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ABSTRACT: Perovskite solar cells, known for their high efficiency, face a challenge with hysteresis in current—voltage (J—V)
measurements, complicating accurate characterization. This study explores the factors contributing to hysteresis, with a particular
focus on ionic conduction, to address this issue. We have developed an analytical model incorporating transient response analysis to
reproduce hysteresis and evaluate the impact of ionic parameters such as mobility and interfacial recombination. Our findings
identified iodine vacancy (V;) conduction as a primary cause of J—V hysteresis, offering significant insights for the field. We also
discovered that methylammonium vacancies (Vy,) contributed to long-term cell performance degradation, with diffusion
coeflicients higher than previously reported. This research highlights the practical importance of understanding ionic conduction to
improve the characterization and efficiency of perovskite solar cells, emphasizing the need for further investigation in this area.

KEYWORDS: perovskite, solar cell, ion-diffusion, hysteresis, degradation

1. INTRODUCTION

Perovskites have attracted considerable attention as a highly
efficient thin-film solar cell material, achieving efficiencies
exceeding 25% owing to frequent updates in peak conversion
efficiencies over the past decades.”” However, one of the
critical challenges in these devices is the hysteresis observed in
current—voltage (J—V) measurements, which complicates
accurate performance evaluation.”” Unlike technologies such
as silicon or CIGS solar cells, hysteresis is a prominent issue in
perovskite cells. Additionally, the introduction of mesoporous
TiO, layers, fullerene electron transport layers, and SnO, layers
has been found to reduce hysteresis, resulting in higher cell
efficiencies.”® This trend suggests a strong correlation between
hysteresis and conversion efficiency.

Understanding the factors contributing to hysteresis is
crucial for developing stable perovskite solar cells. Ion
conduction, dielectric properties,” and defect-mediated carrier
traps’® have been identified as key contributors, with ion
conduction playing a central role. The conduction mechanism
of V; is driven primarily by vacancy-mediated diffusion, where
I” ions migrate along the octahedral edges, benefiting from a
lower activation energy compared to Pb*>" and CH;NH;" ions,
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plays a key role in the observed J—V hysteresis.” While density
functional theory (DFT) calculations and experimental
measurements have provided estimates of diffusion coefficients
for these ions, the reported values vary significantly. It indicates
a need for further investigation into their precise roles.” '*
Interfacial properties also have a strong influence on
hysteresis, particularly through their impact on recombination
processes.””~'® In this study, we adopt a dynamic ion
conduction model to analyze the effects of mobile ions on
hysteresis and long-term degradation in perovskite solar cells,
with a focus on the interplay between carrier concentration and
interfacial recombination. While several studies have examined

the relationship between ion conduction and hysteresis, few
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have explored the transient response of reversible long-term
degradation under solar illumination.'”*’

By combining hysteresis analysis with transient response
modeling,”' ™ this research provides new insights into the
dynamic processes governing both hysteresis and long-term
degradation in perovskite solar cells. These findings contribute
to a deeper understanding of ion migration, recombination
dynamics, and their implications for device stability, offering
valuable perspectives for improving the long-term performance
of perovskite solar cells.

2. EXPERIMENTAL METHODS

Figure S1 shows the results of J—V measurements for the perovskite
solar cell employing an ITO/poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (HTL)/MAPI/phenyl-C61-butyric acid
methyl ester (ETL)/Bathocuproine (BCP)/Ag structure. The MAPI
films were deposited via spin coating,'® The solar cell structure and
fabrication process were similar to existing samples, achieving an
efficiency of more than 18%. However, in this study, the ETL films
were thinner (7 nm) compared to the 20—40 nm typically used by
other researchers®”>' to enhance the observation of interface
recombination effects. For J—V measurements, the voltage was
increased from —0.5 to 2 V at a rate of 0.05 V s™' and subsequently
reduced from 2 V back to —0.5 V at the same rate. A comparison
between the red line representing the forward direction and the blue
line representing the reverse direction reveals significant hysteresis.
Specifically, the current in the reverse direction surpassed that in the
forward direction for applied voltages between 0 and 0.5 V.
Conversely, for applied voltages exceeding 0.5 V, the current in the
forward direction exceeded that in the reverse direction. While the
short-circuit current density (Jgc) for the forward and reverse
directions was the same, there was a difference in the open-circuit
voltage (Vo).

To assess the impact of this hysteresis, the J—V characteristics were
calculated using Silvaco’s ATLAS device simulator software.” Figure
S2 shows the simulated structure of the perovskite solar cell, featuring
an ITO/PTAA (HTL)/MAPI/PCBM (ETL)/Ag configuration. The
parameters are summarized in Table S1. To delineate and analyze the
effects of interfacial recombination, the model initially excluded
interfacial defects at the HTL/MAPI and MAPI/ETL interfaces in the
first part of this discussion. In the latter part, the model was adjusted
to include interfacial defects with equal hole and electron capture
cross sections by varying defect density. For simplicity, only V; and
Vma were considered as the positive ions and negative ions, with
diffusion coefficients of 1 x 1072 (D )and 1 X 10726 cm? s~}
(Dnegative) , respectively.”

The calculations for the J—V measurements proceeded as follows.
First, positive and negative ions were distributed uniformly
throughout the MAPI film at 1 X 107 cm™ concentrations.
Subsequently, a time-transient simulation was conducted over
10,000 s under dark conditions to achieve a steady-state ion
distribution. The ion distribution state established after 10,000 s
was used as the initial condition for the time-dependent J—V
simulation. Next, solar irradiation (AM1.5) was initiated from the
HTL side, and the applied voltage was adjusted to —0.1 V. From this
initial state, the applied voltage was incrementally increased from —0.1
to 2 V and similarly decreased from 2 to —0.1 V, with each voltage
step being 0.1 V. The time evolution of the current and ion
distribution was calculated for 2 s after each voltage step, and the
current at the end of this simulation step was taken as the current at
the respective applied bias voltage.

positive

3. RESULT

3.1. Investigating the Role of Positive lons in
Hysteresis of Perovskite Solar Cells. Figure 1 depicts the
J—V curves calculated by the simulation model under AM 1.5
irradiation. The current density for the reverse direction (blue
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Figure 1. J-V curves calculated by the simulation model. This
calculation does not consider interfacial recombination of HTL/
MAPI and MAPI/ETL.

line) surpasses that for the forward direction (red line) at a
bias voltage of approximately 1 V. This calculation excluded
interfacial defects at the HTL/MAPI and MAPI/ETL
interfaces. To investigate the cause of this hysteresis, the
evolution of ion distribution during the J—V measurements
was carefully analyzed. Figure 2a illustrates the transition of
positive ion distribution during the forward direction from
—0.1 to 1.1 V (near Vpc). The darkest blue line is ion
distribution at —0.1 V (F: —0.1 V), while the lightest blue line
is ion distribution at 1.1 V (F: 1.1 V).

In a conventional perovskite solar cell, there is an electric
field from the ETL to the HTL in the MAPI layer. However, if
mobile ions are present in the MAP]I, positive ions accumulate
at the HTL/MAPI interface. Eventually, the redistribution of
these positive ions neutralizes the electric field, rendering the
electric field strength in the central part of the MAPI layer
negligible. These conditions are illustrated in Figure 2a
(positive ion distribution), Figure 3a (band structure), and
Figure 3b (electron—hole concentration) at F: —0.1 V (near-
zero bias condition). Under this bias condition, significant
electric fields exist at the HTL/MAPI interface, as depicted in
Figure 3a, facilitating hole extraction to the HTL, resulting in a
significant reduction in hole concentration at the interface,
with holes diffusing from the interior of the MAPI layer, as
illustrated in Figure 3b. Similar phenomena occur at the ETL/
MAPI interface. Eventually, a steady photocurrent flows
through the solar cell despite the negligible electric field in
the absorber layer. It was observed that electron and hole
concentrations were almost equal at the center of the absorber
layer. As the applied voltage increases, the positive ions
accumulated at the HTL/MAPI interface start to accumulate
on the ETL/MAPI side. Consequently, increasing the applied
voltage decreases the positive ion concentration at the HTL/
MAPI interface and increases it on the ETL/MAPI side. This
redistribution of ions occurs due to changes in the electric field
within the MAPI layer as the applied voltage increases, causing
the ions to reconfigure according to the altered electric field, as
seen in Figure 2a.

The blue line in Figure 2b shows the distribution of positive
ions near Vo during the reverse direction (R: 1.1 V). R: 1.1V
is the situation 36 s after F: 1.1 V. Comparing F: 1.1 V and R:
1.1 V, differences in positive ion distribution are observed at
the MAPI/ETL interface and the HTL/MAPI interface.
Therefore, the time variation of ion concentration was
examined to assess the time constant of positive and negative
ion migrations. In the simulation, the applied voltage was
increased from 0 to 0.1 V, and the temporal changes in ion
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Figure 2. Time-dependent evolution of positive ion distribution during the J—V measurement. (a) Shows ion distributions for the forward scan
from —0.1 V (F: —0.1 V) to 1.1 V (F: 1.1 V). (b) Displays ion distributions at 1.1 V under both the forward (F: 1.1V, red solid line) and reverse

(R: 1.1 V, blue dotted line) conditions.
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Figure 3. Band structure and electric field (a) and carrier
concentration (b) at an applied voltage of —0.1 V. Egn and E, are
the quasi-Fermi levels of electrons and holes, respectively.

concentrations at the MAPI/ETL interface were simulated.
The results are depicted in Figure 4a. The concentration of
negative ions did not vary in this time frame, suggesting that
redistribution of negative ions does not occur during J-V

measurements. In contrast, the initial concentration of positive
ions was 5.3 X 10" cm™, gradually increasing after applying
bias voltage and reaching saturation at 1.3 X 10'® cm™ over 30
s. Based on the calculations, the time constant for positive ion
migration was estimated to be approximately 10.5 s. The time
constant of 10.5 s reflects the response time of positive ions to
changes in applied voltage. In our J—V measurements, voltage
is increased or decreased at a rate of 0.1 V every 2 s, which is
relatively fast compared to the calculated time constant. As a
result, positive ions do not fully respond to the voltage changes
during the scan, leading to incomplete ion migration and
concentration differences between the forward and reverse
directions. This incomplete response is illustrated in Figure 4b,
where the time evolution of positive ion concentration at the
MAPI/HTL interface shows a lag behind the applied voltage.
Specifically, the minimum positive ion concentration occurs
approximately 16 s after the voltage peak, reflecting a delay in
ion migration. For instance, the positive ion concentration at 1
V in the forward direction is approximately 1 X 10" cm™3,
while in the reverse direction, it decreases by 1 order of
magnitude to less than 1 X 10" cm™. This variation in positive
ion distribution between forward and reverse directions
changes the band structure and carrier concentrations and
contributes to the observed hysteresis.

Figure Sa shows the band structure at applied voltages F: 1
Vand R: 1 V. Figure Sb,d shows the carrier concentration, with
the red line representing the forward direction and the blue
line representing the reverse direction. Positive ions influence
carrier distribution. Accumulation of positive ions increases the
electric potential, leading to electron accumulation and

17

10 0.2
(a) < Negative ion
o 10.15
€ —
O e . >
> Positive ion >
G101 0.1 0
c =
3]
S S
5 Applied voltage 10.05
 —
10" : . : : 0
-10 0 10 20 30 40 50

Time transient [s]

lon density

18

_10 ) Applied voltage
™M
e ((b) lis
S, n17 :
_410 L
8 =
£ Mk
%1016 | Negative ion ?go
= 0105
Ij—: >
0107} s 1o
= Positive ion
pos
©

10" : : : -0.5

0 20 60 80 100

40
Time transient [s]

Figure 4. (a) The temporal variation of ion concentrations near the ETL/MAPI interface during the application of a stepwise bias (blue line) to the
solar cell. The solid and dotted lines represent the concentrations of positive and negative ions, respectively. (b) The time evolution of positive and
negative ion concentrations at the MAPI/HTL interface with the applied voltage during the J—V scan.

761

https://doi.org/10.1021/acsaem.4c01993
ACS Appl. Energy Mater. 2025, 8, 759—766


https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

pam— | |
(a) 4HTL MAPI ETL

— — Forward
E i 4 e Reverse |
>
o0
5 e
& o E,
pt fan
e
g -1 Efqp J
2 By— m—
w E, b

-2

0 0.2 0.4 0.6 0.8

Distance [um]

x10%°
)
1) C
“’.E 6 — Forward|
K- Y A W Reverse
g ° '
g 4
5
B 3
@©
C
a3 2
g
g 1
O [ 1
x© o

0 0.2 0.4 0.6 0.8

Distance [um]

1029,

- )
(b) HTL MAPI

— 1018

ETL
— Forward

1016.

=
o
=
5

Hole density [cm
=
=)

1010

108

0.2 0.4 0.6

Distance [um]

0.8

10% — Forward

Reverse

v 1018'

3

= =
o o
= =
I o

Electron density [cm
=
o

=
o
=y
1)

=
o
or

0.4 0.6

Distance [um]

0.2 0.8

Figure 5. Band structure (a), hole density (b), recombination rate (c), and electron density (d) at a bias voltage of F: 1 V (red line) and R: 1 V

(blue line).

—
Q
-

°
o
@

—_
(=3
-~

N
3

’g‘ 0.4 g 10 2
2 g T —
© = £
Kl = g 1.5
30.06 03 @ 2
£ < ] .
K2 3 2 8.1 21
0-107 ‘v 10
x X g 0]
0 0.04 020 o 3 an
kel T © ¢© S
£ £ = = {os
£ = c 3 o
K] o 9 E >
@ 0.02 013 © 1
5 g S 0
2 - - 1x10712 TT1x10M
= > © X 10-8-10-10
T o 0o T 1x10°°-1 05
1025 1072 105 107! 107°5 10° 1005 0 20 40 60 80 100
Sweep speed [V/s] Time transient [s]
(c)
30
=108 s t=10.5s t=1.89s
Reverse Reverse
Reverse

N
=]

Forward

iy
o

o 1%X10"%cm?s™!

1x107"2cm?2s™!

Forward

—_
Forward

1Xx10""cm?2s™!

Current density [mA/cm?]

o

0.5 1.5 0.5

15 0.5 15

Voltage [V]

Figure 6. (a) The relationship between hysteresis magnitude and sweep rate for different diffusion coefficients of positive ions. The experimental
value was obtained from Snaith’s report, while the simulated HI was calculated by varying the diffusion coefficient from 1 X 107'% to 1 X 107" cm?
s™". (b) The time evolution of positive ion concentrations at the MAPI/HTL interface with the applied voltage during the J—V scan by varying the
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repulsion of holes. Therefore, the electron concentration at the
ETL/MAPI interface is higher in the reverse direction than in
the forward direction. In contrast, in the absorber layer, the
electron concentration for the reverse direction is lower than
that for the forward direction, as depicted in Figure Sb.
Notably, there was a significant difference in hole and electron
concentrations at the interfaces, and the recombination rate at
both interfaces was low. However, in the forward direction, the
hole concentration is comparable to the electron concentration

762

at the center of the absorber layer, resulting in a higher
recombination rate compared to the reverse direction, as
illustrated in Figure Sc. Consequently, the photocurrent in the
reverse direction (R: 1 V) was higher than that in the forward
direction (F: 1 V).

The above-mentioned calculations strongly corroborate that
positive ion (V) conduction is responsible for hysteresis. To
quantitatively analyze this relationship, we evaluated the
hysteresis index (HI) defined by eq 1.> In eq 1, Jx

https://doi.org/10.1021/acsaem.4c01993
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(0.8Vocr) is the current value in the reverse direction at an
applied voltage of 80% of Vi, and Jg (0.8Vp) is that in the
forward direction.

Jo (0.8Voc ) — Jo(0.8Voc k)
]R(0'8VOC,R)

Hysteresis index(HI) =

(1)

Based on the experimental results reported by Snaith et al.*
we calculated the HI values for different scan rates (blue line in
Figure 6a). The experimental data show that the HI value
peaks at a scan rate of approximately 0.044 V/s. We then
performed simulations to calculate the relationship between
hysteresis and sweep rate for various diffusion coeflicients of
positive ions (red lines in Figure 6a). By comparing these
theoretical predictions with the experimental results, we
estimated the diffusion coefficient of the positive ion to be
approximately 3 to 6 X 107'3 cm?® s™!. To further investigate
this, we analyzed the time evolution of positive ions
concentration at the HTL interface under various diffusion
coeflicients during J—V scans at a rate of 0.5 V/s. Figure 6b
shows the experimental voltage step and corresponding ion
density at the HTL interface with various diffusion coefficients.
Figure 6¢ shows the J—V characteristics with a diffusion
coefficient of 1 X 10753, 1 x 1072, 1 x 107! cm? s7},
respectively. The time constant of ion migration is also shown
in the figure. At a high diffusion coefficient (1 X 107" cm?
s7'), the positive ions respond rapidly to the applied voltage,
leading to small hysteresis due to near-instantaneous ion
redistribution. Conversely, with a low diffusion coefficient (1 X
107" cm® s7'), ion migration is too slow to follow the voltage
change, resulting in minimal ion redistribution and thus small
hysteresis. The maximum hysteresis appears in the inter-
mediate range (3 to 6 X 107" cm? s7"), positive ions exhibit
delayed alignment with the applied voltage. This experimen-
tally determined diffusion coefficient of positive ion (V) is in
good agreement with the value of 1 X 107" cm” s~ predicted
by DFT calculations.” Although both sufficiently high and low
diffusion coeflicients result in small hysteresis, the device
efficiencies inferred from their respective J—V curves are
significantly different. The device shows higher performance
when ion conduction can sufficiently follow the voltage change.
This finding highlights that the measured performance of
perovskite solar cells strongly depends on the ion migration,
underscoring the importance of standardized measurement
setups.

The diffusion of positive ions successfully reproduces
hysteresis. However, the magnitude of the hysteresis observed
in the J—V curve calculated in Figure 1 is considerably smaller
than that observed in the measurement shown in Figure S1,
where the V¢ differed between bias directions.

The change in carrier collection efficiency caused by
potential differences in the absorber layer has been extensively
reported by researchers as a contributing factor to
hysteresis.”>** However, comparing the band structures
calculated in this study reveals that the magnitude of the
potential difference in the absorber layer under different bias
conditions is only approximately 0.1 eV, as shown in Figure Sa.
Therefore, this effect is limited. Furthermore, Rong et al. have
suggested that the observed change in V¢ in measurements
cannot be solely attributed to variations in carrier collection
efficiency.'” They identified the influence of interfacial
recombination as the most significant factor affecting the
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change in V¢. To explore the relationship between interfacial
defects and hysteresis response, defects at the ETL/MAPI and
MAPI/HTL interfaces were incorporated into the model. The
characteristics of these introduced defects are detailed in Table
SI.

The simulated J—V curves incorporating interface defects are
shown in Figure 7. Compared to the J—V curve without defects

30
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Figure 7. J—V curves calculated using a simulation model
incorporating interface defects.

in Figure 3, significant changes are observed in both directions.
The difference in V¢ values between forward and reverse
characteristics is evident in the simulation, resembling the large
hysteresis observed in experimental results shown in Figure 1.
Interfacial recombination rates were calculated for forward and
reverse directions at an applied voltage of 0.9 V to investigate
the correlation between V. difference and interfacial
recombination. The calculated recombination rates at the
HTL/MAPI and MAPI/ETL interfaces were 5.91 X 10** and
5.75 x 10 cm™ s7! in the forward direction, respectively,
while in the reverse direction, these values were 5.16 X 10%
and 1.35 X 10** cm™ 57!, The interfacial recombination rate at
the MAPI/ETL interface in the reverse direction was 2.34
times higher than that in the forward direction. This increase in
recombination rate during the reverse direction results in a
decrease in Vi, which contributes to significant hysteresis.
Figure S3 shows the ion and carrier concentration distributions
at a bias voltage of 0.9 V, highlighting the factors influencing
the change in interfacial recombination. In the SRH model, the
recombination rate is proportional to the minority carrier
concentration, assuming equal hole and electron capture cross
sections and low injection conditions. Figure S3b shows that
electrons and holes are minority carriers at the MAPI/ETL and
HTL/MAPI interfaces, respectively, and they determine the
interface recombination rates. The accumulation of positive
ions at the MAPI/ETL interface under reverse conditions
increased the electron concentration from 1.85 X 10!
(forward) to 8.88 X 10" cm™ (reverse). Consequently, the
recombination rate more than doubled in the reverse
condition, explaining the decrease in Vyc owing to the
accumulation of positive ions at the ETL/MAPI interface.
3.2. Investigating the Role of Negative lons in Long-
Term Degradation of Perovskite Solar Cells. Thus, far,
the impact of negative ions (Vy;s) has not been addressed.
This is attributed to the significantly smaller diffusion
coefficient of negative ions compared to positive ions. The
distribution of negative ions remains unchanged during the
short duration of less than 50 s in J—V measurements, as
depicted in Figure 4. However, it has been suggested that slow
ion diffusion contributes to the degradation of perovskite solar
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cell properties during long-term operation. The association
between negative ions and long-term degradation of perovskite
solar cells is investigated.

Figure 8a displays the long-term degradation of a perovskite
solar cell with an FTO/TiO,/perovskite/Spiro-OMeTAD/Au
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Figure 8. (a) Reported changes in solar cell power generation during
1260 s of sunlight exposure. (b) Calculated power generation changes
as a function of the diffusion coeflicient of the negative ion. The
dotted line shows the calculation results for a 1 X 107! cm? s7!
diffusion coefficient, the dashed line for 1 X 1075 cm? s7%, the solid
line for 1 X 107" cm? s7Y, and the chain line for 1 X 107" cm? s™.
Figure (a) reproduced from ref 19 Copyright 2022 IEEE.

structure, as reported by Tayagaki et al.'” This figure is
reproduced from Figure 2 of his article. After a rapid decline in
power generation from 10.3 to 9.2 mW cm ™ in the first 45 s,
there was gradual property degradation over approximately
1200 s, with power generation decreasing to 7.8 mW cm™ by
1260 s. Power production under solar irradiation (AM1.5) was
simulated for 1260 s to reproduce this long-term efficiency
degradation using the ionic conduction model. The ETL was
switched from PCBM to TiO, in the analytical model to mimic
the experimental structure, adjusting the band alignment and
the carrier concentration.

The long-term variation of the power generation was
characterized using the following procedure. The initial dark
condition was calculated as described in the previous method.
Then, the solar irradiation and the bias voltage were applied.
To determine the maximum power point, transient power
generation was calculated across 12 bias voltages: 0.45, 0.5,
0.55, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1, and 1.05 V for 1260
s, encompassing the range where the maximum power point is
expected to occur. After plotting these 12 power generation
curves, the long-term power generation curve was estimated by
taking the maximum value at each transient time. In the
calculations, the diffusion coeflicient of the positive ion was set
to 2 X 1072 em? s7}, and the concentration of interfacial
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defects at the HTL/MAPI and MAPI/ETL interfaces were set
to 4 X 107" and 1 X 107" cm ™, respectively. Figure 8b shows
the time-dependent degradation of power generation while
varying the diffusion coefficient of the negative ion. The dotted
line shows the long-term power generation trend with a
negative ion (Vyy,) diffusion coefficient of 1 X 107'¢ cm? 57",
estimated via DFT calculations.” Following a rapid decline in
power production from 9.7 to 8.4 mW cm™ in 30 s, power
generation stabilized over 1200 s. The reported long-term
degradation in conversion efficiency was not reproduced.
However, the dashed and solid lines, corresponding to
diffusion coefficients of 1 X 107** and 1 X 107" cm® s™" for
negative ions, exhibit a gradual decline in power generation
over 1200 s. On the other hand, with a diffusion constant of 1
X 107" cm® 57! the power generation is again stabilized over
1200 s.

When using a diffusion coefficient of 1 X 107'* cm® s™" for
negative ions, the model predicts a decrease in power
generation to 8.0 mW cm ™ after 1260 s, consistent with the
reported value. The observation that the diffusion coefficient of
Via is 10* times higher than the theoretical estimate can be
explained by the inherent uncertainties in first-principles
calculations, where discrepancies of up to 10* times are often
within the expected range. The sensitivity of the computational
models and the parameters used can result in such differences.
Additionally, van Reenen et al. have observed a similar
mismatch in diffusion coeflicients, suggesting that the differ-
ence could be due to variations in mobile ion density or the
distinct mechanisms of ion transport through the bulk or grain
boundaries of the perovskite material.”’ Moreover, Senocrate
et al. and Futscher et al. reported experimental values for the
Vi diffusion coefficient at 1 X 107" cm® s™'. This suggests
that it is common for the diffusion coeflicient values obtained
in experiments to be higher than the theoretical values.'">"" For
this model configuration, the calculated interfacial recombina-
tion rates were 9.68 X 10** cm™ s™' at the HTL/MAPI
interface and 4.25 X 10** cm™ s~ at the MAPI/ETL interface
after 18 s of initiation at 0.75 V. After 1260 s, the calculated
interfacial recombination rates were 2.95 X 10?* (HTL/MAPI)
and 323 X 10® cm™ s7' (MAPI/ETL), indicating a more
than 3-fold increase in the recombination rate at the HTL/
MAPI interface compared to earlier measurements. Figure S4
compares the distribution of positive and negative ions at 18
and 1260 s. It shows that after 1260 s, the HTL/MAPI
interface becomes negatively charged, while the MAPI/ETL
interface becomes positively charged (Figure S4a). This
charging causes the band to shift upward at the HTL interface
and downward at the ETL interface, similar to the change in
band structure shown in Figure Sa. The energy difference
between the quasi-Fermi level of holes and Ey, decreases at the
HTL/MAPI interface, resulting in nearly triple the hole
concentration (minority carrier). Consequently, the interfacial
recombination rate at the HTL/MAPI interface increases by
more than 3-fold, contributing to the long-term degradation of
perovskite solar cells.

4. CONCLUSION

The hysteresis and long-term degradation of perovskite solar
cells have been explored through an analytical model
incorporating mobile ions in the cell. By analyzing the
behaviors of V; and V), based on the reported diffusion
coefficients, it was determined that the J—V hysteresis
primarily results from the conduction of V; ions. Conversely,

https://doi.org/10.1021/acsaem.4c01993
ACS Appl. Energy Mater. 2025, 8, 759—766


https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01993/suppl_file/ae4c01993_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01993/suppl_file/ae4c01993_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01993?fig=fig8&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

it has been suggested that V), may contribute to the long-term
degradation of cell performance, requiring diffusion coeflicients
10” times larger than those estimated by DFT. In summary,
our study demonstrates that ionic conduction plays a
significant role in both hysteresis and the long-term
degradation of perovskite solar cells. We emphasize the
importance of understanding the impact of ionic conduction
for accurately characterizing these solar cells.
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