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Abstract: Defect states are known to trigger trap-assisted non-radiative recombination, restricting the performance 

of perovskite solar cells (PSCs). Here, we investigate the trap states in long-term thermally stressed 

methylammonium lead iodide (MAPbI3) perovskite thin films over 500 hours at 85 oC employing thermally 

stimulated current measurements. A prominent deep trap level was detected with activation energy ~ 0.459 eV in 

MAPbI3 without thermally stressed. Interestingly, upon the thermal stress, an additional deep trap level of 

activation energy ~ 0.414 eV emerges and grows with thermal stress duration. After 500 hours of thermal stress, 

trap density was ~ 1016 cm-3. The trend of open-circuit voltage loss was in line with the trap density variation with 

thermal stress time, which elucidates the enhanced non-radiative recombination through these trap states. This 

work opens a path to understanding the mechanism behind long-term thermal instability and further inspires 

developing strategies to minimize trap formation in PSCs. 

Keywords: traps, thermally stimulated current, thermal stress, perovskite solar cells, long-term stability, thermal 

degradation 

TOC Graphic 

 

 

  

 

 

 

 

 

 

 

 



Strive for developing high-performance power conversion efficiency (PCE) of hybrid organic-inorganic 

perovskite solar cells has brought them to the forefront in the thin film photovoltaics technologies reaching 25.5 

% in a short period of time.1–3  Along this line, the development in compositional engineering and a variety of 

solution processing methods for high-quality perovskite film fabrication have played a significant role.4–9 Despite 

the tremendous growth in PCEs, several key issues related to recombination loss, long-term stability, and up-

scaling to large-area devices are the main obstacles in the commercialization of perovskite solar cells and need to 

be tackled. 10–16 It has been realized that defect states acting as charge carrier recombination centers constitute a 

major recombination loss, hamper electronic transport, and further induce the stability even of high-performance 

devices.17–21 Therefore, it is of immense importance to obtain more information on the parameters of traps such as 

activation energy, trap density, their origin, and finally, their effect on solar cell performances and stability. 

The formation of defect states is closely related to the morphology of the perovskite thin film, which strongly 

depends on the precursor materials, the processing methods, and the external conditions during preparation. Shi et 

al. have observed exceptionally low trap densities in the order of 109-1010 cm-3 in MAPbI3 single crystals 

processed via the antisolvent vapor-assisted crystallization approach while solution-processed MAPbI3 shows 

higher trap densities (~1017 cm-3).22 In principle, there are different possibilities of defects in perovskite crystals, 

e.g., vacancies, interstitials, and substitutions, as also indicated by density functional theory (DFT) calculations.23–

27 However, their formation energies also depend on the fabrication conditions and the environment.28–31 The 

intrinsic point defect of iodine, IPb (I atoms at Pb sites) with activation energy ~ 0.6eV was reported as the 

dominant defect in MAPbI3 processed from the one-step spin-coating method, while IMA (I atoms at MA sites) 

defect with activation energy ~  0.75 eV was the dominant one in MAPbI3 films deposited via the two-step 

process.32 The authors used deep-level transient spectroscopy to probe these trap states. Moreover, a deep trap of 

energy ~ 0.5 eV with trap concentration ~ 1016 cm-3 was observed in a two-step processed MAPbI3 film.33 It was 

recently demonstrated that the inclusion of formamidinium leads to suppression of the defect states in MAPbI3 

thin films.34 

Apart from intrinsic defect formation during crystallization of perovskites under various conditions, they are 

prone to form the defect states under real working conditions. The formation of defect states has been shown to be 



induced by continuous light illumination, oxygen, and moisture in MAPbI3 perovskite.35–38 The effect of the 

electric field has been shown to induce the ion migration introducing the defect states on the continuous working 

condition of the cell.21,39 

The effect of long-term thermal stress on MAPbI3 has been widely reported in terms of its decomposition and the 

consequence on solar cell performance. Temperature-dependent stability of MAPbI3 was reported, and kinetics of 

perovskite degradation at elevated temperatures (at 85 oC) for a longer period of time (750 h) was established.40 In 

other reports, the thermal decomposition of MAPbI3 was observed in different environmental conditions.41,42 Our 

group showed the outdoor temperature variation effect on the degradation and, hence, MAPbI3 solar cells' 

performance.20,43 However, reports on the impact of long-term thermal stress in terms of trap states formation and 

their correlation with solar cell performance are lacking.  

Here, we systematically probe the trap states in MAPbI3 by varying the thermal stress time using the thermally 

stimulated current (TSC) technique. TSC is a highly sensitive method to estimate the trap density and activation 

energy of traps in semiconductor materials.44–46 TSC measurements directly correlate the observed trap states to 

the device performance as it is performed on fully working solar cells. It has been successfully applied to probe 

the suppression of traps by incorporating Cs in a multiple-cation mixed-halide, leading to enhanced solar cell 

performance.47 A large density of trap formation in perovskite solar cells (PSCs) after degradation by continuous 

solar illumination for 500 h was observed using the TSC technique.35 Most of the TSC reports on PSCs are 

limited to comparative measurements on reference and modified samples.37,48 Here, we present TSC studies on a 

series of long-term thermally stressed MAPbI3 PSCs and the evolution of the trap density as a function of thermal 

stress duration extending up to 500 h at 85 oC. We show the formation of deep trap states in perovskite upon 

thermal stress. We find an enhancement in the density of traps with increasing the thermal stress time which 

correlates to the trend in open-circuit voltage loss, likely due to the trap-assisted carrier recombination in the 

perovskite. Although perovskite solar cells have reached 25.5 % efficiency, long-term thermal instability at 

elevated temperatures remains a bottleneck for their industrialization. The detrimental effect of the environmental 

factors such as moisture, oxygen, etc., on the long-term stability can be minimized by proper sealing of the cells, 



but the elevated temperature effect due to the direct sun still remains an inevitable issue for the stability of the 

perovskite solar cells. Our work will contribute significantly to understanding the effect of long-term thermal 

stress on the thermal stability of perovskite solar cells, which encourages further studies on the perovskite solar 

cells with high power conversion efficiencies.  

For the TSC measurement, the device is cooled down to a low temperature in the dark, well below the activation 

energies of the traps, and then charge carriers are generated by white LED illumination. Once the illumination is 

switched off, the generated charge carriers relax and occupy the available trap states during the thermalization 

process. The trapped carriers are gradually released as they gain enough thermal energy to escape by increasing 

the device temperature at a constant ramp rate (7 K/min in our experiments). These de-trapped carriers are 

simultaneously monitored in the form of current as a function of temperature, commonly known as a TSC 

spectrum used to determine the activation energy of trap states and the corresponding trap density. 

We studied the MAPbI3 perovskite solar cells with the device structure indium tin oxide (ITO)/tin oxide (SnO2)/ 

MAPbI3/2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-MeOTAD)/Au. Thermal 

stress at elevated temperatures could create degradation in perovskite as well as in charge transport layers. There 

is a possibility of interface modification between spiro-MeOTAD and perovskite at elevated temperatures. 

Therefore, thermal treatment of MAPbI3 perovskite was performed before the deposition of spiro-MeOTAD and 

investigation of the effect of thermal stress on the perovskite only was done by thermally exposing MAPbI3 films 

on SnO2 in the dark under an inert atmosphere for different time intervals. In this way, we narrowed down the 

origin of degradation. 

 The current density versus voltage (J-V) characteristics of all the solar cells, pristine and thermally treated, were 

evaluated under one sun illumination, as shown in Figure 1a.  

The overall performances of the solar cells reduce with increased duration of thermal stress. The reduction in solar 

cell performance can be attributed to the significant decrease in all the solar cell parameters (Figure 1b). The 

initial decay in the fill factor (FF) and short-circuit current density (Jsc) is comparatively slower than the fall in 
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Figure 1. (a) J-V characteristics of the MAPbI3 devices with forward (dashed line) and backward (solid line) bias 

scan fabricated without thermal treatment and after different thermal treatment time at 85 °C under a solar 

simulator with irradiance of 100 mW/cm2 optical power (b) Solar cell parameters (Voc, FF, Jsc) from backward J-

V scan with thermal treatment time for MAPbI3 solar cells normalized to the values of the pristine sample.  

 

 

The different reduction trends in the different solar cell parameters with thermal treatment time indicate that 

separate mechanisms are responsible for Jsc, FF, and Voc reduction. The plausible reasons for the decrease in 

each parameter and their trends are discussed elsewhere.49 Here, our focus is on investigating trap states in PSCs 

thermally stressed for different interval of times using the TSC method and establishing a correlation with Voc 

reduction as the trap states have a direct consequence on Voc. 

Figure 2 shows the TSC signals as a function of temperature for the pristine device with no thermal stress and 

thermally stressed devices for 300, 400, and 500 hours. In the pristine device, three distinct peaks were observed 

at temperatures around 110 K, 171 K, and 225 K (denoted as P1, P2, and P3, respectively), indicating the 
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distribution of three different trap levels. To check the heat cycle effect during the measurement on the 

degradation of the perovskite sample, we performed two consecutive TSC measurements resulting in quite similar 

spectra (see Figure S1). This confirms that the heat cycle between 15 K and room temperature does not degrade 

the perovskite. The dominant effect of the thermal stress was the emergence of a new peak shoulder at around 205 

K (denoted as P4) for the device stressed for 300 hours which becomes more distinct for the device stressed for 

400 hours.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. TSC spectra of MAPbI3 solar cells without thermal treatment and for the samples that were thermally 

stressed for 300, 400, and 500 hours before the HTL deposition. Inset shows the TSC spectrum without 

illuminating the sample. The arrow indicates the emergence of a new peak (P4) in thermally stressed MAPbI3. 



Finally, for the device with the most extended period of thermal stress (500 hours), the new peak emerged as a 

complete profile dominating over the peak at around 225 K. As these TSC peaks could originate from the 

perovskite as well as from the transport layers, we have performed control experiments on the devices with and 

without transport layers. Unfortunately, MAPbI3 without transport layers exhibited too high leakage current. We, 

therefore, decided to perform control experiments using multication formamidinium cesium lead iodide (FACs)) 

with and without transport layers as shown in Figure 3. Two TSC peaks were observed in the device with 

transport layers at ~ 110 K and ~ 225 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. TSC spectra of multication (FACs) perovskite solar cells with and without the transport layers. Inset 

shows the TSC spectrum of pristine MAPbI3 with TiO2 as ETL and spiro-MeOTAD as HTL. 

 

However, in the device without transport layers, low temperature peak disappeared, and only the higher 

temperature peak at ~ 225 K was observed. For the device without transport layers, the sign of the TSC signal is 

reversed. This finding is in agreement with the previous report and is attributed to a reversal of the sign of the 



built-in electric field.33 The disappearance of the TSC peak at ~ 110 K confirms its origin in one of the transport 

layers. To further narrow down the source of P1, we performed TSC measurements by replacing SnO2 electron 

transport layer (ETL) with TiO2 in TiO2/MAPbI3/ spiro-OMeTAD device geometry with pristine perovskite 

resulting in very similar peaks as P1, P2 and P3, which shows that P1 does not belong to the ETL or 

ETL/perovskite interface. We further compared the current results with our previous TSC work on triple cation 

and multication perovskite with electron layers as TiO2 and SnO2, respectively, with the common hole transport 

layer spiro-OMeTAD. TSC studies on both the device structures exhibit a similar peak as P1, which suggests its 

origin in spiro-OMeTAD layer.48,50 There could be a possibility of interface traps between hole transport layer and 

perovskite which could eventually give rise to a TSC signal. However, recent studies on MAPI using TSC 

measurements with various hole transport layers do not support this notion and the origin of traps was found to be 

in the bulk of perovskite.33,51 Thus, we assign the low-temperature peak (at ~ 110 K) in Figure 2 to the spiro-

OMeTAD layer while the remaining peaks are assigned to the MAPbI3 layer. The peak P2 (at ~ 170 K) was 

observed in all the devices. However, it should be noted that the peak P2 appeared even in the dark TSC scan 

without filling the traps as well (inset of Figure 2). Similar behavior was observed by Baumann et al. in MAPbI3 

film at ~ 163 K, where they have assigned such phenomena to a phase transition occurring around this 

temperature from orthorhombic to tetragonal, creating a displacement current by a movement of the ions during 

phase transition.28,33 We, therefore, focus on the peaks appearing at temperatures above the phase transition 

temperature as these are relevant to the device performance. It is to be noted that the polarity of the traps, whether 

electron or hole traps, is not known due to the complete solar cell configuration of the device, and the photo-

generated carriers can fill the electron as well as hole traps. The average activation energy corresponding to peak 

P3, which is intrinsically present in the pristine device, can be calculated using equation 52 

                                                                  Et = kBTmln (Tm
4/β)  

where kB is the Boltzmann's constant, T m is the temperature at the TSC peak, and β is the heating rate (7 K /min). 

The above relation was obtained with the assumption of a temperature-dependent effective density of states N(T) 

of the respective band and a temperature-dependent thermal velocity of the carriers v(T) by Fang et al. However, 

assumption of temperature-independent N and v results in a different relation as shown by Bube (See Supporting 



Information (SI) for more details).53 For a pristine device without thermal treatment, the average trap activation 

energy corresponding to P3 is found to be ~ 0.459 eV, which is in good agreement with the activation energy 

calculated using Bube’s equation (see Figure S2). The lower limit of trap density was estimated from the time 

integral of the TSC signal using 

                                                                   ∫𝐼TSC𝑑𝑡 ≤ 𝑒𝑁t𝑑𝐴 

where N t is the trap density, e is the elementary charge, d is the thickness of the active layer, and A is the area of 

the device. After evaluating the peak P3 of the pristine device, the trap density came out to be ~ 2.3 x1015 cm-3. In 

the case of thermally stressed solar cells for the duration of 300 and 400 hours, the additional peak is not much 

pronounced due to a comparatively low trap density, but it is quite dominating in the cell with 500 hours of 

thermal stress. Therefore, the trap energy corresponding to P4 was estimated for the samples with 500 hours of 

thermal stress and found to be ~ 0.414 eV. Whereas the lower limit of trap density, which was determined to be ~ 

6.5 x1015 cm-3, has the contribution from P3 as well as P4. The trap densities for all the devices contributed by the 

peak P3, and P4 are shown in Table 1. As the density of trapped carriers emitted during the heating process will 

undergo recombination prior to leaving the sample and possible incomplete filling of the trap states during 

illumination, our number gives a lower limit for the trap densities. The detrimental effect of these trap states in 

solar cells is due to the non-radiative recombination involving these states and thus reducing the Voc. This is in 

line with the Voc reduction with increasing thermal stress duration. It is to be noted that the density of the traps 

induced by thermal stress was found to increase consistently with thermal stress duration while the pristine trap 

peak (P3) initially increased and then returned to its previous value. This observation is reflected in the variation 

in total trap densities from pristine to 500 h thermally treated cell (as shown in Table 1), which increases till 400 h 

then slightly decreases till 500 h. 

Table 1. The calculated activation energies and trap densities for all the devices  

Thermal stress time (h) Et3 (eV) Et4 (eV) Nt (cm-3) 

    0 0.459 -- 2.3 x1015 



10 20 30 40 50

 0 h

 48 h

 96 h

 138 h

 284 h

 500 h

X
R

D
 s

ig
n

a
l 
(a

.u
.)

2q(°)

    300 0.459 0.414 3.1 x1015 

    400 0.459 0.414 7.8 x1015 

    500 -- 0.414 6.5x1015 

 

The x-ray diffraction (XRD) patterns show the presence of PbI2 (corresponds to peak at ~ 12.8o) in MAPbI3, 

which increases with thermal treatment time (Figure 4).35 The PbI2 itself in MAPbI3 bulk does not act as trap 

states as the conduction and valence band edges of PbI2 are out of the band gap of MAPbI3 but would rather act as 

a scattering center for the carriers.35,54  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. XRD profiles of MAPbI3 films after different thermal stress times (at 85 oC) from pristine to 500 hours. 

 

The thermal decomposition of the MAPbI3 structure takes place through the statistical formation of molecular 

defects with a non-ionic character (HI and MAI vacancies). This is invoked as a possible reason for the origin of 

the deep trap states.55 Depending on the activation energy of the traps, there could be several possibilities of the 



origin of the traps. The activation energy of 0.44 eV for iodine vacancies in MAPbI3 was observed through First-

Principles calculation as well as using temperature-dependent conductivity.56,57 Moreover, the deep defect level 

due to the lead interstitials (Pbi) has been reported to be ~ 0.5 eV.58 Although the activation energies of the above-

mentioned traps are comparable to the obtained activation energy of the traps, there is no direct explanation for 

their enhancement on increasing the thermal stress duration. Recently we have shown the thermal decomposition 

of MAPbI3 into PbI2 and MAI leaving from the perovskite layer. The leaving of MAI from MAPbI3 layer could 

create MAI vacancies.49 As the XRD results show, thermal decomposition of MAPbI3 increases with thermal 

stress duration, creating more MAI vacancies. Our observations (enhancement in trap states with thermal stress 

duration) are in line with this assumption, and MAI vacancies are the most probable source of traps. In addition, 

the peak intensity P4 was found to increase with the thermal stress duration from 300 h to 500 h in almost the 

same manner as the reduction in P3. Since P3 was present in the pristine perovskite, thermal degradation into PbI2 

leads to the reduction in the bulk of MAPbI3, which could be the possible reason for the reduction in the traps 

related to P3, which also shows the correlation between P3 and P4. 

Overall, the long-term thermal stress at elevated temperature leads to the formation of deep trap states which is 

related to the thermal decomposition of MAPbI3 perovskite.  The enhancement in trap density with thermal 

duration follows the same trend as the presence of PbI2 phase, which was revealed by XRD technique. The 

obtained deep traps could be the major source of non-radiative recombination, which was reflected in the 

reduction of open-circuit voltage with the thermal stress time. Our finding, the effect of long-term thermal stress 

at elevated temperature in terms of trap states and thermal decomposition of perovskite, will contribute in 

understanding the hidden science behind the thermal instability of perovskite solar cells. 

In conclusion, we investigated the effect of thermal stress on the performances of MAPbI3 based PSCs by varying 

the thermal stress duration up to 500 h prior to the HTL deposition. We used the TSC technique to investigate the 

trap states in thermally stressed MAPbI3 solar cells. Three TSC peaks were observed in pristine cells. The low 

temperature peak was attributed to the transport layer materials, which was confirmed by performing TSC 

measurement on devices without transport layers. The TSC peak at ~ 170 K was attributed to the phase transition 

of the MAPbI3 crystal from orthorhombic to tetragonal, while the third peak at ~ 225 K was assigned to the trap 



distribution in perovskite. The effect of thermal stress was revealed by the emergence of an additional trap peak at 

~ 205 K, which increased with thermal stress time. The activation energy of the deep trap states arising due to the 

thermal stress was estimated to be ~ 0.414 eV with the trap density ~ 1016 cm-3. A correlation between thermal 

stress duration and trap formation was established, which was in line with the Voc reduction trend. The thermal 

decomposition of MAPbI3 was observed with PbI2 in the XRD patterns, possibly taking place through the 

formation of MAI vacancies resulting in the deep trap states. Our findings indicate that the thermal degradation is 

closely related to the trap formation in MAPbI3, which provides guidance for developing perovskite solar cells 

with reduced traps and high thermal stability. 

 

Experimental methods 

The electron transport layer (ETL) was processed by spin coating colloidal solution of SnO2 in water in the 

ambient atmosphere on prestructured ITO substrates (Lumtec) followed by subsequent annealing at 250 °C for 30 

minutes. A solution containing PbI2 and methylammonium iodide in DMF:DMSO solvent mixture with 4:1 ratio 

was spin coated on ETL coated ITO substrates. Subsequently, the substrates are annealed for 45 minutes at 100 

°C. After the thermal stress test, HTL solution consisting of spiro-OMeTAD, 4-tert-butylpyridine (TBP, Sigma-

Aldrich), a Bis(trifluoromethane) sulfonimide lithium salt solution (in acetonitrile) in chlorobenzene solvent was 

spin coated on perovskite films. Afterward, the films were exposed to air with a controlled relative humidity of 

23% for oxidization overnight. A 60 nm thick gold contact is thermally evaporated through a shadow mask 

resulting in an active device area of 10.5 mm². More details can be found elsewhere.49 

For the x-ray diffraction (XRD) measurements, a Bruker D2Phaser system with Cu-Kα radiation (λ = 1.5405 Å) 

was applied to determine the crystallite structure of the perovskite layers with different annealing times. 

TSC measurements were conducted in a closed cycle He cryostat using helium gas as the heat transfer medium. 

The atmosphere of the sample chamber was replaced with helium gas to make it inert. The possible traps were 

filled by illuminating a white LED array on the devices through an optical window for 5 min. After switching off 

the illumination, the device was kept in the dark for another 5 min to allow thermalization of the carriers. Then, 

the device was heated up to room temperature with a constant rate of 7K min–1. The TSC signal was monitored 



using a sub-femtoamp source meter (Keithley 6430) during the heating. No external voltage was applied to 

measure the current, and the built-in field was used to collect the de-trapped carriers.  
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