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Abstract
Dielectric gratings are a promising method of achieving light trapping for thin crystalline
silicon solar cells. In this paper, we systematically examine the potential performance of thin
silicon solar cells with either silicon (Si) or titanium dioxide (TiO2) gratings using numerical
simulations. The square pyramid structure with silicon nitride coating provides the best light
trapping among all the symmetric structures investigated, with 89% of the expected short
circuit current density of the Lambertian case. For structures where the grating is at the rear of
the cell, we show that the light trapping provided by the square pyramid and the checkerboard
structure is almost identical. Introducing asymmetry into the grating structures can further
improve their light trapping properties. An optimized Si skewed pyramid grating on the front
surface of the solar cell results in a maximum short circuit current density, Jsc, of
33.4 mA cm−2, which is 91% of the Jsc expected from an ideal Lambertian scatterer. An
optimized Si skewed pyramid grating on the rear performs as well as a rear Lambertian
scatterer and an optimized TiO2 grating on the rear results in 84% of the Jsc expected from an
optimized Si grating. The results show that submicron symmetric and skewed pyramids of Si
or TiO2 are a highly effective way of achieving light trapping in thin film solar cells. TiO2
structures would have the additional advantage of not increasing recombination within the
cell.

Keywords: light trapping, diffraction gratings, solar cells, photovoltaics

(Some figures may appear in colour only in the online journal)

1. Introduction

The cost of photovoltaic power remains relatively high due
to the amount of silicon used in conventional wafer-based
solar cells. Thin crystalline silicon cells are a promising
candidate for future renewable energy applications because
of the greatly reduced amount of pure silicon used as the
active material, together with the stability of the film and the
ease of processing of the cell, making it extremely suitable
for mass production [1, 2]. Thin films are also attractive due
to the potential for lower bulk recombination [3, 4] and the
potential for increasing open circuit voltage (Voc) if a high
level of optical confinement can be achieved [4].

Crystalline silicon is an indirect bandgap material and
therefore it has a low absorption coefficient, α, for light
wavelengths in the near-infrared region, with the absorption
length 1/α increasing from 10 µm to about 3 mm in the
wavelength range 800–1100 nm. However, there are 36%
of photons with energies above the bandgap of Si in this
wavelength range [5]. Thus, effective light confinement is
essential for thin crystalline silicon solar cells.

There are many ways to enhance the photon absorption
for wavelengths in the near-IR region. The standard approach
for wafer-based cells is to use pyramid structures on a silicon
surface which are usually several microns or more in size
to trap light within the solar cell [6]. Features of this size
can be understood using geometrical optics, but such large
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Figure 1. Schematic diagram of checkerboard (a) and square pillar structure (b).

features are not suitable for a thin film cell which may have
a total thickness of only a few microns. Diffractive structures
can also be used to increase the equivalent optical path
length [7] and distributed Bragg reflectors (DBRs) can be
used to reflect the light back into the substrates [8]. However,
only a few investigations of diffractive structures for solar cell
applications have been done to date. Feng et al investigated
design optimization of a combined diffractive/DBR light
trapping structure [7]. Morf et al have investigated groove
gratings as summarized in [9], while Llopis and Tobias
studied the effects of feature size for triangular grooves [10]
and Abouelsaood et al have investigated the shape and
size dependence of the anti-reflective and light trapping
performance of triangular and rectangular grooves [11].
Meanwhile, Sai et al have investigated the light trapping effect
of submicron surface textures in crystalline solar cell [12].
Some numerical studies have been done by Mellor et al
as summarized in [13]. Kroll et al, on the other hand,
have investigated numerically the application of dielectric
diffractive structures in solar cells [14]. Clearly, up until now
only particular structures of interest have been studied and no
comparison of a wide range of structures has been done.

The number and the direction of the propagation of
diffracted orders depend on the period of the grating and the
wavelength of the light. The grating diffraction equation is

n1 sin θ1 = n2 sin θ2 =
mλ

d
(1)

where n1 and n2 are the refractive index of air and silicon,
respectively, θ1 and θ2 are the angles of propagation in air
and silicon, m is the diffracted order, λ is the wavelength
and d is the grating period. For light trapping, incident
light needs to be coupled to diffraction orders propagating
outside the escape cone of Si. For very small periods (d �
λ) higher-order diffraction modes do not exist in Si, so
small period gratings cannot provide light trapping. While
there are conceptual models available for optimization of
very large period gratings [15], and for particular structures
such as rectangular grooves [16] and pillars [17], there is
no general conceptual model for gratings with wavelength
scale periodicity. Diffraction gratings with wavelength scale
features need to be optimized using numerical studies and this
optimization is the subject of this study.

In this paper, we examine the behavior and the potential
performance of diffractive structures constructed from either

silicon or titanium dioxide (TiO2) on silicon thin films.
TiO2 gratings were studied because they allow a surface
texture to be applied to a finished cell, avoiding the reduction
in material quality and increase in surface recombination
associated with texturing the active Si region [18]. The
potential short circuit current density (Jsc) for the optimized
structures is compared against the planar cell and a cell
with an ideal Lambertian scatterer. A Lambertian scatterer
is a perfectly randomizing surface. Absorption in Si with a
Lambertian scatterer is calculated following the approach of
Goetzberger [19]. Regardless of the material used to construct
the grating, the effective thickness of the cell is fixed at 3 µm,
where the effective thickness is the height of a planar structure
of equivalent volume per unit area.

2. Method

We investigate two single-period structures, rectangular
grooves and sinusoidal grooves. The rest of the structures
are biperiodic and included pillars, pyramids, grid and
checkerboard structures. The grid structures are the inverse
of pillar gratings. For biperiodic structures, both periods were
varied independently of each other. The periods, d1 and d2,
and the height, h, of the structures were varied between 0.2
and 1.2 µm for all the structures. However, the step size of the
periods and height was set at either 0.05 or 0.1 µm. Figure 1
shows the schematic diagram of some of the biperiodic
structures. The structure on the left (a) is a checkerboard
structure and the square pillar structure (b) is on the right.
The unit cell used to define the periods is also indicated in
the diagram (shaded gratings) by the period (d1 or d2) and
height, h.

The height of a pyramid structure is constructed by
stacking a number of strata (staircase-like layers). As such,
different potentials Jsc that can be generated by a pyramid
structure could be significantly affected by the number of
strata due to different light diffraction properties. As a
result, convergence tests of the number of strata for pyramid
structures were performed. It was found that the Jsc did
not change provided that the number of strata was 15 or
greater (with reference to the maximum diffraction order, m,
considered in this study). As a result this number has been
used for our study and it is valid for the ranges of height for
pyramid structures mentioned in this paper.
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Table 1. The potential short circuit current densities for all the
model structures including comparable reference structures; planar
and Lambertian model. The effective thickness of the Si film is fixed
at 3 µm.

Name of structure Jsc (mA cm−2) Optimized parameters

Reference structures

d1 (nm) h (nm)

Planar 13.2 N.A N.A
Ideal Lambertian 36.8 N.A N.A

Uniperiodic (1D) structure

d1 (nm) h (nm)

Rectangular groove 20.8 600 1000
Sinusoidal groove 25.8 600 800

Biperiodic (2D) structure

d1 (nm) d2 (nm) h (nm)

Square pillars 26.0 600 600 600
Rectangular pillars 25.6 700 600 600
Square pyramid 31.6 800 800 800
Rectangular pyramid 29.8 800 1200 1000
Checkerboard 26.0 800 800 1000
Square grid 23.3 600 600 1000
Rectangular grid 21.7 600 400 600

The optimum combination of periods, d1 and d2, and
height, h, for each of the grating structures was found by
weighted integration of each combination (d1, d2 and h)
over the full wavelength range (400–1100 nm). The set
of simulations was performed twice: once with a structure
entirely made of silicon and once with an active planar
layer consisting of silicon and a grating structure of TiO2.
Absorption within the TiO2 was neglected for this study.
There is no back reflector used for all model structures studied
in this paper, including the reference structures.

The maximum diffraction order m can be found from
the condition sin θ < 1 applied to equation (1). Although m
can be as large as 14, it was found that about half of the
orders (m = 8–14) have very little effect on the overall results.
This is because these higher orders are only present at short
wavelengths where silicon is strongly absorbing and light
trapping is not important. However, the higher orders take
up a lot of memory. So, the maximum m was set to 7 for
computational efficiency purposes.

In order to find the power coupled into each diffracted
order we used rigorous coupled wave analysis (RCWA) using
GD-Calc under the Matlab environment. In this work, RCWA
is used to calculate the diffraction efficiencies for all the
structures. The absorption can then be calculated as

A = 1−

[∑
m

Rm +
∑

m
Tm

]
(2)

where Rm and Tm are the reflected and transmitted efficiencies
of the mth diffracted order. The potential short circuit current
density was then calculated by integrating the absorption
multiplied by the photon flux per unit wavelength over the full
spectrum of 400–1100 nm. The coherence length of sunlight

is around 1 µm and is similar to our cell thickness. The
separation of the different parts of the spectrum by the grating
will also tend to increase the coherence length. Therefore it is
reasonable to include coherent interactions between the front
and back of the cell into account.

In order to understand the separate effects of light
trapping and minimizing front surface reflection, the
following cases are analyzed: (1) silicon solar cells with
silicon diffraction gratings without an anti-reflection (AR)
coating, (2) silicon solar cells with silicon diffraction gratings
with 70 nm SiN AR coating, (3) silicon solar cells with
titanium dioxide (TiO2) grating and (4) silicon solar cells with
titanium dioxide (TiO2) grating on the rear surface and a front
AR coating.

3. Results and discussion

3.1. Si gratings

The potential short circuit current densities for all the model
structures including a reference planar and Lambertian model
are illustrated in table 1.

From table 1, we can see that, for uniperiodic structures,
the sinusoidal groove is the most promising structure. With
a sinusoidal groove grating on the front surface of a 3 µm
thick Si solar cell the Jsc increases by 95% to 25.8 mA cm−2,
compared to the planar case.

Since we are looking at diffraction gratings on the
illuminated surface of the solar cell, the increase in Jsc is
partly due to the anti-reflection effect and partly due to
the light trapping effect. Figure 2 shows the absorptance in
the solar cell as a function of wavelength for the optimal
sinusoidal and rectangular grating on the front surface.
Higher absorptance for the structure with the sinusoidal
grating in the long wavelength region could be either due
to better anti-reflection or better light trapping properties of
the structure. The effects of the two mechanisms cannot be
decoupled. However, in the short wavelength region, where Si
is strongly absorbing, the higher (near-ideal) absorptance in
the structure is entirely due to the anti-reflection property of
the grating. Light trapping is not critical for this region of the
spectrum as light has a very short absorption length. Since a
diffraction grating with a sinusoidal profile results in a gradual
change of refractive index compared to a rectangular groove
grating, it provides better anti-reflection and hence larger Jsc
compared to a rectangular structure.

From table 1, we can see that biperiodic structures in
general perform better than single-period structures. Results
presented in table 1 are the average Jsc expected for TE and
TM polarized light. For non-symmetric biperiodic structures,
such as rectangular pillars, rectangular pyramids, rectangular
grids, etc, due to the non-symmetry of the structure periods,
TE and TM polarized light result in slight performance
differences. On the other hand, for a symmetric biperiodic
structure (d1 = d2) TE and TM polarized light result in
the same Jsc. However, from our simulations, single-period
structures are more sensitive to the polarization of incident
light and do not give equal performance for both TE and
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Table 2. Effect of polarization on potential Jsc of different uniperiodic and biperiodic structures.

Jsc (mA cm−2)

Name of structure TE polarizations TM polarizations Average TE and TM

Uniperiodic (1D) structure

Rectangular groove 21.2 20.4 20.8
Sinusoidal groove 25.1 26.5 25.8

Biperiodic (2D) structure

Square pillars 26.0 26.0 26.0
Rectangular pillars 25.9 25.3 25.6
Square pyramid 31.6 31.6 31.6
Rectangular pyramid 29.7 29.9 29.8
Checkerboard 26.0 26.0 26.0
Square grid 23.3 23.3 23.3
Rectangular grid 23.3 20.1 21.7

Figure 2. Comparison of absorption as a function of wavelength
for sinusoidal and rectangular gratings on the front surface of a solar
cell.

TM polarized light, resulting in lower average performance.
Table 2 shows the effect of TE and TM polarization on
symmetric and non-symmetric structures, with the average Jsc
as shown in table 1 for comparison.

The periodicity of the grating also imposes constraints on
the direction of the propagation of light in air and in Si. Only
plane waves whose in-plane wavevectors satisfy the relation

Ek = Ek0 + Gm1,m2 (3)

where Ek0 is the in-plane wavevector of incident light and
Gm1,m2 is the grating vector are supported. The wavevectors
for the diffraction modes inside Si for single-period and
biperiodic gratings are shown in wavevector space or k-space
in figure 3. The allowed modes are separated from each other
by 2π

d . In addition, propagating modes in Si are bounded by a
circle in k-space with radius n 2π

λ
, where λ is the wavelength of

incident light in air and n is the refractive index of Si. As can
be seen from the figure, with a biperiodic grating incident light
can be coupled to more modes inside Si than a single-period
grating, resulting in better performance. The same result was
also found by Tobias et al [20], Yu et al [21] and Mellor et al
[22].

The square pyramid produced the highest Jsc of
31.6 mA cm−2 among all the structures investigated, which
corresponds to 139% enhancement with respect to the planar
structure. Both checkerboard and square pillar structures
resulted in the same Jsc of 26.0 mA cm−2. We will see
later, however, that the difference between these structures
and the square pyramid structure is greatly decreased when
an anti-reflection coating is included. From table 1, we also
notice that biperiodic rectangular structures result in similar
or lower Jsc compared to biperiodic square structures. So for
the rest of the paper, we will only discuss biperiodic structures
with equal periods, i.e. d1 = d2.

From figure 4, we can see that the difference in
the performance of a square pyramid grating and the
checkerboard or pillar grating is mainly in the wavelength
range of 400–700 nm. While the structure with a pyramid
grating has close to ideal absorption in this wavelength region,
structures with checkerboard or pillar gratings result in lower
absorption.

To investigate this further we integrated the short
circuit current over two wavelength ranges: 400–700 and
700–1100 nm. Table 3 summarizes the results. In the short
wavelength region there is 2.7 mA cm−2 difference in Jsc
between the square pyramid structure and the square pillar
structure, while there is 2.3 mA cm−2 difference in the long
wavelength region. There is a larger difference between the
checkerboard structure and the pyramid structure in the short
wavelength region. In the wavelength range 400–700 nm,
anti-reflection is the dominant effect in increasing the
absorption in the cell, whereas in the range 700–1100 nm,
both anti-reflection and light trapping play a role for structures
on the front surface. The results therefore indicate that
better anti-reflection is responsible for most of the difference
between the three structures. Again, as in the case of
single-period structures better anti-reflection properties for
the pyramid grating can be attributed to a gradual change in
refractive index from the apex to the base of the pyramids.

To further investigate the effect of anti-reflection on the
results, a layer of 70 nm thick SiN anti-reflection coating
was added to the structures to analyze the effect of AR in
enhancing the photon absorption by the cells. Table 4 shows
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Figure 3. (a) Schematic of a single-period grating; (b) schematic of a biperiodic grating; (c) accessible diffraction modes inside Si with a
single-period grating, represented in wavevector space and (d) accessible diffraction modes inside Si with a biperiodic grating, represented
in wavevector space.

Table 3. The short circuit current density (Jsc) produced by the
cells in different wavelength ranges.

Jsc (mA cm−2) for
wavelength range

Name of structures 400–700 nm 700–1100 nm

Planar 9.9 3.1
Square pyramid 18.4 13.2
Checkerboard 15.4 10.9
Square pillars 15.7 10.9

the results. Generally an improvement of about 2.5 mA cm−2

is achievable for pillar-type structures after a thin layer of SiN
is added. This represents at least a 10% enhancement in short
circuit current density

For checkerboard and pillar gratings, there is a substantial
increase in the Jsc with the anti-reflection coating. For the
square pyramid structure in our simulations, the reduction
in reflection is not significant. This is because multiple
reflections already occur due to the small facet angle, reducing
the overall reflection and making the effect of the AR coating
less important. As a result, the improvement in Jsc for pyramid
structure with AR coating was not large. Nevertheless, it is

extremely important to select an optimum thickness of AR for
maximum benefit if large facet angles are used, since the effect
of AR coating is significant for triangular groove or pyramid
structures with facet angles larger than 55◦ [23].

3.2. TiO2 gratings

While silicon gratings can be very effective in improving
the absorptance in thin film cells, they can also lead to
increased surface [24–26], emitter recombination [24] and
bulk recombination [25, 26]. An alternative is to use a
planar silicon cell with a grating of another material on
the surface, avoiding this increased recombination. In the
second part of this study, we investigate the enhancement in
current achievable with titanium dioxide gratings on silicon
substrates. We chose to study TiO2 gratings as they can
be fabricated using nano-imprinting, a cheap and large area
patterning technique, and may also be able to provide surface
passivation for Si [18]. The absorption within the TiO2 was
neglected for this study.

In general, Jsc produced by TiO2 gratings on a silicon
substrate exhibited the same trends as silicon gratings on a
silicon substrate. Interestingly, although the refractive index of

Table 4. The Jsc results and optimized parameters for the best three structures.

Optimized
parameters

Name of structures Type of texturing Jsc (mA cm−2) d1 (nm) h (nm)

Square pyramid structure Front surface 31.6 800 800
Front surface+ AR 32.7 800 1000

Checkerboard Front surface 26.0 800 1000
Front surface+ AR 29.1 800 1000

Square pillars Front surface 26.0 600 600
Front surface+ AR 28.6 600 200
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Table 5. The potential short circuit current density for the model structures constructed from TiO2 grating on silicon substrate with
effective thickness of the Si substrate fixed at 3 µm.

Name of structure Jsc (mA cm−2) Optimized parameters

Reference structure

d1(nm) h (nm)

Planar 13.2 N.A N.A
Ideal Lambertian 36.8 N.A N.A

Uniperiodic (1D) structure

d1 (nm) h (nm)

Rectangular groove 21.3 400 200
Sinusoidal groove 23.2 800 600

Biperiodic (2D) structure

d1 (nm) d2 (nm) h (nm)

Square pillars 24.4 600 600 400
Rectangular pillars 24.3 700 600 400
Square pyramid 28.2 750 750 900
Rectangular pyramid 27.8 800 1200 800
Checkerboard 25.4 800 800 400
Square grid 22.3 600 600 200
Rectangular grid 21.3 600 400 200

Figure 4. Absorption of the best three Si gratings on an Si substrate
compared against absorption in planar Si and Si with Lambertian
scatterer.

TiO2 is significantly lower than that of silicon, the Jsc values
predicted are only slightly lower. A sinusoidal grating remains
the best uniperiodic structure with 23.2 mA cm−2 compared
to 13.2 mA cm−2 for a planar structure. For biperiodic
structures, a square pyramid remains the best structure with
Jsc of 28.2 mA cm−2 followed by a checkerboard with Jsc of
25.4 mA cm−2 and pillars with Jsc of 24.3 mA cm−2. The
complete results, together with the optimum height, h, and
period, d1, are given in table 5.

The best three models (square pyramid, checkerboard and
square pillars) were selected for further analysis. In order to
investigate the potential of these gratings for different types
of solar cells, a rear surface textured cell with and without a
front AR coating was constructed. Figure 5 shows the result

Figure 5. Absorption in a 3 µm thick planar Si layer and Si layer
with a Lambertian scatterer or TiO2 gratings on the rear. The front
surface of Si is coated with 70 nm SiN for anti-reflection.

obtained for the case of a rear surface texture with front SiN
AR coating (70 nm).

The potential short circuit current, Jsc for the three
structures is shown in table 6. The table also illustrates
the optimum period and height for each structure. We can
see from table 6 that, for the cases with the texture on
the rear and a front AR coating, the predicted Jsc for the
checkerboard (26.1 mA cm−2) and square pyramid structure
(26.5 mA cm−2) is very similar. Since the anti-reflection effect
is the same in each case, this indicates, for structures on the
rear of the cell, the light trapping provided by the square
pyramid structure and the checkerboard structure is almost
identical.

For diffraction gratings with wavelength scale periodicity,
it has been proposed that introducing asymmetry into the

6
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Figure 6. Side view and top view for the square and skewed pyramid structures.

Table 6. Summary of Jsc for front and rear TiO2 surface textures, including rear surface textures with AR coating on the front side of the
cell. All the cells have 3 µm thickness of Si.

Optimized parameters

Name of structures Type of texturing Jsc (mA cm−2) d1 (nm) d2 (nm) h (nm)

Pyramid structure Front surface 28.2 750 750 900
Rear surface 16.9 850 850 600
Rear surface+ AR 26.5 850 850 600

Checkerboard Front surface 25.4 800 800 400
Rear surface 17.2 800 800 400
Rear surface+ AR 26.1 800 800 400

Square pillars Front surface 24.3 600 600 400
Rear surface 16.7 600 600 400
Rear surface+ AR 23.6 900 900 400

Table 7. A summary of Jsc for symmetric and skewed pyramid (Si or TiO2) gratings on the front and rear of a 3 µm thick Si solar cell.

Symmetric structures Asymmetric structures

Optimized parameters
Optimized
parameters

Type Jsc (mA cm−2) d1 = d2 (nm) h (nm) Type Jsc (mA cm−2) d (nm) h (nm)

Si pyramids

Pyramid front 31.6 800 800 Skewed pyramid front 33.4 750 750
Pyramid rear 21.5 850 350 Skewed pyramid rear 22.1 650 950

TiO2 pyramids

Pyramid front 28.2 750 900 Skewed pyramid front 28.9 700 750
Pyramid rear 16.9 850 600 Skewed pyramid rear 18.5 700 1000

grating structure can further improve its light trapping
capabilities [21]. Having determined that pyramid gratings
give the best performance of the symmetric structures studied,
we investigated the effect of introducing asymmetry into the
pyramid gratings to further improve the Jsc of the 3 µm thick
solar cells. Figure 6 shows the side and top views of the
skewed pyramid structures studied.

Table 7 summarizes the Jsc expected from a 3 µm thick
Si solar cell with symmetric or skewed Si or TiO2 pyramid
gratings on the front or on the rear of the cell. For Si gratings
on the front surface of the solar cell, the skewed pyramids
result in a maximum Jsc of 33.4 mA cm−2, which represents
a 7% increase from Jsc of 31.6 mA cm−2 expected from
the symmetric pyramid grating without AR coating. With
optimized Si skewed pyramid gratings on the front side of
the solar cell, the maximum expected Jsc is 86% of the Jsc
expected from an ideal Lambertian scatterer. Figure 7 shows
the absorptance in 3 µm thick Si with a Lambertian scatterer

or a symmetric Si pyramid grating or a skewed Si pyramid
grating on the front surface. Higher absorptance in the short
wavelength region for the cell with a Lambertian scatterer
shows that the difference between the performance of the
cell with a Lambertian scatterer and a cell with an Si grating
is mainly due to better anti-reflection from the Lambertian
surface. For TiO2 gratings on the front surface of the solar
cell, the skewed pyramids result in 2.4% enhancement in Jsc
compared to the symmetric pyramid structures, from 28.2 to
28.9 mA cm−2. With optimized skewed TiO2 gratings, the
maximum expected Jsc is 79% of the Jsc expected from an
ideal Lambertian scatterer.

Figure 8 shows the absorptance in 3 µm thick Si with
a Lambertian scatterer, a symmetric Si pyramid grating or a
skewed Si pyramid grating on the rear surface. We can see
that Si gratings on the rear of the solar cell perform as well as
a Lambertian scatterer on the rear. The maximum Jsc expected
from a 3 µm thick Si solar cell with an ideal Lambertian
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Figure 7. Absorptance as a function of wavelength in a 3 µm thick
Si solar cell with a Lambertian scatterer, a symmetric Si pyramid
grating or a skewed Si pyramid grating on the front surface.

Figure 8. Absorptance as a function of wavelength in a 3 µm thick
Si solar cell with a Lambertian scatterer, a symmetric Si pyramid
grating or a skewed Si pyramid grating on the rear surface.

scatterer on the rear is 21.1 mA cm−2. For gratings on the rear
of the solar cell, the Si and TiO2 skewed pyramids result in 3%
and 9.5% enhancement, respectively, in Jsc compared to the
symmetric pyramid structures. For optimized skewed pyramid
gratings on the rear surface of the solar cell, the TiO2 gratings
result in 84% of the current expected from the Si gratings.

4. Conclusions

We have presented a numerical study of Si and TiO2
diffraction gratings with wavelength scale periodicity for light
trapping in 3 µm thick Si solar cells. Si gratings result in
better performance compared to TiO2 gratings because of
higher refractive index contrast. For both materials, biperiodic
gratings result in higher Jsc from the solar cell compared
to single-period gratings. Of all the structures investigated,
pyramid structures resulted in the highest Jsc. For gratings on
the illuminated surface of the solar cell, both anti-reflection
and light trapping effects lead to increased Jsc, while for

gratings on the rear of the solar cell the Jsc enhancement is
only due to light trapping.

Introducing asymmetry into the square pyramid structure
further improves the performance of the biperiodic gratings.
For skewed Si gratings on the front surface of the solar cell, a
maximum Jsc of 33.4 mA cm−2 is expected, which is 91%
of the current density expected with an ideal Lambertian
scatterer. With an optimized TiO2 skewed pyramid grating on
the front surface, the maximum Jsc obtainable is 79% of that
expected from an ideal Lambertian scatterer. For gratings on
the rear surface of the solar cell, Si skewed pyramid gratings
perform as well as a Lambertian surface and Jsc from the
skewed TiO2 pyramid grating is 84% of the maximum Jsc
obtained using a skewed Si grating.
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