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We report on III-nitride photovoltaic cells with external quantum efficiency as high as 63%.
InxGa1−xN /GaN p-i-n double heterojunction solar cells are grown by metal-organic chemical vapor
deposition on �0001� sapphire substrates with xIn=12%. A reciprocal space map of the epitaxial
structure showed that the InGaN was coherently strained to the GaN buffer. The solar cells have a
fill factor of 75%, short circuit current density of 4.2 mA /cm2, and open circuit voltage of 1.81 V
under concentrated AM0 illumination. It was observed that the external quantum efficiency can be
improved by optimizing the top contact grid. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2988894�

The �In,Al,Ga�N material system has proven itself in
both electronic and optoelectronic applications. High elec-
tron mobility transistors are gaining popularity in high-power
and high-speed electronics, while light emitting diodes and
laser diodes based on this material system are revolutioniz-
ing the lighting, display, and data storage industries.1,2

Recently, III-nitrides �III-Ns� have begun to gain atten-
tion for use in photovoltaic �PV� devices.3,4 InGaN has many
material properties that make it an excellent candidate for
high efficiency PV devices. InGaN alloys have been shown
to have superior high energy radiation resistance for space
based PV applications.5 The band gap of InN was recently
discovered to be 0.7 eV as opposed to the previously be-
lieved 1.3 eV.6–9 The importance of this discovery is that the
band gap of the InGaN material system spans nearly the
entire solar spectrum �0.7–3.4 eV�, thus enabling design of
multijunction solar cell structures with near ideal band gaps
for maximum efficiency. Even more interesting is that the
band gap is direct for the entire material system. This is in
contrast to the AlGaAs and AlGaP systems whose band gap
is indirect for higher band gap alloys.10,11

The III-N alloys also tend to exhibit very strong absorp-
tion of approximately 105 cm−1 at the band edge,12,13 allow-
ing a large fraction of the incident light to be absorbed in a
few hundred nanometers of material. This is in contrast to
the tens or hundreds of microns of material as is necessary in
traditional Si solar cells.14,15

The III-N material system does however present chal-
lenges to the device designer. The lack of cheaply available
defect-free native substrates presents a significant challenge.
The III-N crystals grown on sapphire contain relatively high
densities of threading dislocations, which have been shown
to negatively impact GaN p-n junction device performance
by increasing leakage current.16 Another difficulty is the
large lattice mismatch between InN and GaN, making it dif-
ficult to grow good quality material with high In content due
to V-pit formation17 and InN segregation.13

In this letter we report on the results of InGaN/GaN
double heterojunction p-i-n solar cell devices. All devices

were grown by metal-organic chemical vapor deposition
�MOCVD� on �0001� sapphire substrates. The typical device
structure is shown in Fig. 1.

Strain relaxation can result in defect formation that can
increase nonradiative recombination18 and in turn degrade
solar cell performance. In order to obtain the highest quality
InGaN possible, we wanted to ensure that the InGaN layer
was coherently strained to the GaN layer below it.

An x-ray diffraction �XRD� reciprocal space map taken
around the asymmetric �105� reflection for a typical solar cell
structure is shown in Fig. 2. It can be observed that for this
sample with an InGaN thickness of 200 nm, the layer is
coherently strained to the GaN buffer. The indium content
was determined to be 12% from a symmetric �004� �-2�
scan �see Fig. 3�, which corresponds to a band gap of 2.95
eV using a band gap bowing parameter of 1.43 eV.19 This
value is also confirmed by measured peak photolumines-
cence emission at 417 nm.

The material was processed into 0.5�0.5 mm2 mesas
by contact lithography and inductively coupled plasma etch-
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FIG. 1. �Color online� InGaN/GaN solar cell device structure �a� and contact
grid layout �b�.
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ing with Cl2 gas. Semitransparent Ohmic contacts to p-GaN
were formed by electron beam evaporation of Ni/Au �5 /5
nm� on the entire mesa and subsequent rapid thermal anneal-
ing at 500 °C in O2 for 5 min. An Al/Au grid was deposited
on top of the Ni/Au with 5 �m wide grid lines and center-
to-center grid spacing ranging from 25 to 166 �m. The area
shaded by the grid lines ranges from 20.5% to 5.6% of the
mesa area. Contacts to n-GaN were formed by evaporation
of Al/Au and subsequent lift-off. No antireflection coating or
surface passivation was used.

The current-voltage characteristics were measured with a
Keithley 2632 source meter. The devices were illuminated
with an Oriel solar simulator with a Xe lamp and AM0 filter.
Monochromatic illumination for quantum efficiency mea-
surements was supplied by coupling the Xe lamp to an Oriel
260 monochromator with a spectral linewidth of �5 nm full
width at half maximum as measured with an Ocean Optics
USB2000 spectrometer.

Measured solar cell parameters for typical devices with
25 and 166 �m grid spacing are summarized in Table I. The
devices with 166 �m grid spacing demonstrated high peak
external quantum efficiency ��e� of 63% at 392 nm and a flat

��3%� quantum efficiency response from 370 to 410 nm as
shown in Fig. 4. The external quantum efficiency of these
devices is limited by several factors: reflection at the surface,
absorption in the semitransparent Ni/Au current spreading
layer, and incomplete absorption in the InGaN layer. An es-
timated peak internal quantum efficiency �i of 94% can be
calculated using the following equation from Ref. 20: �i
=�e / ��1−R��1−S��1-exp�−�d���, where R is the reflectivity
at the top surface ��0.18 for air-GaN interface�,20,21 S is the
fraction of the mesa area shaded by the contact grid �0.056
for the 166 �m grid spacing�, � is the absorption coefficient
of the InGaN �105 cm−1�,12,13 and d is the InGaN thickness.
This estimate does not take into account the absorption in the
Ni/Au contact layer; therefore, the actual internal quantum
efficiency may be higher. Comprehensive studies of the ab-
sorption and reflectivity values for these structures are under-
way and will be reported in detail shortly. The low quantum
efficiency performance below 360 nm is due to absorption in
the p-GaN layer and can be improved by optimizing the
thickness of this layer or using a window layer with a large
band gap such as AlGaN.

Current and power density versus voltage characteristics
for devices with 166 and 25 �m grid spacing under concen-
trated AM0 illumination are shown in Fig. 5. Short circuit
current density for the devices with 166 �m grid spacing
was 20% higher than that of the 25 �m device, which cor-
responds very closely to the 19% increase in unshaded de-
vice area. The devices with a 25 �m grid demonstrated a
very high fill factor of 75.1% indicating excellent solar cell
performance. It should be noted that the device with
166 �m grid spacing did not suffer any substantial degrada-
tion in the J-V performance. In fact, the 166 �m devices had

FIG. 2. �Color online� Reciprocal space map around the asymmetric �105�
reflection of InGaN/GaN solar cell structure showing InGaN coherently
strained to GaN.

FIG. 3. �004� reflection �-2� XRD scan of the InxGa1−xN /GaN solar cell
structure with xIn=0.12.

TABLE I. Measured solar cell parameters.

Contact
spacing

VOC

�V�
FF
�%�

Jsc

�mA /cm2�
PMAX

�mW /cm2�
Peak EQE

�%�

25 �m 1.75 75.1 3.5 4.6 51
166 �m 1.81 75.3 4.2 5.7 63

FIG. 4. �Color online� External quantum efficiency vs wavelength for
InGaN/GaN pin solar cells with top contact grid spacing of 166 �m �solid
circles� and 25 �m �open circles�.
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a fill factor of 75.3%, nearly identical to the 25 �m devices,
and enhanced open circuit voltage from 1.75 to 1.81 V. The
identical fill factor and increased open circuit voltage
coupled with the enhanced short circuit current density re-
sulted in a 24% increase in maximum power density for the
device with the optimized 166 �m contact grid.

To conclude, double heterojunction solar cells processed
from coherently strained high-quality In0.12Ga0.88N films
grown by MOCVD on sapphire resulted in devices with fill
factors greater than 75%. By optimizing the p-contact grid
spacing, peak external quantum efficiency greater than 60%
was achieved. Furthermore, the quantum efficiency spectrum
showed a flat spectral response from 370 to 410 nm. The
efficiency of the III-N solar cells can be further improved by
optimizing the p-GaN contact such as optimizing the Ni and
Au thicknesses and exploring alternate contact schemes such
as indium tin oxide and zinc oxide. The short wavelength
response could be enhanced by using p-AlGaN as a window
layer instead of p-GaN. This should have the added benefit
of potentially reducing the recombination of electrons at the
surface. Additionally, an antireflection coating on the top sur-
face should also increase the performance of these devices.
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FIG. 5. �Color online� Typical J-V and power density vs voltage character-
istic for InGaN/GaN pin solar cell under concentrated AM0 illumination for
166 �m �solid line� and 25 �m �dashed line� contact grid spacing.
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