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Abstract: The impact of hysteresis on the power conversion efficiency (PCE) of perovskite solar
cells (PSCs) still faces uncertainties despite the rapid development of perovskite photovoltaics.
Although ion migration in perovskites is regarded as the chief culprit for hysteresis, charge carrier
recombination pathways in PSCs are proposed to be necessary for the occurrence of hysteresis.
Here, the impact of both bulk recombination and interface recombination on hysteresis in PSCs is
investigated via drift–diffusion modeling. The simulation results demonstrate a direct correlation
between recombination pathways and hysteresis in PSCs with ion migration. The simulation reveals
that recombination pathways in PSCs will react to the variation in charge carrier distribution under
different voltage scanning directions induced by ion migration in absorber layers, which leads to
hysteresis in PSCs. Moreover, the hysteresis in normal (N-I-P) PSCs with different electron transport
layers (ETLs) including sintered SnO2, SnO2 nano crystals and TiO2 is experimentally explored. The
results demonstrate that multiple recombination pathways coupled with ion migration can lead to
obvious hysteresis in fabricated PSCs which is consistent with simulation results. This work provides
great insight into hysteresis management upon composition, additive and interface engineering
in PSCs.

Keywords: perovskite solar cell; hysteresis; diffusion–drift modeling; recombination pathways

1. Introduction

PSCs have rapidly progressed in the last ten years, with the record power conversion
efficiency (PCE) of up to 25.7% to date [1]. Due to their advantages, i.e., low-cost process-
ing, abundant raw materials and high absorption coefficients, PSCs have risen to be the
photovoltaic technique with the most potential for next-generation solar cells [2–6]. How-
ever, anomalous hysteresis in PSCs adds uncertainties to the steady-state output efficiency
and operational stabilities of PSCs, thus limiting the commercialization for PSCs [7–10].
Interface states, ferroelectric properties and ion migration were first proposed to be the un-
derlying process for hysteresis [7,11]. Since then, enormous work efforts have been paid to
understanding and suppressing hysteresis [12]. Targeting the hysteresis in PSCs [9,13–16],
composition engineering [17–19], interface engineering [11,20,21] and additive engineer-
ing [22–24] were proved to be effective in mitigating hysteresis in PCSs, yet it remains hard
to completely eliminate it, which calls for deeper understanding of the physics behind
hysteresis in PSCs.

Mobile ions in perovskite films can migrate under built-in electric fields or bias voltages
which redistribute the electric field across absorber layers [13,14,25–27]. Once a voltage
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scan begins, mobile ions in absorber layers will react to the external voltage, which changes
the electric potential distribution in PSCs, resulting in a disparity in the efficiency of PSCs
when the voltage scanning direction varies [28,29]. Therefore, mobile ions are believed to
be responsible for hysteresis in PSCs. In addition, the current transient in PSCs indicates
that multiple processes are responsible for hysteresis, including mobile ions [30]. Moreover,
interface passivation with PCBM or by forming a 2D perovskite layer leads to significantly
suppressed hysteresis, suggesting that interface recombination is related to hysteresis
problems [11,20]. Furthermore, transient measurements and simulations based on the
diffusion–drift model suggest that mobile ions and recombination near the perovskite–
contact interfaces are necessary for hysteresis in PSCs [31]. In addition, the fact that a
modulation of charge carrier lifetime by composition engineering leads to suppressed
hysteresis implies that there might be a correlation between bulk recombination and
hysteresis in PSCs [19,24]. Based on drift–diffusion modeling, it is presented that charge
carrier diffusion length (L) is related to the extent of hysteresis in PSCs, which also hints at
the connection between recombination pathways and hysteresis [32]. These results suggest
an underlying correlation between recombination pathways and hysteresis in PSCs. To the
best of our knowledge, the systematic study of the influences of different recombination
pathways on hysteresis in PSCs with ion migration is not well investigated.

Here, the influences of different recombination pathways (bulk recombination and
interface recombination) on hysteresis in PSCs are investigated via drift–diffusion model-
ing [33]. The simulation results suggest that only the coexistence of severe recombination
pathways and ion migration can lead to severe hysteresis in PSCs. The underlying mecha-
nism is that the recombination pathways in PSCs will react to the variation in charge carrier
distribution under different voltage scanning directions induced by ion migration in ab-
sorber layers, which generates hysteresis in PSCs. Moreover, the simulations demonstrate
that bulk recombination tends to lead to obvious hysteresis in PSCs when L is smaller than
the thickness of the absorber layer. Moreover, the recombination at both ETL/perovskite
and hole-transporting layer (HTL)/ perovskite interfaces can worsen the hysteresis in PSCs
with ion migration. Temperature-dependent hysteresis results based on different ETLs
(sintered SnO2, SnO2 nanocrystals and TiO2) imply the observed hysteresis is associated
with ion migration in perovskite layers. The results related to charge carrier lifetime and
temperature-dependent open-circuit voltage suggest both bulk recombination and interface
recombination are responsible for hysteresis in the fabricated PSCs, which is consistent with
the simulation results. This work provides great insight into hysteresis problems in PSCs.

2. Results and Discussion
2.1. Ion Migration

First, the role of ion migration played in hysteresis in PSCs was explored via diffusion–
drift modeling. Since hysteresis was now obvious in PSCs with N-I-P configuration, the
simulation was performed in PSCs with the configuration of SnO2/MAPbI3 (Methylam-
monium lead iodide)/Spiro-OMeTAD. Here, we assumed negligible bulk recombination
and interface recombination in PSCs to solely investigate the influence of ion migration
on the performance of PSCs. The simulation parameters are detailed in the supporting
information and Table S1. Note that the absorber layer in the drift–diffusion modeling
was of 400 nm. Here, the appropriate density of iodine vacancies was assumed in the
simulation with a presumed diffusion coefficient [13,15,16,34]. The electric potential and
net ion density distribution were simulated as shown in Figure 1, which shows that elec-
tric potential and net ion density distribution differed under different voltage scanning
directions. The changes in the electric potential across PSCs were the direct results induced
by ion migration. Moreover, the change in electric potential would affect the distribution
of charge carriers in absorber layers since the quasi-Fermi level at a specific position in
absorber layers was determined by the electric potential across PSCs. Indeed, Figure S1
shows both electron and hole density change when the voltage scanning direction changes,
which demonstrates the influence of ion migration on the charge carrier distribution in



Inorganics 2023, 11, 52 3 of 12

PSCs. The recombination pathways in PSCs, if any, will react to a change in the distribution
of charge carriers and to a variation in recombination loss in PSCs, which might lead to a
disparity in the J-V curves between different voltage scanning directions, namely hysteresis
in PSCs. Note that the ion migration may not induce hysteresis in PSCs when there is
negligible recombination in PSCs. The influence of mobile ions alone on hysteresis in PSCs
was simulated with negligible recombination in PSCs. Figure S2 shows that there was no
apparent hysteresis with a wide range of density of mobiles in the absorber layers under the
work condition voltage scanning rate. Moreover, the distribution of mobile ions at different
voltages near the interface between charge-transporting layers and perovskite films was
simulated as shown in Figure S3. It is shown that the mobile ions migrated during the
voltage scan. However, the ion migration led to no hysteresis in the J-V curves, as shown
in Figure S2. These results suggest that recombination pathways might be necessary for
apparent hysteresis in PSCs with ion migration. In the following section, the influence of a
specific recombination pathway on hysteresis in PSCs with ion migration is explored.
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Figure 1. (a) Electric potential and net ion density distribution across PSCs under reverse scan-
ning direction; (b) electric potential and net ion density distribution across PSCs under forward
scanning direction.

2.2. Bulk Recombination

Here, the influence of bulk recombination on hysteresis in PSCs with ion migration is
explored. For perovskite absorber layers, bulk recombination takes the form of Shockley–
Read–Hall (SRH), radiative and Auger recombination [35]. However, for a PSC operating
under 1 Sun (AM 1.5, 100 mW cm−2) illumination, SRH recombination is the dominant
bulk recombination pathway, which limits the efficiency of a solar cell below its radiative
limit [36]. Therefore, SRH recombination is assumed as the only recombination pathway for
bulk recombination in drift–diffusion modeling to simplify the simulation while retaining
the physical essence. Here, charge carrier lifetime was chosen as the parameter to reflect
the extent of SRH recombination in PSCs, and the hole lifetime was set to be equal with
the electron lifetime in the simulation. Note that the specific details of defects which
induce SRH recombination such as the energy level and the capture cross-section were
not considered in the simulation. Moreover, interface recombination was omitted in the
simulation by setting a negligible recombination velocity (1 × 10−3 cm s−1) at both the
charge-transporting layer/absorber layer interfaces.

The effects of ion migration and bulk recombination on hysteresis are demonstrated
in Figure S4. Figure S4a,b show that mobile ions alone cannot result in hysteresis for a
PSC. Figure S4a,c show that bulk recombination alone cannot lead to hysteresis in PSCs.
Furthermore, the combination of bulk recombination and ion migration can lead to obvious
hysteresis in PSCs, as shown in Figure S4d. Moreover, as bulk recombination in PSCs
gets worse, as shown in Figure 2, PSCs experience severer hysteresis, which indicates a
direct correlation between bulk recombination and hysteresis problems. In addition, the
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hysteresis index (HI) was utilized to quantify the extent of hysteresis in PSCs, described
as follows:

HI =
PCER − PCEF

PCER
(1)

where PCER is the PCE in the reverse scanning direction (from high voltage to low voltage).
PCEF is the PCE in the forward scanning direction (from low voltage to high voltage). Car-
rier lifetime versus HI curves are plotted in Figure 2b. Figure 2b shows that HI experiences
a rapid increase when the carrier lifetime decreases from 5 ns to 0.5 ns. It is well-known
that carrier lifetime is related to carrier diffusion length (L) through

L =
√

Dτ (2)

where D is the diffusion coefficient of a charge carrier. When perovskite films have a charge
carrier lifetime of 0.5 ns, the L is ~290 nm based on the assumed D, which is smaller than
the thickness of the absorber layer. This result indicates that the bulk recombination tends
to significantly influence hysteresis in PSCs when the L is smaller than the thickness of the
perovskite layer. Moreover, these results suggest that the small amount of hysteresis in the
state-of-the-art normal PSCs may be attributed to the greatly mitigated bulk recombination
in these devices.
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2.3. Interface Recombination

The protocol for the simulation described in this section involves the influence of
interface recombination on hysteresis. Interface recombination has different forms, as
depicted by Krückemeier et.al [37]. Here, in the simulation, the interface recombination was
mainly in the form of interface-defect-related interface recombination, which is consistent
with previous works [29,32]. The extent of interface recombination is modulated by changes
in the interface recombination velocity. Note that the details of interface defects such as the
energy level and the capture cross-section are not considered in the simulation. The bulk
recombination was set for 500 ns, which showed minor influence on hysteresis, as shown
in Figure 2. Note that for each interface, the electron recombination velocity was set to be
equal to the hole recombination velocity. First, we focused on the interface recombination
at the interface between ETL and absorber layers, while the interface recombination at the
interface between HTL and absorber layers was omitted by setting a negligible interface
recombination velocity of 1 × 10−3 cm s−1. The simulation results in Figure 3a show
that the increase in interface recombination at the ETL/perovskite interface could lead
to worse hysteresis in PSCs. Note that Figure S5b shows interface recombination at the
ETL/perovskite interface, and bulk recombination will not lead to hysteresis with negligible
ion migration.
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Subsequently, the influence of interface recombination in the HTL/perovskite layer on
hysteresis was investigated. Here, the interface recombination velocity at the HTL/perovskite
interface was modulated, while the interface recombination velocity at the ETL/Perovskite
layer was set to a negligible value of 1 × 10−3 cm s−1. Figure 3b shows the simulation
results, which demonstrate worse hysteresis at a bigger interface recombination velocity.
Figure 3c shows the simulation results of the same interface recombination velocity at both
the ETL/perovskite and HTL/perovskite interfaces. The summarized hysteresis index
versus interface recombination velocity plot is shown in Figure 3d. The simulation results
demonstrate that there is a direct connection between the extent of interface recombination
and hysteresis in PSCs with ion migration. Note that the mobile ion is a necessary factor for
hysteresis when severe interface recombination exists in PSCs, as shown in Figure S5c. Inter-
estingly, Figure 3b,d show that the interface recombination at the HTL/perovskite interface
may have a stronger impact on hysteresis than that of the ETL/perovskite interface. Further
simulation showed that a stronger influence of the HTL/perovskite interface on hysteresis
in the simulation was related to the difference in permittivity between transporting layers,
as shown in Figure S6. Note that the permittivity adopted for ETL and HTL layers in the
simulation in Figure 3 was similar to the real condition for N-I-P PSCs. Future works might
be dedicated to the systematic investigation of the influence of the difference in permittivity
between charge-transporting layers on hysteresis in PSCs.

2.4. Bulk Recombination and Interface Recombination

Finally, the J-V curves of the device with both interface recombination and bulk recom-
bination coupled with ion migration were simulated. Here, both interface recombination
at the ETL/perovskite and HTL/perovskite interfaces were considered with the same
interface recombination velocity (v). Bulk recombination was considered in the same way
as in the bulk recombination part above. The simulation results are presented in Figure 4
as a pseudo color map. Surprisingly, severe bulk recombination coupling with severe
interface recombination does not lead to much worse hysteresis in PSCs. Instead, as shown
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in Figure 4, when there is severe bulk recombination (L < d) in an absorber layer, interface
recombination will have a minor influence on hysteresis in PSCs. Moreover, when mild
bulk recombination exists in an absorber layer, severe interface recombination can lead to a
severe hysteresis problem. Note that the mobile ion is a necessary factor for hysteresis when
both severe bulk recombination and severe interface recombination exists in PSCs, as shown
in Figure S5d. Moreover, even though simulations were performed on PSCs with N-I-P
configurations, the results may provide some guidance on hysteresis in inverted (P-I-N)
PSCs if the properties of their charge-transporting layers are similar to each other. Figure S7
demonstrates simulations of J-V curves of both N-I-P and P-I-N PSCs with the same condi-
tion (mobile ions, recombination pathways and properties of charge-transporting layers).
It shows that the hysteresis in both PSCs is rather similar. Overall, the simulation results
reveal the influences of recombination pathways on hysteresis in perovskite solar cells with
ion migration.
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2.5. Hysteresis in Fabricated Devices

Here, PSCs with normal structures of ITO/ETL/MAPbI3/Spiro-OMeTAD/Au with
different ETLs were fabricated. Sintered SnO2, SnO2 nanocrystals (NCs) and TiO2 ETL
materials were chosen for they are widely used in highly efficient PSCs. The fabrication de-
tails are presented in the supporting information. The scanning electron microscope (SEM)
images of perovskite films grown on different substrates are displayed in Figure S8. The
SEM images show that there was a small difference in the average grain size of the resultant
perovskite films, which indicates that the crystal growth dynamics of perovskites may be
influenced by these ETLs. J-V curves of these PSCs at room temperature are displayed in
Figure 5a. The parameters, such as open-circuit voltage (VOC), current density (JSC) and
fill factor (FF) are presented in Table 1. As shown in Table 1, TiO2 devices demonstrate
the largest HI of 42.78%, while SnO2 NC devices demonstrate the smallest HI of 15.86%.
Moreover, hysteresis in these devices at different temperatures was measured. The results
show that HI in PSCs decreases with temperature, implying that ion migration is the
underlying process, since the diffusion coefficient increases with temperature, which makes
ion migration follow the voltage scanning speed, resulting in a decrease in hysteresis [38].
In addition, the HI (ln(HI−1)) versus temperature (K−1) curve could be well fitted using
the Arrhenius equation, which generates activation energy (Ea), as shown in Figure 5b.
The extracted Ea was in the range of 0.07–0.14 eV, which is consistent with the reported
activation energy of ion migration in the literature [13–16]. The slightly different Ea in the



Inorganics 2023, 11, 52 7 of 12

devices with different ETLs may be attributed to the different crystal growth dynamics of
perovskite films on different ETLs, as suggested by the SEM images.
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Table 1. J-V curve parameters of the fabricated PSCs.

Parameters VOC (V) JSC (mA cm−2) FF (%) PCE (%) HI (%)
Devices

SnO2 R 1.10 22.37 69.32 17.03
20.67SnO2 F 1.10 22.33 55.22 13.51

SnO2 NC R 1.06 21.95 66.62 15.45
15.86SnO2 NC F 1.04 21.66 58.02 13.00

TiO2 R 1.09 21.26 50.26 12.81
42.78TiO2 F 1.06 20.58 30.49 7.33

The recombination mechanism in PSCs was first investigated using ideality factors (n)
extracted from dark J-V curves from PSCs, as described in the following equation [39]:

J = J0

(
exp

(
qV
nkT

)
− 1

)
(3)

where J0 is an exponential pre-factor; k is the Boltzmann constant; T is temperature in the
unit of K. Since the ideality factors are not constant in dark J-V curves, differential ideality
factors were extracted to study the recombination mechanisms in PSCs [39]. Figure 5c
shows the differential ideality factors around the exponential region of the dark J-V curves.
The differential ideality factors stabilized at 1.05 V and then tended to increase mainly due
to the parasitic resistance. The stabilized differential ideality factors at 1.05 V are seen as
the ideality factors for the PSCs. Therefore, the fabricated PSCs have n between 1.5 and 1.6.
Moreover, the differences in n between these PSCs are small, which suggests a similar extent
of overall nonradiative recombination in these PSCs. An n between 1 and 2 along with a
VOC of ~1.10 V can indicate that the resultant PSCs suffer from SRH recombination in the
bulk of perovskite films [39,40]. The extent of interface recombination in the fabricated PSCs
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is discussed below. Moreover, bulk recombination in perovskite layers was investigated
via TRPL, as shown in Figure S9a. Exponential fitting was performed on the TRPL data,
which showed a charge carrier lifetime of 56.84 ns. The details of the simulation results
are presented in the supporting information in Table S2. Note that a charge carrier lifetime
of 56.84 ns coupled with ion migration would lead to hysteresis in the fabricated PSCs, as
shown in Figure 2b. In addition, to further investigate the recombination pathway in the
fabricated PSCs, temperature-dependent VOC tests were performed, as shown in Figure 5d.
A temperature-dependent VOC can be described through [39]

qVOC = Ea − AkT (4)

where q is elemental charge; Ea is activation energy. For a device dominated by bulk
recombination, the Ea extracted from temperature dependence will be close to the bandgap
(Eg) of the absorber layer. Note that the Eg of MAPbI3 was ~1.6 eV. A small Ea compared to
Eg may have been caused by non-selective contacts, tail states or interface recombination
in PSCs [39]. First, it is not the case that it was caused by non-selective contact since the
fabricated devices had both charge-transporting layers. Moreover, Urbach energy (EU)—the
characteristic energy of tail states—was extracted from the UV-vis data, which was 45 meV,
as shown in Figure S9b [41]. The small EU of the tail states was not consistent with the
energy difference between Ea and Eg shown in Figure 5d. Therefore, the small activation
energy in Figure 5d suggests that there may have been severe interface recombination in
the fabricated PSCs. Figure 5d demonstrates that the Ea between SnO2 and SnO2 NC were
close, which were ~1.2 eV smaller than the Eg of MAPbI3. The similar Ea for SnO2 and SnO2
NC devices is reasonable, since they are of the same species of materials. The TiO2 device
demonstrated an Ea of 1.4 eV. In addition, the bigger Ea in the TiO2 device compared to
that in the SnO2 and SnO2 NC devices suggests that there is less interface recombination in
TiO2 devices. However, the similar ideality factor in these PSCs indicate a similar overall
nonradiative recombination loss in these PSCs. Combining the results in Figure 5c,d, it
can be inferred that the defect distributions are slightly different between these PSCs. The
bulk recombination may have been more severe in the TiO2 device. Overall, Figure 5b–d
demonstrates that both bulk recombination and interface recombination in PSCs coupled
with ion migration cause the observed hysteresis in PSCs, which is consistent with the
results in drift–diffusion modeling.

3. Experimental Section
3.1. Materials

MAI, PbI2, SnCl2·2H2O, Ti(iv) bis(ethylacetoacetal)-diisopropoxide and Spiro-OMeTAD
were purchased from Xi’an Polymer Light Technology Corp, Xi’an, China. SnO2 H2O col-
loidal dispersion liquid was purchased from Alfa Aesar, Ward Hill, MA, USA. Dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), chlorobenzene and ethyl acetate were pur-
chased from Sigma-Aldrich, St. Louis, MI, USA. Ethyl alcohol was purchased from Aladdin
Industrial Corp, Shanghai, China. Diethyl ether was purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China ITO substrates were purchased from Hangzhou Hong
Shi Technology Corp, Hangzhou, China.

3.2. Fabrication of Perovskite Solar Cells

The ITO and FTO glasses were sequentially cleaned in deionized water, ethyl alcohol,
acetone and isopropanol via sonication for 5 min. SnO2 were prepared by spin-coating
precursor solutions of SnCl2·2H2O in ethanol with 23 mg/mL of the clean ITO substrates
at 3000 rpm for 30 s and annealing them in air at 180 ◦C. For SnO2 NC, a SnO2 precursor
solution was obtained by mixing 15% SnO2 water colloidal dispersion liquid with deionized
water with a volume ratio of 1:5. The precursor solution was spin-coated onto ITO glasses
at 3000 rpm for 30 s. A SnO2 layer was annealed under ambient air at 150 ◦C for 1 h. For
the compact TiO2 layer, TiO2 was deposited on the clean FTO glass via spray pyrolysis
with 0.4 M Ti (iv) bis(ethylacetoacetal)-diisopropoxide in ethanol solution, which was then
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annealed in air at 550 ◦C for 60 min and kept at 150 ◦C before use. MAPbI3 perovskite
precursor solution was prepared by mixing PbI2 (461 mg), MAI (159 mg) and DMSO (78 µL)
in DMF (630 µL) solvent and then spin-coating it onto ETLs using a process of 1000 rpm for
10 s and 5000 rpm for another 20 s. Diethyl ether (500 µL) was dropped onto substrate about
15 s after the spin-coating procedure began. Then, the substrates were annealed at 75 ◦C
for 1 min and 105 ◦C for 10 min to crystallize the perovskite films. For Spiro-OMeTAD
solution, 17.5 µL of Li-TFSI acetonitrile solution (520 mg mL−1) and 28.75 µL of TBP were
added into a 72.25 mg mL−1 Spiro-OMeTAD Chlorobenzene solution. Spiro-OMeTAD
layers were spin-coated onto perovskite films at 3000 rpm for 30 s. Finally, 100 nm of Au
was deposited on the top of the Spiro-OMeTAD hole-transporting layers (HTLs) under a
vacuum of less than 1 × 10−3 Pa via a thermal evaporation system.

3.3. Device and Material Characterization

For all devices, the photovoltaic performance was measured by masking on the active
area with a metal mask (certified area was 0.08567 cm2). The current density–voltage
(J−V) curves of solar cells were measured using a Keithley 2400 source meter with a
solar simulator (94022A, Newport Corp, Irvine, United States) with a KG5 filter. The J−V
measurements were carried out in ambient air. The sweeping conditions were: forward to
reverse scan (R: 1.2 V to −0.2 V, delay time 200 ms) and reverse to forward scan (F: −0.2 V
to 1.2 V, delay time 200 ms). The temperature-dependent measurement was performed on a
customized temperature stage. The time-resolved photoluminescence (TRPL) spectroscopy
was measured with a PL spectrometer (FLS 920, Edinburgh Instruments, Livingston, United
Kingdom). The samples were excited by a pulsed laser, with a wavelength and frequency
of 405 nm and 1 MHz.

3.4. Diffusion–Drift Modeling

We used the drift diffusion simulator, IonMonger [33], which incorporates mobile ions
into the model, to explore hysteresis in PSCs with ion migration. The device parameters
are listed in Table S1, most of which are set close to the real device parameters based on
the literature. Time-varying voltage/illumination protocols are specified as follows: The
device was firstly kept in the dark for 5 s to examine whether a steady state was reached,
followed by a reverse scan from 1.2 V to 0 V at a scan rate of 1.2 V s−1 under illumination,
followed by a scan from 0 V to 1.2 V at the same scan rate. Note that the scan rate was
close to the real scanning condition of solar cells. The effect of scan rates on hysteresis
is demonstrated in Figure S10. From the simulation results, we note that that only the
condition of recombination coupling with ion migration leads to the hysteresis problem
in PSCs. Severe recombination with negligible ion migration in perovskite films does not
result in hysteresis in PSCs, as shown in Figure S5.

4. Conclusions

Here, the influence of different recombination pathways on hysteresis in PSCs cou-
pled with ion migration was investigated via drift–diffusion modeling. The simulation
demonstrated that a single recombination pathway, either bulk recombination or interface
recombination coupled with ion migration, can lead to hysteresis in PSCs. Bulk recombi-
nation in combination with interface recombination coupled with ion migration can lead
to worse hysteresis problems in PSCs. The mechanism is that recombination pathways
in PSCs will react to the variation in charge carrier distribution under different voltage
scanning directions induced by ion migration in absorber layers, which results in hystere-
sis in PSCs. In addition, the investigation of the hysteresis in fabricated PSCs of normal
configurations with different ETLs (sintered SnO2, SnO2 NCs and TiO2) suggests both
bulk recombination and interface recombination were responsible for the hysteresis in
the fabricated PSCs, which is consistent with the simulation results. Further work should
focus on the influence of the details of recombination pathways, such as the distribution of
defects in absorber layers, the energy level of the defect and the capture cross-section of
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the defect, on hysteresis in PSCs. This work provides a deeper understanding of hysteresis
associated with detrimental recombination in PSCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11020052/s1, Figure S1: Charge carrier distribution
in perovskite layers in different voltage scanning directions: (a) electrons; (b) holes. Figure S2: The
simulation of J-V curves for PSCs with same negligible recombination and with different density of
mobile ions: (a) 1.6 × 1024 m−3; (b) 1.6 × 1025 m−3; (c) 1.6 × 1026 m−3; (d) 1.6 × 1027 m−3. Figure S3:
The distribution of mobile ions at different voltages near the interface between charge-transporting
layers and perovskite films. The density of mobile ions for the simulation is 1.6 × 1025 m−3. (a)
ETL/perovskite interface; (b) HTL/perovskite interface. Figure S4: (a) J-V curves for a PSC with
negligible bulk recombination and negligible density of mobile ions; (b) J-V curves for a PSC with
negligible bulk recombination and high density of mobile ions; (c) J-V curves for a PSC with severe
bulk recombination and negligible density of mobile ions; (d) J-V curves for a PSC with severe bulk re-
combination and high density of mobile ions. Figure S5: (a) Only severe bulk recombination coupled
with negligible ion migration; (b) only severe interface recombination at ETL/perovskite interface
coupled with negligible ion migration; (c) only severe interface recombination at HTL/perovskite
interface coupled with negligible ion migration; (d) severe bulk recombination with severe interface
recombination at both interfaces coupled with negligible ion migration. Figure S6: J-V curves for
interface recombination at ETL/perovskite and HTL/perovskite interface: (a) same thickness, same
relative permittivity and same diffusion coefficient for transporting layers; (b) different thickness,
same relative permittivity and same diffusion coefficient for transporting layers; (c) different thick-
ness, same relative permittivity and same diffusion coefficient for transporting layers; (d) different
thickness, same relative permittivity and same diffusion coefficient for transporting layers; Figure S7:
J-V curves for both N-I-P and P-I-N PSCs under same condition: (a) N-I-P; (b) P-I-N. Figure S8: SEM
images for the perovskite films on different substrates. (a) SnO2; (b) SnO2 NC; (c) TiO2. The scale bar
is 1 µm. Figure S9: (a) TRPL data for perovskite films with the structure of glass/MAPbI3. (b) Urbach
energy for perovskite films with the structure of glass/MAPbI3. Figure S10: The effect of scan rates
on hysteresis in PSCs. The carrier lifetime is 500 ns. The interface recombination velocity is 100 cm/s
for both holes and electrons at both ETL/perovskite and HTL/perovskite interface. (a) 0.1 V/s; (b)
0.6 V/s; (c) 1.2 V/s; (d) 1.8 V/s.
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