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ABSTRACT

One of the key requirements to achieve solar 
conversion efficiencies greater than 50% is a photovoltaic 
device with a band gap of 2.4 eV or greater.  InxGa1-xN is 
one of a few alloys that can meet this key requirement.  
InGaN with indium compositions varying from 0 to 40% is 
grown by both metal-organic, chemical-vapor deposition 
(MOCVD) and molecular beam epitaxy (MBE), and studied 
for suitability in photovoltaic applications.  Structural 
characterization is done using X-ray diffraction, while 
optical properties are measured using photoluminescence 
and absorption-transmission measurements.  These 
material properties are used to design various 
configurations of solar cells in PC1D.  Solar cells are 
grown and fabricated using methods derived from the III-N
LED and photodetector technologies.  The fabricated solar 
cells have open-circuit voltages around 2.4 V and internal 
quantum efficiencies as high as 60%.  Major loss 
mechanisms in these devices are identified and methods 
to further improve efficiencies are discussed.

INTRODUCTION

The goal of achieving photovoltaic conversion 
efficiencies of 50% or higher not only attributes as a 
scientific achievement and aids specialized applications, 
but can also reduce the cost of large-scale solar electric 
generation.  The maximum reported photovoltaic efficiency 
of 39% at 236 suns is achieved by a triple-junction GaInP-
GaInAs-Ge tandem solar cell [1]. While the achievable 
efficiency of triple-junction tandem solar cells is restricted 
to about 40% [2], modeling results show that a tandem 
solar cell of five junctions or greater, or an equivalent 
structure, is required to achieve practical efficiencies of 
greater than 50% under an AM1.5 spectrum and a realistic 
concentration of 500x [1,3].  These structures require band
gaps of the top cell to be at least 2.4 eV.  InGaN has the 
appropriate optical properties and has been well 
demonstrated for light-emitting applications.  In this paper, 
we study the design of InGaN solar cells based on device 
physics and the unique properties of InGaN. We first 
discuss the present state of development for this material 
system and use it design the preliminary solar cell.  We 
then grow InGaN by MOCVD and characterize it to further 

optimize the device design.  Test solar cells are grown and 
tested, and methods to further increase the performance 
of these devices are discussed.

InGaN MATERIAL SYSTEM

The III-Nitride semiconductor system, which includes 
AlN, GaN, InN and its alloys provides all band gaps 
needed to construct solar cells with response above 2.4 
eV.  The nitrides also have high charge velocities [4] and 
strong light absorption.  InGaN LEDs are relatively 
insensitive to high dislocation densities and have unusual 
polarization and piezoelectric properties [5,6].  The III-N 
material system has undergone remarkable development 
due to the use of GaN and InxGa1-xN for blue LEDs and 
laser diodes [7].  MOCVD has emerged as the leading 
candidate for commercial growth of high band gap InGaN 
due to its large scale manufacturing potential.  A major 
challenge for the MOCVD growth of InGaN is to reduce its 
band gap and achieve efficient light emission in the blue-
green region.  This material can be used as the highest 
band gap material in a solar cell with five-junctions or 
greater.  InN and In-rich low-band gap InGaN are 
commonly grown by MBE.  Recently the band gap of InN 
was shown to be lower than previously thought [8,9,10]; 
low band gap InGaN is a subject of fundamental study.  

Phase separation of InGaN at high In concentrations

Phase separation is commonly observed in InGaN 
films with high In compositions due to the low miscibility of 
InN in GaN.  Theoretical calculations [11] based on a 
valence-force-field (VFF) model [12,13] predict that phase 
separation in InGaN strongly depends not only on the 
temperature and In composition, but also on the strain 
state of the InGaN films.  For example, at a growth 
temperature of 800°C, the predicted maximum In 
composition allowable before phase separation occurs is 
less than 6%.  However, biaxial strain can suppress In 
phase separation and acts as a driving force to form 
ordered structures.  In relaxed films, spinodal 
decomposition occurs below a critical temperature and for 
a range of alloy compositions that defines miscibility at a 
given temperature [14].  However, it is known that this 
critical temperature can be significantly reduced due to 
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biaxial strain and also the miscibility gap can be 
suppressed [15].  Therefore, In phase separation can be 
controlled by managing biaxial strain, using a strained 
system of InGaN/GaN [14].  It is critical to eliminate phase 
separation the phase separated material with the lowest 
band gap dominates the VOC of the solar cell.

P-type doping 

Achieving p-type conductivity in InGaN alloys is 
difficult partly due to a high background concentration of 
donors that arise from native defects.  P-type GaN can be 
achieved by improving the structural quality of GaN, but is 
limited to <1018 cm-3 hole concentration due to the deep 
activation energy of acceptors [16].  Compared with GaN, 
InGaN has been shown to possess higher background 
donor concentrations of ~1019 cm-3; these donors 
compensate intentionally added acceptors [17].  For In 
compositions greater than 32% p-type conductivity over 
the entire sample has not yet been reported, indicating 
that growth of p-type InGaN is difficult.  However, solar 
cells using heterostructures can be designed using higher 
band gap InGaN as the p-type region.  This design has the 
additional advantage that light absorption is enhanced in 
the field region, with the p-type layer acting somewhat as a 
window layer.

Piezoelectric polarization and band bending

A unique feature for the III-nitrides is strong 
polarization and piezoelectric effects [5,6].  These are 
highly polar molecules, and hence, develop a large dipole 
at interfaces between the materials inducing an electric 
field in the bulk region between two surfaces.  
Piezoelectric fields may also be induced in the material by 
strain from lattice mismatch. The high piezoelectric 
coefficients modify the surface potentials and generate 
electric fields across the materials, and hence are critical 
in the interpretation of transport properties of the material 
[18].  This phenomenon tends to enhance transport of 
carriers potentially moderating the effect of high 
dislocation densities.

A consequence of polarization is the strong band 
bending at junctions of the III-Nitride materials.  This band 
bending may be used to reduce surface recombination 

velocities enhancing the performance of the solar cell.  
However, band bending at the junctions in heterojunction 
InGaN solar cells tend to create barriers and wells that 
restrict minority carriers from diffusing and being collected 
as shown in Figure 1.  This effect, caused by an abrupt 
heterojunction interface, can be nullified using a graded 
heterojunction transition as shown in the figure.  

Lifetime and diffusion lengths

Diffusion lengths, which in turn relate to the minority 
carrier lifetimes, are a critical parameter in the solar cell 
performance.  The III-Nitrides demonstrate a very low 
diffusion length due to high dislocation densities; the best 
reported lifetimes are around 6.5ns [19,20].  However, the 
transport of minority carriers is enhanced due to 
polarization fields within the material.  Moreover, as the III-
Nitrides have a high absorption coefficient, very thin layers 
of the material are sufficient to absorb most of the light.  
Hence, the short diffusion lengths are adequate for 
photocarrier collection.

Ohmic contact to p-InGaN

One of the major challenges in the III-Nitride 
technology is to form a low resistance Ohmic contact with 
p-type material.  Due to the high work-function of p-InGaN, 
no readily available metal can form an Ohmic contact with 
it.  However, recently developed metallurgical junctions 
have achieved specific contact resistances as low as  
10-4Ω/cm2 [21].  Through band gap engineering, a short-
period superlattice (SPS) structure can be grown that 
combines the p-type layer with the well material to form an 
Ohmic contact [22].  This kind of a structure also enhances 
lateral transport of the carriers improving collection 
probability.

Substrates

The III-nitrides typically crystallize in a wurtzite crystal 
structure, unlike Si, Ge, and GaAs which crystallize in a 
diamond or zinc-blend structure. Sapphire is the most 
commonly used substrate for the growth of wurtzite GaN.  
However, due to the large lattice and thermal mismatches
between sapphire and III-Nitrides (16% for GaN on 
sapphire and 29% for InN on sapphire), epitaxial films on 
sapphire result in dislocation densities typically in the 107-
1010 cm-2 range. Other substrates are SiC and ZnO which 
provide better lattice match, but nevertheless have similar 
dislocation densities. However, the III-Nitrides have an 
apparent insensitivity to high dislocation densities due to 
strong polarization within the material.  Moreover, sapphire 
substrates, due to superior mechanical and optical 
properties, can be used as an encapsulant material for a 
flip-chip solar cell.

DEVICE DESIGN 

GaN LED and photodetector structures are taken as a 
starting point for design of GaN solar cells.  These 
structures include standard GaN p-i-n diodes, GaN p-i-n 
with InGaN quantum-wells (QW) and GaN p-i-n with 
InGaN as the i-region.  The structures are modified to 
optimize light absorption, instead of emission as in LEDs, 

Fig. 1. Simulated band diagram of GaN/In0.5Ga0.5N graded 
and abrupt heterojunction under forward bias.
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and collection without any external bias, contrary to 
conventional photodetector structures.  The p- and n-
regions are consistently doped at 5x1017 cm-3 and 5x1018 

cm-3, respectively, to comply with optimized growth 
settings from previous experiments.

The literature indicates a high absorption coefficient 
for InGaN (>105 cm-1 at the band edge).  As a result, the 
material absorbs more than 95% of the incident light within 
the first 300 nm and more than 99% within the first 500 
nm.  Hence, the total thickness of the device is limited to 
500 nm.

The solar cells are designed to optimize light 
absorption in the field-bearing i-region for maximum 
collection.  However, due to a background n-type 
concentration of 1016 cm-3 present in i-InGaN, the electric 
field within this region is maintained only up to a certain 
distance from the p-GaN interface, after which it effectively 
becomes zero.  PC1D simulations of the device indicate 
that an effectively uniform electric field is maintained only 
within the first 200 nm of the i-region as shown in Figure 2.  
A 200 nm thick i-region yields an average electric field of 
about 40 kV/cm.  Hence, the thickness of the i-GaN layer 
in the solar cell is limited to 200 nm.

The thickness of the p-region is to be minimized so 
that most of the light is absorbed by the i-region.  
However, the p-region should be thick enough to provide 
enough charge for the depletion region as well as the top 
metal contact.  Samples grown previously by MOCVD 
measured minority hole and electron diffusion lengths of 
0.2 µm and 1.44 µm, respectively, restricting the thickness 
of the n- and p-regions to these values.  Hence, the p-
region thickness is chosen as 100nm, while the metal 
contact at the n-region is determined to be at a distance of 
200 nm from the i-region.

These design rules can be applied to similar InGaN  
p-i-n structures as well as heterojunction devices.  The i-
GaN layer can be replaced by novel materials like InGaN 
to test for photovoltaic properties.  Difficult to grow 

materials can be pseudomorphically grown as quantum 
wells to form structures similar to quantum-well solar cells.

GROWTH OF InGaN

InGaN with In concentrations ranging from 0 to 40% 
are grown on a standard 2” sapphire wafer by MOCVD.  
The in-situ reflective measurement data of a typical InGaN 
growth process is shown in Figure 3.  First, a low 
temperature GaN nucleation layer is grown on the 
sapphire substrate to stop the propagation of defects 
arising from lattice mismatch with sapphire into the InGaN 
growth on top.  Then a 2-µm thick high-quality GaN 
template is grown, which minimizes the lattice mismatch 
for the InGaN grown for characterization.

The motivation for these growths is to produce low 
band gap InGaN that is suitable for use in photovoltaics.  
Precise control of the composition, thickness, uniformity 
and doping levels is investigated.  The variables optimized 
during InGaN growth are temperature and gas flows, 
which primarily govern the growth rate.  The structural 
composition of the grown material is verified with X-ray 
diffraction (XRD), while its corresponding band gap is 
verified by its photoluminescence (PL).

Additionally, the solar cells designed earlier are also 
grown to characterize for material quality as well as device 
performance.  Solar cells are grown on u-GaN buffer 
layers as well as on a 500-nm thick AlN template.  As AlN 
does not effectively absorb light, this template can be used 
for back-side illumination devices, where light is incident 
on the substrate-side of the solar cells.

FABRICATION OF InGaN SOLAR CELLS

Preliminary p-i-n structures similar to those shown in 
Figure 4 are grown by MOCVD.  The i-GaN is replaced by 
i-InxGa1-xN with x=0.04, 0.05.  Quantum-well solar cells are 
grown by incorporating 5 quantum wells of 5-nm-wide 
In0.1Ga0.9N separated by 10-nm-wide GaN barriers in the i-

Fig. 3. In-situ reflective measurement data of a typical 
InGaN growth by MOCVD.

Fig. 2. Energy bands of a GaN p-i-n solar cell calculated in 
PC1D indicating an effective electric field within the first 
200 nm of the i-region.
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region.  Finally, a p-i-n structure is grown on a 500-nm u-
AlN template.

First, an isolation etch to isolate each device and then 
a mesa etch to expose the n-region for contact is 
performed using a PlasmaTherm ICP etching tool.  Then a 
5-nm-Ni/5-nm-Au layer is deposited to form a current-
spreading layer on the p-GaN by electron-beam 
evaporation.  An n-Ohmic contact layer is formed by 
depositing 10-nm-Ti/30-nm-Al/10-nm-Ti/50-nm-Au.  
Finally, a 50-nm-Ni/50-nm-Au thick deposition is made on 
the p-current spreading layer for external contacts.  As Ni 
forms a Schottky contact with p-GaN, the p-current 
spreading layer is annealed in an O2 ambient to convert 
the Ni to NiOx.  The n-Ohmic contact is also annealed in a 
N2 ambient to form TixNy and AlxNy compounds that 
reduce contact resistance.  

Solar cells of sizes ranging from 1 mm x 1 mm to 5 
mm x 5 mm are fabricated.  Two designs to contact the p-
GaN layer are tested as shown in Figure 5.  The first 
design consists of a spread-out p-current spreading layer, 
which is commonly used for LEDs.  However, calculations 
show that this layer can absorb up to 50% of the incident 
light.  Hence, a second design for contacting p-GaN is 
used where the p-current spreading layer is deposited in 
the form of grids.

RESULTS

Growth

InxGa1-xN with x ranging from 0 to 0.4 is grown 
primarily to check the suitability of the material for 
photovoltaic applications.  Figure 6 gives the 
comprehensive XRD patterns of InGaN to verify its In 
composition and structural quality.  A distinct GaN (0002) 
peak for the template is seen at θ = 17.28°, while the 
InGaN (0002) peaks give the respective In composition.  
The XRD shows a good crystalline quality for InGaN with 
higher In compositions, while a deterioration is observed 
for In compositions greater than 30%. Additional In (101) 
peaks are observed indicating a small amount of
segregated In droplets.  

The material is further characterized for optical 
consistency and phase separation by PL.  Figure 7 
summarizes the optical band gaps, derived from PL peaks, 
for various In compositions in InGaN, derived from XRD 
data.  The primary PL peaks indicating the optical band 
gaps match closely to previously measured band gaps by 
Nakamura et al [23].  However, a few samples show 
secondary PL peaks indicating the presence of a phase-
separated InGaN.  The presence of phase separated 

Fig. 7. PL emission energy versus In composition for 
InGaN grown by MOCVD.

Fig. 4. A fabricated GaN p-i-n solar cell structure.

Fig. 5. (a) LED style and (b) grid designs used to contact 
the solar cells. 

Fig. 6. XRD data for InGaN with variable In compositions 
grown by MOCVD.
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InGaN is more evident at higher In compositions as PL 
intensity for the secondary phase emission increases for 
these In compositions.

Material characterization results show that In 
composition in InGaN is primarily determined by the 
growth temperature.  Increasing the temperature while 
decreasing the In-carrier gas flow rate suppresses the PL 
emission from the secondary phase-separated material.  
Growth rate is enhanced by increasing the Ga-carrier gas
flow rate, but deteriorates crystal quality.  

Device

The InGaN is further characterized through the device 
data.  Spectrometry measurements of In0,05Ga0.95N in a 
solar cell confirm its absorption edge at the band gap of 
3.26 eV, as shown in Figure 8.  The high absorption 
coefficient of greater than 105 cm-1 is confirmed for the 
material. 

The p-type current-spreading layer deposited on the 
front surface of GaN is characterized for absorption and 
reflection.  This layer reflects 20-30% and absorbs up to 
50% of the incident light depending on the Ni and Au 
compositions.  The reflection and absorption of this layer 
decreases after oxidizing by annealing in O2.

The illuminated I-V curve for the GaN p-i-n solar cell, 
with a p-type current-spreading layer similar to that in 
LEDs, is shown in Figure 9.  Even though In0.05Ga0.95N is 
incorporated as the i-region of the device, phase-
separated InGaN with band gap of 2.8 eV dominates the 
VOC of the device.  These solar cells give a VOC of around 
2.4 V under UV illumination.  Although the devices 
contacted using a grid pattern give higher VOC’s, they 
encounter a Schottky barrier at the metal contact, 
increasing the series resistance and decreasing the overall 
efficiency of the cell.

The internal quantum efficiency (QE) measurements 
shown in Figure 10 indicate a QE of 60% at the band 
edge.  The sharp QE edge is consistent with the band gap 
indicated by XRD, PL and the absorption edge of the 
material discussed earlier.  Absorption of light by the p-
type current-spreading metal layer is the major loss 

mechanism in the QE.  Moreover, the heterojunction 
interfaces act as recombination sites decreasing the 
photocurrent.

DISCUSSION

Methods to increase the VOC and QE of the GaN and 
InGaN solar cell are investigated.  As the phase-separated 
material dominates the VOC of the solar cell, growth of 
InGaN has to be optimized using the observations 
mentioned earlier.

The intrinsic region of the solar cell contributes to the 
series resistance to a large extent, which measures up to 
30 Ω.  PC1D simulations show that although removing this 
intrinsic region decreases the JSC of the cell, it enhances 
the efficiency by increasing the VOC by a higher order of 
magnitude.  The JSC can be enhanced further by 
introducing light trapping.  Simulations also indicate that 
removing the GaN/In0.05Ga0.95N heterojunctions increase 
the QE of the solar cell by about 15%.

Schottky barriers formed at the p-GaN/Ni interface 
tend to decrease photocurrent and VOC of the device.  
Moreover, the p-type current-spreading layer absorbs a 
significant fraction of the incident light.  Hence, the p-GaN 
contacting scheme is a crucial component in reducing 
losses for the solar cell.  In addition to optimizing the 
metallurgical junctions formed by annealing, advanced 
nanostructures like the SPS structures can also be used.  

Fig. 9. I-V characteristic of a GaN p-i-n solar cell with 
In0.05Ga0.95N as the i-region.

Fig. 10. QE for the GaN p-i-n solar cell with In0.05Ga0.95N as 
the i-region.Fig. 8. Absorption coefficient of In0,05Ga0.95N at its band 

edge.
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CONCLUSION

Various aspects of the InGaN material for applications 
in high-efficiency photovoltaics are discussed.  A 
systematic study of the MOCVD growth of InGaN with In 
compositions varying from 0 to 40% is performed.  InGaN, 
with up to 30% In composition, is shown to demonstrate 
structural and optical characteristics suitable for 
photovoltaics.  Fabricated GaN/InGaN devices using this 
material give a consistent VOC of 2.4 V and IQE as high as 
60%.  Moreover, methods to further increase the 
performance of these solar cells are investigated and 
discussed.
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