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Improving the Performance of Solar Cells Under
Non-Perpendicular Incidence by Photonic Crystal
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Abstract—Photonic crystal has been proved to manipulate light
effectively and improve the performance of solar cells. In this paper,
high-performance GaAs-based solar cells with photonic crystal
were fabricated to decrease the dependence on the angle of incident
light. Photoluminescence (PL) intensity of solar cells with photonic
crystal reduced only 8% when the incident angle changed from 10°
to 30°, while the PL intensity of the ordinary solar cells decreased
39% under the same condition. It manifests the photonic crystal
can manipulate the incident light in turn reduce the dependence
of incident light angle. Besides, the short circuit current of solar
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cells was increased by 32% after the photonic crystal was added.
When the incident angle of light increased to 30° from 0°, the short
circuit current of ordinary solar cell decreased 29.5%, while that
of solar cell with photonic crystals reduced 12%. Correspondingly,
the photoelectric conversion efficiency (PCE) of ordinary solar cells
was reduced 31.2%. In contrast, solar cells with photonic crystal
decreased only 11.5%. The enhancement factor of the PCE of solar
cells with photonic crystal to that of ordinary solar cells increases
from 1.26 to 1.6 as the incident angle rises to 30°from 0°. In sum-
mary, solar cells with photonic crystal are less sensitive to the inci-
dent angle and could absorb more light without angle limits, then in-
crease the PCE. These solar cells with photonic crystals are promis-
ing in low-cost and high power conversion efficiency solar cell fields.

Index Terms—Solar cells, photonic crystal, photoelectric
conversion efficiency.

1. INTRODUCTION

OLAR energy, one of the most important energy sources in
S the future, is renewable and clean [1], [2]. Since the pho-
tovoltaic effect was found, the semiconductor solar cells (SCs)
have been widely used [3], [4]. With the efforts of scientists and
engineers, the photoelectric conversion efficiency (PCE) of SC
has progressed a lot [S]-[11]. The PCE of six-junction SCs has
reached 47.1% [12]. The PCE of single-junction thin-film GaAs
SC has amounted to 29.1% [13]. The PCE of Si heterojunction
SC with intrinsic thin-layer has been reached 26.7% [14], which
has been widely applied in civil power generation. Scientists
are trying to achieve the theoretical efficiency limit of SC [6],
[15]-[17].

Although the PCE of SC is soaring up, there are still some
challenges to solve. As is known, the sun locates at a different
azimuth in the daytime with the time change. So the SC cannot
always work in the optimal condition because the PCE would
vary with the angle of incident light [18]-[21]. Engineers con-
stantly use an angel regulator to keep the panel perpendicular to
the sunlight incident direction [22]. But this method does not fit
in situations as assembling the SC on the object surface. Photonic
crystal SC (PCSC) gives another choice to improve this. PC has
been shown a capacity to manipulate the light. It could form a
high-quality full-azimuth antireflection layer [23]-[25]. In this
research, we have fabricated PCSCs with micro-scale PCs by
ordinary ultra-violet lithography. Compared with the ordinary
SC (0SC), the performance of PCSC is better and less sensitive
to the incident light angle.

II. EXPERIMENTAL DETAILS

In this work, GaAs-based SCs wafers were grown on lattice-
matched GaAs (100) substrates with an electron concentration
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Fig. 1. (a) The epitaxial structure diagram of GaAs-based SC. (b) Preparation

process steps of two samples.

Fig. 2.

(a) The microscope image of PCSC after development. (b) The SEM
picture of PCSC after etching by RIE.

of 5x10'™ cm™ by metal-organic chemical vapor deposition
(MOCVD) system. The epi-layers comprise a 70-nm p-type
AlGaAs layer, followed by a 3-um p-type GaAs layer. Then
a 100-nm n-type GaAs layer and a 30-nm InAlP window layer
were grown. Finally, a 600-nm n-type GaAs contact layer was
stacked on. The epitaxial structure diagram shows in Fig. 1(a).
Ordinary GaAs-based SCs and GaAs-based SCs with two di-
mensional (2D) surface PC were fabricated as following steps,
shown in Fig. 1(b). These 5 mm x 6 mm SC mesas were
first formed by chemical etching after overlay photolithography.
As for OSC, Ti/Au bottom electrodes and Ni/AuGe/Ni/Au top
electrodes were then deposited by electron beam evaporation
(EBE), followed by a rapid thermal annealing (RTA) process at
400°C in N, ambient to improve the ohmic contact property.
For PCSC, a 300-nm SiO5 was deposited on the top of OSC by
plasma-enhanced chemical vapor deposition (PECVD). The 2D
dot array was then made by standard UV lithography, followed
by plasma reactive ion etching (RIE) with CF,4 and Os. Next,
the top electrodes were exposed by UV lithography and etched
by RIE. Thus, all the required samples were prepared.

Next, we use a microscope and field-emission scanning elec-
tron microscope (SEM) (Hitachi S-4800) to measure the surface
morphology and provide 10 kV high voltage to the electron gun.
Furthermore, we also took a grating spectrometer to measure
the photoluminescence (PL) of all samples. Meantime, we took
a camera to record the diffraction pattern of PCSC. To measure
the electronic properties of SCs, we took Keithley 4200 with the
simulated sunlight.

III. RESULTS

Microscope and SEM were used to study the surface mor-
phology PCSC. Fig. 2(a) shows the photoresist pattern after the
lithography process. It shows that the hole diameter is 2 ym
and the pattern pitch is 5 pm. In this step, we use the AZ6130
photoresist and the MJB-3 lithography equipment. Fig. 2(b)
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Fig. 3. (a) Schematic diagram of variable incident light angle testing. (b)
Physical diagram of variable incident light angle testing. (c) Diffraction pattern
of PCSC when the incident angle is 10°. (d) Diffraction pattern of PCSC when
the incident angle is 20°. (e) Diffraction pattern of PCSC when the incident

angle is 30°. (f) Main diffraction pattern of PCSC. (g) PL spectra of PCSC with
different incident angles. (h) PL spectra of OSC with different incident angles.

shows the SEM image of PCSC, and it demonstrates that the
2D pattern had transferred to the SiO; completely. We use the
model of Plasma 80 RIE equipment in which the RF power is
150 W for 8min with CF4: O4 (50:5) in this process.

Fig. 3 shows the PL spectra and the diffraction pattern
variation with the azimuth of incident light. A 532 nm laser
beam is emitted from the laser to excite the samples. We can
see from Fig. 3(a) that the diffraction pattern projects on the
whiteboard right above the sample. A grating spectrometer is
also used to collect the photoluminescence signal in the normal
direction. In the testing process, the laser moves around the
sample to various incident angels. Fig. 3(b) shows the picture of
the system framework when collecting the diffraction pattern.
Fig. 3(c)~3(e) shows the diffraction pattern in the normal
direction of PCSC when the incident angles are 10°, 20°, and
30°. We can see that the diffraction pattern does not change
much with the incident angle. Diffractive spot comes from the
modulation effect of PC on light. Due to the existence of photon
gap, light can only propagate in the direction perpendicular to the
surface of the epitaxial plate, and most of the light will come out
of the hole, thus forming the regular arrangement of dot matrix
pattern shape. The most bright spot in Fig. 3(c) and Fig. 3(d)
is in the reflection path, confirmed in Fig. 3(f) by rotating the
whiteboard to the reflection direction. And the single light spot
intensity does not change too much by testing the output power.
Fig. 3(g) and 3(h) show the PL spectra of samples. As we can see
from Fig. 3(g), the PL intensity of PCSC does not change much
with the incident light angle varying. When the incident light
angle is 30°, the PL intensity is only 8% less than that of 10°. But
for OSC, when the incident light angle is 30°, the PL intensity
is 39% less than that of 10°. So the PC’s ability to manipulate
the light can make the SC less sensitive to the incident angle. A
certain angle of incident light can be decomposed into vertical
and parallel in the direction of the sample surface, and photonic
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Fig. 4. (a) Schematic diagram of J-V curves testing. (b) J-V curves of two

samples under the condition that incident angle is 0. (c) The changes of J-V
curves with the angle of incident light of PCSC. (d) The changes of J-V curves
with the angle of incident light of OSC. (e) The change of short circuit current and
FF with angle and the ratio after the change of angle. (f) the change percentage
of PCE after the change of angle.

bandgap of PC can inhibit the spread of light, making it in
parallel to the direction of the surface of the sample light cannot
escape from the side. Light can only choose the vertical direction
to escape, which can ensure the most light incident to the sample
inside, which is good for light absorptions. The reflected light,
in addition to the reflectivity of the surface, also contains a
certain vertical component. PL testing is a good and efficient
non-destructive way of measuring the luminescence condition,
which comprise of the absorption, spontaneous emission and
light extraction processes. Solar cells pay more attention to the
absorption of photons, so further investigation is needed.
Electronic properties of SCs are displayed in Fig. 4. J-V
curves were obtained by Keithley 4200 with the solar simulator.
Fig. 4(a) shows the schematic diagram of the J-V curve test. The
angle of the incident light to the SC was adjusted by rotating the
sample table. Fig. 4(b) shows the J-V curves of OSC and PCSC
under the vertical illumination. The short current of PCSCis 32%
higher than it of OSC due to more light absorption with the PC.
But the open voltage (910 mV) and the fill factor (FF) (76.5%) of
PCSC decrease comparing with OSC (926 mV, 78.52%), which
can be explained by the reason that the SiO5 deposited on the SC
surface by PECVD at 380°C could deteriorate the ohmic contact
and increase the series resistance. Fig. 4(c) and 4(d) respectively
show the J-V curve variation with the incident angle of PCSC
and OSC and the open circuit voltage varies very little. The light
source in this experiment is not the standard AM1.0 simulated
solar light, and the short-circuit current density is converted
by combining the area of the device. The actual short-circuit
current value is small, so the change of short-circuit current will
not cause obvious change of open-circuit voltage. We can see
that with the incident angle increasing, the short current of both
samples decreases. Fig. 4(e) shows the short-circuit current and
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the FF variation with the angle. We can see that the short circuit
current of OSC decreased more rapidly than it of PCSC. The
gradient of the short circuit current decreasing for both OSC and
PCSC gets more gentle with the incident angle rise. The short
circuit current reduced 12% and 29.5%, corresponding to PCSC
and OSC when the angle rose to 30° due to the reduction of the
effective light absorption area and the increase of the reflection.
For OSC, with the change of incident light angle, the effective
receiving area of the device will decrease, so the short-circuit
current will decrease rapidly. As for the PCSC, although the
effective receiving area of the device decreases with the change
of incident light angle too, most of the incident light still choose
the propagation path perpendicular to the sample surface due to
the PCs’ light regulation effect, so the light intensity entering
the sample has little change. Therefore, the short circuit current
is not much reduced. And we can see that the FF decreasing
gradient for SC and PCSC are almost the same. Fig. 4(f) shows
and the decreasing percentage of PCE with the incident angle.
The PCE of OSC went down more rapidly than it of PCSC,
which corresponds to the change of the short-circuit current.
Moreover, the PCE dropping gradient of PCSC became more
flatten with the incident angle increasing. The PCE of PCSC
and OSC reduced by 11.5% and 31.2%, respectively, when the
incident angle rotated to 30°. Fig. 4(f) also shows the ratio of PCE
between PCSC and OSC, which is defined as an enhancement
factor. We can see that the enhancement factor of the PCE of
PCSC to that of OSC increases from 1.26 to 1.6 as the incident
angle rises to 30° from 0°, showing that PC plays a more and
more indispensable role in light manipulation. PCSC benefits
from manipulating the light, so its PCE is less sensitive to the
incident angle. Furthermore, both the short-circuit current and
PCE are improved. So PC can improve the static performance
(the angle of incident light does not change) and improve the dy-
namic performance (the angle of incident light varies with time).

IV. CONCLUSION

In conclusion, high-performance GaAs-based PCSC was fab-
ricated by the ordinary ultraviolet lithograph combined with
RIE. Microscope and SEM measurements show the surface
pictures of PCSC in the preparation process. PL testing shows
that the intensity of PCSC and OSC changes with the incident
light angle. When the incident light angle rises to 30°, the PL
intensity is only 8% less than that of the incident light angle
staying at 10°. But for OSC, the PL intensity reduced by 39%.
Diffraction patterns that almost did not change in the normal
direction of PCSC when the incident angles are 10°, 20°, or 30°
respectively, were collected. For electrical properties, the short
current of PCSC is improved by 32% compared with OSC. But
the open voltage and the FF have decreased comparing with
OSC because of the high-temperature process in PECVD. The
short circuit current reduced by 12% and 29.5%, corresponding
to PCSC and OSC when the angle rose to 30°. The change of
FF of SC and PCSC is nearly the same. But the PCE reduced
by 11.5% and 31.2%, corresponding to PCSC and OSC when
the angle rotated to 30°. The enhancement factor of the PCE of
PCSC to that of OSC increases from 1.26 to 1.6 as the incident
angle rises to 30° from 0°, showing that PC plays a more and
more indispensable role in light manipulation. The introduction
of PC can help us design more optoelectronic devices with better
performance.
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