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Abstract: We carry out the structural design of photonic crystals to enhance the optical
absorption of thin-film microcrystalline silicon (1.c-Si) solar cells using two methods. First, by
exhaustive search, we choose a structure with the largest absorption within the investigated
patterns. Then we employ a sensitivity analysis to finely modulate the structure for further
increase of the optical absorption. The obtained pc-Si solar cell structure with a photonic
crystal in this work has more than twice as much optical absorption as that without a
photonic crystal.

Index Terms: Photonic crystal.

Worldwide interest in using solar photovoltaics continues to increase in the world. Silicon (Si) is
used in the most widespread solar cells, and among them, crystalline Si solar cells are commonly
used, whose thicknesses can be as much as 100—200 um. Considering the future popularization of
solar photovoltaics, the supply of Si resources will become critical. Thin film Si solar cells, whose
thicknesses are as small as several hundred nm to several um, are one candidate to overcome this
issue. However, because the optical path length in photovoltaic materials is shorter, thin film Si solar
cells have less optical absorption within a wavelength range near the Si electronic band-gap edge,
especially 600-1000 nm. To solve this problem, a textured structure is widely used, where photons
are trapped by random scattering structure [1]-[3]. However, because of the randomness, the
characteristics of each device are different, and the design rule of random structures with large
optical absorption is not so clear.

On the other hand, the use of photonic crystals and other methods including microsphere array
[41-[10] has been attracting much attention as a method to extend the interaction time between
photons and photovoltaic materials. Various functionalities of photonic crystals have already been
shown [7]-[10], and one important characteristic is in-plane resonance with a large area at their
band-edge [11]-[13]. This resonance phenomenon occurs at the band-edge of a photonic crystal,
where the group velocity of light becomes zero, and light traveling in different directions is coupled
to each other. If incident light is coupled to the band-edge resonance mode of a photonic crystal, the
interaction time to the Si layer becomes longer, enhancing optical absorption in the Si.
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Fig. 1. Schematic of solar cell structure (a photonic crystal is fundamental lattice). Cylindrical silicon
dioxide (SiO.) rods (140 nm height, and lattice constant a is 275 nm) are stacked on the indium-doped

zinc oxide (IZO) layer on the glass substrate. We assume that on the opposite side, cylindrical ;.c-Si rods
protrude by 70 nm. pc-Si layer thickness is 303 nm, and 1ZO layer thickness with pc-Si rods is 33 nm.
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Fig. 2. (a) Real space image of fundamental lattice photonic crystal with lattice constant of a. (b) Real
space image of 2 x 2 period photonic superlattice. (c) Real space image of 4 x 4 period photonic
superlattice. (d) Schematic of band diagram for structure shown in Fig. 2(a). (e) Schematic of band
diagram for structure shown in Fig. 2(b). (f) Schematic of band diagram for structure shown in Fig. 2(c).

We demonstrated such enhancement of optical absorption by the band-edge effect of photonic
crystals for a single wavelength by satisfying Q matching condition [14]. When Q matching
condition is satisfied, the optical absorption to the Si layer is enhanced due to light trapping effects
and consequently reflection is reduced. We also recently investigated the structure shown in Fig. 1,
where the average thickness of the microcrystalline silicon (uc-Si) layer (400 nm) is larger than the
wavelength in the uc-Si of the visible and near infrared light. Therefore, multiple photonic band-
edge modes are generated by higher order modes for the vertical direction of the Si layer, which
enables enhancement of the optical absorption on multiple wavelengths [15]. We also investigated
the employment of the photonic superlattice structures shown in Fig. 2(b) and (c), where multiple
lattice points are included in the period while maintaining the periodicity of the original photonic
crystal structure [15]. By introducing photonic superlattice structures, the fundamental Brillouin zone
size is reduced, and photonic bands are folded in the I'-point directions. As a result, the band
diagrams change from Fig. 2(d) to (e) and (f), and the number of I"-point photonic band-edge modes
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increases. In Ref. [15], we investigated the photonic crystal structures shown in Fig. 2(a)-(c) and
concluded the average optical absorptivity increased by employing photonic superlattices. The 4 x
4 period superlattice in Fig. 2(c) exhibits 58.0% of the average optical absorptivity weighted by solar
spectral irradiance in a wavelength range of 500-1000 nm, which is 1.8 times larger than that
without photonic crystals [15]. However, as for the photonic superlattice structure, concrete design
rules for large optical absorption in a wide wavelength range have not been shown. In this paper we
investigated better structural design of photonic superlattice structures using the following two
steps. First, by exhaustive-search, we determine the structure with the largest absorption within the
investigated patterns, and finely modulate the structure by using sensitivity analysis [16], [17].

The calculation model of the solar cell structure in our study is shown in Fig. 1, except for the in-
plane shape of the photonic crystal. A photonic crystal consisting of cylindrical silicon dioxide (SiO5)
rods (140 nm height, lattice constant a is 275 nm) is stacked on the indium-doped zinc oxide (1ZO)
layer on the glass substrate and formed in a Si layer. We assume that cylindrical uc-Si rods
protrude by 70 nm on the opposite side. The Si volume is equivalent to that of 400-nm-thick flat Si.
The concrete structural parameters are shown in Fig. 1. Although the typical thickness of a uc-Si
layer is one or several micrometers, we employed this thickness to further reduce the material
usage and the production cost and for easy carrier extraction. Moreover, we chose 1ZO as a
transparent conductive oxide in this work, but other transparent conductive oxide materials are also
applicable, including gallium-doped zinc oxide or indium-doped tin oxide. We explored photonic
crystal structures with large optical absorption when light entered this structure from a glass layer by
electromagnetic field analysis. In the following investigations, we ignored optical absorption of the
IZO and the back reflector for simplicity. We used the three-dimensional finite domain difference
(3D FDTD) method for the calculations. As the boundary conditions, we adopted Mur’s absorbing
boundary condition in the z direction and periodic boundary conditions in the x — y plane. The size
of the FDTD cell is 13.75 nm, and the number of cells is 80 in the x and y directions and 140 in the
z direction, respectively. The refractive indices of materials and absorption coefficient of uc-Si are
referred from the previous works [18], [19].

In the structural design, we used 4 x 4 period photonic superlattices, where multiple lattice points
(4 x 4 periods) are included in the period while maintaining the periodicity of the original photonic
crystal structure. As the first step of the structural design, we explored photonic crystal structures
that might have large optical absorption, when the radii of the rods varied by exhaustive-search. We
discussed photonic crystal structures with 4-fold rotational symmetry to realize polarization
independent characteristics and consequently investigated six kinds of rods when their radii varied
[see Fig. 3(a)]. Taking computational resources into account, we considered four values, 0.00 a,
0.15 a,0.30 a, and 0.45 a as the radius of each rod and enumerated 4096 (= 4°) kinds of symmetrical
structures. We calculated F, which is the power passing through the observation plane in Fig. 1, for all
the structures. When there is absorption in the photovoltaic materials, the power, which passes through
the observation plane in the opposite direction after reflection, is reduced. In our model, we adopted
perfect conductor as the back reflector and ignored the optical absorption of the 1ZO. Therefore, F is
equivalent to the optical absorption of the Si. We set a vertically incident short x-polarized pulse (center
wavelength is 800 nm and full width half maximum (FWHM) is about 300 nm) in the glass substrate as
an excitation source. Although other wavelengths can be selected as the center wavelength of the
pulse, we chose this value because we intended to enhance optical absorption of the 1.c-Si, especially
in a wavelength range of 700900 nm, where absorption for this structure is about 50% and further
absorption enhancement is expected. The material parameters for an 800-nm wavelength were used
to calculate this step (as described below, calculations considering material dispersion were also
carried out). Although our obtained results are weighted by the pulse spectrum and the material
dispersion is not considered in this method, the information from a wavelength range of 650-950 nm,
where the optical absorption of the thin film Si was relatively low, was expected to be obtained by one
pulse excitation. From the 4096 calculation results, we explored the structure with the largest optical
absorption for the short pulse and obtained the photonic crystal structure shown in Fig. 3(b).

Next we calculated the optical absorption characteristics in a wavelength range of 500-1000 nm
considering the material dispersion of Si. We set a vertically incident x-polarized continuous wave
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Fig. 3. (a) Schematic of six kinds of rods used in exhaustive-search. Same-colored circles have same
radius. (white: rod 1, light blue: rod 2, yellow: rod 3, brown: rod 4, green: rod 5, orange: rod 6). 4-fold
rotationally symmetric structure is discussed as shown in this figure. (b) Photonic crystal structure
obtained by exhaustive-search (radii of rod 1:0.45 a, rod 2: 0.00 a, rod 3:0.45 a, rod 4:0.45 a, rod 5: 0.30 a,
and rod 6: 0.45 a). (c) Optical absorption spectra, obtained by FDTD calculations for 4 x 4 period
superlattice shown in Fig. 2(c) and 4 x 4 period superlattice obtained by exhaustive-search [see Fig. (b)].

source in the glass substrate as an excitation source and calculated the optical absorption by the
power passing through the observation plane. We also calculated the power for the entire glass
structure as a reference and estimated the absorptivity by comparing them. Since the photonic crystal
structures mentioned in this paper have 4-fold rotational symmetry, the same spectrum is obtained
regardless of the polarization. To consider the material dispersions of n.c-Si and 1ZO, we carried out
multiple calculations for every wavelength with the corresponding material parameters. The optical
absorption spectrum in a wavelength range of 500—1000 nm for the structure obtained by exhaustive-
search is shown in Fig. 3(c), with the spectrum for the structure with 4 x 4 superlattice structure shown
in Fig. 2(c). The optical absorption spectrum of the solar cell structure obtained by exhaustive-search
is much larger than that with the 4 x 4 superlattice structure [see Fig. 2(c)].

In the design of a photonic crystal structure, we should discuss not only the radii of the rods but also
other parameters including rod positions and shapes. Here, we adopted sensitivity analysis [13], [14]
to finely modulate the photonic crystal structure. This method can show the variations of object
functions induced by permittivity changes in the design space relatively easily, as mentioned below.
By setting both a photonic crystal in the design space and the power absorbed in the photovoltaic
material in the object function to find solar cell structures that can realize large optical absorption.

The excitation source is placed on the excitation plane shown in Fig. 4. F, which is the power that
passes through the observation plane, is set to the object function, defined as:

F:/)]Gw ds (1)
S 0

G = ExH, — E,H, )

where Ey (Ey) and Hy (H,) are the x-directional (y-directional) electric and magnetic fields. Here,
as mentioned above, F corresponds to the optical absorption in the photovoltaic materials. Design
variable p;, which is assigned to the permittivity in point i of the design plane in a photonic crystal
(see Fig. 4), is set to

1, (high permittivity material
m—{ (high p y ) 3)

0, (low permittivity material).
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Fig. 4. Two parameters required for structural design using sensitivity analysis.

¢ and o are defined using by p; as

€ =Emin + pi(5max - 5min)

0 = Omin + pi(Umax - Umin) (4)

assuming that permittivity ¢ and conductivity o at each point can take an intermediate value
between the maximum and minimum of each one.

Next we discuss 0F /0p;. This index represents the variation of object function F when the
permittivity of point 7 in the design plane changes. If this value is found, we can obtain a design rule of
the photonic crystal structure. Optical absorption can be enhanced by increasing the permittivity of the
pointif OF /0p; > 0 or by decreasing the permittivity of the pointif 9F /0p; < 0. 9F /dp; can be derived
by performing the FDTD calculation twice (calculation details are shown in the Appendix) [13], [14].

We selected the structure obtained by exhaustive-search [see Fig. 3(b)] as the initial structure
and carried out sensitivity analysis for a vertically incident, both x- and y- polarized pulses (center
wavelength of each pulse is 800 nm and FWHM is about 300 nm) as an excitation source. We
calculated OF /dp; for this structure, and the obtained 2D plot of 9F /0p; (the superposition of the
results for both polarizations) is shown in Fig. 5(a). This shows the positions in which permittivity
should be varied. We gave the permittivity change of each point by an amount proportional to
OF /Op; that was obtained by sensitivity analysis at each step, based on the following equations:

/ P+ Oé%
,0,' =Ppi 8[-7/
—1
a—00s2F] (5)
opi max

We set the maximum variation of p; to 0.05 at each step, and the range of p; between 0 and 1. Then,
we calculated 9F /Op; for the updated structure 900 times. The relative absorptivity against the initial
structure for the incident pulse is shown in Fig. 5(b). We found that the pulse absorption increased as
we repeated the calculation. The insets show the permittivity distributions of the photonic crystal
patterns obtained by repeating the procedure 50, 100, 200, and 900 times, called step 50, step 100,
step 200, and step 900, respectively. At steps 50 and 100, some areas have an intermediate value
between the permittivity of Si and that of SiO. (the green and yellow regions), but such areas become
smaller at step 200. At step 900, such areas are much smaller, and almost all areas are occupied by Si
or SiO».

We calculated the optical absorption spectrum with step 900, and the result is shown in Fig. 6.
The optical absorption spectrum of the structure shown in Fig. 2(c) is also shown. This result shows
that step 900 has larger optical absorption around a wavelength of 800 nm.
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Fig. 5. (a) Spatial distribution of 0F /Op; for 4 x 4 period superlattice obtained by exhaustive-search.
Optical absorption can be enhanced by increasing permittivity if 9F /0p; > 0 (red), or by decreasing
permittivity if 9F /0p; < 0 (blue). (b) Change of pulse absorptivity when we repeated structural design
using sensitivity analysis and schematic of photonic superlattice obtained when we repeated structural
design using sensitivity analysis. Insets show structures obtained by repeating calculations 50, 100,
200, and 900 times.
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Fig. 6. Optical absorption spectra obtained by FDTD calculations for 4 x 4 period superlattice shown in
Fig. 2(c) and superlattice at step 900.

To evaluate these results quantitatively, we calculated the average optical absorptivity weighted
by solar spectral irradiance in a wavelength range of 500—1000 nm:

1000 nm
[ IN)S(M)AdA
500 nm
1000 nm (6)
[ S(\)Adx

500 nm

where I()\) and S()\) are the dependences of the optical absorptivity on the wavelengths and the
solar spectral irradiance (air mass 1.5). Using Eq. (6), the average optical absorptivity of the
structure obtained by the 900 calculations was 65.1% in a wavelength range of 500—1000 nm. We
also investigated the absorption for the incline angle incidences for the 4 x 4 period superlattices
shown in Fig. 2(c) and the step 900 structure. We calculated the absorption spectra for various
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superlattice shown in Fig. 2(c), and structure with step 900. Red dashes show the average optical
absorptivity for Lambertian texture.

angles. Fig. 7 shows the average optical absorptivity defined as Eq. (6). This result indicates that
the step 900 structure has larger optical absorption than the structure in Ref. [15] in the incline angle
range of 0—40 degree, although the average optical absorptivity of the step 900 structure decreases
gradually as the incline angle increases.

Fig. 8 summarizes average optical absorptivity for sunlight for the structure without photonic
crystal and with a fundamental lattice photonic crystal with all rod radii 0.4a [15], the 4 x 4
superlattice in Ref. [15], and the step 900 structure. In addition, we calculated the optical absorption
of the Lambertian textured structure [1] with pc-Si thickness of 400 nm and obtained the average
optical absorptivity that is also shown in the figure. From Fig. 5, we realized that the solar cell
structure at step 900 had more optical absorption than that with the photonic crystal structure shown
in Fig. 2(c) and more than twice as much optical absorption as that without photonic crystal. Moreover,
the solar cell structure with the photonic crystal structure at step 900 had more optical absorption than
the Lambertian textured structure. By employing pulses with other wavelength or multiple wavelength
pulses for the design, structures with more optical absorption can be enhanced.

Finally, we discuss the origin of the larger optical absorption in the step 900 structure. Fig. 9
shows the distribution of the I' points in the reciprocal space when a photonic superlattice is
introduced with the air and glass light cones in the frequency of 0.34 ¢/a (808 nm). From this figure,
not only the original T' point ((kx, k,) = (0,0)), but also other T" points exist in the light cone when
using 4 x 4 superlattice. These components may induce radiation in oblique directions. We
calculated Q, and Qungie Of the band-edge modes between 650—-800 nm, which represent the Q-factor
with the coupling of a photonic band-edge mode to the vertical direction and to the oblique directions,
and found that Qange in the step 900 structure is generally larger than that in the superlattice in
Ref. [15]. This indicates that the loss in the oblique directions is suppressed in the step 900 structure,
and optical absorption is enhanced. Detailed analysis will be discussed in a separate publication.
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In summary, we explored photonic crystal structures with larger optical absorption in many
wavelengths by the following two steps. First, we chose a structure with the largest absorption
within the investigated patterns by exhaustive-search. Then, by repeating sensitivity analysis with
the structure, we obtained a photonic crystal structure with larger optical absorption. Our final solar
cell structure had more than twice as much optical absorption as that without a photonic crystal in a
wavelength range of 500-1000 nm. From this result, we showed that the combination of the two
steps was useful for designing solar cells with photonic crystals.

Appendix
Detailed calculation method of 0F/dp;
By Eq. (1), 9F /0p; is written as

]

OF 0G O0E

o _ o& o= . A1

op / ( JE op; ‘”) ds (A1)
S 0

Here, 0G'/OE represents a variation of G’ when the electric field intensity on the observation plane
changes and is written as

0G (ae/ 0G 0G

o8 = (0. 08, 5E,) = (H-—+0) (42

OE /Op; is a variation of the electric field on the observation plane when the permittivity in point i
changes, and it is typically difficult to directly obtain this value. To obtain dF /0p;, we replace the
surface integral of Eq. (1) with the volume integral and rewrite it:

F= / ( /T Gdt) av (A3)
"4 0

G- { ExH, — E,Hyx, (on observation plane S) (A)
0, (except above).
From Maxwell’'s Equations,
OPE  OE 1
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should be satisfied in the entire calculation space (excitation source is ignored). Using Eq. (A5),
Eq. (A3) can be changed to

/{/G E {%25 %’f+vX<;vXE)}dt]dv. (AB)

This process corresponds to adding zero to the right side of Eq. (A3). E is called an adjoint
variable vector, and Eq. (A6) is satisfied regardless of E because of Eq. (A5).
Assuming E|;_, = 0, E|;,_; = 0and (0E/ot)|,_; = 0 as boundary conditions, Eq. (A6) is derived by

i

oF OE (0G 2 0 1 . . Oe O°E 0o OE

a—p,-—/ [/ [a—m'{a—s‘{gﬁ“’wv x (;W>}E} -E {ap,» o7 " op; arH‘”} .
"4 0

(A7)
Now, we assume that E satisfies
62 0 1 . 0G
{Eaﬂo—at+v X (MVX)}EaE
Elr =0, —rler= (A8)

Then Eq. (A7) is modified to

.
e PE 9o OE
ap, /[/[ {5p/8t2+8p,-atHdt]dv' (A9)
0

As a result, the term OE/dp; can be eliminated. Comparing Eq. (A8) with the normal Maxwell’s

Equation shown below
0? 0 1 8J

Eq. (A8) resembles Maxwell’s Equation, but it should be solved in the backward time direction. The
boundary condition is E|,_; = 0, which means that E equals zero at the final value of time (t = T).
We obtained E by solving the Maxwell’s Equation whose direction of time is replaced in the
backward time direction from the final value. This process corresponds to analyzing Maxwell’s
Equations whose initial value of E is zero and arranging the results in the backward time direction.
As an excitation source, the current source must be chosen that satisfies

oJ  0G

5= 9E (A11)
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