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Dual-grating structure thin-film silicon solar cells with different front and back grating periodicities are
designed The geometrical parameters of both gratings are investigated. The reflection is greatly reduced by
the front grating, whereas the absorption in the long wavelength is increased because of the back grating.
The short circuit current of the combined structure is enhanced by 16.8% for a 1-um thick c-Si layer
compared with that of the conformal grating structure. The short circuit current can be further increased
by creating a relative lateral displacement between the front and back gratings. The displacement results
in a more remarkably enhanced absorption when the thickness of the active layer is reduced, indicating its
importance in the design of ultra-thin high-efficiency solar cells.
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Grating structures are intentionally introduced into thin-
film solar cells because they can be used either as front
coupler to diffract the incident light into a waveguide
or as advanced back reflectors to increase both the path
length and the spectral density of optical modes at long
wavelengths!! =4, Conformal dual grating structures are
commonly employed in thin-film solar cells, and substan-
tial enhancement of the optical path and the electric field
intensity in the active layer are observed when the guided
modes are achieved, resulting in remarkable increase in
absorption at the resonant wavelengths!®~8/. However,
increasing light coupling into waveguide modes and op-
tical path length in active layers requires judicious se-
lection of structural parameters of the front and back
gratings. In addition, the out-coupling effect resulting
from the structure consisting of front and back symmet-
ric gratings with an identical period will likely reduce the
efficiency of a solar cell, similar to that observed for a
symmetric single grating, which can be explained by the
reciprocity theorem!!»9-10],

In this letter, misaligned dual grating structures with
different front and back grating periodicities are pro-
posed. The front and back grating structures are op-
timized separately to achieve an efficient anti-reflection
front surface and an advanced back reflector, respectively.
The two optimum structures are then combined, and the
effects of the relative lateral displacement between the
front and back gratings are investigated.

Wavelength-dependent refractive indices for the c-Si,
transparent conducting ZnO, and Ag are obtained from
Ref. [11]. The simulations are performed using the rigor-
ous coupled-wave analysis (RCWA) of Rsoft Diffract-
Mod[*2l. In the simulation, unpolarized sunlight is as-
sumed to strike normally at the top of the solar cells,
unless mentioned otherwise. The short circuit current
density Js., which characterizes the overall efficiency of
a solar cell, is adopted as the function for evaluation. Jg
enhancement is defined as (Jsc — Jser)/Jscr, where Jge, is
the short circuit current density of the reference struc-
ture. All generated electron-hole pairs are assumed to
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contribute to the photocurrent. Js. over the wavelength
range from 400 to 1100 nm is given by

1100 nm

A
JSC =€ EA()\)IAM15()\)d)\, (1)

400 nm

where e is the charge of an electron, A is the wavelength,
h is Planck’s constant, ¢ is the speed of light in free space,
A is the absorption in the active volume, and Ian 5 1S
the AM 1.5 solar spectrum!3!. The front, back, and com-
bined structures are presented in Fig. 1.

The front grating structure of the solar cells is supposed
to reduce the reflection of the solar cells. Spectrally av-
eraged reflectance RW; of the ith order reflectance over
the wavelength range from 400 to 1100 nm, which char-
acterizes the overall reflectance of a solar cell, is defined

as
X/\: Ri(A)Ian.5(N)

RW; = N , (2)
where 7 is the diffraction order, R; is the reflectance of
the ith order (obtained by RCWA), and N is the total
number of the calculated wavelengths.

Here, we consider a sinusoidal grating structure consist-
ing of ZnO/c-Si with an 80-nm homogeneous ZnO layer
on top as an anti-reflector. A semi-infinite ¢-Si medium
is adopted as the substrate to eliminate the effect of
the back structure on the calculation of the spectrally
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Fig. 1. Schematic of the proposed thin-film silicon solar cell.
The combined grating structure is composed of the front and
back grating structures.
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averaged reflectance. The reflectance characteristic of
the front grating structure is explored by scanning the
period p; and height h; of the front grating, and the
obtained total RW is shown in Fig. 2. Total RW gradu-
ally increases with increasing pi, and further calculation
of RW; indicates that the contribution of high-order
reflectance dominates the total spectrally averaged re-
flectance. This phenomenon can be attributed to the
large period that supports the high-order diffraction
modes outside the cell. When h; is increased to 300 nm,
an excellent impedance matching between air and silicon
is obtained. When p; < 300 nm and h; > 200 nm, the
total RW is <2%, which indicates that efficient anti-
reflection surface is obtained. However, considering the
technologically feasible requirement on the geometrical
parameters, p;values >300 nm are preferred. Therefore,
h1=300 and p;=300 nm are selected for the front grating
structure.

The back grating structure is expected to diffract the
incident light into a larger propagating angle, thereby in-
creasing the optical path length and potentially trapping
light into guided modes in the active layer. Therefore,
the zero-order reflectance should be restrained, and a
relatively large higher order reflectance is preferred. To
achieve this goal, a sinusoidal grating is placed on an
80-nm ZnO barrier. The back reflection electrode is a
300-nm-thick Ag layer. The period p2 and height hy of
the back grating are optimized, as shown in Fig. 3.

Given the complexity of the calculated RWgy and RW;
as functions of py and hg, we choose the optimum height
ho and period ps judiciously, such that a compromise is
considered between the large hy and py values to reduce
the zero-order reflectance and the relatively small ones
to increase high-order reflectance. A very low RW, with
a relatively high RW; is observed when the ps and hg are
900 and 200 nm, respectively. This structure is therefore
selected for the back grating structure.

Total RW
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Fig. 2. Total RW as a function of p; at different values of h;

of the front grating.
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Fig. 3. (a) RWq and (b) RW; as functions of ps at different
values of hsz of the back grating.
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Fig. 4. (Color online) Total reflectance as a function of wave-
length for the optimum front grating structure (blue triangle)
and the zero-order (black square) and first-order reflectances
(black triangle) as a function of wavelength for the optimum
back grating structure.

The total reflectance of the optimum front grating
structure, as well as the zero-order and first-order re-
flectances of the optimum back grating structure, is
shown in Fig. 4. The total reflectance of the front grat-
ing structure is extremely low, and an average reflectance
of 1.63% is obtained. For the back grating structure, the
zero-order reflectance over the entire calculated wave-
length is very low, while the first-order reflectance is
relatively high, especially for long wavelengths.

The combined structure is illustrated in Fig. 1. The
thicknesses of the uniform front and back ZnO layers and
Ag back electrode layer are assumed to be 80, 80, and
300 nm, respectively. The periods of the front and back
grating layers and the heights of the front and back grat-
ing layers are 300, 900, 300, and 200 nm, respectively.
The relative lateral displacement between the front and
back gratings and the thickness of the active layer are
designated as dp and dg, respectively. Given that the
period of the back grating is thrice as large as that of the
front grating, the dimension of the simulation window is
selected as the period of the back grating. The number
of the harmonics of the Fourier series is chosen to be 101,
and the convergence criteria of all calculated reflectance
and absorption are set to 107,

Several studies have shown that the maximum short
circuit current of the conformal grating structure (p; =
p2 = 600 nm, h; = hy = 300 nm) can be achieved[6:1415,
For a 1-pum-thick c-Si solar cell, the absorptance spectra
of the flat structure (h; = he =0), the conformal grating
structure, and the combined grating structures with or
without relative lateral displacement are calculated and
shown in Fig. 5. Compared with the conformal grating
structure, the combined grating structure of our design
shows higher absorption in both short and long wave-
length ranges. The enhanced absorption in the short
wavelength is due to the effective anti-reflection effect of
the front grating structure, whereas enhanced absorption
in the long wavelength is attributed to the efficient cou-
pling of light into the guided modes by the back grating
structure.

The absorption can be further increased by introducing
the relative lateral displacement between the front and
back gratings (Fig. 5). The Jy values of the conformal
grating structure and the combined grating structure
without and with relative lateral displacement are 16.02,
18.71, and 19.86 mA /cm?, respectively. The correspond-
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ing Js. enhancements of the second structure to the
first and the last to the second structure are 16.8% and
6.1%, respectively. The combined grating structure with
a relative lateral displacement reaches a 45.8% .Jy. en-
hancement compared with the value 13.62 mA/ cm? J..
of the flat structure.

For the active layer thickness dg; of 300, 500, and
1000 nm, the Js. and Jy. enhancement of the grating
structures are calculated and shown in Fig. 6. The
highest .Js. enhancement of 11.1% is achieved by the
misaligned structure with the 300-nm active layer, which
shows a great potential advantage of the misalignment
for the ultra-thin solar cells to achieve high efficiency.
The higher Jy. enhancement of thinner ds; may be at-
tributed to the stronger interactions of the front and
back gratings.

The absorption as a function of the wavelength and the
thickness of the active layer, dg;, for the aligned grating
structure (dp= 0) and the misaligned grating structure
(dp = 7w/4) under TE incidence are shown in Fig. 7.
The resonance modes in the aligned grating structure
remain, and additional resonance modes appear in the
misaligned grating structure. For visual clarity, white
lines are added to indicate these additional resonance
modes. These modes are derived from the split of the
degenerate modes of the aligned grating structures, which
can be attributed to the symmetrical disruption in the
misaligned grating structures. An identical conclusion is
derived for TM incidence.

We have also calculated the absorption of triangu-
lar and trapezoidal grating structures with and without
relative lateral displacement under TE polarization inci-
dence. The scattering property of the grating is changed,
which results in the variation of absorption. However,
relatively higher absorption and additional resonance
modes can still be achieved by intentionally introducing
the relative lateral displacement.
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Fig. 5. (Color online) Absorption spectra of the flat structure,
conformal grating structure, and combined grating structures
with dsi = 1000 nm.
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Fig. 6. (Color online) (a) Jsc and (b) Jsc enhancement as
functions of dp with various dg values.
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Fig. 7. Absorption spectra as functions of wavelengths and Si
active layer thickness for (a) dp= 0 and (b) dp = p1/4.

In conclusion, thin-film silicon solar cells with different
front and back grating periodicities are designed and op-
timized. The period and height of both gratings are inve-
stigated separately to achieve an efficient anti-reflection
structure at the front surface and a large-angle diffraction
structure at the back surface. The spectral properties are
analyzed, and the performance of the combined grating
structure is simulated. Enhanced absorption of the com-
bined structure over the entire calculated wavelength
is observed and compared with that of the conformal
grating. A 16.8% enhancement of Js. is achieved for a
1-um-thick c-Si layer. Js. can be further increased by
6.1%, considering the relative lateral displacement be-
tween the front and back gratings. An 11.1% increase
is obtained for the ultra-thin (300 nm) c-Si active layer,
which indicates that the displacement is crucial in the
design of ultra-thin high-efficiency solar cells.
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