Analysis of Degradation Kinetics of Halide Perovskite Solar Cells Induced by Light and Heat Stress
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ABSTRACT

The operational stability of encapsulated perovskite solar cells (PSCs) is imperative for
commercialization. Here, we have investigated the degradation of PSCs with organic (PTAA) and
inorganic (NiOx) HTLs under constant illumination and thermal stress. The device parameters under
1-sun illumination were monitored over time at different temperatures; 20 to 85°C. The temperature-
dependent device parameters analysis showed a lower value of degradation activation energy (Ea) for
the device with the PTAA (~0.27440.05 eV) than that for the NiOx device (~0.49540.05 eV). This
result corroborates that higher activation energy for NiOx/HaP devices leads to superior device stability.
The device degradation kinetic has been discussed by adopting the Arrhenius model with temperature
and humidity prefactor correction associated with structural defects in the bulk and interfacial
deterioration. Our analysis underscores the importance of the layer material’s stability against humidity

and thermal stress for the device stability correlating degradation activation energy and stress prefactor.
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1. INTRODUCTION

Perovskite solar cells (PSCs) have huge potential to be fabricated with cheaper materials and
production costs than conventional semiconductor solar cells [1-5]. Despite the high device efficiency,
the commercialization of PSCs is impeded by long-term stability [6-9]. The device under operation
accelerates the loss of power conversion efficiency (PCE). The degradation of PSCs is triggered by
external stimuli, such as irradiation, heat, moisture, oxygen, electric bias, and strain [10-16]. The
deterioration of the carrier transport layer (CTL) is also deleterious for device stability [17]. The
degradation mechanism is stimulated with an increase in chemical kinetics at elevated temperatures,
which leads to interfacial deterioration as well as delamination. The cause of operational instability of
PSCs with different interface layers also largely remains elusive. Therefore, it is important to dig up
the mechanistic parameters to track the degradation propagation.

An accelerating stress testing could provide a real picture of operational stability which is decisive
for its commercialization [4,5]. The mean lifetime (MLT) of solar cell devices is carried out by
accelerated life testing (ALT) under overstress conditions [18]. The most common stress conditions
for ALT are:[19] (a) thermal stress followed by high temperature and/or temperature cycling and/or
temperature gradients,(b) electrical stress with power cycling/voltage cycling/power extremes/voltage
extremes [20], (c) mechanical stress with mechanical shock/stress/vibrational tests/creep-stress
relaxation tests, (d) environmental stress i.e. humidity or radiation. Moreover, the ALT tests are also
carried out by the combination of these tests. For example, thermal stress/humidity (typically T-85
°C/RH-85%) or illumination/thermal stress conditions are popularly used for the testing of the different
kinds of solar cells [19-22] including PSCs [7,17,23,24]. Indeed, several reports have demonstrated a
remarkable improvement in device stability introducing interfacial passivation at -either
HTL/perovskite or ETL/perovskite interface [25-27]. Researchers have investigated the degradation
of perovskite monitoring the device parameters and discussed the different characteristic features
observed in the bulk, interface, and other related optoelectronic properties [7,16,17,23,28-31].
However, there is still lacking the analysis of the degradation trend of device parameters under ALT
test conditions using an analytical model that could provide insights into the degradation Kinetics.

Noting that, we analyzed the trend of degradation of the device parameters of PSCs under
continuous illumination driven by thermal stress. ALT was performed at various temperatures (20-85
°C) and under constant illumination of 1 sun. lllumination was provided by standard halogen lamps
without blocking the UV part. The device parameters monitored at different temperatures (20 to 85
°C) with time were fitted with a linear or exponential functional model to evaluate the degradation

kinetics. The mathematical analysis revealed that the poor stability of the device with PTAA is



attributed to a lower activation energy for degradation compared to the device with NiOx. We have

underlined the operational stability of PSCs with different HTLs digging into the degradation kinetics.

2. RESULTS AND DISCUSSION
To investigate the degradation kinetics, the PSCs with HTLs; PTAA, or NiOy (Fig. Sla) were
monitored under continuous illumination of one sun placing at thermal stress as mentioned in
supporting information (Table S1). The device fabrication methods and characterizations details have
been described in supporting information. The J-V characteristics of fresh devices are depicted in Fig.
S1b. The PSC with the PTAA has a PCE of ~19.32% and the device with sputtered NiOx has an
efficiency of 15.60%. The detail of the fabrication method is briefly given in supporting information.
The photoluminescent (PL) spectra of perovskite films (Fig. S2a) show an effective PL quenching for
PTAA/HaP film that is also supported by time-resolved PL responses (Fig. S2b). It suggests that the
fresh PTAA device has more effective carrier transport compared to the device with NiOyx. Our
previous study revealed that the PSCs with NiOx and PTAA have negligible interfacial mediated
recombination indicating a good NiOx/HaP or PTAA/HaP interface quality. The characteristics
insights have been discussed in our earlier reports [32-34].

Furthermore, it has been documented that the PSCs with PTAA and NiOx have different degradation
rates which are attributed to the difference in the interface chemistries and their interactions with
external stimuli [35,36]. The detail of degradation characteristics with the point of view of materials
properties and interface quality has been documented in our earlier report [37]. In this work, we
confined our study to the degradation Kinetics of these devices under thermal and light stress
considering the ALT model.

In thin-film solar cells, the current generated and passed through a solar cell is typically described by
a simplified diode equation as given by current/voltage relation:

q(V+JRs)
IV)=dL - o (e nKpT _1)_ V+JRs

@)

where J(V) is the current density through the diode, and J. is photo-induced current density, Jo is the

RsH

saturation current density, V is the external bias applied to the device, n is the ideality factor of the
diode, q is the elementary charge, ks is the Boltzmann constant, T is the absolute temperature, Rs and
Rsh are the serial and parallel resistance of the device, respectively.

Then, the overall PCE (n) of a solar cell is given by following relations:

_ ]SCXVPC:CXFF (2)

where Vo is the open-circuit voltage, Jsc is the short circuit current density, FF is the fill factor and P;

is the incident solar radiation in W/m?2.



Figure 1 shows the device degradation trend at 20, 60, 85 °C, and ambient conditions
(27 °C<T<35 °C) under continuous illuminations (one sun) at RH of 35-40%for t>1000 h. Photographs
of the fresh devices (a, b), experimental setting (c, d), and device after thermal stress (e) are displayed
in the supporting information (Fig. S3). The degradation over time of the device with PTAA (Fig. 1a)
and the device with NiOy (Fig. 1b) demonstrated a different degradation rate. This is attributed to the
difference in the interface chemistries at PTAA/HaP or NiOx/HaP and HaP bulk with external stimuli.
[35,36] As given in Fig. 1c, the aged PSCs with NiOy retained ~74.8% of PCEo at 20 °C, 86.7% at
60 °C, 68.7% at 85 °C, and ~90.1% under ambient condition whereas the devices with PTAA device
dropped to 22.5%, 35.9%, 2.0%, and 22.6% of PCEo, respectively. The monitored data showed that
the device parameters (Figs.S4, S5) are primarily governed by the Jsc trend. This observation is parallel
to other reports [17,35,38].
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Figure 1. Long-term operational stability of the (a) PTAA/HaP and (b) NiOx/HaP devices at different
temperatures under maximum power point conditions (1 sun). (c) The relative performance of PTAA
or NiOy devices aged under different thermal stress under continuous illumination. (d) A representative
schematic display of device degradation trend of PSCs under thermal stress (1 sun, MPPT) showing
exponential decay at the initial stage followed by linear decay. The shaded region indicates ambient
conditions.

From the device stability data, we can notice that the Jsc of the PTAA/HaP device dropped faster
than the NiOy/HaP device. The PSCs showed lower stability for T< RT (room temperature;
27 °C<RT<35 °C), or T>60 °C (~working at the roof temperature). Particularly, an initial steep drop



in PCE at 85 °C was observed for both devices. We also noticed a loss of fill factor in both devices.
This is affected by a gradual increase of the series resistance of the devices (Fig. S6).

As depicted in schematic plot Fig. 1d, one can see the degradation trend of the PSCs with either
of HTLs followed by two characteristics functional regimes. The initial stage of degradation shows
the exponential decay which is followed by a linear decay. Indeed, the rate of exponential or linear
decay is influenced by the carrier transport layer used in the device configuration. This observation is
parallel to the degradation behavior reported by others [7,39]. These trends are the consequence of
collective effects of the partial degradation of CTL, defect induced in HaP bulk by crystal phase
transformation, and CTL/HaP interface of either side under higher thermal stress and illumination
[24,37,39,40].
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Figure 2. STEM cross-sectional images of fresh (a, b) and aged (light and thermal stress (1000 hr- 60
°C)) (c, d) of PSCs with PTAA and NiOyas HTL. = indicates HTL/HaP interface.
Figure 2 shows STEM cross-sectional images of PSCs with PTAA and NiOx as HTLs of fresh and
aged under heat and light stress (HLS). It reveals a clear picture of the mode of degradation of PSCs
with different HTLs that is parallel to the device degradation for respective devices (Fig. 1). The
PTAA device shows bulk degradation with the formation of small crystallites of Pbl, at the PTAA or
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PCBM/HaP interfaces and voids. While there are no obvious voids and Pbl; crystallites formed in the
NiOx device indicating relatively intact bulk and interface.

To understand the surface free energy on the film surface, we collected the water contact angle on
fresh and aged PTAA and NiOx films. As given in supporting information (Fig. S7), the water contact
angles on the surface of the fresh PTAA (~83.5°) shows a lower value on the PTAA film aged under
HLS (54.2°). While that for the NiOx films remains almost unchanged under aging (~53.4° on the
fresh surface to 52.1° on the aged surface). These results corroborate that the PTAA film loses its
hydrophobicity under HTL aging which could deteriorate the PTAA/HaP interface quality under HLS.
It is reported that the stability of PSCs with polymer-based HTL is improved using composite layers
(PEDOT: PSS/PTAA)[41]. E. Kymakis and co-workers have documented a few critical limitations
of a polymer-based HTL in planar inverted perovskite solar cells.[35] It is noted that a polymer-HTL
(PTAA) film absorbs a high-energy photon under illumination. It results in stretching of hydrocarbon
ring and polymer chain in PTAA molecules. This leads to partial decomposition of the cyclic structure
under a longer aging stress environment. This claim is also parallel to the water contact angle results
on aged PTAA surface (Fig. S7). Being less moisture resistive nature of PTAA, it is more prone at
lower temperatures which partly triggers bulk degradation and interface corrosion. A detailed
discussion on the degradation of materials and optoelectronic characteristics of PSCs can be found in
our previous report [37].

In this study, we have monitored only the change of the device parameters due to degradation over
time. These changes in the device parameters have been analyzed by a mathematical model accounting
for temperature and moisture effect. The lifetime of the device has been predicted. In this work, since
the temperature of the device under ambient conditions was not controlled (27 °C<RT<35 °C), we did

not use the corresponding data for further analysis using the ALT model hereafter.

2.1 Accelerated degradation testing model

The degradation kinetics can be analyzed by ALT models [42]. The Arrhenius Equation, the Eyring
Equation, and the Power Law are widely adopted for analyzing the degradation of electronic
components [43]. The Arrhenius model deals with the most fundamental mathematical model for the

analysis of optoelectronic device characteristics. The degradation constant for this model is given by:

(-xe)

k = Ae\ KgT (3)

Here, Ea- the activation energy, Ks- the Boltzmann constant 8.62x10~° eVK™, T- the temperature in
Kelvin and A - a constant dependent on the degradation mechanisms and the experimental conditions.
It collectively explains the device deterioration consisting of activation energy of degradation (Ea),
which influences the kinetics of device degradation. The characteristics values are mainly affected by
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material properties such as the trapping behavior of electrical carriers or structural and chemical
changes of different layers of the device architecture. The Arrhenius model primarily explains the
kinetics of the temperature-dependent process.

Moreover, to account for the multiple stress factors, the Eyring model, a complex form of the
Arrhenius model is used [44]. The external stress factors for the solar cell or photodetector degradation
could be the externally applied bias, the light intensity, humidity, etc. In the Eyring model, the
degradation factor is defined by,

Kaeg = AT exp| - ;’f;{ +(B + 95, | (&)

where, the terms S1, o, B, and C, are additive coefficients to the Arrhenius part in the exponential term,
are related to stress characteristics. The terms; kg and T are as noted above. Indeed, the Eyring model
is dedicated to describing more complex degradation behavior. Note that as we controlled the
experimental methods to prevent additional stress factors and if o is negligible, the Eyring equation is
equivalent to the Arrhenius equation.

Similarly, the third ALT model is the inverse power model. It is used to study the degradation of
electronic or dielectric devices. The degradation constant for this model is given by

kaeg= AV (5)
here, V is the electrical stress (for instance, applied voltage or current). A and y are product-specific
parameters related to the component materials. This model is more relevant for organic materials
related to optoelectronic products (organic light-emitting diodes, transistors, or photodetectors) under
constant temperature stressed by different bias or current levels rather than PV devices.
In this work, we monitored the device parameters varying thermal stress under constant illumination

and humidity. Therefore, we used the Arrhenius model for the analysis of device characteristics with

aging.
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Figure 3. The trend of degradation of device parameters (Jsc and Voc) for PSCs with PTAA (a, b) or
NiOx (c, d) under continuous illumination for more than 1000 h at 20, 60, and 85 °C. The lines represent
a nonlinear fitting of respective parameters. Note that few scattered data at the beginning and the
endpoint have been omitted for better fitting. The fitting functions (linear or exponential) are given on

the respective plot.

2.2 Determination of the degradation Kkinetics
To analyze the degradation kinetic overtime under thermal stress, we have performed the fitting of the
device parameters with time considering a mathematical model.

The degradation trend of PCE of the device is given by linear model,

1(t) =10 (1—Kdegt) (6)
And exponential model
n(t)=noe ~dest (7)

Where, 7(t) is the PCE of the device at a time (t) under thermal stress, nois the PCE of the device at
time t=0. From Equation (2), we can express the device parameters comprisingn (Voc, Jsc, and FF) in

the linear or exponential model.



We fitted the device parameters using either of the mathematical models given by equations 6 and
7 as shown in Fig. 3. The Js (t) trends are described by the exponential model whereas the trends of
FF and Voc are explained by a linear model. The FF(t) and Voc(t) have a slow degradation rate. The
fitting equations and parameters are given in the supporting information (Tables. S2, 3). The fitted
parameters for Jsc show a positive exponential constant in the decay function. It suggests an
exponential decay trend for both devices. On the other hand, the fitted parameters for Voc of the device
with PTAA result in a negative slope in the linear equation and a positive exponential constant for the
exponential decay equation, which suggests a loss of Voc with aging. However, the fitted parameters
for Voc of the NiOx device show a positive slope in linear fitting and negative exponential constant for
fitting of exponential decay equation (Table S3). These results corroborate an increase in Voc with
thermal stress in the device with NiOy. Thus, a collective parameter trend drives the deterioration of
device performance with aging. Particularly, the Jsc drives the degradation of PCE with aging. Besides

that, the Rs values with aging (Figs. S6) at 20 and 60 °C are well fitted with a linear model.

Rs(t)= Rs(0)(1+kt)] (8)
While those data at 85°C were described by exponential grow model is given by
Rs(t)=Rs(0)+ Are’1t +Azek2t 9)

Each notation has a corresponding meaning as mentioned in the previous equation. The Rs of the
PTAA/HaP device demonstrated a higher value compared to the NiOy/HaP device. The fitted
parameters are tabulated in supporting information (Table S4). The slope of linear fitting (e.g., 60 °C)
shows that the rate of increase in Rs of the device with PTAA (~0.079 Q/hr) is more than one order
higher compared to the device with NiOx (~0.0032 Q/hr). The Rs for the device with PTAA at 85 °C
showed two-phase exponentials grow with positive fitting parameters while that for the device with
NiOxy fitted with the negative/positive value indicates a slow increase in Rs at a higher temperature. It
substantiates that the device with PTAA is highly vulnerable to higher thermal stress. This is attributed
to the partial decomposition of the PTAA layer under HLS [35] and the degradation of the bulk layer
driven by interface deterioration [37].

We evaluated the trajectory of degradation kinetics for each aging stress condition by fitting device
parameters. Among the temperature-accelerated device parameters, the Jsc degradation trend is
parallel to the loss of PCE. Therefore, we analyzed the Jsc trend at different thermal stress to calculate
the degradation activation energy [18]. The degradation constant with temperature extracted from Fig.
3 gives an Arrhenius-type dependent (Figs. 4a,b). This observation is analogous to that reported for
organic [18] and Si-based solar cells. [20] The Arrhenius type degradation model (equation (1)) was

applied for the evaluation of the temperature dependence. The activation energy of the device with



NiOyx for degradation (0.495+0.02 eV) is higher than that of the PTAA device (0.27410.02 eV). It
indicates that the PTAA device, with lower activation energy, degrades faster. As summarized in Table
S5, the estimated values of Ea for our devices are lower than Si, CIGS, or CdTe- based devices which
are well-known for stable device performance with much higher MLT. It implicates that the value of
Ea is directly proportional to the MLT of PSCs. We believed that the difference in Ea for the PSCs
with PTAA and NiOy is attributed to the structural defect in perovskite, interfacial deterioration of
HTL/HaP, and HTL under HLS [24]. It is also supported by the degradation trajectory of respective
devices. A lower value of Ea for the PSC with PTAA could have stemmed from structural defect
induced from thermal stress [24,40] and the partial deterioration of the PTAA film due to absorption
of a high-energy photon (Fig. S8) under illumination.[35] While higher activation energy for the device
with the NiOy is analogous to the relatively stable device due to the robust nature of NiOxwhich results
in a comparatively stable interface and immune to ionic diffusion for the perovskite bulk [45].

To get more insights into the degradation Kinetics, the acceleration factor for the individual

temperatures was determined under the assumption of an Arrhenius model according to (8):

K=Sdea T o [E—A (i — i)] (8)

_kdeg(TL)_ Kp \T, Tg
where T, and TH correspond to low and high temperatures (reference temperature). In our analysis, we
considered Ty =85 °C (standard temperature for reliability test). Note that a higher value of

acceleration factor (K) denotes better device stability.
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Figure 4. The degradation activation energy of PSCs with (a) the PTAA and (b) NiOx is estimated by
analyzing the trend of device parameters (Jsc). The estimation of acceleration factor of the device

considering prefactor with the varying working low temperatures (T.) with reference to the standard

test temperature (TH=85 °C) adopting the Arrhenius equation (8).

We have calculated the acceleration factor of degradation using equation (8) at working
temperature (T.) (TL= 0°C (winter), 20 °C (~below room temperature), 32 °C (~ ambient working
temperature), and 60 °C (~working at the roof temperature) (Fig. 4c) with respect to 85 °C. This result
shows a higher acceleration factor at a lower working temperature. This means the MLT of the device
is longer at a lower working temperature (T<85 °C). Unlike the Arrhenius estimation, the experimental
device data showed poor stability for T<20 °C. It is to be noted that the environmental stress
(temperature and ambient humidity) induces the defects such as structural defect and deterioration of
interface or bulk layer used in device structures[37,39,40] which could be the main factors for the

anomalous trend (Fig. 1c).
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At first, we introduced an additional prefactor to account for the deterioration of the materials due
to thermal stress. We modified the Arrhenius equation (8) by adding a temperature-driven prefactor
defined by two models.

Model-1 is defined by adding linear temperature prefactor,

_ Ea (L _ 1)) & (m)*
k=4 €xp [KB (TL TH)] X (TH) (9)
and model-2 is defined by adding exponential temperature prefactor,
_ Ea(l_1 AN
k=4 €xp [KB (TL TH)] X €Xp (TH) (10)

Here, the temperature prefactor (a) accounts for the degree of material deterioration with thermal stress.
The acceleration factors with temperature prefactor are given by model-1 and 2 (equations-9 and 10)
(Figs. 5a, b; S9a-c). The model-2 consisting of an exponential prefactor shows suppression of the
degradation factor by one order value while the linear prefactor (model-1) has minimal effect. The
calculation (Figs. 5¢, d) shows a higher loss in the MLT of the device with an increase of a which is
attributed to the degree of material degradation under thermal stress. One can see the drop of MLT at
a lower temperature regime for model-1while that for model-2 shows a significant drop at all
temperature ranges. With these observations, it is proposed that the PTAA device could have been
driven by a temperature prefactor with an exponential function (exponent value «a<2.5), and the device
with NiOy -HTL follows the linear function (exponent value a<2.5) at a higher temperature regime.
This means the device with NiOyx protects the degradation of perovskite bulk and interfaces by
deaccelerating the temperature effect. Moreover, it has been documented that the structural
transformation of MAPDIs occurs as a function of temperature, thermal stress time, or halide additive
[40,46,47]. It is suggested that more structural defects are formed under thermal stress. Since the
structural defects are more sensitive to external stimuli, it drives degradation trend by deteriorating
material properties that could be accounted by prefactor coefficient as shown in Figs. 5a-d.
Furthermore, although the lower stability at a higher temperature regime (T>35 °C) can be partially
explained by the characteristics feature of these models, this mathematical formulation does not

support the poor device stability at lower temperature regime 20 °C (T < RT).
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Figure 5. The acceleration factor and activation energy (Ea) introducing temperature prefactor in
Arrhenius equation given by (a) model-1 (Equation (9)) and (b) model-2 (equation (10)) at working
temperature T =30 °C with reference to the standard test temperature (Tw=85 °C) by varying material
characteristics with thermal stress given by prefactor coefficient («). The plots; (c-f) give mean lifetime
(MLT) accounting model-1 and model-2 corresponding to (a, b) with the varying working
temperatures (T.) with reference to the standard test temperature (TH=85 °C). For MLT calculation,
we have considered that that device (the device with NiOx) retains ~70% of its performance by 1000
hours. The simulation of acceleration factor with consideration of humidity effect (e). Note that mean
lifetime (MLT) is given by MLT(T)= MLTnXK, where MLTg- is the mean lifetime of PSCs at TH=85
°C.
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To explain the degradation trend at lower temperatures (T<RT), we redefined the model with
temperature prefactor adding the humidity prefactor. We accounted for the humidity stress ramping
with thermal stress which could further accelerate the material deterioration through the structural
defects.[40] As the device stability data are collected in an enclosed testing system, there is also the
possibility of variation of relative humidity with temperature stress. In the enclosed system, the
humidity of ~35-40% at room temperature can vary from RH>75% at lower temperatures (T<20 °C)
to RH>28% at high temperature (T~85°C). As we performed the device test under thermal stress by
lowering the temperature, the enclosed ambient moisturizes which affects the perovskite device
performance.[48] It has also been documented that there is a higher possibility of ingress of moisture
even though the edge of the device is sealed.[10] Thus, taking account of humidity effect, we adopted
the Hallberg-Peck acceleration model, the equations (9) and (10) with humidity factor can be written
as;[43]

K=Aexp[E (2 1) x (2)" (%)‘ﬁ (11)

K = Aexp [i—’; (TLL - i)] X exp (;—:)_a X (%)_ﬁ (12)

Here, the value of S signifies the degree of material degradation at lower temperatures with moisture
ingress. Figure 5 shows the estimation of MLT of the device at different working temperatures (Tv)
with the reference of the standard test temperature (Th=85 °C). Note that the lower prefactor value
shows a weak effect on device deterioration which corresponds to moisture resistive material
properties. The plots of MLT with varying humidity prefactor (Figs. S9f, g) indicate that lower stability
can be explained by adding the humidity prefactor. Each model explains the degradation of PSCs at a
lower temperature for $<3. The device with PTAA has poor stability at lower working temperatures
because the PTAA layer is less moisture resistive compared to NiOyx. Those devices will further
deteriorate under additional light stress which explains a higher rate of loss of the PCE of PSC with
PTAA.

For example, if the PSC with NiOy retains device performance of 70% at 85 °C at 25% RH for 1000
hours which has Ea~0.5 eV. The Arrhenius model with temperature prefactor suggests that the device
will retain its efficiency for 2.7, 11.2, and 18.6 times longer at a working temperature, of 60, 30, and
20 °C for temperature prefactor a=1.5 in the linear model. The MLT will be dropped to 1.2, 3.4, and
1.87 times at working temperatures of 60, 30, and 20 (>RT) °C for temperature prefactor a=1.5 and
humidity prefactor =3 for linear prefactor model. We also notice a faster decrease in MLT for the
exponential prefactor model as indicated by a lower degradation factor with respect to Tn=85 °C.
Collectively, it tells us the humidity prefactor could be the dominant factor for lowering the MTL even
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for the encapsulated device at lower working temperatures. This implicates the importance of heat and
moisture resistive materials as well as inert packing to preserve the device’s lifetime.

In our analysis, we found a tentative trend with a« <1.5 and B <3 as displayed in Fig. 5e. It
observed that the exponent constants for temperature or humidity prefactor are sensitive which is
significantly influenced by the structural defect of perovskite, partial deformation of CTL, and
interface quality against the thermal and moisture stress. This work underlines the importance of device

structure in thermal stress in enclosed testing ambient.

3. CONCLUSIONS

We have explored the temperature accelerated degradation of PSCs with different interface layers
under constant illumination. The device with NiOx showed superior stability compared to the device
with PTAA. The degradation trend for both devices is governed by an exponential decay of Jsc while
other parameters (Voc and FF) follow the linear trend. We observed an Arrhenius type dependence of
the degradation constant with temperature. The analysis of the degradation trend of device parameters
demonstrated higher activation energy for PSCs with NiOx (~495+50 meV) compared to that for the
device with PTAA Ea of ~274+50 meV indicating the interfacial effect on degradation potentials. Our
analysis indicates that the device degradation kinetics of PSCs can be described by the Arrhenius
model with the introduction of temperature and humidity prefactor especially at lower working
temperature (T<RT) while device stability at higher working temperature (T>30 °C) follows the
regular trend with temperature prefactor. This work suggests that the degradation trend of PSCs can
be deaccelerated by stabilizing the structural phase of HaP under thermal stress followed by tailoring

the interfacial layer with higher activation energy.

SUPPLEMENTARY MATERIALS

Experimental section, device configuration/J-V characteristics, device photograph and degradation
monitoring, aging conditions, device aging parameters, fitting parameters, contact angle data,
absorption spectra, table of activation energy of different solar cells, theoretical fitting of degradation
characteristics.
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