheres can enhance the
absorption in c-Si thin films by coupling incident light to transverse electric (TE) waveguide
modes in the c-Si thin film. While SiO2 nanosphere arrays may achieve enhancements of less
than 10% compared to ideal double pass c-Si thin films, higher index of refraction nanospheres
confine light more strongly such that more nanosphere resonances may couple to waveguide
modes in the c-Si. Si3N4 nanospheres may enhance ultimate efficiencies by over 40% for
thicknesses r800 nm and TiO2 nanospheres by over 50% for thicknesses r700 nm compared to
thin film structures with perfect anti-reflection coatings. This light trapping approach increases
the absorption in the photoactive region without introducing additional surfaces or interfaces
that increase surface recombination.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

One of the main challenges with the use of crystalline
silicon (c-Si) for thin film photovoltaics is that c-Si is not a
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strong absorber of sunlight in the near-infrared region. Si is
an indirect band gap material and thus photons with energy
just above the band gap require phonon interactions for
absorption. Si has absorption lengths Lα410 μm for photons
with wavelength λ4800 nm and Lα4100 μm for λ4970 nm.
Different light trapping strategies are thus important for
increasing the photon optical length, the distance a photon
travels in the c-Si before escaping, in order to increase
absorption. Light trapping helps reduce manufacturing costs

dx.doi.org/10.1016/j.nanoen.2014.10.040
dx.doi.org/10.1016/j.nanoen.2014.10.040
dx.doi.org/10.1016/j.nanoen.2014.10.040
dx.doi.org/10.1016/j.nanoen.2014.10.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2014.10.040&domain=pdf
mailto:pleu@pitt.edu.com
mailto:http://www.pitt.edu/~pleu/Research/a4.3d
mailto:http://www.pitt.edu/~pleu/Research/a4.3d
dx.doi.org/10.1016/j.nanoen.2014.10.040


227Light trapping in crystalline silicon thin film solar cells
by improving efficiencies for a given active layer thickness.
This allows for not only the use of less silicon, but more
inexpensive silicon with shorter minority carrier diffusion
lengths since carriers do not have to diffuse as far to be
collected. Open circuit voltages are also expected to
increase due to higher photocarrier injection levels. Manu-
facturing costs may be reduced while maintaining reason-
able efficiencies.

Two of the main approaches to wave-optics light trapping in
c-Si thin film solar cells has involved (1) structuring the active
region and (2) using metal nanostructures. The first approach of
structuring the photoactive region may be used to tune guided
mode profiles to allow for greater field concentration inside the
c-Si. New c-Si structures which use this approach have been
demonstrated including nanowire arrays [1–9], nanocone arrays
[10,11], nanohole arrays [12], and photonic crystals [13]. The
second major approach involves the use of metal nanostruc-
tures for plasmonic light trapping through high near-fields,
surface plasmon polaritons, and/or plasmonic scattering. Metal
nanoparticles have been utilized to enhance optical absorption
in single-crystalline silicon [14] and silicon-on-insulator [15]
solar cells. Structures such as metal gratings [16,17], nanopar-
ticle arrays [18], and nanogrooves [19] have also been shown to
exhibit light trapping through simulations. However, both
approaches to light trapping involve the use of additional
manufacturing processes that may not be scalable. Metal
nanostructures introduce additional reflection and parasitic
absorption losses. More importantly, structuring the c-Si active
region or introducing additional Si/metal interfaces results in
higher internal losses due to increased surface recombination.

Recently, the Atwater group demonstrated a new app-
roach to light trapping using sub-wavelength silica nano-
spheres coated on amorphous silicon (a-Si) [20] and
gallium arsenide (GaAs) [21] thin films. These nanosphere
arrays could offer benefits to cost reduction in thin film
photovoltaics as they may be scalably coated onto the solar
cell from a variety of nanosphere lithography approaches
[22,23]. They may eliminate the need for an additional
antireflection coating and enhance silicon absorption with-
out introducing additional surface recombination.

However, in this study, the maximum enhancement was
only about 15% for silica nanospheres on 100 nm thick a-Si
Figure 1 (a) Schematic of the dielectric nanosphere solar cell. The
of a perfectly electrical conductor (PEC). A hexagonal close packe
diameter of the nanospheres equals the pitch d=a. (b) Real part o
compared with a-Si thin films with an antireflection coating
layer and 11% for silica nanospheres on 100 nm thick GaAs
compared to GaAs thin films with a double antireflection
coating. Both a-Si and GaAs are direct band gap materials
that are relatively strong absorbers of light even at thin
thicknesses. In contrast, c-Si is an indirect band gap mat-
erial, and solar cell thicknesses are typically several hun-
dred microns to ensure absorption of most sunlight.

In this paper, we demonstrate significant efficiency enh-
ancements in c-Si thin films with high index of refraction
nanosphere arrays. The nanosphere arrays allow light to
couple to transverse electric (TE) waveguide modes in the
silicon. We perform simulations on close-packed silica
(SiO2), silicon nitride (Si3N4), and titania (TiO2) nanosphere
arrays to demonstrate that higher index of refraction
nanospheres may achieve better light trapping. The higher
index of refraction nanospheres exhibit stronger optical
confinement and thus, more resonance modes may couple
to TE waveguide modes in the c-Si. The periodicity and
nanosphere resonances introduce wave vector components
along the inplane directions, which allow light to couple to
waveguide modes. We show that SiO2 nanosphere arrays
may achieve enhancements of less than 10% compared to an
ideal double pass c-Si thin film. In contrast, higher index of
refraction nanospheres such as Si3N4 may improve efficiency
enhancements over 40% for c-Si thicknesses tr800 nm and
TiO2 by over 50% for tr700 nm. Si3N4 and TiO2 nanospheres
improve efficiencies by about 50% and over 100% respec-
tively for c-Si thin films with t=100 nm.
Results and discussion

Figure 1(a) shows a schematic of our simulated structure.
A close packed monolayer of nanospheres with diameters d sits
on top of a crystalline silicon (c-Si) thin film of thickness t. The
nanosphere monolayer forms a hexagonal lattice. The lattice
vectors are defined by |a1|=|a2|=a, and the angle between the
two lattice vectors φ=601. We assume the nanospheres are
close-packed or d=a. We study a range of c-Si thicknesses t
from 100 to 2000 nm (in increments of 100 nm) and nanosphere
diameters d from 200 to 2000 nm (in increments of 20 nm). The
crystalline silicon (c-Si) thin film has thickness t and sits on top
d-monolayer of nanospheres lies on top of this thin film. The
f the index of refraction n for the three nanospheres studied.
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c-Si sits on top of a perfectly electric conductor (PEC). We
studied SiO2, Si3N4, and TiO2 nanospheres and the real part of
the index of refraction n is shown in Figure 1(b). The optical
constants for c-Si, SiO2, and Si3N4 are taken from data in Palik's
Handbook of Optical Constants of Solids [24]. The optical
constants for TiO2 were also taken from the same source,
though the optical constants are extrapolated out to 280 nm.
SiO2, Si3N4, and TiO2 have indices of refraction of approxi-
mately 1.4, 2, and 3 respectively. The SiO2 and Si3N4 are
amorphous, while the TiO2 is the rutile crystal structure. The
imaginary part of the index of refraction for these three
materials is 0, so that the nanospheres do not absorb any
light. While TiO2 does exhibit some absorption below 440 nm,
the imaginary part of the index of refraction of TiO2 was
assumed to be 0 to simplify the analysis and focus the study on
the effect of index of refraction change.

Appropriate symmetric and anti-symmetric boundary
conditions were used to ensure the periodicity of the unit
cell. From the simulations, we obtained the energy depen-
dent reflection R(E) and the absorption spectra was calcu-
lated from A(E)=1�R(E). In order to evaluate the
absorption performance of silicon solar cells across the
solar spectrum, we calculated the ultimate efficiency from

η¼
R1
Eg

IðEÞAðEÞððEg=EÞdEÞ
R1
0 IðEÞdE ð1Þ

where Eg=1.12 eV is the band gap of c-Si and I(E) is the solar
irradiance under the global 371 tilt Air Mass 1.5 spectrum
[25]. We investigated the optical properties over the
wavelength range from 280 to 1200 nm.

To begin with, we focused on simulating t=200 nm
thick c-Si thin films and SiO2 nanosphere arrays. In these
simulations, we used a uniform grid size of 5� 5� 5 nm3.
Figure 2(a) illustrates the absorption spectra for a 200 nm
thick c-Si film. Resonant absorption peaks are found in the
c-Si thin film on metal when the following condition is
satisfied:

tan ðnktÞ ¼ �ni ð2Þ
where k is the free space wave number and n is the silicon
index of refraction. The leaky modes of planar films are TEM
Figure 2 Absorption of (a) 200 nm thick c-Si and (b) 200 nm thick c
on top. Thin film TEMm modes are marked with white dashed lines. T
with the black dash-dotted line. (c) Absorption spectra of the optim
spectra of 200 nm thick bare c-Si in green.
modes labeled with mode number m as TEMm. Interference
leads to a resonant Fabry–Perot cavity effect within the
film. These resonant modes are characterized by m/2+1/4
wavelengths in the transverse direction of the planar film,
where the electric field intensity is at a maximum at the
front surface and 0 at the back metal interface. The thin
film absorption resonances for m=1 to 4 are shown and
marked with the white dotted lines.

Then, we introduced SiO2 nanospheres on top of this
c-Si thin film. Figure 2(b) plots the absorption contour for
the close-packed SiO2 nanospheres as a function of
diameter on top of the 200 nm thick c-Si film. Several
additional absorption peaks that increase in wavelength
with increasing nanosphere diameter can be seen. The
best efficiency enhancement for the silica nanospheres
on top of 200 nm thick c-Si is with d=a=900 nm, which is
indicated with the black dashed line in Figure 2(b).
Figure 2(c) plots the absorption spectra for these opti-
mized SiO2 nanospheres in blue. The green curve shows
the absorption spectra for the 200 thick c-Si film without
the nanospheres. The best efficiency enhancement
occurs where there are many resonances just above the
Si band gap, Eg=1.12 eV (or wavelengths slightly below
λg=1110 nm).

The nanosphere coatings result in several additional reso-
nance peaks in the absorption spectra. These resonance peaks
are marked in Figure 2(c) with vertical light gray dotted lines.
In order to understand the absorption enhancement at these
thin films, we performed additional electric field intensity
simulations. Figure 3 plots the real part of the electric field in
the x-direction at the wavelengths associated with these
modes. The incident light is polarized with electric field in
the x-direction, and the real part of the electric field in the x-
direction is plotted at λ=(a) 814, (b) 868, (c) 902, (d) 975,
(e) 1008, and (f) 1067 nm. The top row plots a cross-section in
the x–z plane through the center of a nanosphere (y=0 nm).
The edges of the nanosphere and c-Si thin film are shown with
black dashed lines. The bottom row plots a cross-section in the
x–y plane through the center of the silicon (z=100 nm). The
edges of the close-packed nanosphere array are shown with
black dashed lines as well in these plots. The introduction of
-Si with different diameter close-packed SiO2 nanosphere arrays
he optimal ultimate efficiency occurs for d=a=900 nm, marked
al SiO2 nanosphere array in blue compared with the absorption



Figure 3 Real part of Ex for λ=(a) 814, (b) 868, (c) 902, (d) 975, (e) 1008, and (f) 1067 nm. The top row plots a cross-section in the
x–z plane through the center of a nanosphere (y=0 nm). The bottom row plots a cross-section in the x–y plane through the center of
the silicon (z=100 nm). The edges of the close-packed nanosphere array and c-Si thin film are shown with black dashed lines. The
modes shown are TE1 waveguide modes.
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nanosphere arrays on the front of the c-Si thin film allows for
the excitation of TE waveguide modes. In particular, the
waveguide modes shown here are TE1 waveguide modes,
which are characterized by 3/4 wavelengths along the thick-
ness of the c-Si, and Ex is a minimum at the back metal
surface. Higher order TEm waveguide modes are also excited
at λ=545 and 460 nm for m=2 and 3 respectively, as can be
seen in Figure 2(c) though these peaks are relatively small.
Dielectric nanospheres may excite TEm waveguide modes only,
in contrast with metallic nanostructures, which can excite
both TEm and TMm waveguide modes [17,18]. When the
reciprocal lattice vector of the nanosphere array or the
k-vector of the nanosphere resonances matches the k-vector
of the c-Si waveguide mode, incoming radiation may be
coupled into these waveguide modes, which enables light
trapping.

Higher index of refraction nanospheres more strongly
confine light so that there are more whispering gallery modes
for a particular nanosphere diameter. Thus, we next investi-
gate the absorption enhancement with silicon nitride (Si3N4)
and titanium oxide (TiO2) nanospheres. Figure 4(b) and
(c) plots the absorption contour for close-packed Si3N4 and
TiO2 nanospheres respectively as a function of pitch on top of
the 200 nm thick c-Si film. A larger number of optical
dispersion lines corresponding to a larger number of modes
appear for Si3N4 and TiO2. The best efficiency enhancement
for the Si3N4 nanospheres on top of 200 nm c-Si film is with
d=a=720 nm. The absorption spectrum for this structure is
shown in Figure 4(c) in blue, where the green curve again
shows the absorption spectrum for the 200 nm c-Si film. The
best efficiency enhancement for the TiO2 nanospheres is with
d=a=1040 nm. The absorption spectrum for this structure is
shown in Figure 4(d) in blue, where the green curve again
shows the absorption spectrum for the 200 nm c-Si film. The
overall absorption is enhanced with the Si3N4 and even more
with the TiO2 nanospheres due to larger number of modes
present. Table 1 shows the ultimate efficiency η, short circuit
current Jsc, and solar absorption Asolar of the 200 nm c-Si thin
film on back metal, ideal double pass c-Si, and 200 nm c-Si
with optimized SiO2, Si3N4, and TiO2 nanospheres. The short
circuit current is calculated from Jsc ¼ q

R1
Eg

bsðEÞAðEÞdE and
the solar absorption from Asolar ¼

R1
Eg

Eð ÞA Eð ÞdE where bs (E) is
the photon flux density of the global Air Mass 1.5 spectrum
[25]. The absorption of the ideal double pass thin film is

A Eð Þ ¼ 1�exp½2αðEÞt� ð3Þ

where α(E) is the energy dependent absorption coefficient of
c-Si. The ideal double pass thin film assumes perfect antire-
flection at the front surface, R(E)=0, and perfect reflection at
the back surface, R(E)=1. All nanosphere coatings exhibit
light trapping properties with better absorption and ultimate
efficiency than the ideal double pass and thin film Si. We also
show in Table 1 the efficiency enhancements G1 and G2 of the
various structures to thin film c-Si and ideal double pass c-Si
respectively. Efficiency enhancements of over 50% or more are
possible with Si3N4 and TiO2 nanospheres compared to the
ideal double pass c-Si thin film.

Finally, we evaluated the efficiency enhancements possi-
ble with nanosphere coatings over a range of c-Si thicknes-
ses from t=100–2000 nm. These simulations were per-
formed with a uniform grid size of 20� 20� 20 nm3, due
to the large number of simulations that were performed.
The ultimate efficiency was found to have converged within
2% with this grid size. Figure 5(a), (b), and (c) utilizes cont-
our plots to illustrate the dependence of ultimate efficiency
on the thickness of the c-Si and nanosphere diameter (which



Table 1 Comparison of the performance of 200 nm c-Si
film on metal under different photon management
schemes. η (%), Jsc (mA/cm2), Asolar (%), and G1, G2.

Structure η Jsc Asolar G1 G2

Thin film 8.0 7.2 10.4 1.00 0.80
Ideal double pass 10.0 9.0 13.0 1.25 1.00
With SiO2 nanospheres 11.1 9.9 14.2 1.38 1.10
With Si3N4 nanospheres 15.1 13.5 19.4 1.88 1.50
With TiO2 nanospheres 17.5 15.6 22.1 2.18 1.74
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is equal to the pitch) of the SiO2, Si3N4, and TiO2 nanosphere
arrays respectively. The optimal ultimate efficiencies for
each thickness of c-Si are marked with black circles in the
contour plots. Figure 5(d) plots the optimum diameter for
each c-Si thickness for the three different types of nano-
spheres. The best diameter for the SiO2 nanospheres is
about 900 nm and TiO2 nanospheres is about 800 nm across
the different thicknesses evaluated, while for Si3N4, the
best diameter tends to increase with increasing c-Si thick-
ness. In addition, based on the contour plots, we note that
the efficiency is not that sensitive to the nanosphere
diameter so long as the nanospheres are larger than some
minimum diameter (about 700 nm). In Figure 5(e), we plot
the best ultimate efficiencies of the c-Si thin film, ideal
double pass c-Si, and the best nanosphere coatings as a
function of c-Si thickness. The short-circuit current is plot
on the right y-axis. The optimal ultimate efficiency
enhancement G2 of the different types of nanosphere
coatings compared to the ideal double pass c-Si thin film
are plot in Figure 5(f) for different c-Si film thicknesses.
While the efficiency enhancement for SiO2 is under 10% for
all c-Si thicknesses, Si3N4 nanospheres may improve effi-
ciencies by over 40% for c-Si thicknesses tr800 nm and TiO2

nanospheres by over 50% for tr700 nm. The efficiency
improvements decrease for larger c-Si thicknesses and are
Figure 4 Absorption of 200 nm thick c-Si with different diameter c
optimal ultimate efficiency occurs for d=a=700 nm and for d=a=
are marked with the black dash-dotted lines. Absorption spectra o
compared with the absorption spectra of 200 nm thick bare c-Si.
1%, 23%, and 24% for SiO2, Si3N4, and TiO2 respectively for
t=2000 nm. These simulations suggest that high index of
refraction nanospheres may exhibit better light trapping
properties than metal nanostructures, which have demon-
strated enhancements of 43% in 50 nm [17] and 22% in
100 nm [18] thick c-Si. While metal nanostructures may
enhance absorption by coupling incoming light into both TEm
and TMm waveguide modes as well as the excitation of
localized surface plasmon resonances, they also exhibit
parasitic absorption and enhanced reflection.
lose-packed (a) Si3N4 and (b) TiO2 nanosphere arrays on top. The
1040 nm for the Si3N4 and TiO2 nanospheres respectively, which
f the optimal (c) Si3N4 and (d) TiO2 nanosphere arrays in blue



Figure 5 Ultimate efficiency η of c-Si thin film with (a) SiO2, (b) Si3N4, and (c) TiO2 close-packed nanospheres as a function of the
c-Si thickness t and diameter d (which equals to the pitch a). The maximum efficiency of the solar cells for each thickness is shown
with black circles. (d) Optimum diameter for different thicknesses of c-Si. (e) The maximum ultimate efficiency of various thickness
c-Si solar cells as compared to an ideal double pass c-Si thin film and thin film c-Si on top of a perfect reflector. The short circuit
current is shown on the right y-axis. (f) The ultimate efficiency enhancement G2 from nanosphere coatings as compared to the ideal
double pass thin film.
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Conclusions

We investigated 2-dimensional periodic closed-packed SiO2,
Si3N4, and TiO2 nanosphere arrays on c-Si thin films for
enhancing the absorption in the c-Si photoactive region. By
evaluating the electric field of absorption peaks in the
nanosphere coated systems, we demonstrate that enhanced
light trapping is due to the coupling of incident light to TEm
waveguide modes. We demonstrate that higher index of
refraction nanospheres may achieve better light trapping
since they have more resonant modes due to stronger
optical confinement. Enhancements over 100% can be
obtained on 100 nm thick c-Si films with TiO2 nanospheres,
though the enhancements decrease with thicker cells. This
light trapping mechanism improves efficiencies without
introducing new surfaces or interfaces that increase surface
recombination as exhibited by other nanophotonic or plas-
monic light trapping strategies.
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