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The solar power conversion efficiency of compositionally graded InxGa1�xN solar cells was simulated

using a finite element approach. Incorporating a compositionally graded region on the InGaN side of a

p-GaN/n-InxGa1�xN heterojunction removes a barrier for hole transport into GaN and increases the cell

efficiency. The design also avoids many of the problems found to date in homojunction cells as no p-

type high-In content region is required. Simulations predict 28.9% efficiency for a p-GaN/n-InxGa1�xN/

n-In0.5Ga0.5N/p-Si/n-Si tandem structure using realistic material parameters. The thickness and doping

concentration of the graded region was found to substantially affect the performance of the cells.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

InxGa1�xN alloys feature a bandgap ranging from the near
infrared (0.7 eV) to the ultraviolet (3.4 eV) [1,2]. This range
corresponds very closely to the solar spectrum making InxGa1�xN
alloys a promising candidate for radiation-resistant multi-junc-
tion solar cells [3]. Furthermore, it has been shown that InxGa1�xN
can be grown directly on Si substrates by a low temperature
process, providing the potential for cheap multi-junction solar
cells [4]. Previous simulations have shown that double-junction
InxGa1�xN/Si cells could have efficiencies as high as 31% [5].

InxGa1�xN solar cells have been fabricated by a number of
groups although only for Indium compositions less than 30%
[6–9]. One of the main challenges towards increasing the Indium
content in these cells is p-type doping. P-type doping has only
recently been established for InN and has been verified by
electrochemical capacitance voltage measurements [10], variable
magnetic field Hall effect [11] and thermopower [12]. The
difficulty in doping InN p-type is believed to come from
compensation by native defects. The Fermi-stabilization level
[13] lies above the conduction band of InxGa1�xN for Indium
compositions greater than�40%, causing native defects in
InxGa1�xN to act as donors which pin the surface Fermi level in
the conduction band [14]. In addition, in p-type InxGa1�xN with
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x460%, a surface inversion layer forms preventing direct contact
to the p-type bulk [15,16]. These difficulties limit the range of
compositions available for fabricating solar cells.

One method around these problems is to use p-GaN/n-
InxGa1�xN heterojunctions instead of a homojunction [6,8,9,17].
In this design, a highly conductive p-type GaN layer provides the
hole contact while absorption takes place in the lower bandgap
InxGa1�xN layer. Furthermore, the GaN functions as a natural
window layer reducing surface recombination. Highly conductive
p-type GaN layers with resistivities lower than 1.3 O cm have
recently been grown, which could provide a low-resistance
window layer [18]. However, as will be shown in this paper, a
p-GaN/n-InxGa1�xN heterojunction has a valence band disconti-
nuity that increases with Indium content. This discontinuity
restricts photo-generated holes from crossing the heterojunction,
lowering the device efficiency.

In this paper, we evaluate the effect of inserting a graded
InxGa1�xN region between a p-GaN/n-InxGa1�xN heterojunction.
Compositional grading has been shown experimentally to remove
band discontinuities at heterointerfaces [19]. The design is
technologically feasible, as it has been shown that graded
InxGa1�xN layers can be grown over the entire composition range
using the Energetic Neutral Atom Beam Lithography and Epitaxy
(ENABLE) process [20]. Compositional grading in solar cells has
previously been considered in the AlxGa1�xAs materials system,
where it was found to reduce surface recombination losses
[21,22]. Grading has also been used in CuInxGa1�xSe2 cells to
increase the efficiencies in thin devices [23]. However, the design
considered in this paper differs as the graded layer is confined
within the depletion region in order to remove the valence band
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Table 2
Fitting parameters used to calculate the absorption coefficient of InxGa1�xN alloys.
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discontinuity. We show that incorporating graded layers of
InxGa1�xN into devices allows the production of efficient high
Indium content solar cells.
Indium composition a b

1 0.69642 0.46055

0.83 0.66796 0.68886

0.69 0.58108 0.66902

0.57 0.60946 0.62182

0.5 0.51672 0.46836

0 3.52517 �0.65710
2. Properties of InxGa1�xN used in simulations

The dielectric constant (es), electron effective mass (me), hole
effective mass (mh), bandgap (Eg), electron affinity (Ea), minority
electron lifetime (te) and minority hole lifetime (th) parameters
used in the simulation are summarized in Table 1. For a p-GaN/n-
InxGa1�xN heterojunction solar cell, the minority hole lifetime
strongly affects the overall efficiency since most of the light
absorption occurs in the n-type layer. Hole lifetimes as high as 6.5
and 5.4 ns have been observed in GaN and InN [31,32]. However,
InxGa1�xN alloys are likely to have lower lifetimes due to
compositional fluctuations, and therefore a 1 ns minority hole
lifetime was assumed.

The electron and hole mobilities were calculated as a function
of doping using [29]:

miðNÞ ¼ mmin;iþ
mmax;i�mmin;i

1þ N=Ng;i

� �gi
; ð1Þ

where i represents either electrons (e) or holes (h), N is the doping
concentration and mmin, mmax, g and Ng are parameters specific to a
given semiconductor [29]. The values used in the simulations are
given in Table 1. InxGa1�xN electron mobilities were taken as a
linear interpolation between the GaN and InN values. This
approach ignores the effects of alloy disorder scattering, which
reduces the electron mobility. However, as most of the incident
light will be absorbed in the n-type region, the electron mobility
will not strongly affect the simulation results.

In the absence of experimental data on hole mobilities in
InxGa1�xN alloys, the maximum InN hole mobility was assumed
to be twice that of GaN, based on the assumption that the hole
effective mass in InN is half that of GaN. Once again, this approach
ignores the effect of alloy scattering, which would reduce the hole
mobility. The hole mobility, along with the minority carrier
lifetime, will determine the minority carrier diffusion length
which in turns affects the device efficiency.

Wavelength-dependant absorption coefficients for InxGa1�xN
alloys were taken from literature for Indium compositions of 1,
Table 1
Properties of GaN and InN used in the simulations. The note describes whether the

InxGa1�xN alloy properties were determined using a linear interpolation or if a

bowing parameter was used. The mobility model is described by Eq. 1 in the text.

Property GaN InN Note

es/e0 8.9 [24] 10.5 [25] Linear interpolation

me/m0 0.2 [24] 0.05 [26] Linear interpolation

mh/m0 1.25 [27] 0.6a Linear interpolation

Eg (eV) 3.42 [2,28] 0.7 [2,28] 1.43 bowing

Ea (eV) 4 [2,28] 5.6 [2,28] 0.8 bowing

te (ns) 1 1

th (ns) 1 1

mmin,e (cm2V�1s�1) 55 [29] 30 [30]

mmax,e (cm2V�1s�1) 1000 [29] 1100 [30]

ge 1 [29] 1 [30]

Ng,e (cm�3) 2�1017 [29] 8�1018[30]

mmin,h (cm2V�1s�1) 3 [29] 3

mmax,h (cm2V�1s�1) 170 [29] 340b

gh 2 [29] 2

Ng,h (cm�3) 3�1017 [29] 3�1017

a Little experimental data is available for the hole effective mass so a value of

0.6 was used.
b The maximum hole mobility was assumed to be twice that of GaN, based on

the estimated effective hole mass of InN being half the value of GaN.
0.83, 0.69, 0.57, 0.5 and 0 [1,33]. The data was then fit to the
equation

aðEÞ ¼ 105
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aUðE�EgÞþbUðE�EgÞ

2
q

cm�1; ð2Þ

where E is the incoming photon energy given in eV and a and b are
dimensionless fitting parameters. The fitting parameters used in
the simulation are shown in Table 2. A linear interpolation was
used to find the fitting parameters over the entire composition
range. In this manner, the wavelength-dependant absorption
coefficient was determined for all alloy compositions. This allows
the absorption coefficient to vary in each layer of the simulated
device based on the local Gallium concentration.
3. Simulation results

The semiconductor finite element analysis software APSYS was
used to simulate the InGaN heterojunction solar cells. The
software self-consistently solves the Poisson and carrier drift-
diffusion equations, and allows for compositionally dependant
material parameters. Some assumptions were used to reduce the
number of adjustable material parameters. First, InGaN has the
wurtzite crystal structure and therefore both piezoelectric and
spontaneous polarization, which can affect the charge distribution
within each layer [17,34]. These effects were not included as it is
difficult to make general statements about the strain in each layer,
particularly when graded layers are used. Second, the Fermi level
at the InGaN/GaN interface was assumed to be un-pinned. While
there is no experimental evidence of pinning at this interface,
several studies have shown surface states lead to surface
inversion layers in p-type InxGa1�xN (x40.49) [16]. Therefore,
interface defects could also pin the interface Fermi level.
Reflection and light trapping effects were also not included in
the simulation. Reflection losses would serve to reduce the overall
efficiency while light trapping would increase the efficiency by
increasing the absorption probability for the light entering the
cell. Surface recombination losses were also not considered,
although they are likely to be low as the p-GaN top layer is used
as a window layer. Fig. 1 illustrates this by showing the optical
carrier generation as a function of depth through a GaN/
In0.5Ga0.5N heterojunction where the top layer is 100 nm and
the bottom layer is 1 mm. Very few carriers are generated in the
top 100 nm of GaN, as a low percentage of the AM 1.5 spectrum is
above the bandgap of GaN. This is beneficial as the minority
carrier properties of the GaN can be poor without affecting the
solar cell efficiency.

Fig. 2 shows the calculated band diagram and I–V curve for a p-
GaN/n-In0.5Ga0.5N (Eg=1.7 eV) structure. This particular bandgap
would be well suited for a high-efficiency InGaN/Si double-
junction cell [5]. However, a sharp valence band offset can be seen
at the interface between the two layers. This valence band offset
prevents minority holes generated in the In0.5Ga0.5N layer from
crossing into the p-GaN layer. Therefore, the current generated in
such a structure only comes from the absorption in the GaN layer.
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This leads to a very small short-circuit current and an AM 1.5
efficiency of 0.35%.

Fig. 3 shows the efficiency, short-circuit current and fill factor
as a function of Indium composition for the p-GaN/n-InxGa1�xN
structure. Initially, the increase in Indium composition leads to a
higher short-circuit current and efficiency due to the decreasing
bandgap of the absorbing layer. The efficiency peaks at 13.4% at a
composition of roughly In0.35Ga0.65N, after which it falls steeply as
the valence band discontinuity becomes too large for minority
Fig. 1. Optical carrier generation rate as a function of distance through a p-GaN/n-

In0.5Ga0.5N cell under AM 1.5 illumination. The GaN (In0.5Ga0.5N) layer is 100 nm

(1 mm) thick.

Fig. 2. (Left) Band diagram of a p-GaN/n-In0.5Ga0.5N structure (first 300 nm shown) un

photo-generated current originates solely from the p-GaN layer.

Fig. 3. (Left) Calculated AM 1.5 efficiency of a single-junction p-GaN/n-InxGa1�xN struct

Fill factor and short-circuit current versus Indium composition.
hole collection. The band diagram for a GaN/In0.35Ga0.65N cell
looks very similar to that in Fig. 2 except the valence band
discontinuity is smaller. For Indium concentrations above 50%, the
discontinuity is too severe for minority holes to overcome and all
of the electron-hole pairs generated in this layer are lost to
recombination. The rapid drop in short-circuit current in this
composition range stems from the valence band discontinuity
blocking the collection of minority holes generated in the InGaN
layer. At roughly the same Indium composition, the fill factor
exhibits a sharp dip due to the increasing series resistance of the
cell which is a result of the valence band discontinuity. The fill
factor then rises back to its original value, as the only contribution
to the photocurrent comes from minority electrons in the p-GaN
layer. The efficiency and short-circuit current for this structure are
roughly constant above 50% Indium.

The composition at which the valence band discontinuity
affects minority carrier collection is determined primarily by the
choice of valence band offset between InN and GaN. A wide range
of values from 0.5 eV [35] to 1.1 eV [36] have been determined
from experimental and theoretical approaches making it difficult
to pinpoint the composition at which this effect will dominate the
I–V characteristics [2]. If the valence band offset is significantly
smaller than 1.1 eV (the value used in this paper), a higher
Indium composition could be incorporated into the heterojunc-
tion design.

To remove the valence band discontinuity, a graded
n-InxGa1�xN region was inserted between the p-GaN and
n-In0.5Ga0.5N layers. The graded layer is incorporated into the
simulation as 40 discrete layers with a linear change in Gallium
composition between each layer. Fig. 4 shows the band diagram
of a p-GaN/n-InxGa1�xN/In0.5Ga0.5N structure. The top, middle
and back layers are 100 nm, 50 nm and 1 mm thick, respectively.
The doping concentration in the n-type layer is 1�1017 and
5�1018 cm�3 in the p-type layer. The valence band discontinuity
der zero bias. (Right) I–V curve for the structure under AM 1.5 illumination. The

ure versus Indium composition. The structure is the same as given in Fig. 2. (Right)
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Fig. 4. (Left) Band diagram of p-GaN/n-InxGa1�xN/n-In0.5Ga0.5N structure (first 300 nm shown). The middle layer is graded from GaN at the top to In0.5Ga0.5N at the

bottom. (Right) I–V curve for the structure under AM 1.5 illumination.

Fig. 5. (Left) Efficiency of graded p-GaN/n-InxGa1�xN/n-In0.5Ga0.5N structures as a function of the graded layer thickness. Four different n-type doping levels are

considered. The top GaN layer is 100 nm and the bottom In0.5Ga0.5N layer is 1 mm thick. (Right) Band diagrams showing that a lightly doped thin graded region effectively

removes the valence band offset, but a heavily doped thick graded region introduces an electric field opposing minority hole collection (first 300 nm shown). This electric

field opposing minority hole collection is responsible for the decrease in efficiency with increasing layer thickness and doping.

Fig. 6. Efficiency of a graded p-GaN/n-InxGa1�xN/n-In0.5Ga0.5N structure versus

minority hole lifetime in the InGaN layer. The graded region is 50 nm thick with a

doping concentration of 1017 cm�3. The top GaN layer is 100 nm and the bottom

In0.5Ga0.5N layer is 1 mm thick.
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present in Fig. 2 has been replaced with a smooth transition from
the Indium-rich to Gallium-rich side. Fig. 4 also shows the
simulated I–V curve for such a structure exhibiting a short-circuit
current of 18.7 mA/cm2, roughly 50 times higher than the
ungraded structure in Fig. 2. The large increase in current is due
to the removal of the valence band discontinuity, which increases
the collection efficiency in the In0.5Ga0.5N. The corresponding AM
1.5 efficiency for this structure is 17.8%.

One of the most critical design aspects is the doping and
thickness of the graded InxGa1�xN layer. Fig. 5 shows the change
in efficiency as a function of n-type doping concentration and
graded layer thickness. The highest efficiencies are achieved for
thin layers with low doping. Increasing the thickness of the
graded layer beyond the depletion region generates a quasi-
electric field that opposes minority carrier collection. Similarly,
increasing the doping of the graded layer decreases the depletion
region thickness and requires a much thinner graded layer to
achieve high efficiencies. Fig. 5 shows the band diagrams for two
structures representing a lightly doped thin layer and a heavily
doped, thick layer. In the case of the highly doped thick layer, the
grading introduces a barrier preventing photo-generated holes
from being collected.

Confining the graded layer within the depletion region is
therefore required for high-efficiency devices. However, this
limitation could be overcome by making the graded region p-
type. In this case, the electric field generated within the graded
region would actually improve minority carrier collection. How-
ever, this design may prove difficult in practice due to the
previously discussed difficulty in doping Indium rich alloys p-
type. Instead, it may be more realistic to focus on lowering the
background electron concentration in the graded layer. This too is
non-trivial due to the aforementioned propensity for n-type
doping in Indium-rich InGaN. Furthermore, if the interface Fermi
level were pinned close to the InGaN conduction band, the
depletion width would be decreased making it more difficult to
confine the grading-induced electric field.
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Fig. 7. (Left) I–V curve for a graded p-GaN/n-InxGa1�xN/n-In0.5Ga0.5N/p-Si/n-Si structure. (Right) Efficiency versus Indium composition of the top cell. The maximum

efficiency is roughly 28.9% at In0.5Ga0.5N, corresponding to a top bandgap of 1.7 eV.

G.F. Brown et al. / Solar Energy Materials & Solar Cells 94 (2010) 478–483482
The minority carrier lifetime is one of the most critical
parameters in determining the efficiency of a solar cell. As
discussed previously, experimental data for minority carrier
lifetimes does not exist across the composition range for
InxGa1�xN. Therefore, we simulated the effect that lower lifetimes
would have on device performance. Fig. 6 shows the effect of
minority carrier lifetime on cell efficiency. The large absorption
coefficient in the direct-bandgap InxGa1�xN causes the majority of
electron-hole pairs to be generated less than a diffusion length
away from the junction even for short minority carrier lifetimes. It
should be noted that the minority carrier diffusion length also
depends on the mobility of the carriers, therefore estimation in
these values leads to uncertainty in the simulation results.

One of the most promising applications for these graded InGaN
cells is in tandem cells. The tunability of the bandgap across the
entire solar spectrum allows for multiple InGaN cells to be
stacked on top of one another to increase device efficiencies [3,5].
Alternatively, InGaN can be grown directly on Si substrates
opening up the possibility for highly efficient, inexpensive
double-junction cells. An InGaN/Si tandem cell would have the
additional benefit of a natural tunnel junction between the p-Si
and n-InGaN, thereby eliminating the need for highly doped
regions in conventional multi-junction solar cells [4,5].

Fig. 7 shows the I–V curve for an InGaN/Si structure assuming a
minority carrier lifetime of 1 ms for Si and an electron (hole)
mobility of 130 (420) cm2 V�1 sec�1. These values were chosen to
represent high-quality Si. A simulated p-Si/n-Si cell using these
parameters resulted in an efficiency of 22.5%, which is typical of
high-efficiency Si cells [37]. Fig. 7 also shows how the
composition of the top InGaN cell affects the efficiency of the
entire device. A peak efficiency of 28.9% corresponds to an
In0.5Ga0.5N top cell where the photo-generated current in the
InGaN and Si layer match each other. In this design, the graded
InGaN layer again serves to eliminate the hole barrier and the
need for p-type doping of InGaN.

The 28.9% peak efficiency for this simulated double-junction
cell is comparable to high-efficiency InGaP/GaAs double-junction
cells, which can exhibit efficiencies over 30% [38]. The slightly
lower efficiency is due to a lower minority carrier diffusion length
assumed in the modeling; however these InGaN cells have the
benefit of utilizing Si as a cheaper substrate. Currently, p-GaN/n-
In0.12Ga0.88N/n-GaN heterojunction cells have achieved internal
quantum efficiencies close to 94%, further indicating high-
efficiency InGaN cells are achievable [8]. It is likely that increasing
the Indium content of the cells will also increase the dislocation
density within the active region, however high-efficiency InGaN
light-emitting diodes are achievable even when dislocation
densities are orders of magnitude higher than comparable AlGaAs
and AlInGaP devices [39].
4. Conclusions

Finite element simulations were used to simulate graded
p-GaN/n-InxGa1�xN heterojunctions. A graded layer inserted
between the heterojunction was found to eliminate the valence
band offset at the interface. The doping and width of the graded
layer had a profound effect on device efficiencies, where lightly
doped thin layers exhibited the highest efficiencies. Double-
junction graded InGaN/Si cells were also simulated using realistic
parameters resulting in device efficiencies above 28.9%. These
cells offer the potential of high conversion efficiencies combined
with low-cost substrates.
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