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a b s t r a c t

A gallium phosphide photovoltaic junction is reported. Using a n–p structure, a gallium phosphide

junction is grown on a gallium phosphide substrate by molecular beam epitaxy. Junction design is

presented with measurements of the dark and light response. The light current was measured under an

illumination of air mass (AM) 1.5. Without an anti-reflective coating, a Voc of 1.53 V and a Jsc of

0:959 mA=cm2 is achieved at one-sun AM1.5 global. A simulation of the junction is presented with best-

fit parameters. Strategies for efficiency improvements are discussed which yield a simulated Voc of

1.93 V and an AM 1.5 efficiency of 14% at 20 suns. Justification of a 51.3% efficient, ideal, multi-junction

device is also presented.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Alternative energy sources, such as solar photovoltaics,
are regaining public attention. In order to reach efficiencies over
35%, solar cells must be multi-junction devices [1]. The overall
efficiency of a multi-junction device depends heavily on the
individual efficiencies of each junction for its portion of the
spectrum. In the pursuit of higher and higher efficiencies, a
suitable wide-bandgap junction must be designed that achieves
maximum energy conversion efficiency in the realm of the blue-
green to ultra-violet solar photons. Candidates for high-efficiency
junctions were investigated, revealing gallium phosphide (GaP) as
a good candidate.

GaP can be grown with diffusion lengths on the order of
microns [2] on GaP substrates. Recent developments in growing
III-V materials on Silicon and Germanium [3] provide a promising
future for growing GaP on less expensive substrates. The band
structure for GaP suggests that neither radiative recombination,
nor auger recombination will be a dominating mechanism [4].
The band structure of GaP is such that the direct band edge is
only 0.5 eV above the indirect band edge [5]. This yields high
absorption coefficients for much of the spectrum of interest.
Prior work from Sulima, et al. investigated AlGaP solar cells
for space applications [6]. The ability to grow single-crystal on a
GaP substrate, the ability to produce diffusion lengths on the
order of microns, and the high absorption coefficients of GaP
ll rights reserved.

.

make it a promising candidate for a wide bandgap photovoltaic
material.
2. Material and methods

2.1. Device growth and fabrication

The junction is grown by MBE. A highly doped buffer layer was
grown on a GaP substrate (Fig. 1). A 4:5mm p-type active region of
GaP doped 1� 1017 with Be. This was followed by a 0:5mm n-type
active region of GaP doped 1� 1018 with Si. The structure was
capped with a heavily doped 100 Å contact layer. No anti
reflection (AR) coating was used at this stage.

An annealed Au/Ge/Ni contact was used for the n-type contact.
A p-type Ni/Ti/Au contact was used for the back surface.

Cells were isolated by mesa etching to a depth of 2:2mm in
HCl : HNO3 : DI (1:1:10) at a rate of approximately 80 Å/s. The
resultant cells have an area of 0:185 cm2.
2.2. Device characterization

The light response measurement (Fig. 2) consisted of a Xenon
lamp with an AM1.5 filter at concentration of 1 sun, verified by a
silicon cell. The dark current is measured on the same setup as the
light current. The internal quantum efficiency (IQE) is measured
by filtering the Xenon lamp through a monochrometer, measuring
the short circuit current per wavelength, and correcting for
reflection and absorption. The spectrum power was measured
with a thermopile optical power meter.

www.elsevier.com/locate/solmat
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Fig. 2. AM1.5 response of the GaP cell. Voc ¼ 1:53 V Jsc ¼ 0:96 mA=cm2.

Table 1
Measured AM1.5 light response.

Voc (V) Jsc (mA/cm2) FF Efficiency

1.53 0.959 0.8 1.17%

0%

10%

20%

30%

40%

50%

60%

300

IQ
E 

(%
)

Wavelength (nm)

Simulation

Measured

350 400 450 500 550

Fig. 3. Internal quantum efficiency of GaP cell.

Table 2
Best fit parameters.

Layer d ND or NA ðcmÞ-3 tsrh ðsÞ m (cm2/V s)

n contact 150 Å 1� 1019 6� 10-12 78

n active 0:5mm 2:1� 1018-0:7� 1018 12:57� 10�6 72-125

p active 4:5mm 0:73� 1018-1� 1018 118:4� 10�12 64-59

p buffer 1mm 2� 1018 1� 10-12 66

Series resistance 60O
Shunt resistance 40 kO
ws2Fm 0.2 eV

Fig. 1. Structure of the baseline GaP photovoltaic cell.
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2.3. Device simulation

To assist in device design, device simulation was conduced
using a drift-diffusion based solar cell simulator, ADEPT-F [7].
Curve fitting was accomplished by starting with an assumed ideal
device, and logically modifying various parameters to account for
likely non-idealities.
3. Results

The n-type contact had a contact resistance of 6� 10-4O cm2

after annealing. The p-type contact had a contact resistance of
� 1O cm2. Further investigation is needed to improve the p-type
contacts.

The summary of the light response can be seen in Table 1. The
light response curve can be seen in Fig. 2. There was no anti-
reflective (AR) coating on the cell. The dark response curve can be
seen in Fig. 4. The internal quantum efficiency (IQE) can be seen in
Fig. 3.

The best fit parameters can be found in Table 2 where d

is the layer thickness, ND or NA is the doping concentration,
tsrh is the minority carrier lifetime due to Shockley-Read-Hall
recombination, and m is the minority carrier mobility.

3.1. Comparison to state of the art

The idealized 20 suns simulation, extrapolated from the 1 sun
model, can be dropped into the 6-junction stack designed by
Barnett et al. [8] in place of the 2.4 eV cell. Their ideal target
efficiency is 13.3% for the highest energy 2.4 eV cell. The simu-
lated ideal GaP cell achieves 12.2% efficiency at 20� concentration
without the use of a DBR. The limiting efficiency for single-
junction GaP predicted by Henry [1] is approximately 15%. This
drop from the ideal efficiency is partially due to the lack of
absorption of most of the photons of energies between the direct
and indirect band (2.78 and 2.26 eV, respectively) in the 5mm GaP
active region. If the photons between the direct and indirect
bandgaps were reflected back into the GaP, the resulting
efficiency can be expected to reach 14%, as seen in Table 4. For
the purpose of this evaluation, we will assume the photons not
absorbed on the first pass through the GaP are allowed to pass
through to lower bandgap cells.

Zbot ¼

R 2:4
2:26 FðEÞð1-e-aGaPðEÞ5 mmÞdE

R 2:4
0:7 FðEÞdE

ð1Þ

Ztot ¼ ZtopZ1þZbot

X6

i ¼ 2

Zi ð2Þ

To obtain a theoretical value for the maximum efficiency, we
can make two observations. The first observation is that the 5mm
GaP cell is 1.1% less efficient than the optimal 2.4 eV cell over
the whole AM1.5 spectrum. The second observation is that the
spectrum available to the lower cells is reduced by 1.42%. Eq. (1)
expresses this where FðEÞ is the AM1.5 spectral irriadiance as a
function of energy. If we let Zi be the ideal target efficiency of each
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of the 6 cells in [8], and Ztarget ¼
P

Zi, Eq. (2) represents an
estimate of the expected efficiency of the stack substituting a GaP
cell for the optimal 2.4 eV cell. Compared to the ideal target, we
can reduce the top cell’s efficiency by a factor of Ztop, which is the
fraction of a GaP cell’s efficiency to the ideal top cell efficiency.
Since the mid and low energy cells have a different spectrum
compared to the optimized 2.4 eV case, a factor of Zbot, which is
the fraction of the spectrum available to the lower cells compared
to the ideal case, can be employed. The most notable changes
would be to the mid-gap cells. Zbot assumes all necessary
adjustments for optimization to the GaP filtered spectrum do
not reduce the sum of the bottom cells’ efficiencies by more than
Zbot. The results are summarized in Table 3.
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4. Discussion

The best-fit simulation is helpful in revealing limiting flaws in
the cell. The IQE measurement gives a good indication of problem
areas in the cell. Problems in the short wavelengths are indicative
of either front surface or n-type material quality issues. Problems
in the longer wavelengths are indicative of either rear surface
or p-type material quality issues. The threshold of ‘‘long’’ and
‘‘short’’ wavelengths for GaP are the direct band edge at about
2.76 eV (approx. 450 nm) the indirect band edge at 2.26 eV
(approx. 550 nm).

Best-fit simulation parameters can be found by assuming the
short wavelength response is limited by surface recombination,
and the long wavelength response is limited by minority carrier
diffusion lengths in the p-type region. This does not account for all
of non-idealities in the device. The energy band diagram best fit
for the front surface can be seen in Fig. 5. All minority carriers
generated within the front surface drift field are assumed lost.

Another parameter that differs from the ideal is the doping
concentration as a function of position. The best-fit parameters
vary the doping throughout the device, with the lower concen-
trations for each active region being closest to the junction. This
has the effect of increasing the collection efficiency by inducing
drift fields, while lowering Voc due to the lower average doping in
the active regions. The best fit doping profile linearly varies from
ND¼ 2:1� 1018 to ND¼ 0:7� 1018 in the n-type active region,
and NA¼ 0:73� 1018 to NA¼ 1� 1018 in the p-type active region.
This doping grading augments the diffusion length in the p-type
active region, allowing more collection than would otherwise be
possible.
Table 3
Estimating GaP stack efficiency.

Ztarget
P6

i ¼ 2 Zi
Ztop Zbot Ztot

53.5% 40.4% 91.7% 98.6% 51.3%

Table 4
Simulation results.

Voc (V) Jsc (mA/cm2) Conc. ZAM1:5 g (%) Condition

1.53 0.959 1a 1.2 No AR

1.57 1.96 1 2.6 With AR, no series or shunt

1.81 5.99 1 10.0 Improved front surface and

1.86 120 20 11.8 Improved front surface and

1.93 136 20 12.2 Improved front surface and

1.93 156 20 14.0 Improved front surface and

a Intensity decreased by 4%.
The mobility plays the largest role in the p-type active region.
The mobility largely comes into play in determining the diffusion
length of the electrons which affects carrier collection and
diffusion current. The other major factor in carrier collection is
the minority carrier lifetime. For the p-type active region, the
minority carrier lifetime is much poorer than expected [5,2]. Since
negligible recombination occurs in the n-type active region, the
best-fit lifetime and mobility in said region are of no benefit in
analysis.

Taking the measured quantum efficiency of the cell and
calculating the expected Jsc of AM1.5 g yields a value slightly
higher than measured on the AM1.5 simulator. This discrepancy is
well within reason for purposes of designing improvements to the
cell. Table 4 uses AM1.5 g reduced by 4% in the best-fit simulation
case. This discrepancy suspected to be from shadowing from the
device contacts.

The final fitting parameters of consideration are the shunt and
series resistance. These parameters control the shape of the light
IV curve [9]. Fitting the light response shape yields a best-fit shunt
resistance of 40 kO and a series resistance of 60O. Optimizing this
fitting parameter with the previous ones yields the curves in
Figs. 2 and 3.

The curve fitting parameters do not give a unique solution.
There may be other configurations of thicknesses, dopings,
lifetimes, and mobilities that give a similar fitting. The curve
fitting parameters appear to reveal the need for front surface
passivation and improvement in the quality of the p-type
material.

The predicted dark current response closely matches the data,
as seen in Fig. 4. Taking out resistive effects reveals a strong n¼ 2
ideality factor, which is common for wide-bandgap materials.
The simulation for the dark response matches well in the region of
interest (the corresponding voltages for Voc and max power). The
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Fig. 4. Dark response of the GaP cell.
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p-type, with AR, no series or shunt resistance, passivating back surface

p-type, with AR, no series or shunt resistance, passivating DBR on back surface
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Fig. 5. Energy band simulation of best-fit GaP junction. X-axis is logscale to

highlight front surface.
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low bias measurement does not match the simulation. Asside
from the simulated dark current and effects of series resistance,
an extra current is included to fit the lower bias regime in Fig. 4.
A rough fit for this extra current can be seen in Eq. (3) where
Jfit ¼ 2:930� 10-6 and m¼ 6. This deviation is believed to be due
to effects of traps, which are assumed mid-gap in the simulation.
Full investigation of low bias simulation matching is left for future
work.

J¼ V � JfitV
m ð3Þ

Taking the simulations a step further where the front surface is
passivated by a barrier, and the p-type material growth quality
is improved, and a distributed Bragg reflector (DBR) is added
to the back surface, expected results are summarized in Table 4.
Improvements in carrier collection (front surface passivation,
p-type lifetime improvement, and rear surface passivation) have
the largest effect on the overall efficiency.
5. Conclusion

Simulation has yielded good insight to the limiting character-
istics of a GaP solar cell. Fitting shunt resistance, series resistance,
doping profile, and material lifetime has yielded good agreement
with laboratory results. A Voc of 1.53 V and a Jsc of 0:959 mA=cm2

were successfully demonstrated and matched in simulation. Front
surface recombination and p-type material quality are believed to
be the limiting factors in improving cell efficiency.
To improve front surface characteristics, heterojunction caps
have been used on similar materials [10]. AlGaP forms a Type II
heterojunction with GaP, making it ideal for use as a hole blocker.
High quality ZnS has been grown on GaP [11] and provides
another option for front surface passivation.

To improve the p-type material, a superlattice diffusion barrier
[12] consisting of AlGaP-GaP layers is being investigated for use
between the substrate and the epi-layer. This superlattice can also
be tuned as a DBR to only reflect the photons of energies between
the direct and indirect band gap.

Fixing the issues in the GaP cell can help lead to multi-junction
stack efficiencies of greater than 50%.
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