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ABSTRACT

Enhancing the absorption of thin-film microcrystalline silicon solar cells over a broadband range in order to improve the en-
ergy conversion efficiency is a very important challenge in the development of low cost and stable solar energy harvesting.
Here, we demonstrate that a broadband enhancement of the absorption can be achieved by creating a large number of resonant
modes associated with two-dimensional photonic crystal band edges. We utilize higher-order optical modes perpendicular to
the silicon layer, as well as the band-folding effect by employing photonic crystal superlattice structures. We establish a
method to incorporate photonic crystal structures into thin-film (~500 nm) microcrystalline silicon photovoltaic layers while
suppressing undesired defects formed in the microcrystalline silicon. The fabricated solar cells exhibit 1.3 times increase of a
short circuit current density (from 15.0 mA/cm? to 19.6 mA/cm?) by introducing the photonic crystal structure, and conse-
quently the conversion efficiency increases from 5.6% to 6.8%. Moreover, we theoretically analyze the absorption character-
istics in the fabricated cell structure, and reveal that the energy conversion efficiency can be increased beyond 9.5% in a
structure less than 1/400 as thick as conventional crystalline silicon solar cells with an efficiency of 24%. © 2015 The

Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.
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1. INTRODUCTION

Interest in renewable energy has continued to increase
throughout the world, and consequently, demands on
silicon (Si)-based solar cells have been rapidly increasing.
Currently, crystalline Si solar cells are commonly used,
where the thickness of the photovoltaic layer is about
100-200 pm. Considering the future proliferation of solar
cells, the supply of Si resources will become a critical
factor. Therefore, the development of thin-film Si solar
cells [1-6] is important, where amorphous Si (a-Si) or
microcrystalline Si (uc-Si) photovoltaic layers with thick-
nesses of several hundred nm to several um are deposited
by chemical vapor deposition (CVD). However, the perfor-
mance of a-Si solar cells is limited by the inherent nature of
the material such as a short carrier diffusion length and

light-induced degradation [7]. In contrast, pc-Si is a
promising material with no such limitations because the
crystalline Si grains in the material provide the main con-
tribution to the photo-current characteristics. However,
the optical absorption of uc-Si shows an indirect transition
similar to crystalline Si, which lowers the optical absorption
within a wavelength range near the crystalline Si electronic
band edge, particularly 600-1000 nm. The enhancement of
optical absorption in this wavelength region is essential to
increase the energy conversion efficiency of solar cells. To
overcome this issue, a randomly textured structure [8,9] is
widely used, where photons are trapped by scattering ef-
fects. However, this randomness implies that the character-
istics of each device are different, and undesired defects
inside the pc-Si layer degrade the electronic performance.
Recently, the application of photonic crystals (PCs) has
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been investigated for efficient light absorption in thin layers.
Although several reports have predicted the enhancement of
light absorption by incorporating PC structures [10-15], the
design of such devices is still at the level of parameter ad-
justment (lattice constant, hole/rod radii, and thickness of
PC structures). Definitive guidelines for enhancing optical
absorption by PCs have not yet been proposed.

In this work, we establish guidelines for the enhance-
ment of broadband light absorption between 600 and
1000 nm by utilizing multiple large-area resonant modes
at the band edge of a PC; higher order modes perpendicular
to the Si layer and band-folding effects in photonic
superlattice structures are used to create a large number
of resonant modes. We use these principles to experimen-
tally demonstrate an increase in light-absorption and energy
conversion efficiency. Our method allows the incorporation
of PC structures into actual pc-Si solar cells and suppresses
the formation of cracks and voids in the pc-Si layer, leading
to solar cells that perform better both optically and electri-
cally. The fabricated solar cells exhibit 1.3 times increase
of short circuit current density (from 15.0mA/cm?® to
19.6 mA/cm?) by introducing the PC structure, and conse-
quently the conversion efficiency increases from 5.6% to
6.8%. Moreover, theoretical analysis of the Si absorption
in the fabricated structure reveals that the expected energy
conversion efficiency of our pc-Si solar cells exceeds
9.5% in a structure more than 400 times thinner than con-
ventional crystalline Si solar cells, whose efficiency is 24%.

2. METHODS FOR BROADBAND
LIGHT ABSORPTION BY PHOTONIC
CRYSTALS

We begin by describing the mechanism of broadband light
absorption enhancement in photonic crystals (PC). At the I
point of a PC, a band-edge resonant mode can be created
[16-21]. This resonant mode can be accessed from the
normal direction and utilized to trap light in solar cells. A
schematic illustration of a solar-cell structure in which such
band-edge resonant effects can be applied is shown in Fig-
ure 1. The important issue here is to create as many resonant
modes as possible in order to trap light over a broad range of
wavelengths. Our first strategy is to use the multimode nature
of light confined in the vertical direction in pc-Si. Figure 2(a)
shows a photonic band diagram, assuming a 400-nm-thick Si
layer, where the black line corresponds to the fundamental
mode and the colored lines correspond to higher-order
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Figure 1. Schematic view of a solar cell with a PC structure.
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modes of light confined in the vertical direction. We find that
some transverse modes in the vertical direction also appear.
These create several resonant modes at the I" point, whose
group velocity is zero. By coupling incident light into these
resonant modes, an increase in light absorption at the reso-
nant frequency is expected. Our second strategy is to form
a superlattice structure as shown in Figures 2(b) and (c),
which provides further band edges at the I" point due to a re-
duction in size of the fundamental Brillouin zone.

We have calculated the optical absorption of pc-Si solar
cells incorporating the PCs shown in Figure 2 using the
three-dimensional (3D) finite difference time domain
(FDTD) method. The calculation program is developed
by our group, which is based on the Yee’s algorithm
[22], Berenger’s perfectly matched absorbing boundary
condition [23], and Bloch’s periodic boundary condition.
The average thickness of the pc-Si layer was set to
400 nm, and optical absorption in the transparent conduc-
tive oxide (TCO) layers was ignored at this stage. The
calculated optical absorption spectra for both a 4 x 4 period
superlattice structure and for a solar cell without a PC
structure are shown in Figure 3(a), which clearly shows
an enhancement in optical absorption using the PC struc-
ture. The average optical absorption in the wavelength
range from 500 to 1000 nm, weighted by the solar spec-
trum (AM 1.5) and normalized by the structure without a
PC, is shown in Figure 3(b) [21]. Here, in the absorption
spectrum of the structure without a PC, we see peaks and
dips across the range of calculated wavelengths due to
Fabry—Perot interference occurring in the vertical direc-
tion. Since such interference both enhances and suppresses
the absorption, its influence is negligible when the spec-
trum is averaged over wavelength. Figure 3(b) shows that
introducing a PC significantly enhances the optical absorp-
tion, and that a photonic superlattice structure is effective
for further enhancement of the optical absorption. We also
compared these results with the Lambertian textured struc-
ture with the same pc-Si layer thickness. Note that the
Lambertian structure, which induces ideal light scattering
according to Lambert’s cosine law inside the solar-cell
structure, is known to indicate the upper limit of the ab-
sorption of random-textured solar-cell structure. We found
that the absorptivity in these photonic superlattice struc-
tures can exceed that of the Lambertian textured structure.

3. GROWTH OF MIICROCRYSTALLINE
SILICON ON PHOTONIC CRYSTAL
STRUCTURES

To demonstrate the mechanism described above, we now
discuss how to incorporate PC structures into actual pc-Si
solar cells. We investigated the growth of a pc-Si layer on
a PC structure using a very-high frequency (VHF) plasma-
enhanced chemical vapor deposition (PE-CVD) method.
First, a square-lattice cylindrical-rod-type SiO, PC was fab-
ricated using electron-beam lithography and reactive-ion
etching, and pc-Si was then deposited on this PC structure.
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Figure 2. (a) Real space image of the PC structure and photonic band diagram. (b—c) Schematic views of 2 x2 and 4 x 4 period
superlattice PCs and their band diagrams.
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Figure 3. (a) Calculated absorption spectra of solar cells with a 4 x 4 period superlattice structure and without the PC structure. (b) Average
optical absorption in wavelength range 500-1000 nm weighted by the solar spectrum for the structures shown in (b—d) (From ref. 21).

A cross-sectional scanning electron microscope (SEM) im-
age of a sample obtained after the deposition of pc-Si is
shown in Figure 4(a). It can be seen that voids appear be-
tween the SiO, rods. It is also apparent that columns of
uc-Si grown on top of the cylindrical rods meet each other
in the upper region of the pc-Si layer, where cracks are
formed. To suppress the formation of such voids and cracks,
we decided to taper the SiO, rods by employing an O,
plasma treatment. The degree of tapering could be con-
trolled by changing the plasma-treatment time. Cross-
sectional SEM images of pc-Si grown on tapered rods
formed by different O, plasma treatment times are shown
in Figure 4 (b—d). The voids that were previously formed
in the pc-Si vanished as the rod shape became more tapered.
Furthermore, the formation of cracks was also suppressed in
uc-Si grown on the much smoother tapered rods.
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We carried out mid-infrared absorption measurements
for a quantitative evaluation of the bonding states at the
voids and cracks. Just after the completion of pc-Si growth,
the surfaces of the voids and cracks are terminated by SiH,.
After the sample has been exposed to the atmosphere for
several days, the SiH, surface termination is oxidized to
SiO,. Therefore, the voids and cracks formed in the pc-Si
can be characterized by evaluating the concentration of
SiO, bonds. We formed PCs on a ZnO layer instead of a
Si0, layer in order to eliminate the mid-infrared absorption
due to the SiO, PC layer. Square-lattice cylindrical-rod-
type ZnO PCs were fabricated by electron-beam lithogra-
phy and reactive-ion etching. The cylindrical rods were
tapered using O, plasma treatments with different times.
Next, puc-Si was deposited on these PC structures, and the
samples were left in the atmosphere for three days. A
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Figure 4. Formation of pc-Si on the rod-type SiO, PC with (a) no O, plasma treatment; (b—d) O, plasma treatment carried out for 18,
42, and 60 min to taper the SiO, PC rods.

cross-sectional SEM image of a sample obtained after the
growth of the pc-Si layer is shown on the left-hand side
of Figure 5. Absorption measurements were carried out
using a Fourier transform infrared spectrometer, under
the Brewster condition. The results of the transmittance
are shown on the right-hand side of Figure 5. A transmis-
sion minimum can be seen at a wavenumber of
~2000cm ™', which originates from the SiH, stretching
mode associated with the uc-Si layer. Another minimum
is apparent between wavenumbers of 1000-1200cm ™,
which originates from the SiO, stretching mode [24]. It is
clearly seen that the absorption intensity of the SiO,
stretching mode decreases as the PC rods become more
tapered. This demonstrates that tapered-rod PCs are
essential to suppress oxygen impurity contamination
because they eliminate undesired voids and cracks, an
important factor in obtaining high-quality films which
are essential for high efficiency photoelectric conversion
in solar cells.

4. EXPERIMENTAL EVALUATION OF
MICROCRYSTALLINE SILICON
SOLAR CELLS WITH PHOTONIC
CRYSTALS

Based on the results above, we next fabricated pc-Si solar-
cell structures. First, we prepared square lattice, tapered-
rod-type PC structures on a SiO, layer as described above.
We then deposited Ag and Ga-doped ZnO (ZnO:Ga) layers
as a back reflector and a back electrode using electron-beam
evaporation and magnetron sputtering methods, respec-
tively, to entirely cover the SiO, PC rod layer. Figure 6(a)
shows a top-view scanning electron microscopy (SEM) im-
age of the device after this step. Next, n-doped, intrinsic
(~500nm thick) and p-doped pc-Si were deposited using
PE-CVD. Finally, Sn-doped In,O; (ITO) and mesh-
patterned Ag layers were formed by magnetron sputtering
and electron beam evaporation. Figure 6(b) shows a cross-
sectional SEM image of a fully formed solar cell. We see that
the periodic structure was transferred to the top of the device
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while the formation of voids and cracks was almost sup-
pressed; interestingly, the top surface has a periodic
dome-shaped topology even though the original rods pos-
sess a tapered shape. Similar to the case of Figure 4(b), we
note that if the pc-Si layer is thicker than the lattice
constant, some cracks still exist in the upper part of the
pc-Si layer. Therefore, the lattice constant was set at
600nm for a ~500-nm-thick pc-Si layer. This lattice
constant corresponds to the employment of a 2x2
superlattice PC with a fundamental lattice constant of
~300nm, as shown in Figure 2. Therefore, this structure
is expected to give rise to multiple band-edge resonant
modes and enhanced absorption.

Figure 7(a) shows the measured total absorption spectra
for solar-cell structures with and without the PC. An inte-
gration sphere was used to measure the total absorption.
These results clearly demonstrate that the absorptivity
was strongly enhanced by introducing the PC structure,
particularly in the wavelength range 600-1000nm. The
presence of many absorption peaks suggests that the
enhancement of absorption originates from coupling to
multiple band-edge resonance modes. Figure 7(b) shows
the current—voltage characteristics of these solar cells for
standard solar irradiance (AM1.5), which reveals a clear
increase of the short-circuit current density from
15.0mA/cm® to 19.6 mA/cm® (an enhancement of about
1.3 times) by introducing the PC structure. To determine
the experimental wavelength dependence of the photoelec-
tric conversion characteristics, we also evaluated the exter-
nal quantum efficiency (EQE) as shown in Figure 7(c). We
see that the improvement of EQE in the wavelength range
between 600 and 1000 nm contributed the enhancement of
short-circuit current density. The characteristics of the
fabricated solar cells are summarized in Table I. The
increase in short-circuit current density enhances the
conversion efficiency from 5.6% to 6.8%. Here, the filling
factor (FF) of the cell with PC structure was slightly
decreased compared with the case without PC. This might
be due to a certain amount of residual cracks/voids
(defects), although we have suppressed the formation of
them by tapering rods as discussed in Figure 5. Further
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Figure 5. Infrared absorption spectra of uc-Si layers deposited on PC structures with different rod shapes.
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Figure 6. SEM images of the fabricated solar cells incorporating PCs. (a) Top view image after depositing Ag and ZnO:Ga. (b) Cross-
sectional image after depositing pc-Si and ITO.
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Figure 7. (a) Measured absorption spectra for the full solar-cell structures with and without the PC. (b) Measured current-voltage
characteristics of the solar cells, revealing an increase in the short-circuit current density upon incorporation of the PC. (c) Measured
external current quantum efficiency (EQE) spectra for the solar-cell structures with and without the PC.

Table I. Summary of the fabricated solar cell's performance.

Jsc (mA/cm?) Voo V) FF(%)  Efficiency (%)
w/o PC 15.0 0.51 73.3 5.6
with PC 19.6 0.50 69.3 6.8

improvement of rod patterns to reduce defects formed in
the uc-Si layer can improve the FF as briefly described
in the last part of this section.

To investigate the validity of our experimental results,
we calculated the optical absorption spectrum of the struc-
ture shown in Figure 6 using the 3D FDTD method, which
includes tapered rods at the bottom and a periodic dome-
shaped top surface. To consider a full cell structure of the
fabricated solar cells, we incorporated ITO and ZnO:Ga,
including their absorptions, and Ag as a perfect conductor.
Calculation results for solar cells without and with the PC
structure are shown in Figure 8(a) and (b), respectively. In
these figures, the amounts of absorption in each layer are
color-coded; the orange area shows a portion absorbed in
the uc-Si layer, and the green and blue areas show the
portions absorbed in ZnO:Ga and ITO, respectively. The
white area corresponds to the reflection loss. In the insets
shown in Figure 8(b), we calculated the optical absorption
distributions in a cross section for several wavelengths.
When A =804 nm and 600 nm, most of absorption occurs
in the pc-Si layer. In contrast, when A =1008 nm, almost
all absorption occurs in the top and bottom transparent
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conductive oxide (TCO) layers, because the optical absorp-
tion of pc-Si at this wavelength is much smaller than that
of TCO. When A=400nm, optical absorption occurs in
the ITO layer and at the top surface of the pc-Si layer
due to the large absorption coefficients of both layers.
The total absorption spectrum, which is the sum of the
absorptions in all the layers shown in Figures 8(a) and
(b), is summarized in Figure 8(c), which reveals an en-
hancement of the total absorption by the multiple resonant
modes as expected when PC is introduced. The calculated
spectra of the total absorption agree well with the experi-
mental results shown in Figure 7(a), while the broadening
of the experimental absorption peaks might be due to im-
perfections in the fabricated structure, which are reported
to be beneficial for increasing absorption [25,26]. Then,
the optical absorptions of only the pc-Si layer, which is
responsible for the current extraction, are summarized in
Figure 8(d) for the cases with and without PCs. It can be
seen in Figure 8(d) that EQE is successfully enhanced in
the wavelength range between 600 and 1000 nm. However,
when we compare the calculation results with the experi-
mental results (Figure 7(c)), the calculation suggests a
potential of further improvement of quantum efficiency.
From the calculated spectrum of Figure 8(d), we found that
short-circuit current density for AM 1.5 would exceed
~25mA/ecm?® under the assumption of modeling Ag as a
perfect conductor, which does not include the plasmonic
effect nor absorption. An energy conversion efficiency
of more than 9.5% is expected even for a 500-nm-thick
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Figure 8. (a),(b) Calculated absorption characteristics for cells without and with the PC, respectively. The insets in (b) show the cross-
sectional distribution of absorption at different wavelengths. (c), (d) Spectra of total absorption and absorption of the pc-Si.

uc-Si layer, considering the previously reported open
circuit voltage of 0.52V and fill factor of 0.72 [6]. The
estimated short-circuit current density exceeds that for
Lambertian textured structure with the same uc-Si layer
thickness, where we considered losses due to TCO layers
in the calculation. This reveals that, although we used a
photonic crystal with a lattice constant of 600 nm, which
corresponds to a 2 x 2 superlattice, the realized photonic-
crystal solar cell has the potential to increase light absorp-
tion comparable to the use of a 4 x4 superlattice. This
might be due to the effect of a combination of the unique
top dome-shaped structure and the bottom rod structure
(a detailed analysis will be reported elsewhere). Note that
most of the previous reports on pc-Si solar cells have used
~2-um-thick pc-Si with random textured interfaces and have
shown a short-circuit current density of 23-26 mA/cm®
[2-5,27], whereas our result shows a comparable value,
but with much thinner pc-Si.

Finally, we discuss the slight decrease of the experimen-
tal EQE spectrum (Figure 7(c)) compared to the calculation
results (Figure 8(d)). It is possible that some of the carriers
generated by light absorption could not be extracted in the
real device. To examine this issue, we performed an
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electron-beam-induced current (EBIC) measurement over
a cross section of the fabricated solar cell, as shown in
Figure 9. We used an acceleration voltage of 10kV to avoid
the influence of cut surface states. The top area near the
p-doped pc-Si layer responded well compared with the

Intensity
Figure 9. Electron-beam-induced current (EBIC) measurement

over a cross section of the fabricated solar cell. The right-hand
inset shows a section along the dashed line.
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bottom area near the n-doped layer. Because the EBIC
response is strong in the area where the built-in electric field
is strong, we suggest that an effective depletion layer might
only be formed in the top area. We expect that further
improvement of the film characteristics of each layer, such
as the quality of the intrinsic layer and the doping levels of
the p- and n-doped layers, will lead to better experimental
cell performances. Indeed, very recently, we have
succeeded in increasing J., Vi, and FF, and obtained an
efficiency of 8.7% (close to ~9.5%). Although the details
will be reported elsewhere, claim here is that the adjustment
of the crystalline fraction in whole ~500-nm-thick intrinsic
uc-Si layer and the appropriate reshaping of the photonic-
crystal structure improve the quality of intrinsic pc-Si.

5. CONCLUSION

In summary, we have investigated the enhancement of
light absorption and energy conversion efficiency in pc-
Si based solar cells by utilizing large-area resonant modes
of PCs. We have studied the introduction of PC structures
and have developed a method to suppress the formation of
defects during the PE-CVD growth of pc-Si. Our fabri-
cated solar cells exhibited an increase of the short-circuit
current density from 15.0 mA/cm? to 19.6 mA/cm? (an en-
hancement of about 1.3 times) when a PC was incorpo-
rated; as a result, the conversion efficiency increases from
5.6% to 6.8%. Moreover, our numerical analysis consider-
ing the influence of TCO layers has suggested that, if the
quality of the pc-Si layer is improved and efficient current
extraction from the solar cell to the external circuits is
realized, an energy conversion efficiency of more than
9.5% is expected even for a 500-nm-thick pc-Si layer. This
would provide a basis to further increase the efficiency of
thin-film Si solar cells, including multi-junction solar cells
composed of several photovoltaic materials for efficient
usage of the broad solar spectrum.
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