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A B S T R A C T   

The extended damp heat and thermal cycling tests were performed on unencapsulated flexible 
thin-film GaInP/GaAs/InGaAs solar cells to assess the long-term stability. The solar cells were 
subjected to 85 ◦C/85% damp heat test for more than 1000 h and 420 cycles of thermal cycling 
test between − 60 ◦C and 75 ◦C, respectively. The performance attenuations of flexible solar cells 
were less than 2% in both cases, which were due to the slow decline of the open-circuit voltage 
with aging time. The slight decrease in open voltage was attributed to the increase in reverse 
saturation current due to the enhanced recombination, which was in good agreement with the 
calculation based on the two-diode model. The good performance of the unencapsulated flexible 
GaInP/GaAs/InGaAs solar cells in severe environment indicated the stable and reliable device 
fabrication art in the experiment.   

1. Introduction 

Flexible III-V thin-film solar cells provide a new application prospect for spacecraft that require a power supply, such as near space 
airships, drones, satellites, or space stations [1–4], due to the advantages of high efficiency [5], high flexibility, lightweight [6], and 
high radiation resistance [7]. In order to satisfy the long-term stable operation of solar cells, it is necessary to pay attention to the 
reliability. As well known, temperature and humidity are the two principal factors affecting the stability of solar cells in practical 
applications, which result in the degradation of photoelectric and material properties [8–11]. The flexible solar cells are exposed to 
complex environmental conditions in long-term operation. For example, they will be subjected to a wide range of temperature fluc-
tuations in the alternation of day and night. Furthermore, strict requirements are placed on the anti-reflective coating (ARC) and 
metallization integrity of the solar cells in the adverse storage conditions with moisture and contaminants [12–15]. Therefore, it is of 
great significance to explore the long-term stability of flexible solar cells under damp heat and thermal cycling environment. 

At present, the reliability analysis of III-V multi-junction solar cells mainly focuses on the degradation mechanism of unencap-
sulated rigid Ge and GaAs substrate solar cells under high-temperature thermal stress [16–19]. In addition, some studies have also 
mentioned the excellent stability of flexible glass-encapsulated multi-junction solar cells in aging experiments [20,21], but the 
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anti-aging performance of the solar cells without the protection of encapsulation materials is also crucial. However, there are few 
studies on the reliability of solar cells with unencapsulated flexible thin-film metal substrates under complex environmental stresses 
such as high temperature, high humidity and thermal cycling. With the development of the techniques such as inverted epitaxial 
growth [22–24], epitaxial lift-off (ELO) [25,26], and bonding between different homogeneous materials [27,28], the transfer of 
thin-film inverted epitaxial layer from a rigid substrate to a flexible substrate is realized, and the greater power-to-mass ratio is ob-
tained [29]. The focus of our preliminary works is to simplify and optimize the fabrication art of flexible solar cells and to prepare 
devices with good performance. High-efficiency flexible triple-junction (3J) GaInP/GaAs/InGaAs solar cells have been fabricated by 
simple process steps such as electroplating metal thin-film flexible substrate, etching GaAs substrate, temporary bonding and so on [27, 
29]. Further accelerated aging tests are required to verify the process reliability and performance stability of flexible solar cells. 

In this article, we investigated the optoelectronic performance attenuations of unencapsulated flexible 3J GaInP/GaAs/InGaAs 
solar cells under prolonged damp heat and thermal cycling tests. The solar cells were subjected to 85 ◦C/85% damp heat test for more 
than 1000 h and 420 cycles of thermal cycling test between − 60 ◦C and 75 ◦C, respectively. The performance attenuations of flexible 
solar cells were less than 2% in both cases. The measurement results of external quantum efficiency (EQE) also confirmed the excellent 
optoelectronic properties of the solar cells. The slight decrease in open-circuit voltage was attributed to the increase in reverse 
saturation current due to the enhanced recombination, which was in good agreement with the calculation based on the two-diode 
model. The good performance of the unencapsulated flexible GaInP/GaAs/InGaAs solar cells in severe environments indicated the 
stable and reliable device fabrication art in the experiment. 

2. Experimental 

The inverted metamorphic (IMM) GaInP/GaAs/InGaAs solar cells were grown by metal-organic chemical vapor deposition 
(MOCVD). The lattice match subcells of GaInP and GaAs were deposited on GaAs substrate first, and then the lattice mismatched 
InGaAs bottom subcell was grown. The individual subcells were connected by thin tunnel junctions to allow the transport of the 
majority carriers dominated by tunneling mechanism [30,31]. The AlInGaAs buffer layer could effectively relieve the lattice mismatch 
stress. The specific stacking structure schematic is displayed in Fig. 1 (a). The inverted epitaxial layer required evaporating p-type 
electrode, depositing Cu film, bonding glass temporary substrate, etching the original GaAs substrate, and other fabrication processes 
to prepare effective flexible solar cell devices. The ARC structure of solar cells was TiOx/Al2O3, which could effectively reduce the 
reflection of light. The simple process flow diagram is shown in Fig. 1 (b), and the detailed preparation methods are described in the 
research of Long et al. [27,32–34]. 

Fig. 1. (a) The photographs and schematic diagram of the stacked structure and (b) process flow diagram of the flexible GaInP/GaAs/InGaAs 
solar cells. 
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The solar cells in this paper are oriented to space stratospheric environment in practical applications. Accordingly, the successfully 
prepared 1 × 1 cm2 flexible solar cells were exposed to high humidity and temperature (85% HR, 85 ◦C) and thermal cycling tests 
between − 60 ◦C and 75 ◦C, respectively. In each reliability test, 5 solar cells were placed in the chamber with an air atmosphere. 
During aircrafts in the stratospheric environment, the low temperature at the bottom is around − 55 ◦C (20 km), and the high tem-
perature at the top can reach − 3 ◦C–17 ◦C [35]. The solar cells will also absorb sunlight with higher temperature in actual operation, so 
the high temperature of the cycle is increased to 75 ◦C. On the other hand, water vapor exists at the bottom of the stratosphere due to its 
close proximity to the upper troposphere, and it has been demonstrated that there is a tendency for stratospheric water vapor to 
enhance [36]. The temperature from − 60 ◦C to 75 ◦C is fully covered by the ambient temperatures experienced by airships in the 
stratospheric environment. In addition, we have to consider the storage of the solar cells on the ground, i.e., the solar cells will 
inevitably be exposed to high humidity environment. Both light and dark current-voltage (I–V) curves were measured on each cell 
every 72 h or 12 cycles under the solar simulator system in order to have a good tracking of the degradation, and the other electrical 
parameters of short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and photoelectric conversion efficiency (Eff) 
were also obtained. In order to avoid the effect of series resistance, the four-point probe method was used. The light source of the solar 
simulator is OSRAM 1000W short-arc xenon lamp, which can simulate the spectrum of AM1.5G standard irradiance. The specific I–V 
test methods could be seen in the research of Huang et al. [37]. The spectral responses of the cells were characterized using the EQE 
test, as detailed in the study of Long et al. [23,27,38]. 

3. Results and discussion 

The performance of solar cells showed similar trends in aging tests, and we selected representative data for presentation. Fig. 2 (a) 

Fig. 2. J-V characteristic curves under the AM1.5G spectrum of the flexible GaInP/GaAs/InGaAs solar cell (a) after damp heat test at 85 ◦C and 85% 
RH for 0 h, 360 h, 720 h, 1008 h and (b) thermal cycling test between − 60 ◦C and 75 ◦C after 0 cycle, 216 cycles, 420 cycles, the inserted tables are 
the absolute values of performance parameters; the normalized electrical properties of Jsc, Voc, FF, and Eff under long-term (c) damp heat test for 
1008 h and (d) thermal cycling test after 420 cycles. 
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and (b) show the current density-voltage (J-V) characteristic curves of the flexible thin-film solar cells under the air mass 1.5G global 
(AM 1.5G) spectrum after damp heat test at 85 ◦C and 85% RH for 0 h, 360 h, 720 h, 1008 h and thermal cycling test between − 60 ◦C 
and 75 ◦C after 0 cycle, 216 cycles, 420 cycles, respectively. The normalization changes of the performance parameters of the solar cells 
after damp heat test and thermal cycling test are shown in Fig. 2 (c) and (d), and some absolute values are given in the inserted tables in 
Fig. 2 (a) and (b). The efficiency of the solar cells is close to 34%, which is sufficient to demonstrate the stability of the performance 
under aging tests. 

The performance attenuations of flexible solar cells were less than 2% in both cases, which were mainly manifested as the slow 
decline of Voc. The FF and Eff remained stable after aging tests which proved that the unencapsulated solar cells had a high resistance to 
heat and humidity and high durability to temperature changes. When the shunted subcell is the lowest photocurrent subcell in the 3J 
solar cell, an interesting fact of Jsc increase could be observed both in damp-heat and thermal cycling tests. In this case, the current- 
limiting subcell will be in a reverse-biased state at Jsc (multijunction solar cell at 0V), and increase its current generation when the 
shunt resistance becomes lower after aging [17,39]. However, the power of the solar cells barely decreased before and after the aging 
tests, which was in the first stage of its life cycle [12,40]. Longer period tests will be carried out to explore the specific lifetime of the 
solar cells in the future. 

The external quantum efficiency (EQE) response of the solar cells can also demonstrated that the performance was not significantly 
degraded. As shown in Fig. 3, the EQE curves of the solar cells without aging and after damp heat and thermal cycling tests can be 
concluded that the excellent optoelectronic performance remained well after the aging tests. According to Equation (1), the Jsc of each 
subcell could be calculated by the EQE (φEQE) and the spectral irradiance (φspec)L [23], 

Jsc =
qλ
hc

∫ ∞

0
φEQE(λ) • φspec(λ)dλ# (1)  

where h is Planck’s contant and c is the propagation speed of light in vacuum, q is the electron charge and λ is the wavelength. The 
calculated current density of each subcell is listed in Table 1. In the spectral response test of the subcells, because of the low shunt 
resistance of the InGaAs subcell, an appropriate bias voltage was added to the light bias [41]. 

The degradation of the flexible solar cells after damp heat and thermal cycling tests were mainly caused by the slight drop of Voc 
(<2%). It’s believed that under the aging environment, the lattice defects and surface defects were introduced into the material as the 
recombination centers, which accelerated the recombination inside the solar cells and thus reduced Voc. Since the reverse saturation 
current in the dark I–V could effectively reflect the recombination process [42–44], we analyzed the behavior of the reverse saturation 
current under damp heat and thermal cycling tests. 

Fig. 4 (a) and (b) shows the dark I–V curves of the solar cells after damp heat test at 85 ◦C and 85% RH for 0 h, 360 h, 720 h, 1008 h 
and thermal cycling test between − 60 ◦C and 75 ◦C after 0 cycle, 216 cycles, 420 cycles, respectively. The dark I–V curve of the solar 

Fig. 3. The external quantum efficiency curves of flexible GaInP/GaAs/InGaAs solar cells without aging and after damp heat and thermal 
cycling tests. 

Table 1 
Short-circuit current density of each subcell of the solar cells without aging and after damp heat and thermal cycling tests.  

Solar cells Jsc-GaInP(mA/cm2) Jsc-GaAs(mA/cm2) Jsc-InGaAs(mA/cm2) 

Without aging 14.92 15.11 13.98 
Damp heat 15.01 15.29 13.96 
Thermal cycling 15.01 15.16 13.85  
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cell could be expressed as a double exponential function 

I(V) = Irec

{

exp
[

q(V − IRs)

n1kT

]

− 1
}

+ Idif

{

exp
[

q(V − IRs)

n2kT

]

− 1
}

+
V − IRs

Rsh
# (2) 

where Irec, Idif are the diode reverse saturation currents, n1, n2 are the ideality factors, q is the electron charge, k is Boltzmann’s 
constant, T is the temperature, Rs and Rsh are the series and the shunt resistances. According to the equivalent circuit of the two-diode 
model, it can be divided into two regions representing different mechanisms. Region I is the recombination current Irec and region II is 
the diffusion current Idif, corresponding to the first two items of Equation (2), respectively. The theoretically calculated ideality factors 
of single-junction solar cell come to n1 = 2 considering the different recombination mechanisms and n2 = 1 indicating the internal 
diffusion process of the solar cells at room temperature [45]. Since the 3J solar cell is made of three subcells connected in series, the n1 
and n2 calculated by the dark I–V curves are not equal to 2 or 1. The result of the ideality factors is a combination of three subcells [46]. 
The numerical changes of the ideality factors for different times in damp heat and thermal cycling tests are given in the inserted tables 
in Fig. 4 (a) and (b). The total changes were Δn1 = 1.009, Δn2 = 0.405 for damp heat test, and Δn1 = 0.720, Δn2 = 0.282 for thermal 
cycling test. From the results, Δn1>Δn2 illustrated that the increase of recombination current Irec in the depletion region was more 
significant. The increased values of the ideality factors in both aging tests indicated that the corresponding shunt resistance affected by 
the recombination mechanism became much lower which was in consistent with the slow drop of Voc in the light state. The recom-
bination centers were introduced into the solar cells that the lifetime of the minority carriers was shortened and the reverse saturation 
current was increased during the progress of the aging tests. 

In order to further understand the above situation, we calculated the I–V curves based on the two-diode model. The equivalent 
circuit of the 3J cell in Fig. 5 is an extension of the single-junction cell two-diode model [45]. The subcells of GaInP, GaAs and InGaAs 
are represented from top to bottom, respectively. In general, IInGaAs < IGaInP < IGaAs. The I–V characteristics of the recombination and 
diffusion processes were analyzed by the two-diode model. 

Fig. 4. Dark I–V curves of flexible GaInP/GaAs/InGaAs thin-film solar cells (a) after damp heat test at 85 ◦C and 85% RH for 0 h, 360 h, 720 h, 1008 
h and (b) thermal cycling test between − 60 ◦C and 75 ◦C after 0 cycle, 216 cycles, 420 cycles, the inserted tables are the calculated ideality factors n1 
and n2. 

Fig. 5. Equivalent circuit diagram of a three-junction solar cell.  
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The equivalent circuit diagram was simulated to evidence the explanation of the slight decrease in Voc caused by the enhanced 
recombination. The sweep voltage range of the time varying power supply (V) is 0–3.5V, the series resistance Rs = 9Ω, and the other 
component initial parameters such as the photogenerated current Iph, the diode reverse saturation current Irec, Idif, the ideality factors 
n1, n2, and the shunt resistance Rsh of the subcell are given in Table 2. The initial magnitudes of the reverse saturation currents Irec and 
Idif in the simulation are approximately the same as the reverse saturation currents of each subcell given in the previous study [38]. The 
simulation result of the initial parameter values is shown as the curve ① in Fig. 6. In the simulation, Voc was reduced by increasing the 
reverse saturation current Irec of the subcells. The I–V curves ②, ③ and ④ in Fig. 6 show the simulation results after increasing the 
recombination current Irec by one order of magnitude for the top, middle and bottom subcells, respectively. The inserted table in Fig. 6 
shows the values of Irec used by each subcell for I–V curves ①, ②, ③ and ④ and the values of Voc obtained in the simulation. It was 
confirmed by simulation that the increase in the reverse saturation current Irec of each subcell led to the decrease in Voc. The decline 
trend of the simulated values about Voc in Fig. 6 was similar to the results tested in the aging tests in Fig. 2 (a) and (b). When the reverse 
saturation current Irec of each subcell increased by one order of magnitude respectively, it could be found that the lower the initial 
reverse saturation current of the subcell, the smaller the drop of Voc. 

4. Conclusions 

In this paper, in order to evaluate the long-term stability of unencapsulated flexible GaInP/GaAs/InGaAs thin-film solar cells, we 
conducted damp heat and thermal cycling tests, respectively. The performance of the thin-film solar cells hardly decreased after the 
tests which indicated that the devices had damp resistance and thermal stress durability. The results of the EQE test also showed that 
the aging tests had no significant effect on the optoelectronic performance of solar cells. In the experiment, the substantial increase of 
the ideality factor associated with recombination mechanism demonstrated the introduction of more recombination centers during the 
aging tests, resulting in a slight decrease in Voc. The above point of view was confirmed by the simulation results calculated by the 
diode model of multi-junction solar cells. The consequences of the experiences proved that the unencapsulated flexible solar cells had 
the ability to resist harsh environment, and the simple process flow of the flexible solar cells had distinguished reliability. In the near 
future, the stability of the encapsulated flexible solar cell can be further studied to verify the impact of the encapsulated process on the 
solar cells under the same severe conditions. 
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Table 2 
The initial parameter values of the equivalent circuit model component.  

Parameter Iph(mA) Irec(A) Idif(A) n1 n2 Rsh(Ω) 

GaInP 14.47 2.09e− 15 4.3e− 24 2 1 1e5 

GaAs 15.07 3.45e− 12 1.2e− 19 2 1 1e5 

InGaAs 13.63 1.60e− 8 1.8e− 16 2 1 1e5  

Fig. 6. The simulation results of the I–V curves, the inserted table are the Irec of each subcell used in the simulation and the obtained Voc.  
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