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ABSTRACT
Perovskite solar cells (PSCs) are undergoing rapid development and exhibit considerable potential for commercialization. Recent

studies have shown that reverse bias can improve the open-circuit voltage (VOC) of PSCs by≈0.06 V due to the migration of iodine

ions filling vacancies at the electron transport layer (ETL)/perovskite interface. It can be deduced that in iodine-rich PSCs, the

potential for reverse-biasing to enhance VOC is limited due to the suppression of iodine vacancies by excess iodine atoms. This

work confirms that, in iodine-rich PSCs, reverse bias has a minimal effect on VOC, but leads to a≈3.9% increase in short-circuit

current density (JSC), from 25.40 to 26.40 mA/cm2, and an enhancement of ≈3.2% in power conversion efficiency from 23.00% to

23.74%. The improved JSC can be attributed to reduced carrier recombination near the ETL/perovskite interface, as evidenced by

enhanced external quantum efficiency and increased recombination resistance in the short-wavelength region. These insights

suggest a practical posttreatment strategy for high-performance PSCs.

1 | Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have
experienced rapid development, with the certified highest power
conversion efficiency (PCE) reaching 26.7% [1, 2]. Various
strategies have been developed to enhance the PCE of PSCs,
including interface passivation technologies [3–6], improving
the crystallization quality of the perovskite layer [7–10], and
enhancing the built-in electric field [11]. For instance, Wang
et al. developed an in situ dual-interface passivation strategy
to mitigate deep interface defects, leading to an approxi-
mately 12% increase in PCE [3]. Yang et al. achieved record-
efficiency flexible PSCs by synthesizing a multifunctional organic
ion to passivate the electron transport layer (ETL)/perovskite

interface [4]. Zhao et al. demonstrated that citric acid can
eliminate the PbI2·DMSO complexes located at the buried perov-
skite interface, which not only increases the perovskite crystal
size but also effectively suppresses nonradiative recombination
at the interface, resulting in a PCE enhancement of≈3.7% [5].
Recently, Zhang et al. proposed a universal ternary solvent system
composed of tetrahydrothiophene 1-oxide, chlorobenzene, and iso-
propanol to improve the perovskite surface passivation effects,
which is universal for different passivators and perovskite films
with various compositions, impressively leading to the PCE of
PSCs exceed 26% [6]. Wu et al. reported that the perovskite crys-
tallization can be effectively modulated using the organic small
molecule (6BAS) as an additive, resulting in a 10.5% increase in
PCE [9]. Cui et al. constructed a novel p–n homojunction
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perovskite solar cell which promoted oriented transport of carriers,
thus reducing carrier recombination losses [11].

Recently, Huang et al. revealed that reverse bias can enhance the
open-circuit voltage (VOC) of PSCs from 1.10 V to 1.16 V [12].
They demonstrated that during reverse bias, the migration of
iodine ions toward the ETL/perovskite interface facilitates the
filling of iodine vacancies, thereby augmenting the built-in elec-
tric field, which leads to an increase in PCE from 22.13% to
23.48%. And, Meng et al. reported an approximate 4.2% enhance-
ment in the efficiency of PSCs during maximum power point sta-
bility assessments following the application of bias voltage
treatment [13]. This improvement is ascribed to the mitigation
of cell defects resulting from ion migration induced by the elec-
tric field. In addition, Jeong K et al. found that reverse bias can
recover power degradation and enhance the stability of PSCs
[14]. This is because reverse bias pulse can facilitate the redistri-
bution of ions and the repair of defects in the perovskite layer.
However, it has been observed that under conditions of high and
sustained reverse bias voltage, the performance of PSCs experi-
ences a significant decline [15–17]. For instance, Fei et al. dem-
onstrated that after 2 min of continuous reverse bias at −1 V, ion
migration damages the crystal structure of the perovskite, leading
to a 52.3% decrease in the PCE of MAPbI3 devices [15]. Given the
limited existing research on improving device performance
through reverse bias, further studies are essential to explore
its impacts on the performance enhancement of various types
of PSCs.

Many studies have demonstrated that iodine-rich PSCs exhibit
superior performance [18–21]. This is because the presence of
excess iodide can significantly decrease the concentration of
halide vacancies, thus serving as a critical factor in achieving
higher PCE in PSCs [22]. Furthermore, the presence of surplus
iodide ions has the potential to alleviate deep energy level defects
within the perovskite layer and reduce iodine vacancies at the
ETL/perovskite interface, leading to an enhancement of the
VOC [23–26]. Given the mechanism by which iodine enrichment
improves PSC performance [12], it can be inferred that, in iodine-
rich PSCs, further increases in VOC via reverse-biasing may be
limited due to the suppression of iodine vacancies by excess
iodine atoms. Therefore, it is imperative to explore the effects
of reverse bias on the performance of iodine-rich PSCs.

In this study, we fabricated iodine-rich PSCs, applied reverse
bias, compared the photovoltaic parameters of the devices after
reverse-biasing with those of control samples, and investigated
the mechanisms by which reverse-biasing contributes to perfor-
mance enhancement. A 3.9% enhancement in short-circuit cur-
rent density (JSC) is obtained after a reverse-biasing under −0.3 V
lasting 2min. This enhancement is attributed to an improved
external quantum efficiency (EQE) in short-wavelength region.
The electrochemical impedance spectroscopy (EIS) demon-
strated that the trap-states near the ETL/perovskite interface
are effectively passivated, and the underlying reason should
be related to the directional iodine ion migration to the ETL/
perovskite interface, as evidenced by the enhanced I 3d peak
in X-ray photoelectron spectroscopy (XPS). These findings
provide valuable insights that may inform guidelines for the
development of PSCs with higher PCE.

2 | Results and Discussion

2.1 | Improved Performance after Reverse-Biasing

Formal PSCs with layer sequence of fluoro tin oxide (FTO)/TiO2/
FAPbI3/2,2 0,7,7 0-tetrakis[N,N-di(4-methoxyphenyl)amino]−9,9 0-
spirobiflu-orene (Spiro-OMeTAD)/Au were fabricated using a
two-step process. The research of Yang and You et al. has dem-
onstrated that iodine-rich perovskites can be synthesized by
incorporating an adequate quantity of PbI2 into the precursor
solution preparation [26, 27]. Excess PbI2 has been shown to gen-
erate I-type bands within the bulk and at the grain boundaries of
perovskite films, which subsequently diminishes the concentra-
tion of iodine vacancies and enhances passivation effects.
We employed the same experimental methodology as You
et al. [27] ensuring the addition of a sufficient amount of PbI2
in the first step to guarantee that the cells utilized in the reverse
bias were iodine-rich. The fabricated PSCs have a typical planar
heterojunction structure (Figure 1a).

The baseline photovoltaic current density versus voltage (J–V )
curves of the stabilized PSCs were first measured prior to apply-
ing reverse bias, with a total of 20 devices tested. The majority of
the devices exhibit a PCE of around 22.5% (Figure S1, Supporting
Information). The physical diagram and J–V curve of a represen-
tative PSC (PCE= 22.61%, VOC= 1.134 V, JSC= 25.80 mA/cm2,
and FF= 77.26%) are shown in Figure 1b.

After the initial measurements, the 20 samples were evenly
divided into five groups. The first served as the control, without
reverse-biasing treatment, while the remaining four groups
were subjected to reverse-biasing voltages (Urb) of −0.1, −0.2,
−0.3, and −0.4 V, respectively, in a dark environment. The
control group of devices was used to eliminate the natural per-
formance enhancement of PSCs [28, 29]. Figure 1c presents
a comparison of the J–V curves for the PSC at the initial mea-
surement and after being left for 36 h. It can be observed that
the performance of the PSC after 36 h, with PCE= 22.44%,
VOC= 1.134 V, JSC= 25.82 mA/cm2, and FF= 76.59%, shows
no obvious difference from the initial values.

The reverse-biasing treatment for each sample lasted 2min, dur-
ing which the dark current density (Jdark) was continuously mon-
itored. To assess the effect of reverse bias on device performance,
five J–V scans were performed at intervals of 0, 1 min, 12, 24, and
36 h after reverse-biasing (Figure 1d). It can be observed that the
VOC of the cells measured at different times following the appli-
cation of reverse bias exhibits no significant change compared to
the case without reverse-biasing, which contrasts sharply with
the 5% enhancement reported in the existing literature [12].
Figure S2 illustrates the impact of reverse bias on the VOC of
low-iodine perovskites. The statistical analysis, as illustrated in
Figure 1e,f, indicates that under different reverse bias treatment
conditions, there was no significant increase in the VOC and FF.
This lack of enhancement can be attributed to the underlying
mechanism whereby reverse-biasing promotes the migration of
iodide ions, which subsequently occupy iodine vacancies at
the interface, thereby enhancing the built-in electric field.
However, the PSCs examined in this study are characterized
by an iodine-rich composition, resulting in a markedly reduced
concentration of iodine vacancies.
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Interestingly, in the context of iodine-rich conditions, reverse
bias leads to a significant enhancement in the JSC. As shown
in Figure 1d, when a reverse bias of −0.3 V is implemented, there
is an initial decline in the JSC immediately after the treatment.
However, this current progressively increases over time and even-
tually reaches a stable state. This phenomenon can be attributed to
the reorganization of iodide ions to their original positions [12, 30].
A possible process is as follows: During the reverse bias treatment,
some I− ions migrate to the ETL/perovskite interface. These
migrated I− ions can act as a tunneling barrier. When we test
the PCE of device at a very short interval, such as 1min, this
tunneling barrier hinders the extraction of photocurrent, resulting
in a decrease in efficiency after 1min. After a longer interval, most
of the I− ions accumulate at the interface and gradually diffuse
back into the bulk phase, which reduces the interface barrier.
At the same time, some I− ions remain at the interface, playing
a role in modifying the interface. Therefore, when we test the
PCE after a longer period, like 36 h, the tunneling barrier that
obstructed the photocurrent extraction is no longer present, and
the interface recombination is reduced, thus improving the device
performance. Once stabilization occurs, the JSC exhibits a notable
increase from 25.40 to 26.40mA/cm2, reflecting a 3.9% enhance-
ment. The steady-state output of the device at the maximum

power point after reverse bias treatment is characterized by a
voltage of Vmpp= 0.95 V and a current density of Jmpp =
24.97 mA/cm2. This observation is not an isolated incident: all four
cells within the experimental group subjected to a reverse bias of
−0.3 V demonstrate a similar upward trend in JSC (Figure 1h),
with increases of 3.9%, 2.9%, 3.6%, and 2.4%, respectively.

As a comprehensive result, the PCE of the device shows a
significant improvement, increasing from 23.00% to 23.74%,
representing a 3.2% enhancement (Figure 1g,i). The figures fur-
ther demonstrate that PCE rises with the measurement time
interval, attributable to the gradual stabilization of the device.

Figure 1e,f,h,i further illustrates the enhancement effect of differ-
ent reverse bias voltages on performance of PSCs. The application
of electric bias facilitates ion migration, allowing halide ions to
move toward the ETL and the extent of halide ion migration is
related to the magnitude of the reverse bias voltage [31]. When
the reverse bias voltages are too small, the electric field may be
insufficient to drive the iodide ions to overcome the structural
potential barrier, thereby failing to effectively passivate the
trap-states. For instance, the samples treated with a −0.1 V
reverse bias showed that the PCE, JSC, and VOC were almost

FIGURE 1 | (a) PSCs with FTO/TiO2/Perovskite/Spiro-OMeTAD/Au planar heterojunction structure. (b) Physical, J–V curves, and electrical char-

acteristic parameters of representative PSCs. (c) Control group: J–V curves of PSCs in the primitive state and after 36 h of storage. (d) J–V curves of PSCs

at different times after reverse-biasing processing of −0.3 V. Spectra of (e) VOC, (f ) FF, (h) JSC, and (i) PCE under different reverse-biasing voltages.

(g) PCE and JSC of a PSC after reverse-biasing at −0.3 V at the different storage time.
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unaffected. Conversely, when the reverse bias voltage is relatively
high, some ions may migrate into new potential barriers, creating
new defect states. A higher voltage (exceeding −1 V) during
reverse bias treatment could also lead to phase segregation
induced by ion migration and the formation of parallel shunt
currents due to the migration of metal electrodes [12, 32].

2.2 | Enhanced EQE

In order to reveal the underlying mechanism of the change in the
performance of PSCs caused by reverse bias, we performed a
series of characterization tests on the optical and electrical
properties of PSCs before and after reverse-biasing.

The enhancement in JSC can be directly reflected by comparing
the EQE of PSCs before and after reverse-biasing. As shown in
Figure 2a, the EQE of the PSC after reverse-biasing shows a sig-
nificant increase in the high-frequency band (300–450 nm) and a
small increase in the low-frequency band (around 750 nm). The
integrated JSC for the device without reverse bias is 23.84 mA/cm2,
while the device after reverse bias is 24.51 mA/cm2. According to
the typical formal planar heterojunction structure in Figure 1a,
the high-frequency light is primarily absorbed near the ETL/
perovskite interface. As a result, the significant enhancement
in EQE within the high-frequency spectrum indicates that the
density of trap-state at the ETL/perovskite interface has been
effectively mitigated during the reverse-biasing, leading to a
substantial decrease in the rate of carrier recombination. To fur-
ther confirm this conclusion, we have also fabricated inverted
perovskite solar cells and applied a reverse bias. A more signifi-
cant increase in the low-frequency band (650–800 nm) of its

EQE is obtained (Figure S3, Supporting Information). This infer-
ence can be substantiated by the characterization outcomes
obtained from EIS (Figure 2b). The asymmetrical semicircle in
the low-frequency region corresponds to the composite resis-
tance (Rre), which is significantly increased from 5.973× 104 to
4.783× 105ohm cm−2 after reverse-biasing, indicating that the
recombination of the carriers within the PSC is significantly sup-
pressed. Conversely, the small semicircle in the high-frequency
region corresponds to the charge transfer resistance (Rct) at the
interface, which reduced from 4.488× 105 to 5.557× 104ohmcm−2

after reverse-biasing, indicating a better carrier collection, thereby
contributing to the elevated EQE in the high-frequency band
[12, 33–35]. The slight increase in EQE of PSCs after reverse-biasing
in the low-frequency band can also be attributed to the suppressed
recombination of carriers, as evidenced by the increased Rre.

Furthermore, the reverse bias has little effect on the lattice struc-
ture and optical properties of perovskite materials. Figure 2c
compares the UV–vis absorption spectroscopy of the perovskite
layer before and after reverse-biasing. It can be observed that, the
perovskite layer exhibits comparable light absorption ability
before and after reverse-biasing, which indicates that the reverse
bias does not change the crystal structure and band gap of the
material. In addition, the significant increased intensity of the
PL peak (Figure 2d), also suggests a decrease in non-radiative
recombination, thus indicating a reduction in defect states in
PSCs after reverse-biasing [31].

The hardly increased VOC for the reverse bias treated PSCs can be
mainly attributed to the excess iodine. In this case, the iodine
vacancies in the PSCs are minimal [22–27], which implies that
the iodine ions, driven toward the ETL/perovskite interface

FIGURE 2 | (a) EQE of pre- and post-back-biased PSCs, the right axis is the JSC calculated by the overlap integration of the EQE spectrum with the

standard AM1.5G. (b) EIS plots of PSCs before and after reverse-biasing. (c) UV–vis curves of PSCs before and after reverse-biasing. (d) PL curves of PSCs

before and after reverse-biasing.
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due to reverse-biasing, cannot be effectively accommodated by a
sufficient number of iodine vacancies. Consequently, the major-
ity of these iodine ions that accumulate at the interface are likely
to revert to their original positions. As illustrated in Figure 1e,
when subjected to a relatively high voltage of −0.4 V, the VOC

increases after reverse-biasing treatment for 1 min; however,
after 36 h, the increase disappears and even decreases. This
decreased VOC can be attributed to phase segregation induced
by ion migration at elevated voltages [12].

2.3 | Directional Iodine Ions Migration under
Reverse-Biasing

Iodine ion migration in PSCs during and subsequent to the
reverse bias treatment should be the fundamental reason that
affects the performance of the PSCs. During the reverse bias
treatment process, we monitored the temporal changes in dark
current, with the results shown in Figure 3a. The data reveal that
during the reverse bias treatment process, the reverse current
increases rapidly on a timescale of less than 1 s, which corre-
sponds to the response of electrons and holes to the reverse volt-
age. This is followed by a gradual decrease, ultimately stabilizing
over a period of about 100 s, which is associated with ion migra-
tion in the PSCs. Both electronic and ionic currents are observed
to rise with increasing reverse voltage, attributable to the
enhanced electric field.

Upon migration to the ETL/perovskite interface, the iodine ions
tend to accumulate at the interface, which can be confirmed by
the XPS spectra of the TiO2 layers before and after reverse-biasing
(Figure 3b). To obtain the TiO2 layer for characterization,

DMF was used to dissolve the upper perovskite layer. The results
show that the intensity of I 3d peaks in the TiO2 film after
reverse-biasing is greater than that of the control sample.
While, the differences in the intensities of Pb 4f and Ti 2p peaks
(Figure 3c,d) between the control and reverse bias sample are
negligible. These two pieces of information together indicate that
the enhanced I 3d peaks are not from the residual lead iodide at
the interface, thus providing direct evidence for the directional
migration of iodine ions to and their accumulation at the
ETL/perovskite interface, under the electric field induced by
reverse-biasing. Furthermore, there was no shift in the peak loca-
tions of I 3d and Ti 2p after reverse-biasing treatment, indicating
that such treatment does not facilitate the formation of new I-Ti
bonds in iodine-rich scenarios characterized by a scarcity of
iodine vacancies. The XPS spectra for other elements, including
C, N, and O, exhibit minimal changes post-reverse-biasing
(Figure S4, Supporting Information).

3 | Conclusions

We have elucidated the impact of reverse bias on the perfor-
mance of iodine-rich PSCs. After a reverse-biasing under a
−0.3 V voltage for 2 min, the JSC of the PSCs initially experiences
a decline, subsequently increasing and stabilizing after 36 h. The
JSC of such treated PSCs can be improved by≈3.9%, from 25.40 to
26.40 mA/cm2. This improvement is primarily attributed to the
effective passivation of trap-states at the ETL/perovskite interface
by iodine ions migrating under reverse-biasing. This is supported
by the increased Rre and the reduced interfacial Rct of the PSCs,
both of which result in an enhanced EQE in the high-frequency
band corresponding to the region near the ETL/perovskite

FIGURE 3 | (a) Dark current density of PSCs monitored during reverse-biasing treatments. XPS spectra of (b) I 3d, (c) Pb 4f, and (d) Ti 2p of TiO2.
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interface. Additionally, the reduction of non-radiative recombi-
nation of perovskites, as evidenced by the PL spectra, also
contributes to the enhancement of JSC. The VOC shows insignifi-
cant changes under reverse-biasing, which is attributed to
the iodine-rich nature of the PSCs. In this context, the iodine
ions, influenced by the electric field, migrate toward the
ETL/perovskite interface but do not achieve stability, thereby
failing to significantly enhance the built-in electric field. As a
comprehensive effect, the PCE of PSCs after reverse-biasing
improves by ≈3.2%, from 23.00% to 23.74%. The directional
migration of iodine ions to the ETL/perovskite interface under
reverse-biasing is evidenced by the enhanced intensity of I 3d
peak at the ETL/perovskite interface. We anticipate that further
clarifications of the effects of reverse bias will enable the devel-
opment of guidelines for achieving higher-efficiency devices with
enhanced stability.

4 | Experimental Section

4.1 | Device Fabrication

Formal PSCs using a perovskite thin film with the composition
FAPbI3 were fabricated in an inert atmosphere (N2-filled
glovebox). Initially, the 1.2 × 1.8 cm2 glass substrates with a
500 nm thick FTO coating (sheet resistance 8Ω, provided by
SJNYO Co., Ltd.) were cleaned in an ultrasonic bath sequentially
with glass water, ultrapure water, and ethanol and ultrapure
water, spending 15 min for each step. Then, the substrates were
treated by an ultraviolet ozone for 20 min (UV, LEBO Science
UC100-SE). Next, the FTO glasses were immerged in a 2.2%
TiCl4 aqueous solution, a heating in a water bath at a constant
temperature of 70°C for 35min to synthesis the TiO2 ETL and a

UV ozone treatment for 15 min to modify the interface.
The FAPbI3 thin films were spin-coated on the top of the
TiO2 layer using the same two-step process as You et al. [27]
ensuring that the resulting devices were all iodine-rich, which
is an adequate concentration commonly utilized in the synthesis
of iodine-rich perovskites: (1) the precursor solution with 1.5 M
PbI2 (a sufficient amount) and 0.045M RbCl in DMF:DMSO
(volume ration= 9:1) mixed solvent was prepared, spin-coated
on TiO2 layer at 1500 rpm for 30 s and then annealed at 70°C
for 65 s; (2) the FAI solution (90mg:13 mg, 1 mL isopropanol)
was spin-coated at 1800 rpm for 30 s, followed by annealing at
40°C for 60 s; (3) further annealing was conducted at 130°C in
an air environment (40% relative humidity) for 15 min to obtain
the stable iodine-rich cubic phase perovskite layers. Next, a PEAI
layer was prepared by spin-coating PEAI solution (4.5 mg, 1 mL
isopropanol) on the perovskite at 4000 rpm for 30 s, to passivate
and protect the perovskite film. Subsequently, the HTL layer was
fabricated by spin-coating a Spiro-OMeTAD solution at 4000 rpm
for 30 s. The Spiro-OMeTAD solution was prepared by dissolving
72.3 mg of Spiro-OMeTAD and 28.6 μL of 4-tert-butylpyridine
in 1mL of chlorobenzene, with the addition of 17.5 μL of lithium
bis (trifluoromethanesulfonyl) imide solution in acetonitrile
(520mgmL−1). Finally, Au electrode with thickness of 50–60 nm
was prepared via thermal evaporation. It should be noted that
the freshly prepared PSCs should be self-stable by storing them
overnight in drying oven with controlled temperature of
23–25°C and relative humidity of 3%.

4.2 | Reverse-Biasing Experiments

The reverse-biasing experiments were performed using a custom-
built platform (Figure 4). A solar simulator (CME-sol8100-AAB,

FIGURE 4 | Illustration of the custom-built platform used for the reverse-biasing experiments, along with the corresponding test conditions and

procedures.
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microenerg) was positioned beneath a glovebox equipped with
a glass window in its bottom plate. This design allowed light
to pass through the window and illuminate the PSC, which
was fixed on the test fixture, from below. A Keithley 2420 source
meter was utilized to apply reverse bias to the PSCs and measure
their J–V curves. All experiments were conducted in an N2-filled
environment at a controlled temperature of 25°C. Humidity
and oxygen levels were maintained below 0.001 ppm. The AM
1.5G spectrum, with an effective irradiance of 1000W/m2,
was selected to measure the J–V characteristics of the PSCs.
During the measurements, the active size of the PSCs was limited
to 0.1 cm2 by the mask of the test fixture. Betweenmeasurements,
the devices were stored in a drying oven with controlled temper-
ature of 23–25°C and relative humidity of 3%.

4.3 | Characterizations

UV–vis absorption spectra (UV-2600i, Shimadzu) were measured
to compare the light-absorption capability of perovskite layer
before and after reverse-biasing. PL spectra (LQ-100X, Enlitech,
405 nm, 120 mW/cm2 (100%)) were measured to reveal the emis-
sion and the radiative recombination in the perovskite layer. We
conducted PL measurements using a top-illumination vertical
configuration, where a 405 nm laser was vertically incident from
a position 5–10 mm above the top, and the reflected PL signal was
detected. EQE (QE-R, Enlitech) was measured to observe PSCs’
behavior in a specific range of wavelength and reflect the com-
prehensive effects of reverse bias on the light absorption, carrier
recombination, and carrier collection efficiency of PSCs. EIS
(IM3570 HIOKI) was measured to investigate carrier dynamics,
which can reveal the composite resistance and charge transfer
resistance in PSCs. XPS (Nexsa G2, Thermo Scientific) was used
to characterize elemental changes on the TiO2 films after reverse-
biasing to evidence the migration of iodine ions.
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