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A single-junction germanium solar cell with a photonic crystal nanostructured surface has been
developed. The solar cell comprises a Ge p-n junction and an InGaP window layer. The InGaP
window layer has been nanopatterned with an extended photonic crystal structure consisting on a
triangular lattice of holes with submicronic sizes. Enhancements of the external quantum efficiency
of 22% for a wide range of wavelengths and up to a 46% for specific wavelengths have been
measured, which implies an increase in photocurrent between 11% and 22%. A clear correlation
with the area of photonic crystal patterned has been observed. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3133348�

During the last years, much attention has been paid to
photonic crystals �PCs�1,2 for different applications. PCs and
photonic bandgap materials have been also proposed and
used for solar cells.3–6 Moreover, there has been an important
amount of work on light extraction out of light-emitting di-
ode devices by 2D PCs.7–9 In a similar way, transmission of
the incident light inside a device can be enhanced by a
2D-PC layer and there are a number of theoretical10–12 and
experimental13,14 works related to this. Nevertheless, little
work has been done in the actual manufacture and character-
ization of a complete solar cell with a 2D PC on its front
surface, conceived as a periodic distribution of the dielectric
constant in the plane �the surface of the solar cell� and in-
volving subwavelength motifs. In this case, the PC effect is
slightly different from that in slabs or suspended
membranes15 and lacks of the confinement in the vertical
direction provided by total internal reflection. Despite the
partial vertical confinement, all the above mentioned reasons
can justify to try to use a PC front surface with subwave-
length motifs. Consequently, the aim of this work is to prove
the validity of a 2D PC as an additional strategy to improve
solar cells performance. With this aim, we have manufac-
tured a single p-n junction solar cell based on Ge with a PC
nanopatterned InGaP window layer. In order to quantify the
improvement introduced by the PC, the external quantum
efficiency �EQE� and the I-V curves under illumination of
the solar cells manufactured in the same batch with and with-
out the PC have been measured. We have found an increase
in EQE around 22% in average for the solar cells with the
PC structure, which in terms of photocurrent implies an in-
crease between 16% and 25% for direct terrestrial spectrum
�AM1.5D�.

A layout of the device is shown in Fig. 1. The solar cell
is composed by a single p-n junction formed by the diffusion
of phosphorus to the p-type Ge substrate during the metal-
organic vapor phase epitaxy growth of a GaInP window
layer. Ge wafers, 150 �m thick, �100� 6° off toward �111�
have been used as substrates. The thickness of the InGaP

window layer is 1000 nm and it is n-type doped with Si with
a concentration ND=1�1018 cm−3. A GaAs cap layer has
been grown to ease the front Ohmic contact. The back con-
tact is carried out with Au. Front Ohmic contacts by deposi-
tion of the AuGe–Ni–Au system outside of a circular pattern
made by photolithographic techniques were performed. No
antireflection coating has been deposited. The whole diam-
eter of the uncovered front surface ranges from 1.4 to 1.6
mm on different devices with zero shadowing factor �no fin-
gers have been defined�. The major advantage of a PC win-
dow layer is, in principle, to introduce diffraction, where the
photon momentum �k� can be scattered away from the
specular direction with �k� =ki� +G�, where G is a reciprocal
lattice vector and ki is the incident wave vector. The dielec-
tric contrast of the air to InGaP ��3� is large enough for
sufficient diffraction of light by the PC. Maximum diffrac-
tion is expected when the Fourier components of the dielec-
tric function of the 2D PC is a maximum. Moreover, it has
been shown16 that discrete spots of diffraction pattern in a
weakly modulated PC, including those of conventional dif-
fraction gratings, become continuous when the dielectric
modulation becomes finite. Furthermore, in a finite-
modulated PC, the diffraction can take place even in the
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FIG. 1. Layout of the cross section of the solar cell patterned with the PC
layer formed by a triangular lattice of holes with radius r=200 nm, lattice
parameter a=600 nm, and depth d=300 nm.
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region prohibited by Bragg’s law producing available states
for the incident light, which are evanescent in the case of a
diffraction grating.

Using a triangular lattice of holes of radius r and lattice
parameter a, a value of r /a�0.3 maximizes the strength of
the first Fourier component �2� /a�.11 We take this value to
fabricate a subwavelength periodic pattern �a PC in the hori-
zontal plane� and to measure its actual performance. Never-
theless this design may need of careful optimization for fu-
ture devices. The depth of the holes for the top transmission
PC grating �d� needs to be further optimized but a good
starting value is for d /a around 0.5. Since this value depends
on the wavelength, we have chosen an optimized thickness
in average for the spectral region near the band edge �800–
1600 nm�. This is because the main applications of Ge solar
cells are as forming part of GaInP/GaInAs/Ge triple-junction
cells and for thermophotovoltaic applications. In both cases,
the best performance of the Ge cell is pretended in the infra-
red. As a rule of thumb the lattice spacing should be near the
wavelength of diffracted light inside the InGaP. However
values of a can still offer improvement and may be more
convenient for fabrication. For diffraction to the PC, it is
necessary for a to be larger than the wavelength of light in
the absorber layer �a�� /n� where n is the index of refrac-
tion. We have used an averaged n=3.3 for the InGaP in the
spectral region considered �600–1800 nm�. Since the maxi-
mum is around 1850 nm, the above condition is well satisfied
for a=600 nm. It is necessary to have several diffraction
resonances within the wavelength window below the band
edge, where the absorption length of photons is longer than
the absorber layer thickness. Under all of these assumptions,
the optimized solar cell with the PC can reduce considerably
its reflection than without the PC.11,12

We have manufactured the PC nanopattern on the front
exposed surface of the device. For this purpose we have
employed electron-beam lithography over an extended area
of a square about 1�1 mm2. The PC pattern is made on a
poly-methyl-methacrylate �PMMA� layer deposited by spin-
coating. The PC pattern is made by circular holes of radius
r=200 nm and a separation �lattice parameter� of a
=600 nm. The holes are distributed following a triangular-
symmetry lattice and inside squares of 200�200 �m2 sepa-
rated 20 �m each. This is done to eliminate any photonic
induced effect by misalignment during stitching of the writ-
ing fields. Also, the PC pattern is placed well inside the
circular exposed surface, avoiding border effects or possible
damage to the electrical contacts. In this way around a 60%
of the total surface of the solar cell is patterned. After devel-
oping of the PMMA resist, the pattern is transferred to the
InGaP layer by Ar-based reactive ion beam etching. The deep
of the etched holes is 200 nm. Finally, the remains of the
PMMA layer are eliminated by oxygen-plasma etching. Fig-
ure 2 shows a microscope picture of the device with an inset
showing a scanning electron microscope �SEM� picture of
the PC nanopatterned structure. Solar cells with and without
the PC pattern are fabricated together in order to facilitate
experimental comparison. Nonhomogeneities due to change
in material or processing technology are inexistent on these
structures.

I-V curves under illumination and EQE measurements
have been carried out in a monochromator-based system with
a light-beam chopper. The primary light source is a 1000 W

Xe lamp. The system has a monitor cell to assess the real-
time fluctuations of the lamp. Both the monitor cell and the
test cell are connected to two independent lock-in amplifiers,
which permits the simultaneous measurement of both the
monitor cell and the reference/test cell. This setup allows the
minimization of the measurement errors resulting from lamp
fluctuations, very significant in certain spectral ranges. The
chuck for the test cell is temperature controlled by a Peltier
element. The spectral range goes from 300 to 2000 nm but
the relevant range for the cell is between 600 and 1800 nm.
In order to calibrate the system status at the beginning of
every measurements session, a GaSb solar cell is used as
reference. The spot light impinging the cells was in all cases
of 1.2 mm of diameter.

Figure 3 shows the I-V curves under illumination of two
solar cells, one with PC pattern and one without it, otherwise
identical. Despite the intrinsic performance of the used solar
cells as not optimum �filling factors around 52%� due to their
experimental nature �these cells were obtained with het-
eroepitaxial techniques�, there is an improvement of the ef-
ficiency of about 11% for the cell with PC pattern. In this
prototype, only a 40% of the surface was patterned with the
PC. By linear extrapolation, an enhancement of 25%–26%

FIG. 2. �Color� Microscope picture of the solar cell device with the area
patterned with a PC �1 mm2�. Inset shows a SEM picture of the PC nano-
patterned structure.

FIG. 3. I-V curves under illumination for PC patterned and nonpatterned
solar cells.
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can be obtained for a solar cell with the entire surface pat-
terned by a PC. The measured increment in the photocurrent
is 8%, which gives an enhancement in the photocurrent of
22% for a fully covered surface. The open-circuit voltage
�VOC� was not degraded. Also, the dark I-V curves of both
devices, with and without PC were observed to be exactly
the same, which implied that none degradation has been in-
troduced to the device due to the PC pattern fabrication.

Figure 4 shows the relative EQE for two PC-patterned
solar cells with two different areas patterned, 1 mm2 and
0.5 mm2. The experimental EQE data have been normalized
to the highest EQE value. Figure 3 shows also the EQE for a
nonpatterned solar cell of the same size. The EQE in both the
PC-patterned solar cells are always higher than in the non-
patterned cell. For the cell with PC-pattern covering 1 mm2

the enhancement of current using the spectrum AM1.5D is
25%, whereas for the cell with half of the area patterned the
increase is 16%. Figure 5 shows the reflectivity measured in
the solar cell with the 1 mm2 patterned PC and in the bare
solar cell. The size of the spot is around 250 �m in diam-

eter. The reflectivity measured at 45° incidence is smaller for
the PC solar cell for most of the wavelengths. Measurements
performed at normal incidence give very similar values and
are not included.

All of this shows the validity of our approach to enhance
the performance of solar cells, which could be also applied to
other photon-sensing devices such as photodetectors and
thermophotovoltaic devices. Further work is needed to un-
derstand in deep all the possible photonic effects involved,
such as subwavelength diffraction, variation of the index of
refraction due to the photonic bands, change of the lifetime
of the photons by the PC layer, or role of the submicronic
roughness produced during the etching. Moreover, especial
efforts should be made in order to find optimized PC patterns
for the above mentioned devices.

In summary, we have manufactured a single-junction
Ge/InGaP solar cell with a PC nanostructured surface. An
increase in the photocurrent up to 8% has been achieved on
a solar cell with 40% of its surface covered with a PC pat-
tern. Enhancements of the EQE of 22% for a wide range of
wavelengths and up to 46% for specific wavelengths have
been measured. A correlation with the area of PC patterned
has been observed. Further work is needed for the optimiza-
tion of the PC pattern and to asses the advantages of using a
PC-pattern versus antireflection coatings, which can be com-
patible with the PC structure, and to establish its perfor-
mance with the angle of incidence.
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FIG. 4. Relative EQE for two PC-patterned solar cells with two different
areas patterned, 1 mm2 �open triangles� and 0.5 mm2 �gray circles� and for
a nonpatterned solar cell of the same size �black curve�.

FIG. 5. Reflectivity of the PC-patterned solar cell and the nonpatterned
reference cell.
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