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The ion migration in perovskite materials has been extensively studied by researchers, but the charge
dynamic distribution caused by ion migration and carrier trapping is partly unclear. To investigate the
impacts of ion migration and defect induced carrier trapping on the carrier transport and the carrier
collection, we measured the evolution of the photocurrent response in microseconds, milliseconds and
seconds for the perovskite solar cells pretreated at different biases. Our results reveal that the
photocurrent of the solar cells pretreated at negative bias decreases with time and achieves its minimum
at several milliseconds, then rises and achieves its maximum at tens of seconds. For the device
pretreated at positive bias beyond built-in potential, the time to reach maximum photocurrent is much
shorter than that of the solar cell pretreated at negative bias. The transient photocurrent responses to
the sequence of single-light-pulses also show that there is obvious carrier trapping in a positive bias
treated device, which indicates that defect induced carrier trapping is the critical factor for the perovskite
solar cells with an n-TiO, electron transport layer. In order to improve the performance of the perovskite
solar cells with nano-TiO, ETL, it is very necessary to significantly reduce defects. Our results also
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Introduction

Organic-inorganic halide perovskite materials are very prom-
ising photovoltaic semiconductors due to their long carrier
diffusion length,** high absorption coefficient,** lower exciton
binding energy,>® and adjustable band gap.””” The power
conversion efficiency of solar cells based on organic-inorganic
halide perovskites has rapidly increased from 3.8% to 25.2%'**®
in the last 10 years. Some peculiar phenomena have been
discovered in perovskite solar cells of various device structures,
such as hysteresis behavior,"**® switchable photovoltaic
effect,>®* light-induced self-poling effect,”*** etc, which may
normally be traced to ion migration. The ion migration is the
nature of hybrid perovskites,>*® but it had not gathered the
great interest of people previously. With the emergence of
hysteresis behavior in perovskite solar cells, researchers have
been paying huge attention to ion migration. It has been
observed that the transient current changes from positive to
negative, which is caused by ion migration under different
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enhance the device performance to a certain extent.

biases.'”*” The effect of ion migration and ion redistribution
under different conditions on the internal electric field of the
device has also been discussed.*® Based on deep research on ion
migration and distribution, an improvement over the device
performance is expected. It also provides a challenge for
subsequent research. Many researchers are integrated a focus
on the effects of ion migration on macroscopic measurements
of devices.”?*° Besides, the interface defects can capture photo-
generated carriers, which have an adverse effect on carrier
extraction and collection, further reducing device perfor-
mance.*** The mobile defects cluster near the interface was
reported to resulting the trap states which hinders carrier
separation.”® There have been strategies focused on mitigating
the defects and enhancing stability of perovskite solar cells by
defect passivation®* and interface approaches.*® However, the
impacts of ion migration and defect induced carrier trapping on
the carrier transport is partly unclear. In this paper, the evolu-
tion of photocurrent in a wide time range was observed, and the
influences of ion migration and defect capturing are distin-
guished. In order to distinguish the carrier trapping and carrier
accumulation, the single light pulse is used to as an illumina-
tion light source. The photocurrent responses and photovoltage
response to the sequence of single-light-pulse were recorded
too.
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Experimental section
Materials

PbI, was purchased from Sigma, MAI was purchased from DyesoL,
DMF was purchased from Alfa, and spiro-OMeTAD was purchased
from 1-materials. Lithium-bis(trifluoromethane)sulfonimide (Li-
TFSI) and 4-tertbutylpyridine were purchased from Sigma-Aldrich.

Device fabrication

Our ITO glass substrates were treated with a concentration of 5%
detergent solution in a 60 °C water bath, followed by ultrasonic
treatment with deionized water and alcohol. The synthesized
TiO, electron transport layer (ETL) was deposited by spin-coating
at 7000 rpm for 40 s, followed by thermal annealing at 150 °C for
45 minutes in the atmosphere. Pbl, and MAI (1.05 : 1) were dis-
solved in DMF solvent with a concentration of 1.25 M. The
CH;3NH;PbI; precursor was spin-coated on TiO, layer sequen-
tially at a speed of 3000 rpm for 10 seconds and 5000 rpm for 20
seconds, and 150 pl of chlorobenzene was added dropwise
during the spin coating, then annealed on a hot plate at 100 °C
for 10 minutes. After the substrates with CH;NH;Pbl; were
cooled, 50 pl of spiro-OMeTAD solution was dropped on the
surface of CH;NH;PbI; at a speed of 5000 rpm for 30 seconds.
Finally, 9 nm MoO; layer and 90 nm silver electrode were
deposited on the surface of spiro-OMeTAD hole transport layer by
thermal evaporation. The active area was 4.5 mm?>,

Device characterization

The current-voltage (I-V) measurement was performed by the
solar simulator (SAN-EIElectric XEC-301S) to simulate AM 1.5G
standard sunlight and to measure reverse sweep (from 1.2 V to
—0.2 V) and forward sweep (from —0.2 V to 1.2 V). The XRD
diffraction peak of the perovskite film was measured by an X-ray
photoelectron spectrometer of Bruker D8 X. The external
quantum efficiency of n-i-p devices at different wavelengths were
measured by the EQE measurement system (Zolix Solar Cell Scan
100). The SEM cross-section of the device was measured by
setting the scanning electron microscope (Hitachi S-4800) with
an electron beam of 10 kV. The steady-state current of the device
was measured by pre-treatment with different bias voltages and
then irradiated with standard sunlight (AM 1.5G) for 300
seconds. The transient current and voltage measurements were
achieved through a transient measurement system that included
a pulse generator (NF company WF1946B) and cool white LED.
The transient current and voltage were recorded by oscilloscope
(Tektronix TDS 540D) under the illumination of a cool white LED
driven by a pulse generator (ITECH IT6133B9). The amplitude of
light pulse and the interval between two adjacent pulses were 100
mW cm 2 and several seconds, respectively. Before transient
measurement, the devices were pretreated at different biases for
two minutes in the dark.

Results and discussion

In this work, we used one-step spin coating method to prepare
the planar perovskite solar cells with the structure of ITO/TiO,/
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MAPbI;/spiro-OMeTAD/M0O;/Ag. The energy level diagram of
used materials and the overall cross-sectional view of the device
are presented in Fig. 1a and b, respectively. The cross-sectional
image reveals that one perovskite grain can contacts between
ETL and hole transport layer (HTL), which confirms that the
photogenerated carriers can be efficiently extracted by ETL and
HTL. The XRD diffraction peak shows that the crystallinity of
perovskite active layers is very good (Fig. S17). The I-V curves of
the device is shown in Fig. 1c. The devices exhibit a good power
conversion efficiency of 17.9% with 23.7 mA ecm™2 Jgg, 1.07 V
Voc, and 70.4% FF. Meanwhile our devices present obvious I-V
hysteresis which often happens in n-i-p perovskite solar cell
with nano TiO, ETL. The external quantum efficiency (EQE) of
the prepared device is shown in Fig. 1d.

There are some moveable ions in organic-inorganic halide
perovskite.>* These moveable anions and cations would shift to
two counter electrodes and accumulate in the areas near to
carrier transport layers under electric field driving. The accu-
mulation of moveable ions and the trapping carriers are
considered the source of the hysteresis that often happens in
the planar perovskite solar cells with TiO, ETLs.***” To under-
stand the impact of ion migration and carrier trapping on
perovskite solar cells, the evolution of short circuit current and
open-circuit voltage of the devices preconditioned at different
biases were investigated by scaling the time from microseconds
to hundreds of seconds. Fig. 2a shows the transient open-circuit
voltage (TOCV) of the devices pretreated at different bias. The
gray area in the figure represents that the light pulse is off and
the device is in the dark. Under the illumination of the cool
white light pulse with amplitude of 100 mW cm ™, the transient
photovoltage is much lower than the V,. obtained from I-V
curve. The amplitude of TOCV rises with increasing pretreat-
ment bias from —1.0 V to 1.5 V, which indicates that the
amplitude of transient open-circuit voltage depend on the
treatment bias. Meanwhile the open-circuit voltage of the
devices pretreated at the biases ranging between —1.0 V and
1.0 V rapidly rise at the moment when illumination is off. This
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Fig. 1 (a) Energy level diagram of the n—i—p structure device. (b)
Overall cross-sectional view of the perovskite solar cell. (c) Forward
and reverse scanning /-V curves. (d) EQE spectrum of prepared device.
The integrated current is 21.8 mA cm 2.
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rapid rise of open-circuit voltage comes from the ion and defect
induced carrier accumulation at the interface between perov-
skite active layer and TiO, ETL.*® When the pretreatment bias is
lower than built-in voltage, the direction of total electric field is
from cathode to anode. Under the action of the total electric
field, the movable anions migrate toward cathode and accu-
mulate at the area close to the interface of perovskite active layer
and TiO, ETL. In Fig. 2b, the transient current responses of the
devices pretreated at different biases are shown. From this
figure, we know that the amplitude of transient current
descends with decreasing treatment bias under single pulse
with 200 ps duty time.

In order to investigate the evolution of transient short-circuit
current (TSCC), the TSCC of perovskite solar cells (PerSCs) is
measured under the illumination of single light pulse with 200
us duty time and 100 mW cm™” intensity. Fig. 3 shows the
transient photocurrent responses to the first 10 light pulses of
the PerSCs pretreated at 1.5 V and —1.0 V. The interval time
between two adjacent pulses is several seconds. Fig. 3a presents
the transient photocurrent responses to first ten light pulses of
the PerSCs treated at 1.5 V. For the device pretreated at 1.5 V, the
amplitude of the transient current response to the first light
pulse is closer to the value of short circuit current obtained via
I-V curve measurement under the illumination of a standard
sun. Then amplitude of the transient current gradually decline
with the increase of the number of pulse illumination. Mean-
while, the decay of the transient current in duty time of the
pulse illumination progressively aggravate, which means that
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(a) Transient photovoltage and (b) photocurrent responses to single light pulse of the devices pretreated at different biases.

the accumulation of carriers becomes serious with increasing
number of light pulses. Because the ion migration is a slow
process, the ion migration can be neglected under the illumi-
nation of 200 ps light pulse. The decrease in transient photo-
current might be attributed to the defect induced carrier
accumulation.

As shown in Fig. 3b, the transient photocurrent of the device
pretreated at —1.0 V bias is very low, and slowly rises with
increasing number of illumination light pulse. The slow
photocurrent rise might come from the redistribution of accu-
mulated ions. Both of ion accumulation and carrier trapping
depress transient photocurrent of PerSCs, but the effect of
carrier trapping on the transient current is more critical
compared with that of ion migration. In addition, the transient
short-circuit current responses of the devices pretreated at other
biases are shown in Fig. S2.}

As mentioned above, we observe a regular decrease of the
transient photocurrent with the number of 200 ps light pulses,
while it also decays with increasing time in the duty time of
single light pulse, which disagrees with the short-circuit current
measured via I-V characteristic curve. In order to investigate the
evolution of short circuit current in a long duty time, we
measured the transient current of the devices preconditioned at
1.5 V (Fig. 4a-c), 0 V (Fig. 4d—f) and —1.0 V (Fig. 4g-i) by scaling
the time from microseconds to hundreds of seconds. It can be
seen that the transient photocurrent response under 1.5 V bias
pretreatment has a similar trend in the range of microseconds
and milliseconds (Fig. 4a and b), while the current response
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Fig. 3 Transient photocurrent responses to the first ten light pulses of the device pretreated at 1.5V (a) and at —1.0 V (b). The inset represents the
magnified region of the —1.0 V processed transient photocurrent with the logarithm of the Y axis.
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Fig. 4 The transient photocurrent response from (left to right) microse
biases; (a—c) at 1.5V, (d-f)at 0V, (g-i) at —1.0 V.

under 0 V and —1.0 V pretreatment conditions exhibits
a unusual trend than that under the case of positive bias. The
transient photocurrent overshoot behavior can be observed in
the microsecond time range (Fig. 4d and g), which is consistent
with the results shown above. We measured the transient
current under single light pulse with 100 ms duty time. The
results show that the short circuit current drops to its minimum
in several milliseconds, then gradually rise as shown in Fig. 4e
and h.

In order to further illustrate the influence of pretreatment on
short circuit current in larger time scale, the time range of
measurements are extended to 300 s. In Fig. 4c, f and i, the time
dependences of short circuit current of solar cells pretreated at
different biases are presented. The time to achieve the
maximum of short circuit current drop from about 100 seconds
to several seconds when the device pretreatment bias rises from
—1.0 V to 1.5 V. From Fig. 4c, we find that the photocurrent of
the solar cell pretreated at 1.5 V bias slightly decreases with
increasing time and tends to be stable at 50 s, which might
indicate that the accumulation ions induced by pretreatment
redistribute and achieve a new equilibrium under the new
electric field distribution. For the device pretreated at —1.0 V,
the time to achieve new ion equilibrium is about 100 s, which is
longer than that of device pretreated at 1.5 V. The short circuit
current of all devices be stable after about 100 seconds under
the illumination of 100 mW cm™>. The stable current density of
the devices pretreated at positive biases is slightly higher than
that of the devices pretreated at negative biases, which indicates
that the influence of pretreatment induced ion accumulation
can not eliminated completely. Appropriate electric

28086 | RSC Adv, 2020, 10, 28083-28089

conds, milliseconds to seconds for the devices pretreated at different

pretreatment is benefit to the enhancement in the performance
of perovskite solar cells.

Normally, the ion migration in perovskite films would
happen under the action of intense enough electric field.>*****
Some ions would shift to the interface between carrier transport
layers and perovskite active layer as well accumulate the area
close to the interfaces. The ion accumulation would result in the
energy bending and additional electric field which directly
influences the carrier dynamics process. The migration of ions
are a slow process. It would take tens of seconds to reach the
equilibrium of ion distribution.**** Herein we use the ion
migration induced band bending model to explain above
phenomenon induced. In Fig. 5, the band configurations of
perovskite layers pretreated at different biases and their evolu-
tion are presented. The ion accumulation, trapping and accu-
mulation of carriers influence the band configuration of
perovskite layer. Fig. 5a depicts the initial energy band diagram
of the device without treatment and illumination and there is
no injection barrier at the interface. For the device pretreated at
the —1.0 V bias, some anions move toward cathode and accu-
mulate at the interface between perovskite active layer and ETL
in pretreatment process (Fig. 5b). The accumulation of anions
would induce a barrier at the areas near to the interfaces
between perovskite active layer, which would block the trans-
port of electrons and decrease the transient photocurrent
during the illumination of the first light pulse. In addition,
some photogenerated carriers are trapped by the defects at the
interfaces of perovskite and TiO, ETL (as shown in Fig. 5c),
which further enhances band bending. Attributing to the anion
accumulation and the carrier trapping, a valley of conductive
band would form in the area near to the interface between ETL

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Energy band evolution of perovskite solar cells pretreated at bias negative and large enough positive bias. (a) The initial energy band
bending diagram inside the device without treatment and illumination. (b) Negative bias treatment without illumination. (c) Negative bias
treatment with illumination. (d) Anion reverse diffusion after negative bias pretreatment. (e) Positive bias treatment without illumination. (f)
Positive bias treatment with illumination. (g) Cation reverse diffusion after positive bias pretreatment.

and perovskite active layer. During the light illumination, some
electrons would accumulate in the valley, which cause the
decrease in short-circuit current and open-circuit voltage. With
the increasing number of accumulation electrons, the energy
band of electron accumulation area would gradually rise
(Fig. 5d). Meanwhile the valley become shallow, and the tran-
sient short current would increase. However, the local electric
field in the electron accumulation area would become weak
even is against the direction of carrier collection, and the
transport of electrons would still be hindered. For the device
pretreated at 1.5 V bias, as depicted in Fig. 5e, the cations
accumulate at the interface between perovskite active layer and
ETL, which would cause the band to bend downward in the
cations accumulation area near to the interfaces between
perovskite active layer. The bending downward of band is
benefit to carrier transport and carrier collection. Once

This journal is © The Royal Society of Chemistry 2020

illumination is on, as illustrated in Fig. 5f, some photo-
generated electrons would be trapped by the defects in the area
near to the interface between perovskite layer and ETL. The
trapping of electron would overcome the effect of cation accu-
mulation and induce a barrier. The barrier would block the
photogenerated electrons to be extracted by cathode, and
photocurrent goes down. Similar process also happens at the
interface between perovskite layer and spiro-OMeTAD hole
transport layer.

Because the pretreatment bias is removed from the device,
the accumulated ions would gradually shift and achieve a new
balanced ion distribution. As illustrated in the Fig. 5d and g, the
bending of the band induced by ion accumulation would
become weak with the ion diffusion. However, the difference in
stable photocurrent of the devices pretreated at various biases
reveals that the ion distribution of the devices pretreated at high

RSC Adv, 2020, 10, 28083-28089 | 28087
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electric field can not come back to that it was. Comparing the
impact of carrier trapping and ion migration on the perfor-
mance, one can conclude that the key issue is defect induced
carrier trapping for the perovskite solar cells with compact
nano-TiO, film as ETL.

Conclusions

In this paper, the impact of ion migration, carrier trapping and
carrier accumulation on the performance of perovskite solar
cells with compact nano-TiO, films as electron transport layer
are investigated. In order to distinguish the impact of carrier
trapping and ion migration on performance of perovskite solar
cells, the approaches of single light illumination and electric
pretreatment at different biases are employed. Our results
reveal that the both of carrier trapping and ion migration are
key factors to decide the performance, but the impact from
carrier trapping is more crucial for of the perovskite solar cells
with compact nano-TiO, films. The pretreatment at positive
bias beyond build-in potential can partly compensate the
adverse impact of defect induced carrier trapping, which is
benefit to enhance the performance of perovskite.
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