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Abstract—Low-intensity high-temperature solar cells that oper-
ate effectively in the atmosphere of Venus at various altitudes and
also survive on the 465 °C surface of Venus are being developed.
Thermal stability, high-temperature current-voltage (I-V), and ex-
ternal quantum efficiency measurements on GalnP/GaAs double-
junction solar cells are presented. Solar-cell modeling under the
atmospheric conditions of Venus is used to design the optimum
solar-cell structure.

Index Terms—High-temperature photovoltaics, multi-junction
solar cells, Venus exploration missions.

I. INTRODUCTION

ENUS exploration missions have been mostly limited to
V orbital and short-duration surface missions. Venus orbital
missions were implemented with state-of-practice (SOP) solar
cells as the Venus orbital environmental conditions are benign
and similar to that of the earth orbital missions. Short-duration
Venus mid- to surface-level missions of a few hours were im-
plemented using SOP primary batteries enclosed in an environ-
mental chamber equipped with a complex thermal management
subsystem. These Venus mid- to surface-level missions did not
consider the use of solar power systems because SOP solar
cells cannot function in severe Venus surface environments.
This study is focused on the development of solar power sys-
tem technologies required for mid/low-altitude Venus explo-
ration missions. Venus variable-altitude (mid- to surface-level)
missions, which employ, for example, altitude-cycling balloons
that observe both the atmosphere and the surface [1], require
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solar power systems that can operate at 200-350 °C for several
months, survive the 465 °C surface temperature for a short dura-
tion, generate power under 100-300 W/m? solar irradiance con-
ditions, and survive in a corrosive atmosphere. The GalnP/GaAs
double-junction (2 J) solar cell presented here may, with suitable
encapsulation, be capable of operation in the Venus atmosphere
and survive in the high-temperature conditions on the surface of
Venus [2], [3]. In this study, an overview of Venus atmospheric
conditions is presented with a focus on the solar spectra at dif-
ferent altitudes as they were measured by the Venera 11 [4] and
Venera 13 [5] descent probes. This is followed by a descrip-
tion of the structure of a solar cell that can operate on Venus.
Results of the 2 J cell performance before and after heating to
465 °C and under high-temperature operation (300 °C, which
corresponds to an altitude of 21 km on Venus) are presented.
Current—voltage (I-V) and external quantum efficiency (EQE)
measurements weighted by the Venus solar spectrum at an alti-
tude of 21 km are presented to predict the performance of the
solar cell under Venus conditions. Finally, solar-cell modeling is
used to help guide future improvements to the solar-cell design
for improved performance under realistic Venus atmospheric
conditions.

II. VENUS ATMOSPHERIC CONDITIONS

Venus atmospheric conditions are very different from those
on earth. Venus is a hot and dry planet. The 90-bar atmosphere is
composed primarily of carbon dioxide (COs) but also includes
trace amounts of nitrogen (N> ), water vapor (H,O), sulfur diox-
ide, carbonyl sulfate, hydrochloric acid, hydrofluoric acid, and
sulfuric acid (HoSO,). Clouds cover the entire planet in three
layers (upper, middle, and lower) between 48 and 68 km alti-
tude. H, SOy is the principal constituent of the cloud particles. A
thin haze layer extends above and below the main cloud decks.

The two Soviet descent probes, Venera 11 [4] and Venera
13 [5], measured the spectrally dependent downward solar ra-
diation at altitudes between the surface and 62 km. Venera 11
entered the Venusian atmosphere at —14° latitude at 10:10 A.M.
local solar time (solar zenith angle 17°) on December 25, 1978,
whereas Venera 13 entered at —7.5° latitude at 9:27 A.M. local
time (solar zenith angle 38°) on March 1, 1982 [6]. The solar
intensity measured by Venera 11 was about 1.8 times higher
than the solar intensity measured by Venera 13. The solar zenith
angle changes the path length by about 20%. With an Hy SO,
cloud optical depth of 25-40, that variation in path length ac-
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Fig. 1. Solar spectra of the downward-scattered solar radiation measured by
the Venera 11 descent probe at various altitudes between 62 km and the surface
of Venus.

counts for the large difference in solar intensity. This study uses
data from Venera 11, as the measurements were taken closer to
noon local time and are, therefore, closer to the highest solar
intensity values that can be expected.

Fig. 1 shows the downward-scattered solar spectrum mea-
sured by the Venera 11 probe at various altitudes during its
descent in the Venus atmosphere. Venus orbits the Sun at a dis-
tance of 0.72 astronomical unit (AU), and the solar intensity
above the Venus atmosphere is ~2622 W/m2, which is about
twice the earth air mass 0 (AMO) extra-terrestrial solar inten-
sity (~1366 W/m?). However, sunlight intensity is significantly
attenuated by scattering and absorption within the atmosphere
of Venus. Within and below the main cloud deck, most of the
solar radiation useful for power generation is scattered [7]. Di-
rect solar radiation can be neglected at altitudes below 60 km
[8]. Sunlight is nearly isotropic below the lower clouds, and the
Lambertian distribution can be used to estimate the downward
solar flux for a given altitude z as follows:

w/2 27
Fp(2) = I(z)/ / cosf sinf dp db (D
0 0

where I(z) is the solar flux per steradian, 6 is the zenith angle,
and ¢ is the azimuth angle. Solving (1), Fp (2) = 7l (2). I(z) can
be calculated by integrating the solar spectrum at a given altitude
z over the whole wavelength range. At the surface of Venus (z =
0), where the temperature is 465 °C, the surface solar spectrum
measured by Venera 11 and shown in Fig. 1 can be used to
calculate 1(0) = 28.4 W/m?/sr. This corresponds to a downward
flux of Fpp(0) = 89.4 W/ m?, which is only 3.4% of the solar
intensity outside the Venus atmosphere. At an altitude of 21 km
above the surface of Venus, where the temperature is 300 °C, the
solar spectra measured by Venera 11 can be used to interpolate
the Venus solar spectrum /(21 km) = 128.3 W/m?/sr, which
corresponds to a downward flux of Fp (21km) = 403.1 W/ m.

IEEE JOURNAL OF PHOTOVOLTAICS

metal
GaAs

Al,0,/TiO,/Al,0; AR coating

AllnP window
GalnP emitter

Top

GalnP base subcell

AlInP bsf
High temperature tunnel junction
AlGaAs window
GaAs emitter

Bottom

GaAs base subcell

AlGaAs bsf
GaAs buffer

GaAs substrate

High Temperature contacts

Fig. 2. Simplified cross-section schematic of a GalnP/GaAs 2 J solar cell
designed for high-temperature operation.

III. SOLAR-CELL STRUCTURE

A schematic diagram of the GalnP/GaAs solar cell layer de-
sign under development is shown in Fig. 2. This solar cell was
initially designed for high-temperature terrestrial application
under concentrated sunlight [9]. Modifications are needed to
optimize the design for the Venus solar spectrum and tempera-
ture. The epitaxial structure employs the same GalnP top subcell
that is found in standard triple-junction GalnP/GalnAs/Ge solar
cells; however, the design does not contain a Ge subcell. This
modification improves the high-temperature performance of the
cells as the Ge subcell becomes ineffective at high tempera-
tures [10], [11]. The solar cell has several features that make
it suitable for the Venus environment. It has a tunnel junction
that demonstrated stable operation at 400 °C [3]. It has contact
electrodes that are thermally stable at 465 °C for up to 24 h, as
presented in Section I'V. It has an Al,O3/TiO,/Al> O3 antireflec-
tion coating (ARC) that may help provide a limited amount of
protection to the top grid metal electrode against the corrosive
Venus environment.

IV. SURVIVABILITY AT HIGH TEMPERATURE

Heat-exposure tests were performed on the GalnP/GaAs 2 J
solar cells with temperatures up to 465 °C. The cells incorpo-
rated a high-temperature metal stack consisting of barrier metals
and a conductive Ag layer. The barrier metals and their thickness
were optimized for high-temperature operation. The /-V behav-
ior was measured at 25 °C under simulated AMO illumination
before and after heating on a hot plate. The high-temperature
soak was performed for up to 1 week in a high-vacuum chamber
(1077 torr). Fig. 3 shows the two experimental conditions that
mimic the Venus environment at two different altitudes. One
was at 300 °C, which corresponds to the temperature at an alti-
tude of 21 km, and the other was at 465 °C, which corresponds
to the surface temperature. Solar-cell efficiency measured under
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V. SOLAR-CELL CHARACTERIZATION

High-temperature /-V and EQE measurements were per-
formed on the solar cell using a steel plate with two heaters
that can raise the temperature up to 500 °C. The solar cell rested
on the steel plate and was mechanically held with steel bars on
the lateral busbar of the solar cell. The mechanical holder was
designed this way to avoid the use of paste that could outgas at
high temperatures. To prevent any reaction with the surrounding
environment, the setup was mounted inside a bell jar purged with
N, gas. For characterization, the solar cell was illuminated using
a ScienceTech solar simulator and an EQE measurement device
through a quartz window. Fig. 4(a) shows the -V measurements
of the solar cell between 25 and 300 °C.

For a given subcell, the open-circuit voltage V. is [11] given

by
kT Jse
Ve = = In <> )
q Jo
where 7 is the diode ideality factor, k is the Boltzmann constant,

T is the temperature, q is the electron charge, Jy is the short-
circuit current density, and Jj, is the reverse saturation current
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Fig. 4. (a) Variable-temperature /-V measurements of a GalnP/GaAs 2 J
solar cell between 25 and 300 °C using an AMO solar simulator. (b) Variable-
temperature EQE measurements of a GalnP (dash line)/GaAs (solid line) 2 J
solar cell between 25 and 300 °C. (c) Calculated current density in the GalnP
(3.90 mA/cm?) and GaAs (2.42 mA/cm?) subcells for the 300 °C EQE data
using the Venus solar spectrum at an altitude of 21 km, where the temperature
is 300 °C. The solar cell has not yet been optimized for the Venus spectrum.

density. As expected, the temperature increase affects V., which
decreases from 2.32 V at 25 °C t0 0.91 V at 300 °C. As shown in
Fig. 4(a), J,. remains stable at ~15.5 mA/cm? for up to 200 °C
and, then, rises to 17.31 mA/cm?2 at 300 °C. The fill factor FF
decreases from 0.88 to 0.67 between 25 and 300 °C.

EQE measurements from the same device are depicted in
Fig. 4(b). At 25 °C, the measured bandgap is 1.85 eV (~670 nm)
for the top junction and 1.39 eV (~890 nm) for the bottom junc-
tion. At 300 °C, the bandgaps shift to 1.68 eV (~740 nm) for
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the top junction and 1.24 eV (~1000 nm) for the bottom junc-
tion. The pressure in the atmosphere of Venus can reach almost
100 bars. The effect on the semiconductor bandgaps is not sig-
nificant at this pressure [13]. The EQE measurement at 25 °C
when weighted by the AMO solar spectrum gives 16.64 mA/cm?
for the top subcell and 15.60 mA/cm? for the bottom subcell.
The two subcells generate almost the same amount of current
with the bottom subcell being slightly current-limiting. This re-
sult is consistent with the short-circuit current measurement of
15.66 mA/cm? at 25 °C shown in Fig. 4(a). As the temperature
increases, the EQE improves in the GalnP subcell. An ordered
GalnP possesses a large number of shallow traps that reduce the
EQE compared with a disordered material at room temperature
[14]. As the temperature increases, carriers gain sufficient ther-
mal energy to escape these traps, which dramatically increases
the EQE of the ordered material. The simulations presented in
Section VI do not fully model these shallow traps, which is why
the EQE only shows a modest increase with temperature because
of shifting band alignments and index of refraction mismatches.
The experimental EQE of a disordered GalnP will only show
modest changes in the EQE similar to our model. In order to eval-
uate the effects of the Venus solar spectrum on the solar cell, the
EQE measurement was weighted by the Venus solar spectrum.
The highest measured temperature presented here is 300 °C.
The Venus solar spectrum data for an altitude of 21 km were
interpolated from the solar spectrum curves measured at various
altitudes by the Venera 11 descent probe [5]. Fig. 4(c) shows the
300 °C EQE measurement weighted by the Venus solar spec-
trum at 21 km. This corresponds to the spectral current density
as described in the literature [15], [16]. The current density gen-
erated by the top subcell is 3.48 mA/cm?/sr, while the current
density generated by the bottom subcell is 2.22 mA/cm?/sr. This
makes the bottom subcell current-limiting; therefore, to operate
optimally, the subcells need to be adjusted. The most straight-
forward way to optimize the solar cell is to thin the top subcell in
order to generate the same amount of current in both subcells.
After adjustment, both subcells would give a current density
of ~(3.48 4 2.22)/2 = 2.85 mA/cm?/sr. The power conversion
efficiency of the solar cell is defined as follows:

_ FFJ Vo

RH (3)

where P, is the incident solar input power. At 300 °C and
21 km, the model presented in Section VI was used to esti-
mate the FF and V.. The calculated FF was 0.61, and the V.
was 0.85 V. Integrating the Venus solar spectrum at 21 km
over the wavelength range measured by Venera 11, the calcula-
ted solar irradiance Py, is 128 W/m?/sr. Therefore, the estima-
ted efficiency of the adjusted solar cell is 11.5%, and the
estimated power density is 14.8 W/m?/sr. For comparison, the
measured efficiency of the preliminary Genl solar cell at 25 °C
under the standard AMO solar spectrum is 22.7%. As described
earlier, Fp (21 km) = 403.1 W/m”. The average absorption of
light as a function of the incidence angle normalized by the or-
thogonal incidence angle [17] averages to 0.68 for a typical com-
mercial solar cell. Accounting for both the total downward solar
flux and incidence angle gives a power density of 31.6 W/m? and
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Fig.5. GaAs temperature-dependent extinction coefficient k. The inset shows
a zoomed-in view of the onset of inter-band transitions.

an efficiency of 7.8% at an altitude of 21 km and a temperature
of 300 °C. Because of scattering and atmospheric conditions, the
upward solar flux at Venus is very important and can be approx-
imated, below the clouds, by Fy; (z) = Fp(z) — 40 W/m? [18].
Taking advantage of both downward and upward flux could in-
crease the power density up to 69 W/m? at an altitude of 21 km
and a temperature of 300 °C. Given the nearly isotropic nature
of the solar flux below an altitude of 60 km, the solar cells could
be oriented at any angle. For a Venus balloon mission [19], it
may be more practical to have the solar cells oriented vertically.

VI. HIGH-TEMPERATURE SOLAR-CELL MODELING

A. Temperature Dependence of a Low-Intensity
High-Temperature Solar Cell

It is essential to model the temperature-dependent optical and
electronic properties in order to establish a functional model of a
high-temperature multi-junction solar cell. The initial design is a
2 Jsolar cell with a GalnP top subcell and a GaAs bottom subcell.
In addition, AlInP and AlGaAs are used as the window and back
surface field layers for the top and bottom subcell, respectively.
The temperature dependence of the material bandgap E, (') is
described by the standard Varshni equation, given by

oT?
B+T

For GaAs, E,(0K) = 1.519¢eV, a = 5.405 x 10 *eV/K,
and § = 20 4K.

The extinction coefficient k describes the light-absorption
properties of the material, and thus, it is one parameter that
is required to correctly model the solar cell performance. In
particular, the onset of absorption (i.e., k& > 0) must coin-
cide with the onset of inter-band transitions. Therefore, in or-
der to model the high-temperature response of the subcells,
the material’s complex refractive index spectrum was shifted
by an amount equal to the reduction in the material bandgap
AE,(T) = E,(T,1) — E,(T), as shown in Fig. 5. The inset
in Fig. 5 precisely illustrates the shift in the GaAs bandgap as
the temperature increases. The validity of this approximation

E.ri (T) = Ey (0) “)
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is supported by experimental results in the literature [20], as
well as by the good agreement between our modeling and the
experimental data. In the case of GalnP, accurate refractive in-
dex data were not enough to correctly capture the spectrally
resolved photocurrent generation of the top cell depicted in Fig.
4(b). The result improved when the quantum yield was reduced
from 1 to 0.88. This reduced material performance can be at-
tributed to an increased ordering of the grown material [14],
[21], [22].

B. Computational Model and Low-Intensity
High-Temperature Solar-Cell Design

Technology computer-aided design software Synopsys Sen-
taurus was used to create a computational model of the solar
cell shown in Fig. 2. The transfer-matrix method [23], [24] was
used to determine the optical generation profile across the cell
stack. Furthermore, the modeling of the tunnel junction that
connects the top and bottom cells required special considera-
tion. In fact, the material database band-alignment values for
degenerately doped AlGaAs and GaAs resulted in an incorrect
electrical behavior of the junction. In particular, the mismatched
band-alignment caused a large voltage loss to occur across the
tunnel junction during operation. In order to avoid this prob-
lem, two fictitious materials were created (AlGaAs and GaAs),
which have the same optical properties of the initial semicon-
ductors but behave electrically as metals. This approximation is
valid because of the degenerate doping of the tunnel junction
materials. Overall, this approach ensures the correct generation
of charge carriers in the bottom subcell while maintaining a
good electrical connection between the two subcells. In order
to validate our computational model, the performance of the
solar cell was computed under AMO illumination and compared
with the experimental measurements presented in Section V. In
particular, the EQE and the /-V response of the solar cell were
modeled at 25, 100, 200, and 300 °C. While the GaAs subcell
model agrees well with the experimental results, the GalnP sub-
cell presents some minor discrepancies. This is expected from a
material that has a variable bandgap energy and minority carrier
lifetime via changes in the amount of alloy disorder [14].

The expected short-circuit current density under AMO was
calculated to be 15.3 mA/cm?, which is in good agreement with
the experimental value of 15.5 mA/cm?. In terms of temperature-
dependent behavior, our model was used to determine the I-V
response of the solar cell under AMO illumination. The modeled
temperature-dependent open-circuit voltage V. was compared
with the experimental results depicted in Fig. 4(a). The compar-
ison is depicted in Fig. 6(a). This result is also in good agree-
ment with values reported elsewhere on a similar structure [9].
This further confirms the validity of our computational model.
The model was used to compute the performance of this multi-
junction solar cell under Venus solar illumination. In particular,
the solar spectrum measurement from the Venera 11 mission [4]
was used to compute the -V response using the 21-km solar
spectrum for a temperature of 300 °C. Further analysis of this
result showed that the bottom cell is strongly current-limiting
under Venus illumination conditions. Indeed, this observation is
in agreement with predictions made based on the EQE measure-
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Fig. 6.  (a) Comparison between the calculated Voo (7') and the measurement
depicted in Fig. 4(a). (b) EQE of the top GalnP and bottom GaAs subcells in the
optimized device. (c) I-V curve of the optimized Gen2 device versus the Genl
device under the target condition of Venus irradiation at 21 km and 300 °C.

ment weighted by the Venus spectrum and depicted in Fig. 4(b).
Our computational model was used to optimize the structure of
the 2 J device and propose an optimized solar cell for the Venus
atmosphere. The optimization was performed for 21 km and at
300 °C.

The solar-cell design was optimized by reducing the thick-
ness of the GalnP base from 700 to 220 nm. This configuration
results in the generation of a more uniform photocurrent from
the two subcells. Fig. 6(b) shows the EQE before and after op-
timization. As depicted in Fig. 6(c), the optimized solar cell
shows a 28.6% improvement in current density output from 2.1
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to 2.7 mA/cm?/sr. This value is in good agreement with the
2.85 mA/cm?/sr calculated from the simplified optimization
model proposed in Section V.

VII. CONCLUSION

GalnP/GaAs 2 J solar cells have shown a promising per-
formance under high-temperature characterization with no
degradation in the I~V response after up to 24 h of exposure
to temperatures as high as 465 °C (a temperature typical of the
surface of Venus). A duration of 24 h is significantly longer
than the most successful lander, Venera 13, which survived for
a mere 127 min back in 1982. At a given altitude (temperature
and spectrum), an optimized 2 J solar cell is likely to be more ef-
ficient than a single-junction solar cell because of better photon
energy management. The optimization would shift at different
temperatures and altitudes, and we plan to investigate this sensi-
tivity. Advanced solar-cell modeling has shown good agreement
with experimental results and has been used to propose the op-
timum GalnP/GaAs 2 J solar-cell design for the 21-km altitude
solar spectrum and 300 °C temperature. Measurements have
shown that a power density of 37 W/m? may be attainable for
GalnP/GaAs 2 J solar cells under the Venus solar spectrum at
an altitude of 21 km and a temperature of 300 °C, provided that
the solar cells and modules are properly encapsulated. This is
encouraging for potential application in a future long-duration
solar-powered mid- to surface-level Venus exploration mission.
Work has been ongoing to optimize the grid metal electrodes
for a better performance of the GalnP/GaAs 2 J solar cells after
a longer duration (up to 1 month) exposure to a temperature of
465 °C.
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