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ABSTRACT
This study presents a comparative analysis of the open circuit voltage behavior of perovskite vs. gallium arsenide (GaAs) solar cells at low temperatures relevant to space applications. While GaAs solar cells demonstrate high power conversion efficiencies and superior environmental stability, their widespread adoption is limited by high manufacturing costs. In contrast, perovskite solar cells have emerged as a promising alternative due to their high efficiency, excellent optoelectronic properties, and low fabrication costs. To evaluate and compare their optoelectronic characteristics and voltage losses at low temperatures, we have characterized both devices using temperature-dependent current–voltage (J-V) and photoluminescence-based radiative efficiency measurements in the range of 300 K to 160 K. GaAs devices exhibited a linear increase in open-circuit voltage (Voc) with decreasing temperature, consistent with theory. In contrast, perovskite devices showed suppressed Voc enhancements and an S-shaped J–V response below 240 K. Using temperature-dependent external radiative efficiency measurements, we show that temperature-dependent entropic losses related to nonradiative recombination are higher in perovskite devices compared to GaAs at high temperatures but the gap between the two shrinks substantially at lower temperatures. These findings provide valuable insight into temperature-dependent Voc in perovskite solar cells, particularly relevant for space deployment applications.













Photovoltaic (PV) technologies are used in wide-ranging applications such as grid-tied systems, small off-grid systems and space missions. One common factor that can influence the performance of PV devices under all these applications is temperature , through the impact of thermal cycling on the long-term reliability and lifetime of these devices.1,2 For low Earth orbit satellites, temperature fluctuations from -120 C to +120 C are possible, though the actual temperature range is generally smaller due to system controls.3 Therefore, maintaining the efficiency and durability of solar cells is critical for their continued viability under such harsh conditions. Gallium arsenide (GaAs) solar cells fulfill many of the requirements for space applications and have been widely adopted in these settings1 due to their flexibility,4 stability,5,6 and high power conversion efficiency (PCE), which has reached up to 29.1 %.7  Recently, perovskite solar cells, whose PCE has rapidly increased to 26.9 %,7 have emerged as a promising alternative to GaAs, primarily due to their excellent optoelectronic properties, radiation resistance, and low-cost fabrication.8 While GaAs cells are limited by high manufacturing costs, perovskites offer a more affordable solution.9,10 Even though perovskite solar cells are reported to be structurally less stable, the stability of successive generations of the technology has steadily improved over time.11–13 

Considering the importance and impact of temperature (T) on the electrical characteristics of PV devices, temperature-dependent characterization of perovskite solar cells has been under-investigated and reported. The temperature dependence of the band gap energy (Eg) of perovskites, for example, shows an opposite behavior compared to traditional semiconductors,14,15 impacting their optoelectronic properties. The open-circuit voltage (Voc) trend with temperature is significantly influenced by the Eg vs T variation and also by the temperature-dependence of the photoluminescence (PL) characteristics of the active semiconductor absorber. Indeed, the external radiative efficiency (ERE) of PL is an important figure-of-merit when examining how the current density vs. voltage (J-V) characteristics evolve with temperature. The Voc represents the maximum voltage of a solar cell at zero current, reflecting the maximum potential difference generated at a given photocurrent. However, both calculated and experimental Voc values are always lower than  due to energy and entropic losses.16 

The purpose of this study is to systematically analyze the optoelectronic characteristics of perovskite photovoltaic devices as a function of temperature (ranging from 300 K to 160 K) with a focus on analyzing and explaining the temperature dependence of the Voc. However, since perovskites are a relatively new class of PV materials with limited low temperature characterization, more useful insight is obtained when their temperature-dependent characteristics are compared with a traditional, well-understood PV material such as GaAs. We have performed illuminated J–V measurements and compared the device parameters of both types of solar cells, with an emphasis on the Voc, as a function of temperature. Additionally, we have conducted absolute PL measurements to evaluate PL and PL-ERE variations over the same temperature range. We then calculated the theoretical Voc and temperature-dependent entropic voltage losses of both solar cells. Comparing the calculated Voc and voltage losses for GaAs and perovskite devices at low temperatures is essential to understanding the fundamental physics of these semiconductors and assessing their performance under cryogenic conditions.

[bookmark: _Hlk235194958]We fabricated rear junction GaAs and p-i-n perovskite (Rb0.05Cs0.05FA0.85MA0.05Pb(I0.95Br0.05)3, RbCsMAFA) solar cells, with the device structures illustrated in Fig. 1(a) (see Supplementary Material for details). For low temperature J-V and PL measurements, these solar cells were placed in a liquid-nitrogen-cooled optical cryostat maintained under vacuum (~ 10-6 Torr). The light J-V curves (air mass 1.5 global illumination condition under an irradiance of 100 mW/cm2) of the GaAs and perovskite solar cells between 300 K and 160 K are shown in Figs. 1(b) and 1(c), respectively (reverse sweep direction shown), with Fig. 1(d) showing a summary of the device parameters as a function of T. At 300 K, the J-V curve of the GaAs solar cell exhibited a PCE of 19.68 %, with a Voc of 1.02 V, a fill factor (FF) of 72.58 %, and a short circuit current density (Jsc) of 26.5 mA/cm². In comparison, the perovskite solar cell showed a PCE of 22.08 % (See Supplementary Material Table S1 for temperature-dependent PCEs of the GaAs and perovskite solar cells), with a Voc of 1.15 V, a FF of 78.70 %, and a Jsc of 24.28 mA/cm2. As the temperature decreased, the Voc of the GaAs cell increased linearly from 1.02 V at 300 K to 1.28 V at 160 K, consistent with the expected Voc-temperature dependence that will be discussed in detail later. The Voc of the perovskite device also increased with decreasing temperature, reaching up to 1.27 V at 160 K. Although the perovskite cell J-V curves show some hysteresis behavior depending on the voltage sweep direction, we did not observe a significant hysteresis-dependent Voc over this temperature range as shown in the Supplementary Materials. However, this increase of Voc is relatively weak with T, and hence the GaAs cell ends up with a slightly higher Voc at 160 K than the perovskite cell even though it started with a much lower Voc near room temperature.
 
Furthermore, as the temperature decreases, the perovskite cell develops a slight S-shaped J-V curve at 240 K, with the S-shape behavior becoming more pronounced as the temperature drops below 240 K. This S-shaped behavior has been observed in prior studies, and is attributed to a loss of contact selectivity,17 resulting in charge accumulation due to unfavorable charge extraction.18 This suppressed device behavior which results in a systematic reduction in the PCE may arise from restricted charge extraction: Electron-hole pairs are still generated, as evidenced by the relatively unchanged Voc but the FF drops significantly below 240 K. This indicates that charge carriers cannot be effectively extracted from the device, likely due to a deterioration in the energetic alignment of the bands between the contact layers and the perovskite active layer. This accumulation of carriers at the contacts without an efficient collection mechanism can impact the fill factor of the cell similar to the impact of a Schottky contact at the interface.19 

The trend in Jsc​ versus temperature is similar for both GaAs (~ 26 mA/cm²) and perovskite devices (~ 24 mA/cm²), showing a slight decrease with temperature for the GaAs cell and relatively flat for the perovskite cell. The substantial drop in the FF, which starts to be noticeable at 240 K, causes the perovskite PCE to drop to 15.3 %. As the temperature is further lowered to 220 K, the FF drops to 32.50 %, leading to a continued decline in PCE to 9.6 %. [Fig. 1(d)]. 
As mentioned above, in this work we focus on investigating the temperature dependence of the Voc between the two cells and acknowledge that analysis of FF and Jsc temperature dependence is beyond the scope of this work. As such, it is important to study and understand the behavior of ERE and Eg of each cell as a function of T. Using absolute PL measurements as a function of T, we calculated the ERE values for each device using the relationship:
ERE =  =                                                                  (1)
where  is the total external luminescence photon flux in photons/m2s, and  is the absorbed excitation (laser) photon flux.
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FIG. 1. (a) Schematic device structures of GaAs (top) and perovskite (bottom) solar cells. Temperature dependent light J-V curves of (b) GaAs and (c) perovskite solar cells. (d) Comparison of device parameter temperature dependence for both solar cells.

At low temperatures, available thermal energy decreases, reducing the activation of non-radiative recombination centers. This results in a higher number of radiatively recombined charge carriers within the lattice. Cryogenic cooling suppresses non-radiative recombination because the truncation of carrier thermal energy prevents charge carriers from classically surmounting the substantial activation energy barriers associated with deep-level defect centers.15 As the temperature rises, literature indicates heightened intrinsic structural disorder and elevated exciton/polaron mobility in halide perovskites facilitate carrier transport, thereby accelerating their capture at deep non-radiative recombination centers.20 Consequently, the PL emission photon flux of both the perovskite and GaAs devices increases with decreasing temperature [Figs. 2(a) and 2(b)]. The one notable difference between the two devices is that as the temperature decreases, the PL peak energy position of the GaAs device shifts to higher energies (blue shift), while that of the perovskite device shifts to lower energies (red shift). The underlying reasons for this difference in PL peak shifts are discussed in a later section. At 300 K, the ERE of the GaAs device is calculated at  0.6 %, increasing to  1.8 % at 160 K. In contrast, the perovskite device exhibits a PL ERE of  0.2 % at 300 K, which rises to  2.0 % at 160 K [Fig. 2(c)]. This faster ERE increase with decreasing temperature for the perovskite device suggests a higher density of non-radiative recombination centers, which freeze out at lower temperatures, enhancing the radiative efficiency of the material. 
[image: ]
FIG. 2. Temperature-dependent PL spectra of (a) GaAs and (b) perovskite solar cells. (c) Comparison of the ERE of the solar cells as a function of temperature.

In order to see the impact of the observed differences in the ERE vs T trends, i.e., Fig. 2(c), on the Voc vs T measurements [Fig. 1(d)], we need to evaluate the entropic losses associated with the ERE differences between the two devices. Eq. (2) defines the Voc in terms of the various entropic losses that act as voltage penalties incurred by the cell under sunlight to reduce the voltage from the maximum value  to the measured voltage. In this equation, q, k, T, , , and  represent the electron charge, the Boltzmann constant, the device temperature, the solid angle of the sun, the ERE (Calculated from Eq. (1)), and the temperature of the sun, respectively16: 

      (2)

According to this equation, the Voc will not be equal to  because of entropic losses originating from the radiative losses, , the solid angle of the sun  photon cooling  and the density of state modification  where . We note that   captures all entropic losses associated with the combined nonradiative recombination, parasitic absorption and light trapping as represented by the ERE parameter .21 Therefore, other than the first term in Eq. (2), all other terms are entropy loss-related voltage penalties that reduce the voltage. 

Using the temperature-dependent PL spectra shown in Figs. 2(a) and 2(b), we extracted the Eg of the GaAs and perovskite devices using Gaussian fitting (Supplementary Material Tables S2 and S3) to the emission curves and extracting the maximum of the PL emission peaks, as presented in Fig. 3(a). We note that this method produces the so-called “radiative band gap” energy, which is an acceptable proxy for the band gap. The radiative band gap could be slightly (tens of meV) different from the band gap energy extracted from absorption measurements,22 but since we did this extraction consistently for both sets of devices at all the measured temperatures, we can conveniently use these measurements in our temperature dependent Voc analysis. As the temperature is lowered, the Eg of GaAs increases from 1.43 eV at 300 K to 1.48 eV at 160 K, whereas the Eg of the perovskite cell decreases from 1.542 eV at 300 K to 1.514 eV at 160 K [Fig. 3(a)]. In conventional semiconductors like GaAs, thermal vibrations of the lattice atoms decrease at low temperatures. This reduction in lattice vibrations causes the energy difference between the valence band and the conduction band to increase, resulting in a larger band gap energy23. For perovskite materials, the Eg reduces with decreasing temperature due to the shrinking of the perovskite lattice, which causes an increase in the overlap between Pb-6s and I-5p antibonding atomic bonds that generates the valence band maximum24. Therefore, these two opposite trends of bandgap energy with temperature impact the slope of the Voc vs. T plots for each type of cell. 

The temperature dependence of the radiative voltage penalty, , for the solar cells, shown in Fig. 3(b), closely follows the trend of the ERE variations with temperature in Fig. 2(c), as the entropic radiative voltage loss is a function of the ERE. This plot shows that even though the perovskite devices suffer from higher nonradiative voltage losses than GaAs at 300 K, the difference between the two cells shrinks as the cells are cooled such that at 160 K, they both produce a similar nonradiative voltage loss ( 60 mV). The other entropic voltage losses, based on exhibit nearly identical temperature dependence for both devices, with only a slight deviation at higher temperatures, attributed to the difference in their bandgap energies and they increase linearly with decreasing temperature. Overall, these losses reduce linearly with decreasing temperature [Fig. 3(c)].
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FIG. 3. Temperature-dependent variation of (a) bandgap energy, Eg, (b) entropic radiative voltage loss originated from Srad, and (c) sum of the other entropic voltage losses originated from for GaAs and perovskite solar cells at low temperatures.

In Fig. 4(a), the Voc vs. temperature trends of GaAs and perovskite solar cells are compared based on both experimental (Voc(exp)) measurements and theoretical calculations (Voc(calc)) based on Eq. (2). For the GaAs device, the Voc(exp) increases linearly with decreasing temperature, in excellent agreement with the theoretical prediction. The difference between calculated and experimental values, ΔVGaAs = Voc(calc) - Voc(exp), remains negligible, with a value of  approximately 25 meV at 300 K and 15 meV at 160 K. A similar linear trend is predicted, via calculations, for the perovskite device; however, its experimental Voc deviates from the theoretical curve in a non-steady way with temperature [Fig. 4(b)]. At 300 K, ΔVPerovskite is about - 34 meV, and this difference increases to + 65 meV at 160 K, indicating a growing discrepancy at lower temperatures. We attribute this deviation to formation of an energy barrier at the perovskite/contact layer. As shown in Figs. 1(c) and 1(d), the FF begins to deteriorate below 240 K, which we previously attributed to charge accumulation at the interfaces, resulting in reduced charge extraction efficiency.25,26 The theoretical treatment in Eq. (2) ignores charge injection bottlenecks and is only concerned with energy and entropic losses, hence predicting a linear increase in Voc with decreasing temperature. However, as discussed in Fig. 1(d), the Voc(exp) vs. T behavior of the perovskite device mostly rolls over at temperatures below 240 K and shows only a slight rise below this temperature. 

In previous work,25,26 we presented low temperature electroluminescence imaging data of perovskite solar cells revealing formation of local areas of low injection efficiency, which expand as temperature is lowered and eventually choke off the charge injection or collection process into the device. These unfavorable charge injection regions likely originate from poor contact selectivity, such as low-quality hole- or electron-selective layers or energy barriers at the contacts. To compare the temperature-dependent selectivity of the solar cells studied, we calculated a parameter previously labeled as the open-circuit selectivity (Soc) using Eq. (3)27:
   							              	          (3)
where  refers to the internal voltage, corresponding to Voc(calc) obtained directly from Eq. (2) using the absolute PL ERE measurements. The ratio of the Voc(exp) to the Voc(calc) decreases with poor selectivity. Previous reports indicate that the conductivity and charge mobility of the transport layer decrease at lower temperatures, thereby hindering efficient charge extraction.28 This phenomenon has also been implicated in the emergence of S-shaped J-V curves in organic solar cells, a behavior specifically attributed to the reduced conductivity of C60.29 The temperature-dependent reduction in the doping density of C60 appears to be the primary driver behind the diminished Voc ,whereas the MeO-2PACz HTL being a monolayer, introduces a surface dipole that remains largely constant with temperature. In Fig. 4(c), the Soc for the GaAs solar cell is around 0.98 and remains stable with temperature, indicating good contact selectivity. In contrast, the Soc for the perovskite solar cell is maximum at slightly above unity at 300 K but decreases with temperature reaching ~ 0.95 at 160 K, which is lower than the Soc of GaAs solar cell at the same temperature. The reason the Soc for the perovskite cell is slightly shifted above unity at higher temperatures is due to uncertainties related to the estimation of the Voc(calc) values which are slightly under the experimental Voc(exp) values. This discrepancy originates from high measurement uncertainties for absolute PL measurements and other possible errors (see experimental section), as shown by the shaded red and blue regions in Fig. 4(a). The observed trends, however, clearly demonstrate that while the selectivity of the perovskite cell is similar to, or higher, (within the margin of uncertainty) than that of the GaAs cell at 300 K, its selectivity falls below that of GaAs at 160 K. These results are therefore consistent with the S-shaped behavior of the I-V curves of the perovskite solar cell at low temperatures [Fig. 1(c)], caused by the loss of contact selectivity.
[image: ]
FIG. 4. (a) Solid symbols represent the calculated Voc, while open symbols indicate the Voc extracted from experimental J-V measurements. (b) Magnified view of the voltage variations of the perovskite solar cell between 240 K and 160 K from Fig. 4(a). (c) Temperature dependence of selectivity in GaAs and perovskite solar cells. Our estimated uncertainties for the calculated Voc for GaAs and perovskite solar cells are shown in light blue and red shades, respectively.

In conclusion, while both GaAs and perovskite solar cells demonstrate relatively stable Jsc​ values across the 300 K - 160 K temperature range, the Voc​ vs. T trend in the perovskite device is notably different than that of the GaAs cell, while the perovskite device FF is impacted by charge injection bottlenecks at the contacts. This resulted in reduced performance, likely due to interface-induced charge accumulation and loss of contact selectivity. Temperature-dependent PL measurements and ERE calculations revealed key differences in the defect landscapes of the two materials. Even though both devices show enhanced radiative recombination at lower temperatures, the perovskite device exhibited a significantly larger relative increase in ERE, from approximately 0.2 % at 300 K to ~ 2.0 % at 160 K, indicating a higher density of non-radiative recombination processes that freeze up at low temperatures. Analysis of entropic radiative voltage losses revealed a strong correlation with ERE trends, with overall losses decreasing as temperature decreased. At 300 K, the entropic radiative voltage loss is higher in the perovskite device; however, this difference narrowed with decreasing temperature. By 160 K, the entropic losses of GaAs and perovskite solar cells became nearly identical. Overall, this work highlights a comparative study for low-temperature behaviors of GaAs and perovskite solar cells and provides insight into the critical role of interfacial quality and recombination dynamics in determining device performance, particularly for space applications. 

Data availability statement: The data that supports the findings of this study are available from the corresponding author upon reasonable request.
See the supplementary material for the experimental section, and Tables S1, S2, and S3.
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