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Optimization of GaAs Solar Cell Performance
and Growth Efficiency at MOVPE Growth
Rates of 100 pum/h
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Abstract— 111-V devices outperform all other solar cells in
terms of efficiency. However, the manufacturing of these cells is
expensive and prevents their use in a number of applications
which would benefit from the high efficiency. A major
contribution to the cost is the metal-organic-vapor-phase epitaxy
process for the I11-V compounds. Increasing growth rates, and
hence machine throughput, as well as the growth efficiency are
important steps towards reducing the cost of 111-V solar cells. We
demonstrate the growth of GaAs solar cells at extremely high
growth rates of 100 um/h and achieve a Voc of 1.028 V, a base
diffusion length of 6.5 um and an efficiency of 23.6 % under
AM1.5g conditions. Furthermore, we show reactor adjustments
leading to growth rates up to 140 um/h and reach conditions
where more than half of the Ga from the precursor is
incorporated into the solar cell layers. The results are
encouraging and demonstrate a pathway towards lower cost 111-V
solar cell manufacturing.

Index Terms—III-V  semiconductor materials,
arsenide, high growth rates, MOVPE, OMVPE, solar cells

gallium

I. INTRODUCTION

he current world record conversion efficiencies of

46.1 % for a 4-junction cell at 312 suns [1] and of 28.8 %

for a single-junction cell under AM1.5¢g illumination [2] are

held by I11-V solar cells. Although they exhibit the highest

efficiencies, their high cost still limits their use to space
applications and concentrator photovoltaics.

The cost for Ill-V epitaxy needs to be decreased
significantly for it to be an economic alternative for
applications like terrestrial flat panels. One component of the
cost reduction is the development of ultrafast epitaxy
processes with efficient use of the precursors. At the same
time, a high material quality must be maintained.

Recent findings by Schmieder et al. show promising results
in this direction [3]. A gallium arsenide (GaAs) solar cell
grown at 60 pm/h achieved a V¢ of 1.011 V and an efficiency
of 23.8 %, only 0.8 %,, below the reference cell grown at
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14 um/h. The paper also suggests the EL2 defect as a possible
cause for this decrease.

Another group has grown GaAs solar cells at 80 um/h with
an n-doped base layer and no difference from a reference cell
grown at 20 pum/h [4].

In this work, we present growth conditions that lead to
GaAs growth rates up to 140 um/h and simultaneously
increase the growth efficiency for group Il molecules. The
material quality and homogeneity is investigated through
diffusion length measurements as well as other measurements.
These investigations are followed by solar cell results for
growth rates up to 100 pm/h.

Il. EXPERIMENTAL METHODS

All samples were grown by metal-organic-vapor-phase
epitaxy (MOVPE) in an Aixtron CRIUS Close Coupled
Showerhead (CSS) reactor in a 7x4* susceptor configuration
operated at 100 mbar. This reactor has a very short, adjustable
gas mixing distance between the gas inlet and the substrates.
The substrates are 4” GaAs (100) wafers with 6° offcut
towards the <111>B direction. The precursors and gases used
were trimethylgallium (TMGa), trimethylindium (TMIn),
trimethylaluminium (TMAI), arsine (AsHs), phosphine (PHs),
silane (SiH,;) and dimethylzinc (DMZn). The growth
temperature was between 640 °C and 770 °C, and the V/III
ratio for the GaAs layers was varied between 3 and 13, while
the reactor pressure was kept constant at 100 mbar. The
growth temperature was measured directly on the wafer
surface using a pyrometer and a wavelength of 950 nm.
Growth rate, doping concentration, surface roughness and
morphology were determined using high resolution x-ray
diffraction (HR-XRD), electrochemical capacitance-voltage
(ECV), and atomic force microscopy (AFM) measurements,
respectively. The AFM and HR-XRD measurements were
performed on a 400 nm GaAs grown on top of a 50 nm
AlGaAs layer.

Cathodoluminescence (CL) measurements were performed
to quantify the diffusion length using a Gatan CL-Setup in a
Hitachi SU-70 scanning electron microscope. Diffusion length
measurements were performed using the CL signal decay
perpendicular to a metal edge on top of p-doped GaAs double-
hetero (DH) structures (see Fig. 1A). Further details
concerning the method can be found in [5].
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In this structure, the p-GaAs target layer (red) is sandwiched
between two barriers to avoid interface recombination. A
strain balanced multi-quantum well layer stack is incorporated
between the semi-insulating substrate and the target layer to
prevent any photon coupling between them. This ensures that
only the target layer bulk diffusion length is measured. The
growth rate and V/11I ratio variations were applied only to the
target layer, whereas the growth temperature was kept constant
for the whole DH structure.
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Fig. 1. A) DH structures grown for CL-measurements to quantify the
diffusion length. Conditions were only varied for the p-GaAs target layer
(red). B) Structure of the solar cells grown within this work. Only the p-
GaAs base layer (red) was grown at different conditions. There is a 400 nm
highly n-doped GaAs layer below the top contacts.
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GaAs solar cells were investigated under different growth
conditions (see Fig. 1B). The growth rate and V/III ratio
variation were varied in the base layer only. The growth time
for this layer drops from 45 minutes to less than 2 minutes
when the growth rate is increased from 4 to 100 um/h. The
growth temperature was changed from the standard process for
the whole structure except for the last two layers. Window and
cap layer were always grown at 640 °C. For some of the solar
cells, a dual-layer anti-reflection coating (ARC) consisting of
Ta,0s/MgF, was applied. All of the solar cells were processed
in the cleanroom at Fraunhofer ISE and measured under the
AM1.5g spectrum using a LOANA measurement system.

I1l. RESULTS AND DISCUSSION

A. High Growth Rates

In the first step, the expected linear relationship between the
growth rate and the TMGa flow was investigated for growth
rates up to 100 pm/h. From the results shown in Fig. 2, it is
evident that this linear relation is not fulfilled at a growth
temperature of 640 °C if the growth rate exceeds 60 pm/h. The
measurement points at 80 and 100 um/h clearly deviate from
the dashed line, which represents a linear fit through the origin
and the measurements up to 60 pm/h.

This effect can be compensated by going to higher growth
temperatures; growths at 720 °C and 770 °C show a linear
dependence for the whole investigated range of molecular
flows. Therefore, neither parasitic absorption on the reactor
walls nor vapor pressure saturation is the cause for the non-
linear behavior. Thus it has to be a Kinetic limitation, however
TMGa is already fully decomposed at 640 °C, and since there
is no significant difference in the growth rate between 720 °C

and 770 °C, we are in the mass flow limited regime. If the
surface diffusion would be limiting the growth, we would
expect a roughening of the surface, but AFM measurements
for all of the samples from Fig. 2 show neither a difference in
surface morphology, nor a significant change in surface
roughness (see Fig. 3). The root mean square (RMS) value was
below 0.3nm for all measured samples. Representative
measurements for 30 and 100 um/h are shown in Fig. 3A and
B, respectively. We therefore assume a kinetic limitation in the
diffusion towards or through the boundary layer due to the

high TMGa flows above 8 umol/min.
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Fig. 2. Growth rate (determined by HR-XRD) plotted versus the TMGa flow
into the reactor for different growth temperatures. The dashed line represents

a linear fit using the origin and the measurements up to 60 um/h. The V/III
ratio for all the layers was 10.

Fig. 3. Representative AFM measurements of 400 nm GaAs grown at a
growth rate of A) 30 um/h and B) 100 pm/h. The GaAs layers were grown at
720 °C and with a /11l ratio of 10.

The efficiency of the Ga incorporation can be calculated
from the linear fit between growth rate and TMGa flow in Fig.
2. For 7 wafers in the 7x4” susceptor configuration that was
used in this work, this translates into a group Il growth
efficiency of about 30 %. The gas mixing distance between gas
inlet and substrates in the CRIUS reactor can be adjusted from
7 to 16 mm. The driving force for the atoms towards the
substrate surface arises from the concentration gradient within
this gap [6, pp. 74-75], which can be increased in one of two
ways. Either the gap distance can be decreased or the total
carrier gas flow can be lowered in order to increase the partial
pressure of the material. The results from both experiments are
shown in Fig. 4. All samples were grown with the same TMGa
flow at 720 °C growth temperature and with a V/III ratio of
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Fig. 4. Growth rate (determined by HR-XRD) plotted versus reactor gap for
different total carrier gas flows of 36 and 48 sim. The gap denotes the
distance between gas inlet and substrates and the TMGa flow was constant
for all samples. The GaAs layers were 400 nm thick and grown at 720 °C
and with a /11l ratio of 10.

Reducing the gap from 12 to 8 mm led to an increase of
25 % in the growth rate. When the total carrier gas flow was
simultaneously reduced by one quarter from 48 to 36 slm, it
led to a further increase of 11 %. In total, the growth rate could
be increased by 40 % through these reactor adjustments. This
resulted in a peak growth rate for GaAs of 140 um/h. Such
high growth rates are usually only known for liquid phase
epitaxy (LPE) and hydride vapor phase epitaxy (HVPE) [7, 8].
Assuming the use of one 300 mm diameter wafer, 55 % of the
Ga would be incorporated into the GaAs film. This is a very
high efficiency for the use of the precursor molecules.

Higher growth rates are only useful for device fabrication if
sufficient homogeneity across the wafer can be achieved. In
the showerhead design of the CRIUS reactor, the susceptor
rotates with fixed substrates. We measured the growth rate on
several spots perpendicular to the susceptor rotation for all of
the samples from Fig. 4 and a reference GaAs sample grown
with 4 um/h. There was no directional trend observed in the
results, and the growth rates measured were all well within the
error bars shown in Fig. 4.

B. Material Quality

The diffusion length for GaAs growth rates between 4 um/h
and 100 pm/h was investigated as shown in Fig. 5A. Here, it is
found that the diffusion length drops from around 12 pm to
less than 3 um, when the growth rate is increased 25 times
from 4 um/h to 100 um/h. Increasing the growth temperature
to 720 °C doubles the diffusion length, but a further increase to
740 °C shows no effect.

Schmieder et al. have seen a similar trend for high growth
rates [3]. They investigated n-GaAs DLTS structures grown at
640 °C with different growth rates and saw a strong increase in
trap density for higher rates. The main defect in these
structures was identified as the EL2 complex, which is
connected to an As antisite (Asg,). It was possible to reduce
the trap density considerably by increasing the growth

temperature to 680 °C, explained by an increased adatom
surface mobility and thus reduced defect formation at higher
growth temperatures [3]. The As antisite defect density is
expected to reduce with the arsenic excess during growth [9].
Therefore, a lower V/III ratio should have a positive effect on
the trap density and subsequently the diffusion length.
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Fig. 5. a) Diffusion length plotted versus growth rate for different growth
temperatures and a constant V/III ratio of 10. b) Diffusion length plotted
versus V/III ratio for different growth rates at a growth temperature of
720 °C. The measured DH structure is displayed in Fig. 1.

Three DH structures were grown with varying V/III ratio at
60 and 100 um/h respectively (see Fig. 5B). It was found that
a lower V/III ratio is beneficial and the diffusion length
increases from 5.3 to over 7 um if the V/III ratio is decreased
from 15 to 5 at a growth rate of 60 um/h. At 100 pm/h, the
diffusion length increases from 4.6 to 6.5 pm if the V/III ratio
is decreased from 10 to 3. With these results, two sets of solar
cells were designed for high growth rates.
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C. Solar Cell Results

TABLE |
AM1.5G BEST 4 cM? CELL RESULTS (WITH ARC

Growth Rate | Tg |V/lll ratio| Voc Jsc FF | n
pm/h °C V |mAlcm2| % | %
4 640 13 1.055| 28.6 |81.6|24.6
60 720 5 1.036| 28.4 |79.7|235
80 720 5 1.021| 28.3 |80.9|234
100 720 5 1.019| 28.3 |81.1]23.3

The first set of GaAs solar cells to test the influence of the
growth rate is displayed in Table I. The reference GaAs solar
cell was grown at a growth temperature of 640 °C with a
growth rate of 4 um/h and a V/IlI ratio of 13. The growth rates
were then increased to 100 um/h, and a temperature of 720 °C
with a /111 ratio of 5 was chosen.

The results of the growth rate variation are summarized in
Table I. The light IV parameters are shown for the best 4 cm?
solar cells with an ARC and under AM1.5g illumination. The
open-circuit voltage (Voc) decreases as the growth rate is
increased. At 100 um/h, the Voc is 1019 mV, which is 36 mV
lower than the reference cell with a Vg of 1055 mV. The
short-circuit current density (Jsc) remains constant, while the
fill factor (FF) varies between 79.7 and 81.6 %. The efficiency
drops by 1.3 %, when the growth rate is increased to
100 um/h. Overall, these are encouraging results for a GaAs
solar cell on substrate.

Numerical device modeling of these solar cells allows for
more detailed analysis of losses. The modeling was performed
using TCAD Sentaurus [10], which is a commercial software
package that has previously been used to model GaAs single
and dual-junction solar cells to sufficiently high accuracy [11-
13]. The material parameters for GaAs are reported in [11].
The non-radiative recombination lifetime is the central
parameter for a simultaneous fitting of measured IQE, dark IV,
and Voc. Additionally, a lumped series resistance is used for
the dark IV fit at high voltages. The electron diffusion length
in the base layer is determined by calculating the radiative
lifetime and fitting the Voc and EQE simultaneously by
adjusting the non-radiative lifetime.

Only the solar cells with lowest (4 um/h) and highest
(100 pm/h) growth rate were simulated with Sentaurus to
analyze the difference in material quality. For the cells with
low growth rate, a good agreement with measured IQE, light
and dark IV was found for a non-radiative recombination
lifetime of 100 ns in the base. An even better fit of simulated
and measured dark IV can be achieved if the non-radiative
recombination lifetime in the space charge region and the
emitter is reduced to 40 ns (see Fig. 7). The lower lifetime in
the space charge region reflects the high Jo, extracted from the
dark 1V measurement. We account for the recombination at the
window/emitter and the window/ARC interface with a surface
recombination velocity of 1x10°cm/s and 3x10°cm/s
respectively. Recombination at the other interfaces seems to be
negligible.

The measurements of the fast grown sample (100 um/h) can
be reproduced well by assuming an additional defect in the
base. This additional defect in the fast grown sample reduces
the non-radiative electron lifetime in the base to 4 ns thereby
reducing the Voc of this cell to 1019 mV. The majority charge
carrier (hole) lifetime is barely affected. The p-type GaAs
lifetime from the simulation corresponds to a diffusion length
of 16 um for the reference cell (measured 12.2 um) and of
6 um for the fast grown sample (measured 5.6 um); both
values are corrected for the different doping concentrations in
the DH structures and the solar cells solely by changing the
radiative lifetime. Some of the discrepancy between simulation
and measurement might be explained by the assumption of a
constant non-radiative lifetime which is not true for different
doping levels in p-type material [14] or by additional surface

recombination in the DH structures.
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Fig. 6. EQE of the best GaAs solar cells grown at 4 and 100 pm/h from
Table I. The markers represent the measured data and the lines represent the
simulations conducted with TCAD Sentaurus.

A comparison of the IQE measurements and simulations is
shown in Fig. 6. The lines represent the simulated IQE curves
and fit very well to the measured data. The modelled V¢ is
1046 mV for the cell grown at 4 um/h (9 mV below the
measurement) and 1006 mV for the cell grown at 100 um/h
(13 mV below measurement). The simulated Vo difference of
40 mV between these two cells agrees well with the measured
difference of 36 mV (see Table I). Therefore, the difference in
solar cell performance at different growth rates can be
attributed to the difference in base layer lifetime.

All solar cells exhibit a low FF with no discernible trend in
regard to growth rate, so it is not connected to the increasing
growth rate. Additionally, FFs of around 86 % have already
been shown for high growth rate GaAs cells [3]. SunsVoc
measurements were performed to determine if the low FF in
our experiments is due to a limitation of series resistance (Rs)
or of saturation current density (Jy2). A pseudo FF (effect of Rs
excluded) of 84 % was measured, indicating a limitation by
both, Rgand Jg,.
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Fig. 7. Dark IV curves of the best GaAs solar cells grown at 4 and 100 pm/h
from Tablel. The markers represent the measured data and the lines
represent the simulations conducted with TCAD Sentaurus.

This is in agreement with the simulations. Dark IV
measurements for the solar cells grown at 4 um/h and
100 pum/h and their respective simulations are shown in Fig. 7.
A high series resistance (Rs) of about 700 mQ-cm2 must be
assumed for a good match between simulation and
measurement. The dark IV curves also show a high Jg,, that
contributes about 1.5 %, in FF losses. The reason for the
unexpectedly high Rs and the Jo, values are currently under
investigation.

TABLE Il
AM1.5G BEST 4 cM2 CELL RESULTS (WITHOUT ARC)
Growth Rate | Tq |V/III ratio| Voc Jsc FF | n
pum/h °C V |mAlcm?| % | %
60 720 10 1.005| 22.0 [83.3|18.4
60 720 5 1.026| 22.2 [82.1|18.7
60 720 3 1.004| 22.0 |74.8/16.5

The second set of solar cells contains a variation of the V/I1I
ratio at growth rates of 60 um/h (without ARC) and 100 um/h
(with  ARC) shown in Tables Il and I1ll. The growth
temperature was kept at 720 °C. At 60 um/h the cell with a
ratio of 5 has a 21 mV higher Voc and slightly higher Jsc
compared to the one with a ratio of 10. This matches the
previous results from the diffusion length measurements. A
further decrease to 3 does not improve the quality further;
rather, this solar cell is even worse than the one grown with a
ratio of 10.

TABLE Il
AM1.5G BEST 4 cM2 CELL RESULTS (WITH ARC
Growth Rate VI ratio| Voc Jsc FF n
pum/h °C V. |mAlcm?| % | %

100 1.019| 28.3 |81.1|23.3
100 1.028| 28.5 |80.7(23.6

At 100 um/h the decrease in V/III ratio from 5 to 3 still
leads to an improvement in solar cell performance, matching
the diffusion length results. The V¢ increases by 9 mV and
the efficiency by 0.3 %ops.

The most likely explanation for the different behavior at
different growth rates is desorption of arsenic. It was observed
with regard to zinc doping that at higher temperatures, the Zn
incorporation is decreased. This was expected, as zinc is
known to desorb from the surface [15]. However the zinc
incorporation increases with growth rate. The dependency of
arsenic desorption is expected to be the same. Desorption is
enhanced at higher growth temperatures, reducing the effective
V/III ratio on the substrate surface. This effective ratio
depends on how much time the system has to desorb and this
time can be reduced by increasing the growth rates. Therefore,
higher growth rates allow for lower input V/I11 ratios.

IV. CONCLUSION

We have presented GaAs single-junction cells grown at
100 um/h, reaching a Voc of 1.028 V and an efficiency of
23.6 % under the AM1.5g spectrum. This is only 1.0 %gps
below a reference structure grown at 4 um/h. The diffusion
length is found to decrease with increasing growth rate, and
this is attributed to a higher density of As antisite defects
which can be partly suppressed by lowering the V/II ratio.

Growth rates up to 140 pum/h were presented with a very
efficient group Il incorporation. This was achieved through
reactor adjustments that led to a higher concentration gradient
between gas inlet and substrate within the reactor. More than
50% of the Ga which is introduced into the reactor can be
incorporated into the layer, and the growth rate homogeneity
over the wafer did not degrade at these high growth rates. The
results are encouraging towards reaching lower cost GaAs
epitaxy through optimization of growth conditions, and they
show the potential of using metal-organic-vapor-phase epitaxy,
which is the established technology for I1lI-V solar cell
manufacturing.
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