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ABSTRACT 

In this work, we investigated the effects of high operating temperature and thermal 

cycling on the photovoltaic performance of perovskite solar cells (PSCs) with a typical 

mesostructured (m)-TiO2-CH3NH3PbI3-xClx-spiro-OMeTAD architecture. After carrying out 

temperature-dependent grazing incidence wide-angle X-ray scattering (GIWAXS), in-situ X-

ray diffraction (XRD) and optical absorption experiments, thermal durability of PSCs was 

tested by subjecting the devices to repetitive heating to 70 °C and cooling to room 

temperature (20 °C). An unexpected regenerative effect was observed after the first thermal 

cycle; the average power conversion efficiency (PCE) increased by approximately 10 % in 

reference to the as-prepared device. This increase of PCE was attributed to the heating-

induced improvement of crystallinity and p-doping in the hole-transporter, Spiro-OMeTAD, 

which promotes the efficient extraction of photo-generated carriers. However, further thermal 

cycles produced a detrimental effect on the photovoltaic performance of PSCs with short-

circuit current and fill factor degrading faster than the open-circuit voltage. Similarly, the 

photovoltaic performance of PSCs degraded at high operation temperatures; both short-circuit 

current and open-circuit voltage decreased with increasing temperature, but the temperature-

dependent trend of fill factor was opposite. Our impedance spectroscopy analysis revealed a 

monotonous increase of charge transfer resistance and a concurrent decrease of charge 

recombination resistance with increasing temperature, indicating high recombination of 

charge carriers. Our results revealed that both thermal cycling and high temperatures produce 

irreversible detrimental effects on the PSC performance due to the deteriorated interfacial 

photo-carrier extraction. The present findings suggest that development of robust charge 

transporters and proper interface engineering are critical for the deployment of perovskite 

photovoltaics in harsh thermal environments.   
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1. INTRODUCTION 

The unprecedentedly fast rise of the efficiency of hybrid perovskite solar cells (PSCs) 

from 3.8%1 to over 20%,2,3 with a certified current world record of 22.1%,4 make them a 

promising contender in future photovoltaic technology. Halide perovskites have attracted 

enormous attention as light harvesting material,5,6 thanks to their extraordinary properties 

such as favourable electrical properties,7,8 tunable optical band gap,9,10 long carrier diffusion 

lengths11,12 and solution processability.13-15 Intensive efforts have been devoted to improving 

the morphology and properties of the perovskite layers, optimizing the processing 

techniques,16-23 identifying new electron and hole transport materials,24-31 aiming at enhancing 

the overall photovoltaic performance. Despite these exciting developments in this research 

field, the stability of PSCs in ambient conditions with varying conditions of temperature, 

illuminations and moisture remains as the main bottleneck impeding their large-scale 

industrial commercialization.32-34 It has been reported that decomposition of CH3NH3PbI3 

(MAPbI3) into PbI2, I2, and methylamine (MA) could be triggered by humid air and light.35-37 

Particularly, for outdoor applications of PSCs, the geographical location and the operating 

environments may vary drastically. For commercial solar cells, specific endurance tests like 

thermal-cycling test, humidity-freeze test, light soaking test, and damp heat test are required 

before the devices or modules can be put into end-user applications.38 Therefore, it is 

important to identify and understand the impact of such environmental elements on the 

performance of PSCs.  

This work focuses on the thermal effects on the photovoltaic performance of PSCs. It is 

known that temperature has significant effects on the crystal structure, phase transition and 

degradation of the organic-inorganic hybrid perovskites. So far there have been a few reports 

dedicated to understanding the temperature-dependent performance of PSCs. In one early 

work, Li et al. investigated the outdoor performance and stability of mesoporous PSCs.39 In 
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another work on carrier transport, Milot et al. reported that charge carrier diffusion length and 

mobility in MAPbI3 gradually decreases with increasing temperature.40 In order to improve 

thermal stability, Aharon et al. fabricated FAPbI3-based hole-conductor-free PSCs which 

exhibited higher thermal stability than the commonly studied MAPbI3counterpart.41 In 

another important work, Ren et al. reported that post-synthesis annealing treatment in oxygen 

atmosphere improved the PCE of MAPbI3-based planar PSCs,42 but the underlying 

mechanism remains unclear. In a later work focusing on the heating-induced compositional 

modifications, Divitini et al. reported in-situ TEM observation of mesostructured perovskite 

solar cells being heated to high temperatures,43 and they observed chemical changes, such as 

iodine and lead migration during the thermal treatment. In another work, Domanski et al. 

found that when PSCs are heated to 75 °C for a very extended period of time (16 h), gold 

from the top electrode started to migrate through the spiro-OMeTAD layer into the perovskite 

layer, which represents another pathway of degradation at high temperatures.44 However, an 

in-depth analysis of the thermal stability of PSCs is still lacking, which limits the further 

advent of perovskite-based technologies. Furthermore, the impact of thermal environment, 

particularly high temperatures and thermal cycling, on the structural, morphological and 

electronic properties of perovskite layers and PSCs need to be identified.  

In this work, repeated heating (to 70 °C) and cooling (to 20 °C) processes were used to 

mimic the operating conditions of PSCs in a harsh environment, and our focus is to evaluate 

the effect of thermal cycling on the performance of PSCs. Our experiments revealed that 

within the temperature window (20 °C - 70 °C), the thermal process detrimentally affected 

the charge transporter, particularly spiro-OMeTAD, much more than the perovskite layer. 

Particularly, we found that the thermal annealing, in the beginning, improved the crystallinity 

and charge transport of the hole-transporting material (HTM), leading to the initial 

enhancement of photovoltaic performance after the first thermal cycle. However, the current 
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density-voltage (J-V) and incident photon to current conversion efficiency (IPCE) 

measurements indicated that the Photovoltaic (PV) performance of PSCs generally degraded 

at higher operating temperatures. Furthermore, impedance spectroscopy analysis of the PSCs 

revealed the monotonous increase of charge transfer resistance and the concurrent decrease of 

charge recombination resistance with increasing temperature. We also found that multiple 

thermal cycling steps on PSCs produced a similar detrimental effect, i.e., reducing the 

photovoltaic performance via increasing the recombination of charge carriers. These results 

provide valuable insights on the photo-carrier extraction and charge recombination processes 

in the PSCs under conditions of high operating temperatures and repetitive thermal cycles.  

 

2. EXPERIMENTAL SECTION  

2.1 Materials and Device Fabrication 

Methylammonium iodide (CH3NH3I) was synthesized according to the procedure 

mentioned in our previous report.32 To prepare the CH3NH3PbI3-xClx (MAPbI3-xClx) 

perovskite precursor solution, as-synthesized CH3NH3I powder and lead (II) chloride powder 

(PbCl2, Alfa Aesar) were mixed in anhydrous dimethylformamide (DMF, Aldrich) with a 

weight ratio of 3:1. The suspension was stirred overnight at 70 oC. All precursor materials 

were used directly without purification. Etched fluorine-doped tin oxide (FTO) coated glass 

substrates (Pilkington, TEC-8) were cleaned successively with detergent, deionised water, 

acetone and isopropanol for 15 min each in an ultrasonic bath. Subsequently, the substrates 

were treated with oxygen plasma for 3 min. A compact layer of TiO2 was deposited by spin 

coating a solution containing 350 �L of titanium isopropoxide and 35 �L of HCl in 5 mL 

ethanol at 2000 rpm for 60 sec, followed by sintering at 490 °C for 60 min. The 300 nm thick 

mesoporous TiO2 layer was deposited by spin coating (2000 r.p.m. for 60 s) solutions of 

commercial dyesol paste (18 NR-T) diluted in ethanol (1:5 weight ratio). Subsequent to the 
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initial drying step at 150 °C for 20 min, the TiO2 film was sintered at 490 °C for 60 min. 

After the film was cooled to RT, the MAPbI3-xClx perovskite precursor solution was spin 

coated at 1000 r. p. m. for 10 sec and 2000 r. p. m. for 60 sec onto the substrate with 

subsequent chlorobenzene drop after 40 sec. The substrate was transferred to a hot plate 

preheated to 95 °C, and the thermal treatment lasted for 80 min in a N2-filled glove box. A 

hole-transporting layer was then deposited in air via spin-coating a 0.79 M solution of spiro-

OMeTAD in 1ml chlorobenzene, with additives of Li-TFSI and t-BP. This coating process 

was carried out at 2000 rpm for 30 s in dry air (with the relative humidity at 20 ± 5%). 

Afterwards, the cells were left in dry air (humidity level: 20 ± 5%) overnight in the dark. To 

complete the device fabrication, 100 nm thick Au back contact was deposited by thermal 

evaporation in a vacuum chamber with a base pressure of about 10-5 bar. 

2.2 Characterizations 

GIWAXS measurements were conducted in the Cornell High Energy Synchrotron 

Source (CHESS) at the D1 beam line. For annealing experiments, a small hot plate was set up 

as a stage, which was preheated to 100 ºC. For all measurements, incident angle was kept at 

0.25º.  The UV-Vis absorbance measurements were performed using a F20-UVX 

spectrometer (Filmetrics, Inc.) with a tungsten halogen light source. The in-situ absorbance 

measurements were conducted on a pre-heated (at 100 ºC) hot plate in a nitrogen-purged 

glove box with relative humidity less than 0.1 ppm. In-situ variable temperature powder XRD 

spectrum measurements were performed on a PANalytical X’Pert Pro MPD X-ray 

diffractometer equipped with a temperature-control chamber (LT chamber, TTK450 from 

Anton Paar GmbH). XRD patterns were collected with a Bruker D8 Advance instrument at 

45 kV, 40 mA for Cu Kα (λ = 1.5418 Å) with a scan speed of 1.0° / min and a step size of 

0.02° in 2θ. The samples were held at the designated temperatures for at least 5 minutes 

before each scan. 
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A field emission scanning electron microscope (FESEM, FEI Nano Nova) was used to 

acquire the cross-sectional SEM images. Bruker atomic force microscope (model ICON-

PKG) with a heating stage was used to identify the surface roughness of the spiro-OMeTAD 

film of PSCs. UV-Visible absorption spectra of the solar cells were measured on a Varian 

Cary 6000i spectrophotometer.       

 The effect of operation temperature on photovoltaic performance was studied by 

conducting temperature dependent dark current density - voltage (J-V) characteristics. The J-

V curves were measured using a source meter (Keithley 2420) and a solar simulator 

(Newport, Oriel Class A, 91195A) at 100 mW/cm2 illumination (AM 1.5G). The solar 

simulator was calibrated using a Si-reference cell certificated by NREL. All the solar cells 

were masked during the J-V measurements to define an active area of about 0.1 cm2.  

In-situ incident photon to current conversion efficiency (IPCE) and impedance 

spectroscopic measurements were carried out on PSCs. IPCE was measured using a Newport 

Oriel QE/IPCE measurement kit with a silicon photodiode detector. The impedance 

measurements were performed using an Autolab PG30 potentiostat. During the 

measurements, AC voltage signals with 10 mV in amplitude were applied in the frequency 

range from 0.1 Hz to 1 MHz with no external DC voltage (zero bias) applied to the solar cell. 

During the impedance measurements, the solar cells were kept in the dark at different 

operating temperature. To reduce noise and increase reproducibility of the data, the solar cells 

were kept in a faradaic cage (an electrically shielded aluminium box). During the J-V and 

IPCE characterizations, the relative humidity level in the laboratory was 50-55%. For 

controlling the sample temperatures, we used a heating stage with a temperature accuracy of 

0.1 °C, and the sample temperature was also monitored in real time using an infrared 

thermometer. The setup for measuring the in-situ temperature dependent performance of 

perovskite solar cells is shown in Figure S1 of supporting information. Prior to each heating 
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and cooling cycles, the device temperature was stabilized for 5 min in the dark. The J-V 

characteristic, IPCE and impedance measurements were performed in the temperature range 

from 20 °C to 70 °C with a step increment of 10 °C. This set of measurements was repeated 

for each sample at different temperatures to ensure the reproducibility. It should be noted that 

all the devices were characterized without encapsulation.  

 

3. RESULTS AND DISCUSSION 

3.1 In-situ structural and absorption measurements of the MAPbI3-xClx layer 

 We first monitored the phase formation process from as-coated precursors to final 

perovskite films during annealing at 100 oC using the GIWAXS technique. This in-situ 

experiment enabled us to find the exact time required for forming the perovskite phase and 

getting rid of all other undesired phases during annealing. The undesired parasitic phases are 

mainly solvates, and their presence hinders achieving the optimal device performance. It is 

crucial to remove these phases and to achieve pure perovskite thin film before the deposition 

of the hole-transporting layer. Because our primary focus is to examine the thermal stability 

of PSCs, it is important to achieve the pure perovskite phase before we move ahead 

investigating the thermal stability and any phase decomposition.  

Figure 1 shows the GIWAXS patterns for the substrate on the hot plate (100 oC) at a 

different time of 1 min (1a), 20 mins (1b) and 60 mins (1c) after spin coating. It is clear that 

the film after 1 min of annealing does not have the signature of perovskite phase (at q =10 

nm-1), but it does have some solvate phases at 4.5 nm-1 and 5.1 nm-1. After 20 mins of 

annealing, the nucleation of perovskite phase started, but the other undesirable products are 

still present in the film. After 60 mins of annealing, we observed only the immaculate 

perovskite phase ring, indicating a complete conversion of precursors to perovskite. To 

examine the annealing process in detail, we plotted in Figure 1d the intensity vs the q-value 
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for different durations of annealing. Annealing of 1 min already produced some observable 

effect on the as-cast film. There was not much change from 1 min to 10 mins of annealing, 

and the spectra were dominated by the solvate peaks. After 20 mins, the perovskite peak 

emerged, and the intensity for other phases concurrently decreased. Finally, an hour of 

annealing generated an immaculate perovskite peak without any other observable peak. We 

studied the same annealing process using the in-situ UV-Vis absorption technique and plotted 

the results in Figure 1e. We observed that in just 10 seconds after we placed the substrate on 

the hot (100oC) plate, the absorption edge increased from 700 nm to 450 nm. Then, after 5 

min, the absorption edge moved back to a higher wavelength. Finally, after 60 minutes of 

annealing, we got a fully converted perovskite film, which is consistent with our GIWAXS 

result. To get a pure perovskite phase and to get rid of all other phases in the film, annealing 

at 100 oC for at least 60 minutes is required.   

 

 

Figure 1.  In-situ 2D GIWAXS patterns of the as-coated MAPbI3-xClx film being annealed at 

100 °C for (a) 1 min, (b) 20 min and (c) 60 min. (d) Corresponding intensity vs ‘q’ spectra. 
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(e)  In-situ annealing-dependent absorption spectra of theMAPbI3-xClx film taken at 0 min, 10 

sec, 5 min and 60 min after spin coating. (f) In-situ temperature-dependent X-ray diffraction 

patterns of the annealed MAPbI3-xClx film on glass substrate.   

The thermal stability of perovskite lead halides (MAPbI3 / MAPbI3-xClx) is considered 

as a bottleneck by the PV research community, but its exact mechanism has remained as a 

controversial issue. There are discrepancies regarding the decomposition temperatures of 

MAPbI3 reported in the literature, which could be related to the details of synthesis and 

characteristics of perovskite films. For example, a decomposition temperature of 280°C was 

reported using thermogravimetric measurements, 45 while 140°C (reference 46) and 120°C 

(reference 47) were reported by examining ex-situ XRD patterns of annealed perovskite 

films. In this work, we examined the thermal stability of MAPbI3-xClx films by performing in-

situ temperature dependent XRD measurements. The perovskite thin film was heated from 20 

°C to 280 °C in ambient condition, and the measurements were taken with an interval step of 

20 °C. As shown in Figure 1f, the decomposition of MAPbI3-xClx perovskite appeared to 

start at 120 °C, indicating an unknown XRD peak at 11.3 degree, while the PbI2 phase 

characterized by the peaks at 12.6 degree was observed at higher temperatures.47 

Furthermore, to verify the thermal stability of MAPbI3-xClx perovskite thin films at 100 °C, 

we performed ex-situ XRD measurements after different durations of annealing. The 

comparative XRD patterns of the MAPbI3-xClx perovskite thin films on glass substrates, both 

freshly prepared and after annealing at 100 °C for 80 min, 120 min and 180 min, are shown 

in Figure S2 of supporting information. We observed that the PbI2 peak started to appear 

after 80 min annealing at 100 °C. The intensity of PbI2 peak increases for further increasing 

the annealing time up to 180 min. In this work, we conducted experiments mostly in the 

range of room temperature to 70 °C, intentionally avoiding the severe chemical degradation 

of the perovskite layer at higher temperatures.   

Page 10 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11 

 

3.2 Temperature-Dependent PV Performance of the PSC in the First Thermal Cycle 

 

 

Figure 2. (a) Surface morphology of the MAPbI3-xClx perovskite film deposited on meso-

TiO2. (b) Cross-sectional SEM image of the PSC. (c) J-V curves of the best-performing 

device. (d) Comparison of the room-temperature J-V characteristics of a typical PSC with 

hysteresis before and after the heat treatment at 70 oC. Reverse bias (RB) refers to voltage 

scan from the open-circuit condition to the short-circuit condition; vice versa for forward bias 

(FB). Also shown are the J-V characteristics of a typical PSC during thermal cycles of (e) 20 

oC - 70 oC and (f) 70 oC - 20 oC. 

 The top-view SEM image in Figure 2a confirmed that the MAPbI3-xClx film was 

composed of homogeneous crystallized perovskite grains with complete m-TiO2 surface 

coverage. The cross-sectional SEM image of the optimized device (FTO/c-TiO2/m-

TiO2/MAPbI3-xClx/spiro-OMeTAD/Au) in Figure 2b shows that the perovskite is completely 

infiltrated into the pores of the mp-TiO2 film. Also, a uniform thick well-crystallized 
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perovskite over layer with full surface coverage is formed, which eliminates the direct contact 

between the hole and electron transporters.  

Figure 2c shows the J-V characteristics of the champion device measured under forward 

and reverse biases with a scan rate of 10 mVs−1. Short-circuit photocurrent density (Jsc) of 

20.9 mA/cm2, open-circuit voltage (Voc) of 0.92 V, and fill factor (FF) of 74.7 % were 

observed, leading to PCE (η) of 14.5%. The average PCE of a batch of 24 solar cells is 12.5 

%, and the overall solar cell performance is quite reproducible; the statistical PCE data are 

shown in Figure S3, supporting information. We note here that optimization of PSC 

performance by adjusting the material and device processing parameters is not the focus of 

this work; although the PCE values are moderate compared to the reports in the literature, the 

conclusions we drew about the thermal effect on the photovoltaic effect should be general to 

the operation of other PSCs. 

We first performed J-V measurements on a typical PSC at different temperatures 

between 20 °C to 70 °C. We note that hysteresis exists in the J-V characteristics of PSCs at 

all temperatures. Typical J-V curves of PSC with hysteresis before and after the thermal cycle 

are shown in Figure 2d. Anomalous electrical hysteresis is commonly observed in PSCs, 

which may originate from effects such as defect-induced trap states48 and voltage-induced 

drift of ions49. Unless specified otherwise, all the J-V curves in this work were measured with 

the reversed bias, i.e., from the open-circuit condition to the short-circuit condition. 

Furthermore, we should point out that there appears to be an unexpected enhancement of PV 

performance in the PSC after the first thermal cycle, and the origin will be discussed in the 

next section. 

Figures 2e and 2f show the J-V characteristics of PSC measured at different 

temperatures during the heating and cooling cycles, respectively. Clearly, the photovoltaic 

performance of the PSCs strongly depends on the operating temperature of the device. At 20 
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°C the fresh PSC shows a PCE of 11.5 % with Jsc of 19.3 mA/cm2, an open-circuit voltage 

(Voc) 0.90 V and a fill factor (FF) of 64.8 %. The efficiency of PSC at the operating 

temperature of 70 °C dramatically dropped to 3.16 % with Jsc of 5.92 mA/cm2, Voc of 0.72 V 

and FF of 72.23 %. However, once the operating temperature of PSC returned to 20 °C, the 

PCE increased to its original value with even notable improvement. The photovoltaic 

parameters of the PSC after the heating-cooling cycle yields a PCE of 12.6 % with Jsc of 20.1 

mA/cm2, Voc of 0.93 V and FF of 66.4 % at 20 °C. This regenerative effect was quite 

reproducible and observed in a dozen of devices, and it will be discussed in details in the next 

section. 

Figure 3a summarizes the temperature dependent Jsc, Voc, FF and PCE of the PSC 

measured during one heating and cooling cycle, which were derived from the J-V data shown 

in Figures 2e and 2f. As the temperature of the PSC increased from 20 °C to 70 °C, Jsc 

gradually decreased from 19.3 mA/cm2 to 5.9 mA/cm2, in a quasi-linear fashion. When the 

temperature of PSC was reduced back to 20 °C, Jsc increased to 20.1 mA/cm2, which was 

higher than the value measured before the thermal cycle. A similar temperature-dependent 

trend was observed for Voc. In fact, at the open-circuit condition, with the assumption that the 

shunt resistance is much larger than the series resistance (Rsh≫Rs), Voc can be expressed as:50 

��� = ���
	 
� �
��


�
+ 1�                                                          (1) 

where J0 is the dark saturation current density, n is the ideality factor, q is the charge of an 

electron, and k is the Boltzmann constant. Since the photocurrent density decreases with 

increasing temperature, the open circuit voltage also decreases in a similar fashion. On the 

other hand, as shown in Figure 3a, FF was found to increase with increasing temperature, 

which indicates the same temperature-dependent trend of the shunt resistance Rsh. 
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Figure 3. Temperature dependence of (a) Jsc, Voc, FF and PCE of the PSC measured during 

one heating (red points) /cooling (blue points) cycle. (b) Temperature-dependent dark J-V 

curves (the quasi-linear fitting region is highlighted). (c) Series resistance Rs and ideality 

factor n extracted from the dark J-V curves.  

  

Furthermore, to understand the temperature-dependent electrical behaviour of the PSCs, 

we analyzed the dark current data. Figure 3b shows the dark J-V curves at different 

temperatures, which were fitted to the Schottky diode equation,51 

� = ��� � ����� �		���
�� 
��� �                                          (2)  

where J0 is the saturation dark current and V is the bias potential. By fitting the experimental 

data in the quasi-linear regions, we extracted series resistance (Rs) and ideality factor (n) for 

each temperature, as shown in Figure 3c. There are several insights we achieved from the 

data fitting. First, for a practical diode, both recombination current and diffusion current are 

involved, so the value of n should lie in the range of 1 to 2.52 Indeed, as shown in Figure 3c, 
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the value of n decreased from 1.80 at 20 °C to 1.42 at 70 °C. Second, the substantial decrease 

of n is responsible for the higher FF of the PSC at higher operating temperatures (Figure 3a), 

which is in line with the previously reported relationship between ideality factor and FF.53 

Third, in the PSC, both Rs and n decrease with increasing operation temperature. Equation 1 

indicates that the Voc is directly proportional to the ideality factor n, and thus the reduction of 

the ideality factor at higher temperatures is responsible for the drop of Voc. Finally, Rs and n 

regenerated back to their initial values after cooling down the device temperature from 70 °C 

to 20 °C, indicating that the electronic processes, i.e. diffusion and/or recombination current 

are thermally reversible in these PSCs.  

 It is very important to note that the operating temperature T0, or the temperature of the 

environment, is usually much lower than the actual solar cell temperature TSC. By neglecting 

the heat convection, TSC can be calculated by the following equation,54  

                            !�� = "!�
# + $%&

'×)�
	*�+�,

$ #-
,                                                              (3) 

where η is the efficiency of the solar cell, σs is the Stefan-Boltzmann constant, and Psun is the 

integrated power of the solar spectrum. Using the measured η values and σs (5.67 × 10-8 W 

m-2 K-4), we calculated the solar cell temperature TSC. As shown in Figure 4, TSC increases 

quasi-linearly with the operating temperature of the solar cell. At 20 °C, when the efficiency 

of PSC is 11.5 %, the actual temperature of the solar cell can rise to 77 °C during operation. 

At the maximum T0 of 70 °C (outdoor summer temperature), the PSC efficiency decreases to 

3.1 %, and the value of TSC amounts to about 113 °C. Hence, in a thermal environment with 

negligible thermal radiation, the actual temperature of PSC may rise close to the perovskite 

decomposition temperature of 120 °C. In the case of finite thermal radiative loss because of 

heat convection, the actual device temperature may be lower than 113 °C, but presumably 

still higher than the operating temperature of 70 °C. Furthermore, by distinguishing the solar 
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cell temperature TSC from the operating temperature T0, we achieve an important insight on 

improving the stability of PSCs: according to equation 3, increasing the efficiency η will help 

bring down TSC and make the solar cell more stable.  

   

Figure 4. Variation of the calculated solar cell temperature TSC with respect to the operating 

temperature T0 of the PSC, along with the corresponding PCE values. It should be noted that 

the estimation neglects any thermal convection.  

 

3.3 Mechanism of the performance improvement after the first thermal cycle  

What is the origin of the PCE improvement observed after the thermal cycle? We 

excluded any modification of the perovskite layer because we did not find any structural 

change at 70 °C in the XRD experiments (Figure 1f). Also, we could exclude the possibility 

of modified mesoporous TiO2 because of its high processing temperature of 500 °C.  

In our previous report,32 we have shown that the solidification process in dry air drives 

the p-doping of spiro-OMeTAD, eventually leading to the PCE enhancement in PSCs at room 

temperature. Therefore, we suspected that the improved performance of PSC after the 

heating-cooling cycle could be attributed to the change of the spiro-OMeTAD layer. To 

examine this possibility, we performed XRD measurements on spiro-OMeTAD+LiTFSI+tBP 

powder scratched from the solid films cast on a glass substrate before and after annealing at 
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70 oC. Figure 5a shows the comparison of the XRD patterns of spiro-OMeTAD with 

additives. We note that there is insufficient information in the literature on the polycrystalline 

structure of spiro-OMeTAD; thus we could not label the observed peaks. Nevertheless, the 

XRD data demonstrate that the intensities of the diffraction peaks at 14.04°, 17.37° and 

22.35° of the annealed spiro-OMeTAD sample increase as compared to the as-fabricated 

sample. This comparison indicates that the crystallinity of spiro-OMeTAD was improved 

after heating at 70 °C. It has been reported that HTM with high crystallinity improves the 

photovoltaic performance of solar cells.55-56 

To examine the effect of annealing on the electronic property of the spiro-OMeTAD 

layer, we analyzed the dark current density (Jdark) versus voltage (V) characteristics of the 

PSC (Figure 5b). The hole mobility was extracted by using the space charge limited current 

(SCLC) method.57 The SCLC-dominated J-V characteristics can be described by the 

following equation,   



�. = /00�1

234 ,                                                          (4) 

 where ε is the dielectric constant (typically taken as 3 for organic semiconductors),58-59 
ε0 is 

the permittivity of free space, d is the film thickness, V is the applied bias, and � is the hole 

mobility. The SCLC method has been previously used to extract the hole mobility of undoped 

as well as modified spiro-OMeTAD.58-61 The effective hole mobility (µHTM) for spiro-

OMeTAD was extracted by fitting the linear part (shaded region) of the J1/2 versus V curves, 

as shown in Figure 2b. The values of µHTM were obtained as 1.12 × 10-4 cm2 V-1 s-1 and 1.26 

× 10-4 cm2 V-1 s-1 for the spiro-OMeTAD layer before and after the thermal treatment, 

respectively. The values of µHTM acquired here are close to those reported in the literature.27, 

60-61 More importantly, this result confirms that the thermal treatment at 70 oC improves the 

hole mobility, which contributes to the enhanced photovoltaic performance of PSCs.  
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The surface morphology of the spiro-OMeTAD layer of a freshly prepared PSC without the 

top Au electrode was examined using atomic force microscopy (AFM) with a heating stage. 

Top-view AFM image of the spiro-OMeTAD layer is shown in Figure 5c. There is no 

obvious morphological change after the annealing treatment at 70 °C (Figure 5d), and the 

root mean square (RMS) roughness is 6.2 nm for a scanning area of 25 �m2. However, 

further heating to 100 °C increases the RMS roughness to 16.9 nm (Figure 5e), which is 

possibly due to the thermally induced degradation of the organic HTM. Spiro-OMeTAD has 

a glass transition temperature of 125 oC and the dopant 4-tert-butyl pyridine (t-BP) has an 

evaporation temperature of 85 oC.62
 

 

 

Figure 5. (a) XRD patterns of the spiro-OMeTAD+Li-TFSI+tBP powders. (b) Dark J-V 

characteristic of the PSC before and after annealing at 70 oC. The shaded area in (b) 

highlights the range of data where the mobility was extracted from fitting to the Schottky 
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diode equation. Also shown are the top-view AFM images of the spiro-OMeTAD layers on 

top of the PSCs: (c) fresh, (d) after annealing at 70 °C and (e) after annealing at 100 oC. 

 

3.4 Temperature-dependent IPCE and impedance measurements 

 Figure 6a shows the IPCE spectra of the PSC as a function of measurement 

temperature. The broad mid-band response and the sharp tail towards the band gap cutoff 

indicate good carrier collection in the PSCs. The generation of photocurrent ends at the 

wavelength of 800 nm, which is in good agreement with the bandgap of the MAPbI3-xClx. At 

20 °C, the highest IPCE value was observed at 555 nm, in line with our previous report.32 On 

increasing temperature, IPCE decreases over the whole wavelength range. In general, the 

IPCE depends mainly on the efficiency of exciton diffusion, charge transfer, and charge 

collection.14 Hence, the lower IPCE values at temperatures above 20 °C indicate lower charge 

transfer/collection efficiency and shorter carrier diffusion length, which is associated with the 

thermally enhanced charge trapping andrecombination.63-64 It was observed that at higher 

temperatures, the band edge cutoff becomes broader and the critical wavelength becomes 

slightly shorter, indicating a larger bandgap.65 The bandgap of hybrid perovskite increases at 

higher temperatures due to temperature-induced lattice expansion and/or electron-phonon 

interaction,66 which is in contrast to the behaviour of most semiconductors. Figure 6b show 

the variation of IPCE, or �IPCE, after heating the PSC to a different operating temperature 

from 20 °C. It is interesting to note that �IPCE appears to be more significant at longer 

wavelengths or near band edge. Figure 6c shows the comparison of temperature-dependent 

integrated current density Jsc extracted from the IPCE data with the Jsc values obtained from 

the illuminated J-V curves. The good agreement indicates that the spectral mismatch between 

the solar simulator and the AM 1.5 standard solar emission is negligibly small, which 

validates the measurements.  
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Figure 6. (a) IPCE of the PSC measured at different device operating temperatures. (b) 

Wavelength-dependent decrease of IPCE (�IPCE) after heating to different operating 

temperatures. (c) Comparison of the integrated Jsc extracted from the IPCE data and the Jsc 

values directly from the J-V measurements.  

 

To precisely identify the temperature-induced variations in the charge transport and 

recombination processes in PSCs, we utilised the impedance spectroscopy. The Nyquist plots 

as a function of temperature are shown in Figure 7a. Details of the data in the high-frequency 

region are illustrated in Figure 7b. The corresponding Bode plots can be found in Figure S4, 

Supporting Information. All the impedance measurements were carried out in the dark.67 In 

the Nyquist plots, the arc at high frequencies can be attributed to the charge transport process, 

whereas the arc at low frequencies is associated with the charge recombination process.68 

Figures 7a-b show that the impedance curves possess a small semi circle in the high-

frequency region and a much larger semi circle in the low-frequency region, indicating a low 

charge transfer resistance and a high recombination resistance. By fitting the impedance data 

to the equivalent RC circuit, charge transport resistance (Rtr) and recombination resistance 

(Rrec) as a function of temperature are derived (Figure 7c). In general, Rtr increases with the 

device temperature, indicating weaker charge transfer, whereas Rrec decreases with the device 
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temperature because of the accelerated charge recombination. These results are consistent 

with the observed reductions in the photocurrent density and IPCE at higher temperatures.  

 

 

Figure 7. (a) Temperature dependent Nyquist plots collected on a PSC with the short-circuit 

condition. (b) Magnified high-frequency region. The lines in (a) and (b) represent the fitting 

results. (c) Extracted resistance values related to charge transfer (Rtr) and charge 

recombination (Rrec) as a function of operating temperature. (d) Temperature-dependent 

chemical capacitance along with effective lifetime (τn) derived from the impedance data. 

 

Figure 7d shows the temperature dependent behaviour of the chemical capacitance (C�) 

of PSCs extracted from the impedance measurements. It is known that the chemical 

capacitance is inversely proportional to the device temperature as shown below,69 

51 = 6.

�7��,                                                                (5) 
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 where e is the electron charge and n is the total electron density. The increase of the 

operating temperature of the device increases the recombination current, which in turn 

generates more leakage paths to discharge the chemical capacitance.68 Furthermore, the 

electron lifetime (τ) was estimated from the relationship, τ = 1/2πƒmax, where ƒmax is the 

frequency at which the complex impedance (Z") has its maximum value. The variation of a 

lifetime with the device operating temperature is shown in Figure 7d. The longest electron 

lifetime (78 ms) for the PSC was observed at 20 °C, and it monotonously decreases with 

increasing temperature, which is consistent with the higher charge recombination rate and 

reduced PSC performance at high temperatures. A similar trend of temperature-dependent 

electron lifetime was previously observed in dye-sensitized solar cells.70 

 

3.5 Effect of multiple thermal cycles on the PSC performance 
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Figure 8. (a) Temperature-time profile of the thermal cycles. Photovoltaic parameters of (b) 

Jsc, (c) Voc, (d) FF and (e) PCE measured on the PSC over ten thermal cycles. 

 

 We further investigated the effect of repeated thermal cycles on the photovoltaic 

performance of PSCs, which is analogous to the day-to-day temperature variations for 

outdoor applications in some harsh environment. Figure 8a shows the time-dependent 

temperature profile. The photovoltaic parameters of PSC measured after each thermal cycle is 

shown in Figure 8 b-e. After the regenerative effect in the first cycle, the PCE of the PSC 

monotonously deteriorated in consecutive thermal cycles.  

 

After ten thermal cycles, the PSC dropped to 6.6 %. Among the photovoltaic parameters, 

both Jsc and FF exhibited significant decreases, whereas the degradation of Voc appeared 

relatively moderate. 

 

Table 1. Comparison of photovoltaic parameters, charge transport resistance (Rtr), charge 

recombination resistance (Rrec) and charge carrier lifetime (τn) of a typical PSC right after 

fabrication, and after first and tenth thermal cycles. 

Number of 
thermal 
cycles 

Jsc 

(mA/cm2) 
Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Rtr 

(kΩ) 
Rrec 

(kΩ) 
τn 

(ms) 

0 19.34 0.90 64.8 11.5 0.014 25.83 76 
1 20.10 0.93 66.4 12.6 0.003 26.30 79 

10 16.32 0.86 48.8 6.98 0.085 17.64 48 
 

The thermal degradation of PSCs after multiple heating cycles could be caused by either 

the change of the light-absorbing perovskite layer itself or the deterioration of the interfacial 

charge transport. To discern the underlying mechanism, we performed XRD experiments on 

both the fresh PSC and the same PSC after ten thermal cycles (Figure S5 in supporting 
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information). The XRD pattern of the PSC after 10 thermal cycles remains largely 

unchanged, indicating that the perovskite layer retained its phase and crystallinity without 

much degradation after repetitively heating to 70 °C. Furthermore, there is no detectable 

change in both color and morphology of the PSC after the thermal cycles, indicating that the 

heating treatment did not produce irreversible detrimental effect to either the “bulk parts” 

inside of the perovskite or the charge transporting layers. Instead, the observed thermal 

degradation should be attributed to the high-temperature-induced modification of the 

interfaces in the PSCs and the resultant deterioration of the charge extraction process. 

To gain insights on the internal electronic process of the PSC after thermal cycles, we 

performed impedance spectroscopy measurements. Table 1 shows the comparison of 

extracted parameters, Rtr, Rrec and τ, for both the as-fabricated PSC and the same PSC after 

the first thermal cycle and after ten thermal cycles. The PSC after the first thermal cycle 

exhibited slightly lower Rtr, larger Rrec and longer charge carrier lifetime as compared to the 

freshly prepared PSC. However, after the tenth thermal cycle, the value of Rtr became much 

higher than that of the fresh PSC, whereas Rrec and τ significantly dropped, which resulted in 

the sizable decrease of PCE. The impedance results unambiguously suggested significantly 

increased charge recombination at the TiO2/perovskite and/or perovskite/spiro-OMeTAD 

interfacial layers, and the poor photo-carrier extraction at the interfaces led to the 

deterioration of the photovoltaic performance of PSCs after multiple thermal cycles.  

 

4. CONCLUSIONS 

In this work, we investigated the impact of high temperature and thermal cycling on the 

photovoltaic performance of PSCs. The in-situ GIWAXS, absorption and XRD 

measurements revealed that the phase formation of the perovskite layers in glove box 

occurred at approximately 100 °C, while their rapid chemical decomposition in ambient air 
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occurred at approximately 120 °C. Although we limited our device test temperatures within 

the range from room temperature (20 °C) to 70 °C, we still observed notable degradation of 

the solar cell performance, which indicates modifications related to the interfaces between the 

perovskite and the charge transporting layers. The improvement of PCE after the first thermal 

cycle between 20 °C and 70 °C can be attributed to the enhanced crystallinity and hole 

mobility of the hole-transporting spiro-OMeTAD layer. However, heating to temperatures 

above room temperature and repetitive thermal cycling bring a detrimental effect on the PCE 

of the PSCs. Specifically, our impedance spectroscopy analysis of the PSCs carried out at 

varying temperatures revealed the monotonous increase of charge transfer resistance and the 

concurrent decrease of charge recombination resistance on increasing temperature. The 

present investigation demonstrated that the development of efficient alternative HTMs with 

higher stability than spiro-OMeTAD is a prerequisite to design robust PSCs, and future 

microscopic investigations on the temperature-dependent modification of the interfaces in 

PSCs are needed to elucidate the chemical and structural origin of the device deterioration. 

Apparently, along with high temperature, humidity and light irradiation, thermal cycling 

poses a potent threat to the stability of PSCs, and future in-depth investigations in this 

direction are warranted to advance perovskite-based technologies in industrial-scale 

applications. 
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Figures show the measurement setup for the temperature-dependent PSC performance, in-situ 

XRD spectra of MAPbI3-xClx thin film after annealing for different time intervals, 

performance statistics, temperature-dependent Bode plot and structural stability of PSCs. 
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