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ABSTRACT: The “dark” current—voltage (I—V) response of
CH;NH;Pbl, organic—inorganic halide perovskite (OIHP) thin films is
studied as a function of temperature, voltage, and scan rate to investigate
the nature of the I—V hysteresis. This is to address the apparent
discrepancy observed in characteristics of the I—V hysteresis. Depending
on the measurement conditions, two complementary mechanisms appear
to control the I—V behavior. First, ionic species contribute to the
conduction, and because of their slow-moving nature, a slower scan rate
gives ions enough time to take part in conduction (i.e., below a relaxation
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frequency). Second, migration of ionic species to the interface(s)

modulates the Schottky junction and, consequently, the electronic

transport across the interfaces. Therefore, a slower scan rate results in more charge accumulation at the interface, which
leads to a decrease in the leakage current. These findings provide an explanation that resolves the ongoing debate regarding the
characteristics of the I-V hysteresis in solar cells based on OIHPs.

B INTRODUCTION

There has been growing interest in studying the fundamental
properties of organic—inorganic halide perovskites (OIHPs) in
recent years.”” The fact that this class of materials exhibit
exceptional electrical and optical properties such as low trap
densities,” strong absorption,” and long carrier diffusion
lengths,” along with their low-cost solution processability and
low processing temperature, makes them excellent candidates
for perovskite solar cells (PSCs) and other optoelectronic
devices."” While there has been an abundance of research in
this area, debate still exists around the fundamental character-
istics of OIHPs such as dielectric and ferroelectric behavior;”"®
degradation induced by electric field, light, and temper-
ature;”'" and the nature of charge transport and current—
voltage (I-V) hysteresis.'"'* In particular, several papers have
been published on the characterization of the hysteretic
behavior of “dark” (and “photo”) current in OIHPs, where a
combination of several factors can play a role in the observed
hysteresis in OIPs. While there is extensive debate on whether
or not methylammonium lead iodide (CH;NH;Pbl; or
MAPbL,) as a prototype for OIHP exhibits ferroelectric (FE)
behavior,"*'* Chen et al."® suggest a correlation between field-
induced FE polarization of MAPbI; and the enhancement of
hysteresis. Shao et al.'® have attributed the I—V hysteresis to
the presence of large densities of charge traps at the interface
and also at grain boundaries. On the other hand, there are
studies that argue plausibly that, first, ferroelectricity cannot
explain the I-V hysteresis because there is an upper limit of
around 1 uC-cm™ for intrinsic frequency—dependent polar-
ization.'* Second, due to relatively high electronic mobility (it
takes nanoseconds for electrons to reach the interface), it is
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unlikely that charge traps play a singular or dominating role in
the observed I—V hysteresis.'” Therefore, the main argument
revolves around which types of (relatively) slow-moving ions
and defects contribute to the charge transport in OIHPs
resulting in the I—V hysteresis.'* >

Several studies have suggested that one of the dominant
charge-transport mechanisms in MAPbI; is through ion
migration.”*~** They often report a single value for activation
energy with magnitudes that vary widely, in the range 0.1-0.6
eV. This further adds to the uncertainty regarding the nature of
this migrating species and also fails to notice the possibility
that carrier transport may be obscured by vacancy-mediated
migration of ions that differ in activation energy. Our previous
study on MAPDI; thin films using pulse discharge and
direction/scan rate and temperature-dependent I—V demon-
strated that,'® depending on the measurement conditions such
as temperature, voltage, applied-voltage history, and scan rate,
electronic transport varies significantly.'® We presented a clear
indication that a mechanism that involves migration and
accumulation of ions at the interface moderates carrier
transport in MAPbI;. We were then able to capture two
distinctive thermally activated processes, with activation
energies of E, = 041 + 0.02 and 0.1 + 0.001 eV that we
assigned to electromigration of MA" cations and I” anions,
respectively. Accumulation of these two ionic species then
contributes significantly to the modification of interfacial
electronic properties. While there is now a relatively clear
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picture of how various ionic species contribute to charge
transport in MAPDI;, there are still unaddressed questions
regarding the effect of scan rate and its effect on the hysteretic
behavior in OIHPs. Although there is agreement that the
nature of the I-V curve, including current magnitude and
hysteresis, shows a strong dependency on the scan rate, there
appears to be certain discrepancies in the observed behavior.
On one hand, some research groups observe that the
magnitude of current increases with a decrease in the scan
rate but the apparent -V hysteresis decreases.”””" This
behavior is attributed to the hypothesis that, since the I-V
hysteresis behavior is predominantly due to ion migration
(“migration-dominated” behavior), the leakage current in-
creases if the voltage is applied to the device long enough so
that the slow-moving ions can partake more in the flow of the
current. On the other hand, some groups report that, while the
hysteresis diminishes with an increase in the scan rate, the
magnitude of the current increases for faster scan rates.”’*”
The origin of this behavior is the subject of debate. Seol et al.”!
suggest that the contribution of the transient current of
polarization switching adds to the leakage current for fast
scanning. However, a plausible counter argument questions
this explanation considering that the upper limit of intrinsic
frequency-dependent polarization is around 1 uC-cm™2"* On
the other hand, Guan et al.’” propose that an interface-
modulation mechanism is responsible for this behavior where
faster voltage scan rates cause less ionic accumulation at the
interface, and this leads to a smaller Schottky barrier. As a
result, current flow is easier at higher scan rates (“accumu-
lation-dominated” behavior). Here we continue our previously
reported work by carrying out temperature- and rate-
dependent I-V measurements in “dark” conditions with the
aim to extend our understanding of the nature of ion
movements in OIHPs. We particularly perform our character-
ization on a metal—semiconductor—metal (M—S—M) config-
uration and under dark conditions to avoid photogenerated
carriers in order to isolate the ionic—electronic transport. As
such, the simple M—S—M allows us to study the intrinsic
behavior of MAPI; without dealing with complex device
architecture with electron- and hole-selective layers. We
suggest a mechanism which reconciles both aforementioned
observations in such a way that, depending on the measure-
ment conditions, both migration- and accumulation-dominated
behaviors are convincingly justified.

B RESULTS AND DISCUSSION

In order to isolate the charge-transport behavior in MAPbI;,
we fabricated devices with a typical metal—semiconductor—
metal (M—S—M) capacitor-like configuration. These devices
consist of MAPbI, films asymmetrically sandwiched in between
fluorine-doped tin oxide (FTO) and Au as electrodes. The
work function of both electrodes in such a device is close to 5
eV.”> We cut 15 mm X 15 mm squares of FTO substrates
(Hartford Glass, USA) with a sheet resistance of 8 /sq. and
then etched them wusing zinc dust and dilute aqueous
hydrochloric acid. As for the cleaning process, substrates
were washed using soap and deionized water and subsequently
with absolute ethanol. In a final stage, they underwent ozone
treatment for approximately 30 min before film deposition.
The “solvent-engineering” solution-based method** was used
to deposit the MAPDI; films onto the FTO substrates as
follows: 40 wt % MAPDI; solution was prepared by dissolving
Pbl, (Sigma-Aldrich, USA; 99.9995%) and MAI (Great-
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Cell Solar, Australia) in a stoichiometric (1:1) ratio in N,N-
dimethylformamide (DMF) solvent. This precursor solution
was spin-coated on cleaned FTO substrate at 2000 rpm for 30
s followed by chlorobenzene dripping while spinning. The
films were then heated at 130 °C for 10 min. The final MAPbI,
films had thicknesses of ~300 nm, as determined by a step
profilometer. In order to prevent degradation in the process of
making the OHIP, all steps of film preparation were performed
inside a N,-filled glovebox. As-deposited MAPDI; thin films
were characterized by X-ray diffraction (XRD) (D8 Discover,
Bruker, Germany) using Cu Ka radiation and by scanning
electron microscopy (SEM; LEO, Zeiss, Germany) for
crystallographic and microstructural characterization, respec-
tively. Au contacts of ~120 nm thick were deposited in the
thermal evaporation chamber under a base pressure of ~1077
Torr.

As can be seen in Figure 1, the active area of the fabricated
device lies where the geometric area of gold, MAPDI;, and
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Figure 1. (a) Schematic illustration of the device with FTO—
MAPbDI;—Au configuration. The “high” and “low” of the sourcemeter
were connected to the Au and FTO electrodes, respectively. Dashed
lines indicate the active device area. (b) Top-view SEM of as-prepared
MAPDI, thin film. (c) Indexed XRD pattern of the MAPbI; film,
where * indicates reflections from the underlying FTO.

10

FTO overlap. A schematic diagram of the device is illustrated
in Figure la. In order to perform temperature-dependent
measurements, the device was placed in a cryostat chamber
(VPF-100, Janis), where it was kept under a constant vacaum
(pressure of ~107° Torr) throughout the measurements. A
temperature controller (335, Lakeshore) was used inside the
cryostat to stabilize the device at the desired temperature.
Electrical measurements were performed using a sourcemeter
(2635A, Keithley). As a reference, the Au top electrode was
always connected to the “high” leads and the FTO bottom
electrode to the “low” leads of the sourcemeter. Figure 1b
shows a top-view SEM micrograph of the MAPbI; thin film,
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Figure 2. I-V plot of MAPbI; film under negative and positive biases showing asymmetry with three types of behavior on each side. Region I
shows Ohmic response, whereas regions II and III exhibit “migration-dominated” and “accumulation-dominated” behaviors, respectively. Plots A—
G show how the scan rate impacts the leakage current depending on the region to which bias strength belongs.

confirming a smooth, dense, and uniform surface. The average
grain size is estimated to be ~600 nm. Figure lc shows an
indexed XRD pattern of the MAPbI; film confirming the
tetragonal phase (space group I4/mcm).

Figure 2 presents the I-V behavior of MAPbI; film at T =
300 K. As can be seen, there is a high degree of asymmetry
evident in the curve from negative to positive biases. For
example, the leakage current at V= +2 Vis [ = 2.5 X 107 A,
whereas, for V=—-2V,itis =93 X 1075 A. A high degree of
asymmetry in this level (nearly 2 orders of magnitude at V =
+2 V) is unlikely to be due to the small difference in work
functions of Au and FTO. In fact, recent studies on OIHP
material systems with similar configurations suggest that the
asymmetry can be attributed to a difference in the interfacial
electronic structure at the two interfaces.”® Therefore, one can
postulate that the presence of such an asymmetry may be
originating from different levels of accumulation of defects at
the interfaces. In the case of OIHPs, since the formation
energies of vacancy defects are particularly low, microstructural
imperfections at the interfaces such as grain boundaries and
free surfaces make interfaces desirable for defects to
accumulate. It has been reported that OIHP single crystals
have a higher vacancy concentration on the surface compared
to the bulk.>®*” Therefore, in our case, it is reasonable to
assume that charge accumulation at the Au—MAPbI; interface
is significantly different from that at the buried FTO—MAPbI;
interface.

Plots A—G in Figure 2 exhibit how the scan rate impacts the
leakage current depending on the region to which bias strength
belongs. For region I (F and G), the I-V curve exhibits Ohmic
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behavior, where the current increases linearly with voltage and
there is no apparent hysteresis observed. Also, changing the
scan rate has no effect on the observed current. In the case of
I-V curves in region II (B, C, D, E, H, and I, accumulation-
dominated behavior), hysteresis is evident where lowering the
scan rate leads to a higher current. This behavior is similar to
the reported migration-dominated behavior described ear-
lier.””’° Here, as various ionic species contribute to
conduction and because of their slow-moving nature, slower
scan rates give ions enough time to take part in conduction,
resulting in an increase in the leakage current. Also, the
reverse-scan current, i.e., the current measured by reducing the
voltage toward zero, is larger in magnitude than that for the
forward-scan current. It is due to the fact that there are more
already activated ion species available from the forward bias
when the reverse bias is applied. These ion species will add to
the ionic contribution and result in a relatively higher leakage
current. Finally, in region III (A and J, charge accumulation),
while the hysteresis is still present, its characteristics change,
and increasing the scan rate results in a higher current. The
observed behavior here matches with what has been reported
as accumulation-dominated behavior.>'** In this case,
Schottky-junction height modulation originating from migra-
tion of ion species to the interface dictates the magnitude of
current by setting a barrier height that controls the current
flow. Here, accumulation of ionic species increases the barrier
height. Therefore, slower scan rates, which result in more
accumulation at the interface, lead to a decrease in leakage
current. Another observed behavior that corroborates the
proposed mechanism is that the reverse-scan current is smaller
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Figure 3. (a) Bias/scan rate (at 300 K) and (b) bias/temperature (at 250 ms/step) maps showing the stability of the various regions. (c) Three
representative I—V curves at 300 K. (d) Leakage current behavior of MAPbI, film over time under continuous applied biases from 0.25 to 1.5 V at
300 K. In all cases, the device was first conditioned by a reverse applied voltage of —1.5 V for 20 s. For biases less than 1V, there is a peak before 10
s is passed, and after that, the leakage stabilizes at a value lower than the maximum. For biases of 1 V, the stabilized magnitude of leakage is larger
than the relative maximum. In the case of V = 1.5 V, the magnitude of leakage starts to decrease over time due to accumulation of charges at the

interface.

in magnitude compared to the forward-scan current. This can
be attributed to the fact that, during forward bias, there will be
a certain level of charge accumulation at the interface. This will
cause a barrier height increase, leading to a smaller leakage
current in reverse bias.

Therefore, as can be seen in Figure 2, depending upon the
level of activity of the ionic species in the OIHP, the hysteretic
dynamics can vary from no hysteresis (Ohmic region, region
I), to migration-dominated (region II), to accumulation-
dominated (region III) behaviors. The type of OIHP and the
measurement conditions, such as temperature, voltage, and
scan rate, will dictate the nature of the hysteresis. This
proposed classification can then convincingly explain and
reconcile both seemingly divergent observations of character-
istics of the I—V hysteresis.

Furthermore, in order to independently determine the effect
of each parameter on the type of observed hysteresis, we
performed measurements at various temperatures, voltages,
and scan rates.

Figure 3a presents a map of the stability of the various
regions as a function of scan rate at 300 K for MAPbI;. As can
be seen, a shorter time per step (faster scan rates) and lower
bias tend to stabilize the Ohmic region, whereas a relatively
longer time per step (slower scan rates) and higher bias first
result in the stabilization of the migration-dominated behavior
and eventually give rise to the accumulation-dominated
behavior, where charge accumulation at the interface dictates
the characteristics of the hysteresis. Figure 3b exhibits a similar
region-stability map as a function of temperature at a scan rate
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of 250 ms/step. Here, comparable behavior is observed, where
lower temperature reduces the mobility of ionic species and
stabilizes the Ohmic region. On the other hand, increasing the
temperature results in the activation of ionic species, and
together with relatively high bias, the hysteresis characteristics
initially are dictated by migration-dominated behavior, and the
further intensification of the parameters leads to Schottky
barrier modulation and attendant accumulation-dominated
behavior. Figure 3¢ presents I—V curves of three representative
scan step lengths (25, 125, and 175 ms/step). For a scan pace
of 25 ms/step, regions I and II are observed. As the scan step
length shifts to higher values (slower scan rates), contribution
of ionic species becomes more pronounced, and as a result, the
two types of hysteresis are observed at relatively smaller biases.
Figure 3d shows the leakage current behavior of MAPbI, film
over time and under continuous applied biases ranging from
0.25 to 1.5 V. It should be noted that, in all cases, the device
underwent a reverse applied voltage of —1.5 V for 20 s. For
biases of <1 V, there is a peak before 10 s is passed, and after
that the leakage stabilizes at a value lower than the maximum.
For a bias of 1V, the stabilized magnitude of leakage is larger
than the relative maximum. In the case of V = 1.5 V, the
magnitude of leakage starts to decrease over time due to the
accumulation of charges at the interface. This categorization of
I-V characteristics clearly signifies the crucial role of charged
species which can migrate toward, and accumulate at, the
electrode interfaces and are responsible for modification of the
electronic character of the device. Therefore, it is important to
note that, as this electromigration is tightly related to and
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impacted by factors such as film quality, chemical composition,
and interface configuration, one can expect electrical
behavioral changes as a result of a change in any of these
configurational characteristics. Nevertheless, our work shows
that in order to control hysteresis it is necessary to address
ionic transport. Methods to achieve this are beyond the scope
of this paper but are being addressed in current research.

B CONCLUSIONS

In summary, here we provide a framework for a comprehensive
study of various types of hysteresis behaviors observed in
OIHPs. It addresses the debate around the seemingly
contradictory observations made by different research groups
and presents an explanation that reconciles the different
interpretations. It is suggested that the hysteretic effects, and
their qualitative characteristics, are a consequence of the
measurement conditions and are an intrinsic property of the
OIHP rather than being related to fabrication methods or
other elements of the PSC. Depending on the measurement
condition and protocol, slow-moving ionic species determine
the conduction mechanism and hysteretic dynamics. As many
reports have suggested, dynamic hysteresis is the consequence
of PSC degradation.”®™*" Therefore, in order to develop
commercially viable PCSs, understanding the hysteretic
phenomenon in OIHPs is a crucially important part of a
comprehensive knowledge about the PSCs. The observed scan-
rate-dependent hysteretic behavior in this work suggests that
the origin of hysteresis in perovskite solar cells is most likely to
be intrinsic to the perovskite layer rather than differential
charge extraction rates of electron- and hole-transport layers
under illumination. Therefore, in order to mitigate the
hysteretic effect, it is reasonable to focus on ways to control
ionic species that are available in the medium and could
generate internal fields, and also impact the Schottky barrier at
the interface.
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