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A B S T R A C T   

In this work, we provide a mechanistic understanding of the degradation of perovskite solar cells in operation by 
focusing on methylammonium lead triiodide (CH3NH3PbI3 or MAPbI3) and tracking the evolution of electronic 
defects via photo-induced current transient spectroscopy (PICTS). Moreover, we also record the degradation of 
its photovaltaic characteristics over time under various electric load and temperature conditions. Using PICTS, 
we found that bands of trap states, initially highly localized deep within the band gap of the perovskite, widened 
over the exposure period. This effect was exacerbated with increasing temperature. Further, using the design of 
experiment methodology for this multifactorial study, we found that two interaction factors (temperature× load 
& temperature× time) were significant in the degradation of the perovskite cells, validating the importance of 
our holistic approach. Through these observations, we establish a mechanistic link between deep-level traps and 
photovoltaic characteristics.   

1. Introduction 

In 2009, a perovskite solar cell delivering 3.8 % power conversion 
efficiency (PCE) was achieved [1]. Then, in 2012, a solution-processed 
perovskite solar cell with a PCE of 10.9 % was demonstrated [2]. Ever 
since, a race for the highest PCE perovskite solar cells has risen to 
prominence with the latest confirmed maximum PCE, as of 2024, at 
26.1 % [3]. However, to be realistically viable [4], perovskites need to 
overcome the problem of long-term stability [5]. Numerous studies, 
both theoretical and experimental, have tackled the issue. Some studies 
have looked solely at the effects of humidity, temperature, or oxygen on 
the active layer [6], whereas others focused on the effects of UV light on 
the solar cell structure [7]. These single factor studies provide invalu-
able insights on the degradation of perovskites. Yet, a more holistic 
approach is needed to understand the effects of salient primary factors 
along with confounding higher order factors on the degradation. Few 
studies have employed a multifactorial approach in perovskite degra-
dation investigations [8,9]. In this study, we implement the design of 
experiment (DOE) methodology, for it is uniquely suited for this 

endeavor. It provides a structured framework to simultaneously vary 
multiple inputs to understand their impact on the measured outputs. The 
relevance of factors and their interaction is carried out via a p-test, and 
the correlation between multiple responses can also be readily obtained. 
This methodology allows us to mechanistically tie the evolution of 
electronic defects in degrading perovskites with their electrical 
properties. 

To measure these defects, we rely on photoinduced current transient 
spectroscopy (PICTS), for it is uniquely suited to measure deep-level 
traps in photosensitive devices with relatively high leakage currents 
like perovskites. It depends on transient currents generated from the 
device under testing (DUT) when excited by a pulsing light source and 
allows for the accurate extraction of the trap activation energy Ea —as 
low as 0.1 eV depending on the coolant [10]— and the capture 
cross-section σa. To perform such experiments, it is necessary to prime 
the traps repetitively, while the temperature is scanned, by pulsing 
photons of energy greater than the band gap. The excess electrons and 
holes are captured at trapping sites and subsequently released by ther-
mal emission when the light is turned off, producing a current transient. 
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PICTS has previously been used to characterize GaAs substrates [11], 
CdTe [12], and perovskite solar cells [13,14]. 

Here, we provide a mechanistic understanding of the degradation of 
perovskite solar cells in operation by focusing on the evolution of deep- 
level traps (PICTS) in methylammonium lead triiodide (CH3NH3PbI3 or 
MAPbI3) and concurrently tracking its photovoltaic (IV) characteristics 
over time under various electrical load and temperature conditions. 
Using these observations, we will discuss avenues for improving the 
stability of metal halide perovskites. 

2. Materials & methods 

2.1. Experimental design 

Our experimental design is an unreplicated 22× 5 full factorial where 
the factors are temperature, electric load, and exposure period. For the 

temperature, we have chosen two levels, 25 ◦C and 55 ◦C, that respec-
tively represent room temperature and roughly the highest ambient 
temperature recorded on Earth. For the electric load conditions, we also 
chose two levels, open-circuit (OC) and maximum power point (MPP) as 
they represent the most and least conservative degradation scenarios 
[8]. Exposure duration was the last factor, and the 5 periods chosen (0, 
15, 45, 105, and 225 min) captured the full degradation of our unen-
capsulated MAPbI3-based devices. 

We tracked two broad categories of responses:  

(1) the photovoltaic characteristics extracted from current-voltage 
curves —short-circuit current density (JSC), the open-circuit 
voltage (VOC), the fill factor (FF), and the power conversion ef-
ficiency (PCE);  

(2) the deep level electronic defect properties (Ea & σa) evaluated 
using PICTS. 

2.2. Sample preparation 

FTO coated glass (7 Ω/sq, MSE supplies) was used as the substrate for 
the solar cells. The substrates were successively cleaned in baths of a 2 % 
mixture of Hellmanex (Sigma-Aldrich) in DI water, acetone, and iso-
propanol for 5 min each in a sonicator. Then, they were exposed for 3 
min to an oxygen plasma (March Plasmod) prior to spinning the electron 
transport material (ETM). The ETM was prepared from a titanium iso-
propoxide solution (Solaronix) to form the compact TiO2 layer and a 
colloidal dispersion of TiO2 nanoparticles of <50 nm (Solaronix). The 
hole transport material (HTM) precursor was prepared in a nitrogen 
glovebox (<5 ppm H2O/O2) from a solution of spiro-OMeTAD (288 mg, 
Sigma-Aldrich) in anhydrous chlorobenzene (4 mL, Sigma-Aldrich) and 
doped with a 520 mg/mL solution of bis(trifluoromethane)sulfonimide 
lithium in acetonitrile (70 μL, Sigma-Aldrich) and 4-tert-Butylphenol 
(115.2 μL, Sigma-Aldrich). The solution was stirred at room tempera-
ture until it reached homogeneity and was stored in the glovebox. This 
sample preparation process was adapted from the authors’ previous 
work [15]. 

2.3. Perovskite precursor preparation 

The MAPbI3 precursor was prepared in a nitrogen glovebox (<5 ppm 

Fig. 1. PICTS Spectra of a fresh MAPbI3 solar cell with a 1 ms filling pulse at 6 
different rate windows (or delays). (Inset) Corresponding Arrhenius plot with 
extracted Ea and σa. 

Table 1 
Experimental space for this work. All degradation was done at < 5 % RH. The skipped experiments do not affect the significance of the results. The order presented here 
does not reflect the randomized data collection process and is only for the reader’s convenience.   

Factors Responses 
Photovoltaic Traps 

Exp Temp Load Time VOC JSC FF PCE Ea σa 

# (oC)  (min) (V) (mA/cm2)  (%) (eV) (cm2) 

1 25 OC 0 0.87 − 20.58 0.48 8.58 0.96 5.9E-12 
2 25 OC 15 0.85 − 18.65 0.35 5.61 0.73 2.3E-14 
3 25 OC 45 0.82 − 23.27 0.44 8.47 0.75 1.4E-12 
4 25 OC 105 0.74 − 14.99 0.30 3.35 0.60 2.2E-16 
5 25 OC 225 0.69 − 2.56 0.21 0.36 0.70 2.2E-12 
6 25 MPP 0 0.80 − 18.04 0.35 5.04 0.95 4.3E-09 
7 25 MPP 15 – – – – – – 
8 25 MPP 45 0.91 − 22.87 0.44 9.21 0.80 5.0E-11 
9 25 MPP 105 0.77 − 7.62 0.30 1.74 0.75 1.9E-09 
10 25 MPP 225 0.64 − 2.50 0.26 0.40 0.58 8.0E-16 
11 55 OC 0 0.87 − 20.58 0.48 8.58 0.96 5.9E-12 
12 55 OC 15 0.76 − 8.78 0.36 2.26 0.78 1.6E-07 
13 55 OC 45 0.76 − 17.05 0.26 3.34 0.72 3.7E-13 
14 55 OC 105 0.39 − 7.46 0.38 1.09 0.77 2.7E-08 
15 55 OC 225 0.57 − 4.67 0.29 0.76 0.27 2.3E-14 
16 55 MPP 0 0.80 − 18.04 0.35 5.04 0.95 4.3E-09 
17 55 MPP 15 – – – – – – 
18 55 MPP 45 0.80 − 15.38 0.34 4.19 0.84 3.9E-10 
19 55 MPP 105 0.80 − 7.02 0.23 1.32 0.51 1.3E-16 
20 55 MPP 225 0.66 − 9.12 0.20 1.21 0.50 1.2E-14  
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H2O/O2) from a solution of MAI (395 mg) and PbI2 (1153 mg) in a 1:9 
ratio of dimethylformamide (DMF, 2.25 mL) to dimethylsulfoxide 
(DMSO, 0.25 mL). The solution was stirred at room temperature until 
completely homogeneous and was stored in the glovebox. All reagents 
were purchased from Sigma-Aldrich. This precursor preparation process 
was adapted from the authors’ previous work [15,16]. 

2.4. Solar cell fabrication 

First, in a nitrogen glovebox, under low humidity conditions (<5 
ppm H2O/O2), 100 μL of the titanium isopropoxide precursor was spun 
onto the FTO substrates at a speed of 5000 rpm and acceleration of 2000 
rpm/s for 30 s. Then, they were dried at 150 ◦C for 10 min on a metal top 
hotplate followed by a sintering step under atmospheric conditions 
(70–80 % RH) at 500 ◦C for 30 min in a furnace to form the TiO2 
compact blocking layer. After the substrates cooled back down to room 
temperature under atmospheric conditions, the colloidal dispersion of 
TiO2 nanoparticles was spun on top of the blocking layer at 5000 rpm 
and 2000 rpm/s for 30 s. They were subsequently dried at 150 ◦C for 2 
min on a metal top hotplate followed by a sintering step at 475 ◦C for 30 
min in a furnace to form the TiO2 mesoporous layer. The substrates were 

moved to a nitrogen glovebox for the deposition of the perovskite layer. 
100 μL of the perovskite precursor were spun under two consecutive 
regimes: regime 1 at 1000 rpm and 500 rpm/s for 10s and regime 2 at 
6000 rpm and 3000 rpm/s for 25 s. Ten seconds into regime 2, droplets 
of cholorobenzene were deposited at a rate of 1 mL/min for a total 
volume of 100 μL using a digital syringe pump. Thereafter, the perov-
skite was annealed for 10 min at 100 ◦C on a metal top hotplate in the 
glovebox to form the active layer. Once cooled back down to room 
temperature, the HTM precursor was spun on top of the stack at 4000 
rpm and 2000 rpm/s for 30 s. Finally, 80 nm of gold were thermally 
evaporated, using a stainless-steel mask, to form the top contact. The 
active area, defined as the overlap between the FTO and Au contacts, 
was 0.05 cm2. This fabrication process was adapted from a published 
report [17]. 

2.5. Degradation set-up 

An environmental chamber (AES BHD-503) was used in conjunction 
with a custom set-up made for this study. An incandescent light (150 W) 
was calibrated using a dimmer switch to deliver exactly 1 sun of irra-
diance to the DUT, which had a custom holder allowing for individual 

Fig. 2. Evolution of the trap activation energy over degradation time and temperature. The linear fits for the top and bottom plots are is Ea = 0.88 − 1.3 × 10− 3 t and 
Ea = 0.90 − 2.3 × 10− 3 t, respectively. 
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cells on a substrate to be connected to a 1 kΩ load (MPP) located outside 
the chamber. The holder consisted of a laser-cut piece of teflon with an 
opening in the center allowing light to penetrate the solar cells. Tooth-
less copper alligator clips were attached to the teflon piece with 
aluminum wires, which doubled as leads to the electrical load. Teflon 
was chosen for its stability over the temperature and humidity ranges of 
the experiments. The toothless alligator clips were used to make direct 
contact with the gold anodes and the FTO cathode on the unencapsu-
lated solar cells without significantly damaging them. Maintaining the 
load outside the chamber at atmospheric conditions ensured that the 
resistance was not varying over time. The PID controls of the environ-
mental chamber were enabled to maintain constant temperature and 
humidity, especially when the incandescent light was on. This precursor 
preparation process was adapted from the authors’ previous work [15, 
16]. 

2.6. Measurements 

Post-fabrication and pre-degradation, the photovoltaic 

characteristics of every cell were measured under atmospheric condi-
tions. Then, post-exposure, those characteristics were measured once 
again and complemented by a PICTS measurement. The photovoltaic 
characteristics were measured using a solar simulator (Oriel-Sol1A) 
delivering an AM1.5 spectrum at 100 mW/cm2 and a Keithley-2400. To 
collect the current-voltage data, a new MATLAB code from a previous 
report [18] was customized. The electronic defect data were obtained 
using a PICTS measurement system (Sula Technologies). The device was 
placed in a cryostat (Janis) and connected to the PICTS measurement 
set-up. Then, a LED of wavelength 626 nm was pulsed (2000 ms period) 
onto the device to generate carriers above the band gap of MAPbI3 at 0 V 
bias. After evacuating the cryostat to below 10− 5 Torr, the cold stage 
was cooled to 280K, the device temperature. The LabVIEW proprietary 
software controlling the set-up was programmed to record the spectrum 
of transient current at six different delays: 2, 5, 10, 20, 50 and 100 ms. As 
soon as the lower set temperature was reached, the system recorded data 
by progressively heating the device at a rate of 2K/min until it reached 
its ultimate temperature of 400K. The device was immediately returned 
to RT after the run was completed and never allowed to dwell too long at 
high or low temperatures. This process was repeated as the filling pulse 
was varied from 1 to 1000 ms for every sample to uncover the trapping 
dynamics of the defects. Ea and σa were extracted after each temperature 
spectral run via an Arrhenius plot. 

3. Results 

The data collected are summarized in Table 1. 

3.1. Influence of degradation factors 

To evaluate the importance of the degradation factors studied, we 
used p-tests of significance level α = 0.1. The influence of temperature 
and electric load on the photovoltaic properties have been graphically 
reported in other studies [8]. However, we highlight the interaction 
terms that can only be revealed when performing degradation studies 
under a DOE framework. When considering the fill factor, we find that 
the interaction between temperature and electric load (pFF|Temp Load 
= 0.07) is relevant to its degradation, whereas the individual influence 
of temperature and electric load are not (pFF|Temp, Load >0.1). The 
other second order term deemed significant is the interaction of tem-
perature with time for the trap activation energy—exposure time in this 
study should be understood as a confluence of atmospheric effects, 
illumination, and relative humidity (maintained at 5 % RH) because we 
did not vary them. The relevance of these interaction terms highlights 
the importance of undergoing degradation studies with a systematic and 
holistic approach to extract all the salient effects and make educated 
decisions. Any stability model should properly account for these inter-
action factors for accuracy. 

3.2. Evolution of traps in degrading perovskites 

Fig. 1 shows the PICTS spectra of a fresh (non-degraded) MAPbI3 
solar cell measured with a 1 ms filling pulse. Using 6 rate windows (or 
delays), we constructed the Arrhenius plot from the spectra’s peaks 
revealing an activation energy Ea = 0.95 eV and capture cross-section σa 
= 4.50 10− 12 cm2. This is a very deep trap, measured below the con-
duction band, for a solar cell whose absorber material band gap is 1.58 
eV. After successfully characterizing this fresh sample, we measured the 
trap signatures of MAPbI3 solar cells degraded in the conditions 
described in Table 1. For each condition, the reported Ea and σa was the 
average calculated from the filling pulses ranging from 1 to 1000 ms. 
Fig. 2 shows that the average trap activation energy gets shallower as the 
device is degraded over time. The shift is exacerbated by degradation at 
higher temperature, where the rate of degradation is almost doubled at 
55 ◦C as compared to room temperature (25 ◦C). The capture cross- 
section generally follows the same trends as Ea. To better understand 

Fig. 3. Evolution of trap activation energy within the band gap of MAPbI3 with 
filling pulses, at each degradation point, ranging from 1 to 1000 ms. Data 
extracted from Exp#11–15 of Table 1. 

Fig. 4. PICTS Spectra of sample from Exp#14 in Table 1 with varying filling 
pulses tp of period 2000 ms. (Inset) Normalized plot of the same spectra 
highlighting the right shift of the signal peak with increasing pulse width. 
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why the average Ea got closer to the conduction band, we focused on the 
bottom plot of Fig. 2 and plotted the raw activation energies instead of 
the averages. Fig. 3 shows a range of states widening over the degra-
dation period. Two classifications of spatially extended defects in 
semiconductors were proposed: localized and band-like states [19]. This 
distinction lies in the comparison between the rate Ri at which the states 
reach their internal equilibrium and the emission (Re) and capture (Rc) 
rates at which they reach equilibrium with the conduction band. In this 
theory, defect states are band-like if Ri ≫ Rc, Re and localized if Ri ≪ Rc, 
Re. Using simulated and measured deep level transient spectroscopy 
(DLTS) spectra, they showed that localized states had isothermal peaks, 
whereas band-like states had shifting emission peaks. As shown in Fig. 4, 
there is a general shift toward higher temperatures of the PICTS signal’s 
peak as the filling pulse is increased. Consequently, we conclude that the 

degradation conditions of illumination and temperature interact syner-
gistically to create spatially extended defects within the MAPbI3 
perovskite solar cells. These defects are characterized by band-like states 
since the PICTS spectra peaks shift with filling pulse. Prior to degrada-
tion, these states lie deep and narrow in the band gap with 0.92 ≤ Ea≤

1.0 eV. By the end of the degradation period, they have widened to 
0.17≤ Ea≤ 0.57 eV. It is very likely that we have not measured the 
complete range of the band-like states post-degradation since we limited 
our study to filling pulses of maximum width 1000 ms. Each trap may 
not have been completely filled with such pulses. This would explain 
why the range of the band-like states post-degradation does not fully 
overlap with the initial ones. We will tie this critical observation to 
physical mechanisms affecting the degradation of MAPbI3 solar cells 
next. 

Fig. 5. (From Top to Bottom) Correlation plots of the open-circuit voltage, the short-circuit current, the fill factor and the power conversion efficiency as functions 
of the trap activation energy. The 90 % confidence ellipses of the dependent variables are included. 
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3.3. Photovoltaic properties and deep-level traps 

An examination of the correlation between the PV characteristics and 
the trap activation energy reveals that Ea’s correlation to the PCE is 
mainly driven by a change in JSC and FF and, to a lesser extent, a change 
in VOC (See Fig. 5). Given that the short-circuit current is a measure of 
the number of photocarriers extracted from the solar cell, and the fill 
factor is one for the efficiency of that extraction, it is logical that they 
track well with the trap activation energy. Indeed, if the traps are 
initially located deep in the band gap, they are less likely to interfere 
with the photogeneration process. However, as discussed in Section 3.2, 
as the trap’s band of states widens over the course of the degradation 
process, they are more likely to capture generated carriers, prevent them 
from reaching the conduction band, add to charge recombination, and 
decrease the output of useful current. This is akin to an internal resis-
tance process, which would also explain the decrease in VOC and FF (See 
Fig. 6). 

4. Discussion 

Our observations suggest that pinning traps deep within the perov-
skite’s band gap is an essential key to unlocking their long-term stability. 
Indeed, extended traps impede full photon and photocarrier generation 
and collection. This process could be driven by the likely growth of 
crystallites within the perovskite in operando [20,21]. Preventing that 
crystallite growth is essential in extending the lifetime of perovskite 
solar cells, and we believe we can achieve it via two main methods. One 
would be to improve the formulation of the perovskite, especially at the 
A-site of its ABX3 structure. Reducing the effective radius rA of the A 
cation would shift the tolerance factor of the crystal structure toward the 
more desirable cubic lattice structure. It would also reduce the sensi-
tivity of its crystal lattice to higher temperature, which is essential in 
promoting the crystallite’s growth because heat is a significant driving 

factor. Optimizing rA should be done by accounting for the narrow 
window in which functional and stable perovskite structures are ex-
pected to form. Indeed, a predictive probabilistic model has portrayed 
that critical window as a function of the cations’ radii in the ABX3 
structure [22]. 

The other method for pinning the trap states would be by doping the 
perovskite. For instance, the incorporation of divalent ions such as 
alkaline earth metals Sr and Mg in limited amounts can increase the 
microstrain in the perovskite and reduce its crystallite size. It will also 
maintain its Goldschimdt tolerance factor t between 0.8 and 1.0, which 
is necessary for forming a 3D perovskite structure [23]. From DFT cal-
culations, dopants could possibly substitute either the A or B cation in 
the ABX3 or be incorporated interstitially [24]. The increased micro-
strain in the low doping regime showed an increase in VOC and improved 
stability under light exposure in an inert environment. More systematic 
studies need to be undertaken to confirm these early predictions. 

Beyond material selection and enhancement, the PICTS measure-
ments outlined in this study, as it relates to perovskites specifically, 
could be most powerful as a manufacturing metrology for quality in-
spection on a sampling basis. Indeed, the deposition process used (CVD, 
blade coating, spin coating, etc.), the conditions of crystal growth and 
doping, temperature variations, impurities and mechanical stressors can 
all introduce or exacerbate defect states. Using a methodology similar to 
the one outlined in this study can provide standards for an acceptable 
level of defects in the manufactured cells and inform the quality of the 
fabrication process. This would be comparable to how light and elevated 
temperature induced degradation (LeTID) measurements are routinely 
performed in the Si solar cell industry to verify the batch-to-batch 
variation of manufactured solar cells and assess their susceptibility to 
boron and/or gallium doping induced LeTID. 

Fig. 6. Illustration of the trap mechanism affecting the photovoltaic characteristics of perovskites. (Left) Pre-degradation, carriers are easily promoted to the 
conduction band upon illumination since the traps are located deep within the band gap. The corresponding JV characteristic shows an ideal exponential behavior. 
(Right) Post-degradation, more carriers are captured due to the widened band of trap states resulting in loss of current and increased internal resistance characterized 
by the more linear JV curve. 
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5. Conclusions 

In this article, we underwent a comprehensive multifactorial study of 
the degradation of perovskite solar cells in operation. We outlined the 
need for these multifactorial studies in the perovskite community and 
highlighted the benefits of this approach to improve cells toward the 
long-term stability standards necessary to making it a viable product. 
Our work confirmed the influence of interaction factors like temper-
ature× load and temperature× time in the degradation of perovskite 
solar cells. These combinations of factors significantly alter the degra-
dation rate when applied simultaneously and would have been missed in 
single-factor studies. We detailed how using PICTS helped us uncover 
that a band of trap states, initially narrowly constricted deep in the band 
gap of MAPbI3, widened over the course of the degradation period, and 
that the average trap activation energy for each band of states became 
shallower. From our DOE analysis, we found that this effect was 
significantly correlated with the degradation of the other responses 
tracked in this study. We posited that the extension of the band of trap 
states over time, load, and temperature impeded the collection and 
generation of free carriers within the absorbing layer. We believe that 
process to be driven by the growth of crystallites. We thus concluded 
that pinning those traps deep within the band gap could unlock longer 
stability. Finally, we discussed improving the crystal structure to stabi-
lize its crystallite growth by changing its constituent compounds or by 
doping. We also discussed using PICTS to assess the manufacturing 
quality of perovskite solar cells. 
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