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We report on the fabrication and photovoltaic characteristics of InGaN solar cells by exploiting
InGaN/GaN multiple quantum wells (MQWSs) with In contents exceeding 0.3, attempting to
alleviate to a certain degree the phase separation issue and demonstrate solar cell operation at
wavelengths longer than previous attainments (>420 nm). The fabricated solar cells based on
Iny 3Gay,N/GaN MQWs exhibit an open circuit voltage of about 2 V, fill factor of about 60%, and
an external efficiency of 40% (10%) at 420 nm (450 nm). © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3081123]

InGaN alloys have been widely exploited as active ma-
terials for light-emitting diodes (LEDs) and laser diodes with
emission wavelengths covering from near UV to green spec-
tral regions.'_6 InGaN alloys recently emerge as a new solar
cell materials system due to their tunable energy band gaps
(varying from 0.7 eV for InN to 3.4 eV for GaN, covering
almost the whole solar spectrum) and superior photovoltaic
characteristics (direct energy band gap in the entire alloy
range and high carrier mobility, drift velocity, radiation re-
sistance, and optical absorption of ~10° cm™! near the band
edge).” ™!

Although InGaN based solar cells offer tremendous po-
tential for terrestrial as well as space photovoltaic applica-
tions, there are only a few reports on InGaN based solar
cells. Furthermore, most reported InGaN solar cells have In
contents lower than 15% and band gaps near 3 eV, or larger,
and therefore deliver diminishing quantum efficiency at
wavelengths longer than 420 nm. " An earlier theoretical
calculation has indicated that the requirements of an active
material system to obtain solar cells having a solar energy
conversion efficiency greater than 50% can be fulfilled by
InGaN alloys with In content of about 40%." Additionally,
[II-nitride multijunction solar cells with near ideal band gaps
for maximum solar energy conversion efficiency must incor-
porate InGaN layers with higher In contents or lower energy
band gaps.

However, the realization of high crystalline quality In-
GaN films in the entire composition range is highly challeng-
ing. One of the biggest problems is attributed to the large
lattice mismatch between InN and GaN, resulting in low
solubility and phase sepeuration.”’14 Recently, we have shown
that by directly depositing on GaN or AIN epitemplates with-
out buffer layers, single phase InGaN epilayers across the
entire alloy range could be produced by metal organic
chemical vapor deposition (MOCVD)."> This fact is illus-
trated in Fig. 1(a), where x-ray diffraction (XRD) data for
0-20 scans of the (002) plane for several representative
In,Ga,;_,N epilayers (200 nm thick) are shown. All curves
scanned down to the InN peak position exhibit no multiple
peaks, implying that our In,Ga;_,N epilayers are not phase

“Electronic mail: hx.jiang @ttu.edu.

0003-6951/2009/94(6)/063505/3/$25.00

94, 063505-1

separated. The results represent a significant advancement of
MOCVD growth of InGaN alloys. However, the film homo-
geneity is still poor in the middle composition range. The full
width at half maximum of the rocking curves of w-scans of
the (002) reflection increases from around 1000 arc sec at
x~0.2 to about 3000 arc sec at x~0.5 for films of about
0.2 um in thickness.'> The photoluminescence (PL) emis-
sion properties of In,Ga,;_,N epilayers also deteriorate with
an increase in x. For instance, as shown in Fig. 1(b), the
overall PL emission intensity of Iny4Gag¢N films is about
100 times lower than that of Injy,GaygN. This trend of re-
duced crystalline quality with increasing x makes the realiza-
tion of solar cells based on In,Ga;_ N with x>0.25 highly
challenging. Evidence that strain could suppress phase sepa-
ration in InGaN has been reported by various groups. It was
shown that InGaN alloys across the entire composition range
without phase separation can be grown when the layer is
embedded within an InGaN/GaN double heterostructure.'®"”
In this letter, we report on the fabrication and characteriza-
tion of InGaN solar cells by exploiting In,Ga;_,N/GaN mul-
tiple quantum wells (MQWs) with the attempt to alleviate to
a certain degree the phase separation issue and demonstrate
solar cell operation in wavelengths longer than that of previ-
ous attainments.
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FIG. 1. (Color online) (a) XRD 6-26 curves of (002) planes (b) PL emission
spectra of representative In,Ga,_ N epilayers (0.2 um thick) grown on
epi-GaN/Al,O5 templates.
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FIG. 2. (Color online) (a) Schematic layer structure of solar cells based on
InGaN/GaN MQWs. (b) PL emission spectrum of an In,Ga,_N/GaN MQW
(x~0.3) solar cell structure.

The solar cell layer structure is shown in Fig. 2(a), and
the light absorbing region consists of eight periods of
In,Ga,_,N(3 nm)/GaN(8 nm) MQWs. The MQWs were
grown under the established MOCVD growth conditions of
In,Ga;_N epilayers15 with targeted x values of 0.3 and 0.4
with the aim of obtaining photovoltaic responses 1n longer
operating wavelengths than previous demonstrations.” "' The
PL spectrum for an In,Ga;_,N/GaN MQW solar cell struc-
ture with the targeted In content of 0.3 is shown in Fig. 2(b)
and exhibits an emission line around 472 nm (or ~2.63 eV).
The thickness of p-GaN (n-GaN) is ~150 nm (~0.5 um).
The device structure was grown on a GaN epilayer
(3 wm)/sapphire template. As a quick demonstration, we
adopted the device fabrication steps of commercial III-nitride
LEDs by implementing a thin Ni/Au (2/6 nm) semitranspar-
ent current spreading layer to minimize the p-contact resis-
tance on the p-GaN window. An optical microscopy image of
a fabricated InGaN/GaN MQW solar cell is shown in the
inset of Fig. 3(a). The devices were characterized using a
microprobe station with a source meter (Keithley 2400). For
current- and power-density versus voltage characteristics
measurements, the solar cell was illuminated by a white light
source (with no optical filters), which has an emission spec-
trum, as shown in Fig. 3(a). For quantum efficiency versus
excitation wavelength characterization, monochromatic illu-
mination was obtained by using the same white light source
in conjunction with a monochromator (with a spectral reso-
lution of about 2.5 nm).

Current versus voltage (I-V) characteristics of two fab-
ricated In,Ga;_N/GaN MQW solar cells with targeted In
contents (x) of about 0.3 and 0.4 in the well region are
shown in Fig. 3(b). The open-circuit voltages (V,.) for de-
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FIG. 3. (Color online) (a) Emission spectrum of the white light source used
for current-voltage (I-V) characteristics measurements and the inset is an
optical microscopy image of a fabricated device. (b) I-V characteristics
In,Ga,;_,N/GaN MQW (x~0.3 and 0.4) solar cells.
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FIG. 4. (Color online) (a) Current- and power-density vs voltage character-
istics for a solar cell with InGa;_ N/GaN MQW (x~0.3) as the active
region. (b) External quantum efficiency vs excitation wavelength for the
same device.

vices with x~0.3 and 0.4 are about 2.0 and 1.8 V, respec-
tively. These values are in reasonable agreement with the
band gaps of Iny;Gay ;N and Inj4Gay¢N. However, the per-
formance of the lower energy gap device (with
Iny 4Gay(N/GaN MQWSs as active region) is much poorer
than that of the higher energy band gap device (with
Inj 3Gay,N/GaN MQWs as active region), despite the fact
that Ing4GaggN/GaN MQWs are expected to have a much
better spectral overlap with the excitation source. This deg-
radation in solar cell performance corroborates the XRD and
PL results illustrated in Fig. 1 and is a direct consequence of
reduced material quality with increasing x, which leads to a
higher loss of the photogenerated charge carriers. The pho-
tovoltaic characteristics observed here are also consistent
with the well established fact that the quantum efficiencies of
[I-nitride green LEDs are much lower than those of blue
LEDs.

Current- and power-density versus voltage char-
acteristics for the higher performance device (with
Iny3Gag sN/GaN MQWs as active region) are plotted in Fig.
4(a), from which a fill factor of about 60% is obtained. The
quantum efficiency as a function of excitation wavelength
for the same device is shown in Fig. 4(b), which demon-
strates that the device delivers a quantum efficiency of 40%
at 420 nm and 10% at 450 nm. The response in the shorter
wavelength region (<300 nm) is limited by the use of
p-GaN window'' and can be improved if a larger band gap
material such as p-AlGaN or p-InAlGaN is incorporated.
Three major quantum efficiency limiting factors include the
following: (1) Absorption in the semitransparent p-contact
layer—current spreading p-contact layer was simply adopted
from LED fabrication and the p-contact schemes need to be
optimized for solar cell applications. (2) Thin light absorp-
tion layer—the optical absorption layer thickness is too thin
in the present MQW structure. The well/barrier thickness and
period of the MQW active region need to be optimized to
maximizing light absorption but minimizing other detrimen-
tal effects due to the incorporation of relatively high In con-
tent InGaN alloys in the well region. (3) Low crystalline
quality of InGaN alloys with relatively high In contents—
this remains as one of the foremost challenging issues for the
nitride research community. Nevertheless, this is the first
demonstration of InGaN based solar cells with good external
quantum efficiencies at such long operating wavelengths,
which suggest that MQW is a viable approach to design high
efficiency solar cells based on InGaN with relatively high In
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contents for optimal solar energy conversion.

In summary, we report on the growth and fabrication of
InGaN/GaN MQW based solar cells incorporating InN fac-
tions of 30% and 40%. The devices exhibit a fill factor of
about 60% and deliver an unprecedented external quantum
efficiency of 40% at 420 nm and 10% at 450 nm.
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