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Highly stable and long-life power supply systems are crucial to the success of space exploration missions. The
systematic analysis of the service lives and stability of radioisotope thermophotovoltaic (RTPV) generators with
general purpose heat sources (GPHSs) is the cornerstone of future practical space applications. Its operational
lifetime is mainly limited by the degradation caused by the irradiation of key transducer components by the
isotope source, while its operational stability is mainly related to the temperature variation of the external
environment. The irradiation and temperature stability as the main influencing factors of GPHS-RTPV were
studied. Results indicate that the output performance of the GPHS-RTPV was maintained at 50.15% after 1 x
10" n/cm? neutron and 927.84 Gy y irradiation. The service life was conservatively estimated to be 19.883 years
according to equivalent irradiation experimental results. In addition, the output performance of the GPHS-RTPV
fluctuates linearly with temperature, the gradient of Py, with temperature was —6.7 pW/K-cm2 in a range of
276.5-354.5 K, and higher output at low temperatures. This study explored the lifetime and service stability of
GPHS-RTPV under actual operating conditions in space, and lays the foundation for future practical applications.

1. Introduction

Highly reliable power supply systems are crucial to efficient deep
space exploration. Nuclear batteries have long lives and high stability
and are unaffected by the external environment, demonstrating their
importance as power systems for deep space exploration (Liu et al.,
2020a, 2020b; Yuan et al., 2018). In recent years, radioisotope ther-
mophotovoltaic (RTPV) generators, which use radioisotope heat sources
to generate electricity, have drawn extensive attention. Given the ad-
vantages of high-energy conversion efficiency, specific power, reli-
ability, and simple structure, RTPV generators have become a very
promising new-generation space nuclear power sources (Datas and
Marti, 2017; H. Wang et al., 2020; X. Wang et al., 2020a). The operating
principle of RTPV is the conversion of the thermal energy of decayed
radioisotope into electric energy through infrared radiation. An RTPV is
mainly composed of radioisotope heat source, emitter, and thermo-
photovoltaic (TPV) cells. The decay of radioisotopes produces a steady
stream of heat, which is transferred to the emitter to generate high
temperatures and radiate near-infrared light, and then the TPV cell
converts infrared energy into electricity through the photovoltaic effect

(Chubb, 2007), as shown in Fig. 1(a).

The stability of RTPV components under actual working conditions is
the key to ensuring its overall life and stability. The emitter has excellent
irradiation and thermal stability (Wang et al., 2022). The TPV cell is
directly involved in photoelectric energy conversion within systems, and
it is the most important but the weakest component in RTPV compo-
nents. Hence, the long-term irradiation and temperature stability of the
TPV cell are important factors that directly determine the service lives of
the overall RTPV system.

The General-Purpose Heat Source (GPHS) is a mature radioisotope
heat source module widely used in many space missions (X. Wang et al.,
2020b). The main radioisotope composition of a GPHS is 238py0,, which
has a half-life and specific power adapted to RTPV generators. With a
decay of 2*®pu, a GPHS continuously radiates neutrons and y rays. The
initial total deposition intensity of a 500 W GPHS is approximately
1.492 x 107 neutrons/s and 5.413 x 10'3 photons/s (Cheon et al., 2018;
Lee et al., 2017), the operating temperature range of surface is usually
887-1211 K (Rinehart, 2001; Vining and Bennett, 2010). The critical
components inside the GPHS-RTPV generators are subjected to neutron
and y ray bombardment and high temperature from the GPHS during
operation, as shown in Fig. 1(b). In addition, if it orbits the surface of
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Nomenclature Voc Open-circuit voltage, mV
P Power density, pW/cm?
Symbols Prax Maximum output power density, pW/cm?
T, Neutron equivalent service time, yr FF Fill factor
T, y equivalent service time,yr Y Attenuation percentage
D, Neutron irradiation flux density, n/cm? E, Bandgap, eV
Dxq Total displacements per atom of XPNR,dpa T, Temperature of TPV cell, K
Dgq Displacements per atom per second of GPHS,dpa/s o
D, y irradiation dose, Gy Abbreviations o )
Dy, Reference neutron flux density, n/s-cm? RTPV Radioisotope Thermophotovoltaic
D, Reference y dose, Gy/h GPHS Gen'eral Purpose Heat 'Source
R? The variance of the fitting curve InGaAs  Indium Gallium Ar.semde
c Fitting parameters TPV Thermophotovoltaic
D Fitting parameters XPNR  Xi’an Pulsed Neutron .R<.eact0r
I Output current density, pA/cm? EQE External Quantum Effilc.lency
I Short-circuit current density, pA/cm? IQE In'ternal Quantum Efficiency
v Output voltage, mV DPA Displacements Per Atom
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Fig. 1. (a) Schematic of RTPV and (b) schematic of components affected dur-
ing operation.

Mars, on the one hand there is a certain amount of space radiation, with
an average dose of about 9 x 107® Gy/h due to the protection of the
protective shell (Zeitlin et al., 2004). On the other hand, the temperature
varies dramatically, and the temperature difference between day and

night can even reach 90 K(Liu and Junjun, 2003). The normal operation
of GPHS-RTPV generator operating here is maintained by regulating the
temperature of the TPV cell through heat-dissipating and thermal
management devices, which normally operates within the temperature
range of 270-360 K due to the 90 K temperature difference. Alternating
ambient temperatures can also have an effect on the system stability of
the GPHS-RTPV generators if it is operated in the above mentioned
environment.

At present, the research related to RTPV is still in its preliminary
stage, the 500W GPHS-RTPV generator (Fig. S1) (Schock et al., 1995,
1996) was proposed and has undergone extensive attention, Crowley
(Crowley et al., 2005) and Wolford (Wolford and Chubb, 2009) et al.
discussed its structural design and expected performance, both without
addressing the lifetime and stability studies of the whole system. For the
TPV energy conversion unit, the III-V direct bandgap semiconductor
InGaAs TPV cell has attracted considerable interest due to its bandgap
tunability and high in-band quantum efficiency (Koudelka et al., 2006;
Strauch et al., 2015).The radiation damage caused by multi-junction
solar cells for space applications has been extensively investigated
(Hongliang et al., 2019; Long et al., 2019). However, reports on the
irradiation and temperature effect of a single junction InGaAs cell during
infrared energy conversion are few. Martin et al. (Martin and Algora,
2004) and Blandre et al. (2019) analyzed the influence of high tem-
perature on the photoelectric efficiency of GaSb cells through experi-
mentation and simulation, respectively. Nevertheless, InGaAs cells for
RTPV and the actual working conditions of GPHS were not discussed.
Hence, it is very relevant to study the irradiation and temperature effects
of InGaAs cells under actual GPHS conditions to evaluate the lifetime
and stability of GPHS-RTPV.

In this work, an RTPV generator with 500 W GPHS was studied, and
the relationship between irradiation and temperature variation on their
lifetime and operational stability were explored. The InGaAs cell located
at the top and bottom of the GPHS-RTPV is a key component to explore
its stability and lifetime. Reactor neutron and Co-60 y sources are used to
equate the radiation of GPHS, and the attenuation law of an InGaAs cell
under neutron and y irradiation was studied using the equivalent
experiment method. After the equivalent calculation of time epitaxy, the
performance degradation characteristics of the InGaAs cell within a
specific period of service were evaluated, and its service life was pre-
dicted. Using online variable temperature thermophotovoltaic tests, the
performance variation patterns of InGaAs cells at different temperatures
were investigated. The performance of InGaAs cells showed no fluctu-
ation and degradation under continuous measurements over a contin-
uous period of 300 days, demonstrating excellent stability. This study
analyzes the expected lifetime and operational stability of the GPHS-
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RTPV generator under actual operating conditions, and also provides a
reference and lifetime basis for its future research in practical space
applications.

2. Materials and methods

2.1. Experimental conditions and time-equivalent method for accelerated
irradiation

238py0, decay produces high-energy « particles. However, the range
of o particles is very short, only 18 pm in the source core. These o par-
ticles are all trapped inside heat sources, and their kinetic energy is
converted into the heat energy of a GPHS. In a GPHS, most of the
external dose comes from fast neutrons produced by spontaneous fission
and (a, n) reactions, and a small part comes from medium- and low-
energy vy rays. The neutron intensity produced by spontaneous fission
is 2.5 x 10 n/s-g, and the neutrons have an energy range of 0-10 MeV,
with an average energy of 2 MeV. The neutron intensity generated by the
(o, n) reactions of a particles with 180 and 70 is about 2 x 10* n/s-g,
with a maximum energy of 5.8 MeV(Barklay et al., 2005, 2007). Addi-
tionally, various decay daughters produced during the decay of radio-
isotopes generate y rays during deexcitation. The neutron and y energy
spectra are shown in Fig. S2.

The equivalent accelerated service experimental neutron source for
the GPHS was from Xi’an Pulsed Neutron Reactor (XPNR), and the
corresponding neutron energy spectrum distribution is shown in Fig. 52
(a). Irradiation at a high temperature may produce annealing effect,
affecting the irradiation results. Therefore 300 K was selected as the
temperature of irradiation. The range of neutron irradiation dose was
broadened by using four cumulative injection values: 4.56 x 101°, 1 x
10'1, 1 x 10'2, and 1 x 10' n/cm?

For the accelerated irradiation equivalence experiment of y ray from
GPHS, the Co-60 irradiation source in the Radiation Center of Nanjing
University of Aeronautics and Astronautics was selected for the equiv-
alent y irradiation scenario of the RTPV generator. Under a Co-60 y
radiation field with photon energy of 1.25 MeV (50% 1.17 and 50%
1.33 MeV), the dose rate sites of 77.32 Gy/h (Water) were selected. In
this experiment, InGaAs cells were irradiated for 4-12 h according to the
dose rate calculated using the InGaAs cells in the RTPV generator to
meet the matching y irradiation equivalence.

2.1.1. Neutron radiation dose calculation and equivalence

The heat source of the GPHS-RTPV power supply system was
composed of two GPHS modules, and the total thermal power was 500
W. The total neutron intensity was 1.49 x 107 n/s, and the total photon
intensity was 5.413 x 102 p/s. The distance between the InGaAs cell
and the heat source center was 10 cm. At a radius of 10 cm, the neutron
flux density (D) under a unit area of the sphere was 1.1873 x 10* n/
s-cm?.

In the neutron irradiation experiment, the principle of cumulative
total particle injection and the total displacements per atom (DPA) were
employed to evaluate the equivalent time for neutron irradiation,
respectively. The equivalent service time was obtained from the ratio
between total cumulative injection and GPHS neutron flux density on
the surface of the InGaAs cell by using Formula (1).

1

Tyr) =
m07) =3600 % 24 x 365

(Du / Dim) (€Y
where D, is the total neutron irradiation dose and D,, is the reference
neutron flux density.

Equation (2) was employed to calculate the equivalent service time
for the total DPA assessment. This method provided an additional level
of accuracy, as it took into account the total displacements per atom
caused by the neutron exposure.
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Table 1
Equivalent calculated values of neutron irradiation.

Properties Dose point Dose point Dose point Dose
1 2 3 point 4
Total irradiation dose 4.56 x 1 x 10 1 x 10'2 1x 10
density 100
D, (n/cm?)
Equivalent time 0.12178 0.26708 2.6708 26.708
Ta1 OT)
Total displacements per 2.890 x 6.647 x 6.647 x 6.647 x
atom (DPA) 1071 1071 1071 10°°
Equivalent time 0.08645 0.19883 1.9883 19.883
Tnz OT)
Table 2
Equivalent calculated values y irradiation.
Properties Dose point 1 Dose point 2
Dose point of Water D, (Gy) 309.28 927.84
Equivalent dose point of InGaAs cell (Gy) 279.90 839.69
Equivalent time T, (yr) 24.12 72.34
1
T (yr) = (DXd / DGd) (2

3600 x 24 x 365

where Dyg is the total DPA of XPNR and Dgq is the DPA per second of
GPHS.

Based on the reference data (ASTM E722-14) the total DPA values of
neutron spectrum were calculated (Depriest, 2019; Greenwood and
Smither, 1985). The DPA calculated from the GPHS neutron spectrum is
1.06 x 10717 dpa/s. Relevant values are shown in Table 1. Due to the
variability of the XPNR and GPHS neutron spectra shown in Fig. 52(a),
the total DPA value method yields an equivalent time of 19.883 years,
which was more conservative compared to the cumulative total
injection.

2.1.2. y Radiation dose calculation and equivalence

The principle of total dose equivalence is usually used in evaluating y
radiation, and the equivalence of y rays does not depend on the con-
sistency of a y spectrum. After comprehensive consideration of the
calculation results of MCNP simulation and the data of Cheon et al.
(Cheon et al., 2018; Lee et al., 2017) the dose rate of 1.325 x 1073 Gy/h
at 10 cm from the heat source center was taken as the benchmark. After
considering the radiation dose rate at the Martian surface, in this work,
the irradiation equivalent experiment was conducted based on a dose
point of 1.334 x 1073 Gy/h, and the equivalent service time of the
InGaAs TPV cell was calculated.

The y dose conversion factor between semiconductor and water is
0.905 (Burns, 1994; Seuntjens and Duane, 2009). The irradiation dose
point of the y acceleration equivalent experiment is D, = 309.28 Gy and
927.84 Gy (Water), and the corresponding InGaAs cell is 279.90 Gy and
839.69 Gy (Semiconductor). On the basis of the dose rate of the InGaAs
TPV cell (D, = 1.334 x 1073 Gy/h), the InGaAs cell was attributed to
24.12-72.34 years of working time (calculated using Formula 3), as
shown in Table 2.

1
L,Om =535 (0.905 D, / D,y) 3

where D, is the total y irradiation dose and D, is the reference y dose
calculated at InGaAs cell.

2.2. Parameters of InGaAs TPV cell

The InGaAs TPV cell is a direct bandgap semiconductor, has a high
infrared energy conversion efficiency, and is a potential energy
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Fig. 2. (a) Prototype and (b) schematic of the side section structure of the InGaAs cell.
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Fig. 3. InGaAs TPV Cell test platform for photoelectric characteristics and temperature effects.

conversion cell for RTPV generators. In this work, the InGaAs cell was
prepared through mismatched growth and includes an InP substrate, InP
buffer layer, and InGaAs functional layer, etc. as shown in Fig. 2. The
InGaAs (Eg = 0.72 eV) TPV cell was directly fabricated on an aluminium
printed circuit board (PCB) substrate with an effective area of 10 x 10
mm?. After the links and leads were welded, follow-up irradiation and
various test experiments were carried out. Before the stability test
experiment, the InGaAs cells were preliminarily tested. Three identical
InGaAs samples were prepared for each irradiation dose point.

2.3. QE test methods for InGaAs TPV cell

The test system of InGaAs TPV cell via the spectral response/quan-
tum efficiency meter (Enlitech QE-R) show in Fig. S3. The InGaAs TPV
cell with an effective area of 10 x 10 mm? was used. External quantum
efficiency (EQE) and reflectance within the cell’s photoelectric response
range were measured by using the continuous beam and integrating
sphere of the instrument. The base platform at the bottom controlled the
temperature of the measured cell through a temperature control unit,
and the temperature range was set at 276.5-354.5 K. The test was car-
ried out in a dark box. The photoelectric efficiency of the InGaAs TPV
cell and change in temperature before and after irradiation were eval-
uated using the above experimental platform. Multiple batches of
InGaAs samples were tested, and the quantum efficiency results tended

to be consistent within a dose group. The EQE of the InGaAs cell had a
consistently high overall quantum efficiency (~80%) within a wave-
length range of 500-1500 nm. After neutron irradiation, the EQE test
curves of all samples in each dose group hardly fluctuated, as shown in
Fig. S4.

2.4. InGaAs TPV cell photovoltaic and temperature change test conditions

Fig. 3 shows the InGaAs TPV cell model test system for determining
photoelectric characteristics and temperature effects. The GPHS-RTPV
system releases heat from the heat source in the form of blackbody
infrared radiation, which the InGaAs cell receives and converts into
electricity. The temperature of a standard blackbody radiation source
(DEMEL DY-HT3 Blackbody Furnace) is 1000 K. The temperature of the
InGaAs TPV cell was determined using a temperature-measuring in-
strument (R7100). The InGaAs temperature was controlled through
water circulation cooling and with a temperature control unit. The
electrical performance of the InGaAs was tested with a parameter
analyzer (Keithley 4200 SCS) in a dark environment with a normal
temperature of 293.15 K and standard atmospheric pressure of 1 atm.
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3. Result and discussion
3.1. Analysis of the influence of neutron irradiation on InGaAs cell

3.1.1. Effect of quantum efficiency on neutron irradiation

In the neutron-irradiated InGaAs TPV cells, the EQE test data of
different samples in the same dose group were integrated for the
drawing of comparison curves at different dose points, as shown in Fig. 4
(a). After different doses of neutron irradiation, the EQE of the InGaAs
cell decreased at varying degrees. At the equivalent of serving dose of
neutrons at 1 x 103 n/cm?, the overall EQE of the InGaAs cells was
attenuated by 11.65% compared with that of the unirradiated samples.
Notably, the attenuation rate was 19.90% in the spectral band
(1100-1800 nm) used in the RTPV system. The internal quantum effi-
ciency (IQE) obtained after the influence of surface reflectivity was
reduced reflected the photoelectric response inside the cell. The IQE was
calculated using Formula (4), as shown in Fig. 4(b). The surface reflec-
tance of InGaAs cells were not affected by variations in the level of
neutron injection. The attenuation trend of the IQE curves of the InGaAs
after neutron irradiation was basically the same as that of EQE curves.

IQE=EQE /(1 —R) (C)]

As mentioned above, neutron irradiation had a more serious impact

on photoelectric conversion in the 1100-1800 nm band of the InGaAs
cell and a weaker impact on the 300-1100 nm spectral band. The
possible reason was that neutron irradiation damaged the gap holes in
the InGaAs cell PN junction, and the transition holes with low-energy
levels were more vulnerable to radiation damage. Therefore, the num-
ber of low energy photon transition excitations was reduced. Mean-
while, hole structure damage increased photoelectron recombination,
further reducing the efficiency of photoelectron collection in the
photovoltaic effect.

3.1.2. Electrical properties chang with neutron irradiation in blackbody
infrared spectrum

The electrical output characteristics of InGaAs cells in the actual
working blackbody spectrum were further evaluated. Fig. 5(a) shows the
current-voltage (I-V) characteristic curves on an InGaAs TPV cell in
1000 K blackbody spectra. The output power-voltage (P-V) curves were
obtained on the basis of the -V curves and Equation (5), as shown in
Fig. 5(b). The I-V and P-V curves of the InGaAs at different neutron
irradiation doses were measured. As the neutron irradiation dose
increased, the I-V and P-V curves presented specific change laws. The
potential reason was that neutron irradiation caused damage to the PN
junction regions of the InGaAs cells, and resulting defects affected the
generation of recombination and drift of carriers. The effects caused
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macroscopic changes in current and voltage parameters.
P=IxV (5)

The electrical parameters of the InGaAs cell, including I, Vi,
maximum output power (Ppqy), and fill factor (FF) were extracted. The
calculation relationship between each parameter follows Formula (6).

Prax =FF(Voe - Iic) (6)

The irradiation degradation on electrical parameters (I, V,, FF, and
Prax) can be predicted by the following semi-empirical expression of
Formula (7)(Anspaugh, 1996; Warner et al., 2003).

Y=1-Cln(1+D,/D) @

where Y represents the attenuation percentage of Iy, Vo, FF, or Ppgy; Dy
represents the irradiation dose of the InGaAs cells; and C and D are the
fitting parameters. The variation trend of electrical parameters of
extracted InGaAs cells with neutron irradiation is shown in Fig. 6.

All the electrical output performance parameters of RTPV showed a
decay trend with increasing irradiation dose, and the curves fitted by
Formula(6) were basically consistent with the experimental results. At 1
x 10'® neutron irradiation dose, I, decreased by about 78% of its initial
value, the V, decreased to 70% of the initial value. After synthesis of the

Table 3

Fitting parameters of Formula 6 to Iy, Vo, FF, and Pyq, degradation curves.
Parameters C D R?
I 0.05172 1.398E11 0.9464
Voc 0.04273 8.422E9 0.9804
FF 0.01722 6.474E8 0.9970
Ppax 0.08302 2.193E10 0.9777

Voo, Ise, and FF parameters (Formula 5), Pyq, decreased with neutron
irradiation. Under neutron irradiation of 1 x 10'® n/cm?, the Py of the
InGaAs cell decreased to 50.15% of the initial value. Meanwhile, C, D
and coefficient of determination R? obtained by fitting each electrical
parameter are shown in Table 3.

3.2. Analysis of the influence of y irradiation on InGaAs cell

3.2.1. Effect of quantum efficiency on y irradiation

EQE and IQE/R curves obtained after y irradiation at two dose points
(309.28 and 927.84 Gy) are shown in Fig. 7. The EQE, IQE and reflec-
tivity of the cells was almost unchanged under the irradiation at two
different deposition doses of y photons compared with that in the
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Fig. 8. (a) -V/P-V curves and (b) electrical parameters of InGaAs cells at different y radiation doses were measured in the 1000 K blackbody spectrum.

unirradiated. This result indicated that in the GPHS-RTPV system, the
attenuation of EQE, IQE, and reflectivity in InGaAs cells was almost
negligible after about 72.34 years of y ray irradiation.

3.2.2. Electrical properties changes with y irradiation in the blackbody
infrared spectrum

InGaAs cells were irradiated with two different total doses of y rays,
and their electrical performance were tested under the infrared radia-
tion of the 1000 K blackbody. The I-V/P-V curves of the two different y
dose points were basically consistent with those of the unirradiated
samples, and the electrical output parameters Pp,qx, Vo, Is, and FF did
not change significantly after y irradiation, as shown in Fig. 8. Compared
with neutron irradiation, y irradiation caused little damage to the
InGaAs TPV cells.

3.3. Analysis of neutron and y co-irradiation effect and service life of
GPHS-RTPV

In the GPHS-RTPV system, given the actual service situation of the
InGaAs cell, the effects of neutron and vy irradiation were discussed in
combination. The InGaAs cells irradiated by a 1 x 10'® n/cm? reactor
neutron source was selected for subsequent 927.84 Gy Co-60 y source
radiation. After successive neutron and y irradiation, the EQE/IQE
curves of the cells showed no significant change compared with those of
the cells irradiated by neutron alone, as shown in Fig. 9 (a) and (b).

The photoelectric test under 1000 K standard blackbody radiation
source showed that the InGaAs cell, which had been seriously damaged
after 1 x 10" n/cm? neutron dose irradiation, was still unaffected after
927.84 Gy of y irradiation, as shown in Fig. 9 (c) and (d). In the accel-
erated neutron/y irradiation, the effect of y ray irradiation on
GPHS-RTPV was almost negligible, whereas the effect of neutron irra-
diation on the InGaAs cell was extremely significant. The reason was
that the high-energy y rays had strong penetration and easily passed
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through the InGaAs cell, inhibiting energy deposition and causing minor
effects. In addition, compared with neutrons, y rays with the same en-
ergy had a lower radiation weight factor and weaker damaging effects
on the InGaAs cell.

3.4. Temperature stability analysis of the InGaAs cell

During the operation of GPHS-RTPV, InGaAs cell was irradiated not
only by neutron and y from a radioisotope heat source but also by heat
flux from high temperature heat source. Given that the GPHS-RTPV
operates in the complex temperature environment of space, the tem-
perature of the InGaAs cell is usually in a state of constant change.
Therefore, analyzing change in a cell at different temperatures through
experiments is extremely important. The temperature range selected
(270-360 K) is the normal operating range of TPV cells and ensures that
InGaAs cells operate properly and are not damaged.

3.4.1. Quantum efficiency of InGaAs changes with temperature

The EQE and IQE curves of the InGaAs cell at different temperatures
were measured, as shown in Fig. 10. As the InGaAs cell temperature
increased, the EQE/IQE curves were broadened to longer wavelengths,
but the overall values were reduced. And the reflectivity of the InGaAs
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Fig. 12. The (a) I, (b) V,, (c) FF, and (d) Py,qx of InGaAs cell varied with temperature.
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Table 4

Electrical parameters of InGaAs cell with temperature change rate.
Gradient I (WA/K-cm?) Voo (mV/K)  FF (%/K)  Ppax (RW/K-cm?)
before irradiation ~ 14.2 —2.536 -0.3 —6.7
after irradiation 12.8 —2.502 -0.35 —5.2

cell was not affected with the change of temperature. As the temperature
(T,) increased from 276.5 K to 354.5 K, the EQE/IQE curves were
numerically attenuated by 4.874% in the 500-1600 nm band and
expanded by 80 nm in the 1600-1900 nm. The decay of the EQE/IQE
values reduced the photoelectric conversion efficiency, whereas the
expansion of the curve indicated that the InGaAs cell responds to wider
spectrum of incident spectrum, with more infrared photons being
included. Therefore, for the systematic analysis of the influence of
temperature on the photovoltaic output of InGaAs cell, further analysis
of the electrical properties is required.

3.4.2. Electrical properties changes with temperature in the blackbody
infrared spectrum

Under the 1000 K blackbody radiation spectrum, the I-V/P-V curves
of the InGaAs cell changed with temperature (Fig. 11). The linear trend
of I, Voo, Pmax, and FF at varied temperatures shows in Fig. 12. In
addition, the temperature change of the cell after neutron and y irradi-
ation was also tested to explore the effect of InGaAs cells on temperature
change after irradiation. As the cell temperature changed from 282.6 K
to 348.6 K, I increases with temperature, while V,. and P, decrease
with increasing temperature, and the trend with temperature is shown in
Table 4. The gradients of the above electrical parameters at varied
temperatures were almost the same before and after irradiation, so
irradiation had almost no influence on the sensitivity of the InGaAs cells
to temperature change.

When the temperature of InGaAs cell was naturally cooled from
348.6 Kto 300 K, electrical parameters, such as Ppqy, Vo, Isc, and FF were
restored to their original values (Star point in Fig. 12). Therefore, the
degradation of InGaAs cell performance at a high temperature within
the experimental range was reversible and did not cause harm to the cell
itself.

In general, the output power of InGaAs cell increased with
decreasing temperature. When the temperature increased beyond ~373
K, the Pyq, was close to zero. After irradiation, the sensitivity of the
InGaAs cell to temperature did not increase significantly, and the change
rate of P, decreased to a certain extent. Therefore, for the operation of
GPHS-RTPYV, it is necessary to ensure a lower ambient temperature, so
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as to give full play to its better application potential. To deal with the
alternating environment of large temperature differences, consider
adjusting the GPHS-RTPV by using power management to maintain
smooth power output.

It’s worth noting that during this entire research cycle, the InGaAs
cell has been sitting at room temperature for more than 300 days. After
the above data were obtained by neutron and y irradiation and tem-
perature experiment, InGaAs cells were sampled from each group and
the experiment was repeated. The QE/I-V data of InGaAs cell measured
at 1 day intervals showed no fluctuation compared with 300 days ago, as
shown in Fig. 13. The performance of the InGaAs cell itself and its
degradation characteristics under irradiation did not change with time
at room temperature. This result showed that the cell has good storage
stability. The output performance of the GPHS-RTPV did not deteriorate
over time in a stable environment for a certain period of time. The
InGaAs cell will also not be irreversibly damaged by temperature
change. Thus, the neutron and y radiation generated by GPHS is an
important factor affecting the lifetime of RTPV.

In summary, the photon irradiation and long-term operation have a
minimal impact on the performance degradation of InGaAs cells.
Furthermore, the effects of temperature variations on InGaAs cells were
reversible. And the performance degradation observed in InGaAs cells
during service primarily stems from neutron irradiation. Therefore,the
main factor affecting the service life of the GPHS-RTPV system is the
performance degradation of the InGaAs cell due to neutron irradiation
damage. The results of the irradiation experiments show that after
19.883 years of equivalent GPHS-RTPV service, the Pp,q of the InGaAs
cell was maintained at 50.15% of the initial value, and then the service
life of the GPHS-RTPV with InGaAs cell can be presumed to be at least
19.883 years. Its operating life is expected to further improve when a
neutron shield is installed inside the GPHS. Notably, the half-life of the
radioisotope itself is not considered in the assessed of service time. Over
time, the intensity of neutron and y radiation from radioisotope decay
gradually decreases. Therefore, the life evaluation in this work is rela-
tively conservative, and the actual equivalent life may be more opti-
mistic than this result.

4. Conclusions

A 500 W GPHS was used as a benchmark for the analysis of the
service lives and stability of GPHS-RTPV generators under real working
conditions. In this work, InGaAs TPV cells were subjected to neutron and
y radiation from the equivalent GPHS. Given the heat of GPHS and
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Fig. 13. (@) Ppay and (b) maximum QE of InGaAs cell were compared at the initial and after 300 days.
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complex temperature of the InGaAs cells in the space environment, the
effect of temperature on its performance was discussed through exper-
iments. The effects of neutron and y irradiation and temperature on the
InGaAs cells were analyzed using EQE/IQE and electrical output mea-
surements. The InGaAs cells exhibited varying degrees of damage and
degradation under neutron irradiation, whereas y radiation almost had
no effect. After the accumulated neutron and y irradiation, the initial
power can still be maintained at 50.15%. The performance of InGaAs
cells varies linearly with cell temperature. The output power increases
by 6.7 pW/cm? for every 1 K decrease in temperature over the range of
270-360 K. When the temperature returns from high temperature to
room temperature, the output of the cell still returns to the original
value. The performance of GPHS-RTPV generators will be higher in a
stable low-temperature space environment, and their service lives are
conservatively estimated at 19.883 years. The life of GPHS-RTPV can be
effectively extended by adding a radiation shield (mainly neutrons) in-
side the GPHS. This study provides insights into the InGaAs TPV cell’s
influence on irradiation and temperature changes under actual working
conditions, providing a reference for life prediction and stability eval-
uation of GPHS-RTPV generators.
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