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Abstract—In this work, we present a methodology to separate 
effects of perovskite device metastability from irreversible 
degradation, using stress/rest cycling under constant current bias 
while collecting a series of electroluminescence images and 
continuously monitoring voltage. We develop a simulation model 
and procedures for image processing to better understand the 
effects of ion parameters on the transient nature of voltage and 
evolving electroluminescence images.  

I. INTRODUCTION  
With a record efficiency of 25.5% [1], perovskite solar cells 

have attracted attention among the photovoltaics community. 
Unlike traditional photovoltaic semiconductors, halide 
perovskite materials exhibit strong ionic contributions that are 
influenced by electrical bias [2][3]. Different phenomena have 
been used to explain anomalous behavior in perovskites, 
including the impacts of electron/hole trapping/de-trapping, ion 
migration, slow transient capacitive current, and ferroelectric 
polarization [3-5]. These effects are often reversible under 
different bias conditions and time scales, which can cause the 
well-known effects of current-voltage hysteresis. However, 
reaching long-term reliability and commercialization depends 
on separately understanding such reversible changes as well as 
the extent to which related processes can cause irreversible 
degradation. 

The race to perovskite commercialization is driving greater 
interest in stability testing and rationally-designed pathways to 
enhance reliability. Here, we present methods to characterize 
perovskite (meta)stability and to analyze the extents of varying 
charging and mobile ion parameters. We accomplish this 
through a model simulating transient voltage effects paired with 
experimental stress/rest cycling and in-situ electroluminescence 
(EL) imaging with voltage monitoring. Our work contributes an 
important step toward understanding the anomalous 
performance of perovskite photovoltaics and the factors that 
influence long-term device reliability. 

II. METHODOLOGY 

A. Experiment Details   
Perovskite devices were stressed for 14 hours with 21 stress/rest 
cycles while simultaneously recording current, voltage, and in-

situ EL images. Each cycle consisted of 20 min stress of 15 
mAcm-2 forward bias followed by 20 min rest at 0 mA constant 
current at room temperature. Cycling was applied to separate 
reversible metastability from irreversible degradation. Voltage 
transients were measured during the stress/rest cycles using a 
Keithley 2401 sourcemeter. During the stress cycle, a series of 
110 EL images were collected with a Princeton Instruments 
PIXIS camera equipped with a 715 nm long pass filter, which 
was triggered at specified timepoints through LabVIEW using 
the voltage output pin of an Arduino Uno microcontroller. To 
capture varying rates of device evolution, we used three different 
time intervals to collect images, with the first 40 images spaced 
3 s apart, the next 40 images 12 s apart, and the last 30 images 
20 s apart. Exposure times were constant for a given device but 
varied from 20 ms to 100 ms for different devices.  

B. Device Simulations 
We used device modelling to interpret the experimental voltage 
transients recorded during constant-current stress/rest cycling. 
Device simulations were conducted by solving time dependent 
semiconductor equations (1)-(9). COMSOL Multiphysics® 
was used to solve the semiconductor equations for electric 
potential (𝜑𝜑), electron and hole concentrations (𝑛𝑛, 𝑝𝑝), and anion 
and cation concentrations (𝐶𝐶𝑎𝑎,𝐶𝐶𝑐𝑐).  
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The charge density, 𝜌𝜌 = 𝑝𝑝 − 𝑛𝑛 + 𝑁𝑁𝐷𝐷+ − 𝑁𝑁𝐴𝐴− − 𝐶𝐶𝑎𝑎 + 𝐶𝐶𝑐𝑐 ± 𝑁𝑁𝑡𝑡 , 
includes the donor and acceptor doping, 𝑁𝑁𝐷𝐷+ and 𝑁𝑁𝐴𝐴−, and 
charged trap density, 𝑁𝑁𝑡𝑡.  We note that this model reflects the 
procedures used to understand current-voltage (IV) hysteresis 
[6]. Key baseline values used for the modeling are listed in 
Table 1, and additional details can be found in reference [6]. In 
these devices, we assume mobile anions and stationary cations, 
which were uniformly distributed at time zero [6]. We varied 
ion related parameters including ion concentration and anion 
ion diffusivity to analyze the influence of both parameters 
toward the voltage transients. Defect densities at the 
perovskite/ETL (electron transport layer) and perovskite/HTL 
(hole transport layer) interfaces were set at 107 cm-2 for this 
initial model. However, we note that interface defects are an 
important parameter affecting the performance of perovskite 
devices [7], and we plan to investigate the effects of interface 
defects in future studies. 
TABLE I.  PARAMETERS FOR THE BASELINE MODEL FOLLOWING REF[6]. 

Parameter Unit HTL Perovskite ETL 
Thickness nm 170 400 200 
Band gap eV 2.8 1.67 3.6 
Electron 
affinity 

eV 2.4 3.9 4.0 

Rel. 
permittivity 

 3.0 6.5 80 

Eff. DOS cm-3 1020 1020 1020 
e/h mobility cm2/V 

s 
0.02 / 
0.02 

0.5 / 0.5 0.02 / 0.02 

Doping cm-3 (p) 8x1017 (p) 8x1013 (n) 8x1017 
Mid-gap 
defects 

cm-3 1015 2.6x1013 1015 

III. RESULTS AND DISCUSSION 

A. Stress/Rest Cycling 
Fig. 1 shows the voltage transients during stress/rest cycling 

for two different types of perovskite devices, which we refer to 
as V and C type devices. These perovskite cells have a common 
structure: glass / fluorine-doped tin oxide (FTO) / compact-TiO2 
/ mesoporous-TiO2 / perovskite / spiro-OMeTAD / Au. The V-
type cells undergo an additional vapor treatment of the 
perovskite top surface that is not included in the C-type cells. 
Over 14 hours of constant-current stress/rest cycling, we observe 
significant evolution in voltage, although the measured voltages 
at +3 mA constant current remain within 5% of the initial value. 
The high-level repeatability of voltage transients for progressive 
cycles indicates reversible metastabilities that are often 
attributable to ion motion or charging. However, irreversible 
degradation also occurs. Overlaying the voltage transients for 
the progressive cycles on the same time axis (Fig. 1, right) 
highlights subtle shifts in measured voltage that are not 
repeatable and continue to evolve from the first to final cycle. 

 
Figure 1. Stress/rest cycling of perovskite devices type V (a-b) and type C (c-d) 
with voltage transients measured during cycling of constant current bias from +3 
mA (a, c) to 0 mA (b, d) over 14 hours and 21 cycles of 20 min stress/rest 
duration. Right side shows cycles overlaid on a common time axis. 

B. Simulations of Voltage Transients 
 To understand the evolution in voltage transients, we model 
the voltage over time and vary ion concentration or diffusivity 
(Fig. 2). For example, both devices in Fig. 1a and 1c (right) show 
vertical displacements in voltage for subsequent cycles during 
forward-bias stress in the time range <100 s. This vertical 
displacement can be understood by referring to our model in Fig. 
2a. Fig. 2a shows a time dependent simulation for constant 
current bias while varying ion density across the different traces. 
Increasing ion density from 2x1017 cm-3 to 4x1018 cm-3 results in 
a vertical shift in modeled transients for the time range <100 s. 
Interestingly, the voltage initially increases with increasing ion 
density, but there is a threshold around 1.161V for 2x1018 cm-3 
where the voltage then slightly decreases with further increases 
in ion density.  For the time range >100 s, the model suggests a 
faster voltage decline with increasing ion density. Based on 
these simulations, we hypothesize that the effective mobile ion 
density may be decreasing for progressive cycles in our devices, 
possibly caused by ion re-distribution, charge compensation, or 
ion-consuming chemical reactions. 
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Figure 2. Simulated effects of (a) ion density at ion diffusivity of 10-14 cm2s-1 
and (b-c) ion diffusivity (Da) at ion density of 1017 cm-3 on voltage transients for 
(a) constant-current forward bias and (b-c) 0 mA constant current recovery. 

Ion diffusivity also affects the voltage transients in addition 
to the ion concentration. The effects of diffusivity are most 
clearly demonstrated in the voltage recovery transients at 0 mA 
(Fig. 1b and Fig. 1d). We model the effects of anion diffusivity 
(Da) in Fig. 2b and Fig. 2c. We observe two different ranges of 
Da that mirror our experimental data for either the V-type or C-
type perovskite devices. That is, Da from 2x10-14 cm2s-1 to 1x10-

13 cm2s-1 shows a pronounced voltage overshoot after ~100 s of 
recovery (Fig. 2b), similar to the V-type device in Fig. 1b. In the 
model, increasing diffusivity causes a shift in the overshoot to 
earlier times (shift overshoot to the left). This is similar to the 
experimental data, which shows a voltage overshoot shifting to 
earlier times for later cycles. We interpret this model to possibly 
suggest increasing ion diffusivity during device burn-in over 
many hours of cycling. Greater agreement between the data and 
model may be obtained by simultaneously varying the effective 
ion concentration. Indeed, our analysis of the “stress” cycles 
(Fig. 1a and 2a) suggested decreasing ion concentration, which 

may account for the decreasing magnitude of the voltage 
overshoot at later cycles in Fig. 1b. 

The lower range of Da values (Da <1x10-14 cm2s-1) resulted in 
a suppressed voltage overshoot (Fig. 2c). The simulations in this 
Da range appear similar to the experimental voltage recovery 
transients for the C-type device in Fig. 1d. We note that 
simulated transients with a suppressed voltage overshoot can be 
obtained at lower (Da < 1x10-14 cm2s-1) ranges of diffusivity for 
the parameters that we use in our model. However, further 
studies are needed to determine the Da range that applies to our 
devices. 

C. In-Situ Electroluminescence Imaging 
Importantly, the analysis thus far has focused on the bulk 

voltage output of the devices without considering spatial 
inhomogeneities or defective regions that may exist across the 
device area. To understand spatially-distributed effects, we 
collect EL images throughout the stress/rest cycling represented 
in Fig. 1. EL images can be understood as a map of the cell 
voltage, where EL is exponentially proportional to internal 
voltage. EL imaging is commonly used for troubleshooting 
reliability issues in commercial PV technologies [8-10], and it 
will become especially important in perovskites as perovskite 
devices increase in size and approach the goal of 
commercialization.  

 Fig. 3 shows representative in-situ EL images collected over 
the course of stress cycling for a Type V device (subset of 110 
images per cycle). We observe evolving EL spatial distribution 
from first to last image within a given cycle, as well as from 
earlier to later cycles. The reproducible changes that occur 
within each cycle from image 1 to image 110 represent 
reversible metastabilities, while any progressive changes from 
cycle 1 to cycle 21 represent irreversible degradation. For 
example, we observe a reversible change where a pattern of dark 
diagonal stripes exists in image 1 of cycles 5-21, and it is no 
longer visible in image 110 of cycles 5-21 (i.e. after the 20 
minute constant current stress). We observe irreversible changes 
that include an overall increase (or decrease) in the average 
magnitude of EL signal in image 110 (or image 1) when 
progressing to the final stress cycle.  

 
Figure 3. Example of un-processed electroluminescence images at the beginning 
(top) and end (bottom) of selected stress cycles for a type V device. 

To better understand the subtle features of evolving EL 
images during stress cycling, we compare the transient EL 
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intensity with the voltage transients discussed in Section A. Fig. 
4 shows the EL mean value averaged across the device 
overlayed with the corresponding voltage trace for cycle 1 (a) 
and cycle 21 (b). During the first cycle, Fig. 4a shows that the 
EL transient follows the voltage, as expected. This corresponds 
to a minimal spatial change in EL images over the course of the 
cycle. That is, we observe uniform cell area in divided images 
that compare image 16 to image 1, or image 110 to image 16, as 
plotted in Fig. 4a (right). Note that the image background 
represents an unchanged value equal to 1, so the general 
darkening of the divided cell area in the images with respect to 
background corresponds to an overall decrease in EL intensity. 

 
Figure 4.  Comparison of EL and voltage transients for cycle 1 and 21 for type 
V device are shown on 4a and 4b. Images on the right show image processing 
results responsible for EL and voltage deviations.  

For the later stress cycles (e.g. cycle 21 in Fig. 4b), the EL 
transient deviates from the voltage. Dividing the images 
highlights regions that do not follow the voltage trend. For 
example, dividing image 16 by image 1 as in Fig. 4b (right) 
shows edge regions and defective areas with relative EL 
brightening compared to the majority of the device area. 
Interestingly, dividing the last image (110) by image 16 suggest 
that the cell edges and defective areas continue to brighten in EL 
even as the main device area follows the voltage and decreases 
in intensity. 

Fig. 5 shows a similar imaging analysis for a Type C device 
(corresponding to the device stressed in Fig. 1 c-d). In this case, 
the spatially-averaged EL transients deviate more substantially 
from the voltage trends. This deviation correlates with more 
inhomogeneities in the EL images. Even in the first cycle (Fig. 
5a) the divided images highlight separate mid-cell phases with 
either EL brightening or darkening. During the last cycle (Fig. 
5b), we observe relative brightening of cell edges and scratches, 
reminiscent of the effects observed in Fig. 4b for the later cycles 
in Type V device. With relatively low inhomogeneities in the 
EL images at the last cycle, the V type device showed to be more 
stable with the stressing. In addition to the EL images to spatially 
resolve nonuniform evolution, further microscopic 
characterizations such as atomic force microscopy-based, 
scanning electron microscopy-based techniques will be 
performed on the area of interest. 

 
Figure 5. Comparison of EL and voltage transients for cycle 1 and 21 for type 
C device are shown on 5a and 5b. Images on the right show image processing 
results responsible for EL and voltage deviations.   

IV. CONCLUSIONS  
 The imaging results and analysis procedures presented here 
highlight the importance of collecting a series of EL images to 
understand perovskite (meta)stability rather than using single-
time-point images. Both the intensities and spatial distributions 
of single-time-point images are unreliable due to the dynamic 
nature of luminescence and voltage in perovskites. The spatial 
deviations in EL images highlight regions that may require 
further microscopic study to mitigate reliability concerns. 

 Furthermore, we presented a model that can be used to 
simulate the transient voltage behavior and understand the roles 
of ion concentration and diffusivity. In future studies, we aim to 
gain insight into spatially-distributed ion effects and underlying 
causes of the deviating voltage versus EL intensity by applying 
our model to dissimilar regions of the EL images.  
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