Hysteresis in Perovskite Solar Cells
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Abstract

Inorganic-organic halide organometal perovskite, e.g. CH3NH3Pbl; and CsPbls, efc, is a
dramatically rising star in the photovoltaic area since 2009, due to its exceptionally high power
conversion efficiency (PCE) and simple fabrication process. Despite its relatively short history,
intensive investigation is concentrating on this material, ranging from crystal structure and
photophysical characterization, to performance optimization and device integration. Yet, applied in
photovoltaic devices, this material is suffering from hysteresis, that is, the difference of J-V curve
during the sweeping in two directions (from short-circuit towards open-circuit and vice versa). This
abnormal behavior significantly influences the potential large-scale application. This review will
concentrate on the recent theoretical and experimental efforts to reveal the origin and mechanism of
hysteresis. The proposed origins include (1) ferroelectric polarization (2) charge trapping/detrapping
(3) ion migration. Currently more and more evidences consistently support that ion migration plays
the key role on the hysteretic behavior in perovskite solar cells. Hence, we will summarize the recent
results on ion migration, such as the role of grain boundaries (GB) on ion migration, activation
energies measurements, capacitive characterization and internal electrical field modulation, efc. In
addition, we also review the devices with alleviation/elimination of hysteresis, which involve either
large crystal sizes or PCBM molecules. In the following part, during practical application, we have
to mention that devices with hysteresis still obtain promising PCE. Furthermore, the hysteretic
property has been utilized in memristive switching devices. In sum, the Review emphasizes that
organometal halide perovskites, in which strong coupling between ionic migration and free charge
carriers transport under external photo/electrical field, have to be carefully treated for the mobile

defects/ions inside, which can be modulated by either crystalline structure or chemical passivation.



1. Introduction:

Being a rapidly rising star on the horizon of photovoltaic research area, organometal
trihalide perovskite solar cells (PSCs), e.g. CH3NH3Pblz (MAPbI3) and CsPbls, have
achieved surprisingly remarkable power conversion efficiencies (PCE) of up to 22.1%
[1] in <6 years’ intensive investigation. The unique electrical band structure of
perovskite materials makes it as one of the promising candidates to replace or
complement current silicon dominated photovoltaic market. (1) Direct bandgap leads
to a higher light absorbance, comparing with the one of silicon [2]. (2) Tunability of
bandgap ranges from 1.4 eV to 2.3 eV [2-4]. (3) High dispersion of conduction band
(CB) and valance band (VB) gives rise to the long-range balanced electron and hole
transport [5,6], significantly suppressing the photogenerated charge recombination. (4)
Excellent defect tolerance property enables low-cost solution-process manufactory, viz.

spin-coating, inkjet printing, etc. [7-9].
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Figure 1. A typical J-V curve hysteresis behavior in a typical perovskite solar cell, with scanning speed of ~0.9 V/s.
The arrows exhibit the directions of voltage scanning. Inset indicates the kink in the J-V curve. The dashed red line
is the extension of the J-V curve below ~0.75 V based on standard single junction diode equation, and the blue circle
indicates the horizon shift of the curves near the flat-band condition. Reprinted with permissions from [10].

Copyright©2016 by John Wiley & Sons, Inc.

Accompanying with such outstanding properties and astonishing development of PCE,



however, anomalous hysteretic current-voltage (/-V) characteristic in PSCs, as shown
in

Figure 1, is still one of the “clouds” obscuring its pathway to their large-scale
commercial application. Hysteretic /- characteristic, or short for hysteresis in this
Review, is the photocurrent responses of the PSCs demonstrate the discrepancy of I-V

curve between two sweeping directions.
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Figure 2. A typical hysteresis in J-V curve characteristic of a Pt/TiOx/Pt device. Insets is the schematic diagram of
a memristive device based on Ag/TiO2/Ag structure. Adapted with permissions from [11]. Copyright©2008 Nature
Publishing Group.

In history, this unconventional property has become acquainted in various dissipative
devices and systems [12]. As shown in Figure 2, a simple Pt/TiOx/Pt two-terminal
device [11] exhibits a rich hysteretic /-V characteristics. When the scanning frequency
increases by 10 folders (i.e. 10wo), the hysteresis loop collapses. Human memory
system [13], i.e. synapse based neural networks, for instance, is also related to such a

mechanism.

Hysteretic behavior is generally observed in the systems with special “inertia” [12], in
which there is a delay between the change of the properties and the external stimulation

(electrical or optical field). This temporal-dependent behavior can be described as a



“memory” effect, meaning that present properties are determined by past conditions or
their history. There are three possible mechanisms responsible for this history-
dependence resistance switching behavior in devices [14], i.e (i) formation/rupture of
highly conductive filaments, (ii) accumulation of mobile ions or defects, (iii) phase
transition, efc. In detail, (i) inevitable defects exists in bulk, such as vacancies or
interstitial defects, can be driven by external electrical field towards the opposite
electrodes, forming conducting filaments. Hence, formation and rupture of these
conducting pathways lead to low and high resistance states, respectively, shown in
Figure 3 (a). (ii) Rather than forming conducting filament, in this model, ions
accumulated at the semiconductor/metal interfaces results in the modulation of local
interfacial barrier for the charge injection/extraction, shown in Figure 3(b). (iii) As
illustrated in Figure 3(c), the bulk material between two electrodes undergoes phase
transition (i.e. conducting crystalline and insulating amorphous phases) due to electrical

current induced heating.
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Figure 3. Schematic diagrams of different mechanism of resistive switching (J-V curve hysteresis). (a) Formation
and rupture of conducting filaments. (b) Modulation of interfacial barrier induced by the concentration of ions. (c)

Conducting/insulting phase transition. Reprinted with permissions from [14]. Copyright©2008 Elsevier Ltd.

In this Review, we specifically aim to discuss the hysteresis phenomena in organometal



trihalide PSCs, and the origin of this abnormal behavior. First, we will briefly
summarize the observation of this hysteretic behavior. Next, we will focus on
examining microscopical physical models, including ferroelectric switching, charge
trapping/detrapping, and ion migration. Third, we will present the approaches to

suppress hysteresis and the potential applications of this behavior in devices.

Snaith et a/ [15] have provided a comprehensive summary on the features: (1) hysteresis
is dominantly associated with the perovskite material itself. (2) Contact materials, i.e
hole and electron transport layers (TLs), are playing critical roles in this behavior,
including the selection and the morphology (mesoporous or planar) of the TLs. (3) The
time scale of hysteresis is ~100 sec [16,17], which exhibits a contrast for the typical
charge generation/recombination process (~ns) in PSC [5]. (4) The hysteresis strongly
depends on the external scanning parameters [18], such as scanning rate, amplitude of
external electrical field, scanning direction, pre-scanning conditions, etc. Hence, based

on the above general observation, we will discuss mechanisms in detail.

2. Origin of Hysteresis

2.1 Ferroelectricity

Ferroelectricity is a property possessed by a class of materials, in which the spontaneous
polarization, P, can be modulated by an external electrical field. The polarization
originates from non-centrosymmetric structures. Although MAPbI;, a typical

perovskite material for instance, belongs to the centrosymmetric tetragonal space group



[2,19] of I4/mcm at room temperature, the rotation and reorientation of the MA group
[20] within the Pbls cages can decrease the crystal lattice symmetry, resulting in the
spontaneous polarization [21,22]. The polarization of organometal perovskite materials
has been proved by both theoretically and experimentally. Employing density
functional theory (DFT), Frost et al [23] and Rappe et al [24,25] reported the
appearance of a strong dipole moment or polarization in the bulk of perovskite materials.
X-ray diffraction (XRD) has shown a lower symmetry structure at room temperature
[26] and Raman spectra confirm the intrinsic MA vibrational mode which gives rise to
the intrinsic dipole inside [27]. In addition, electroabsorption spectroscopy, or Stark
spectroscopy [28], provides the unambiguous evidence of a permanent dipole in the

organolead halide perovskite [10,29].

Two criteria, (1) the existence of polarization and (2) the polarization can be switched
by an external electrical field would need to be met. For the second criterion, several
groups, such as Chen et al [30], Coll et al [31] and Kutes et al. [32], have clearly
demonstrated the switching of spontaneous polarization, that is, piezoresponse
hysteresis loop in both amplitude and phase, by using piezoelectric force microscopy
(PFM), shown in Figure 4. Wei et al [26] have also demonstrated the ferroelectric
property employing traditional E-P measurement, on the basis of classical Sawyer-

Tower circuit.
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Figure 4. Images at top row are the topography of perovskite films, images at second line are the PFM image after
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DC bias, indicating the change of ferroelectric domain after biasing process. Reprinted with permissions from [32].

Copyright©2014 American Chemical Society.

Based on the existence of ferroelectricity, there are models established to explain the
hysteresis behavior in the perovskite materials. When applying an electrical field, as
shown in Figure 5, these dipoles, due to the MA group rotation or distortion of inorganic
frame, are aligned following the direction of the external field. This dipole alignment
process generates a compensated field, i.e. depolarization field. This process
significantly influences the effective potential dropped in the bulk and

increases/decreases the separation of charge carriers. In a first-order approximation, we

obtain:
Voc+:VB I'J’_Vp ( 1 )
Voc-:VB I'Vp (2)

Where Voc+ and V. are open circuit voltage under positive and negative poling field,
respectively. Vi is the built-in potential in the device, ascribed from the work function
difference between two selective electrodes. V,, arises from the depolarization field due
to the dipole alignment. This change of V. is consistent with the observation of shift

of Vi, during the J-V curve measurements, as shown in Figure 1.



In addition, the change of the prevalent internal field also gives rise to the change of
band bending, influencing the local interfacial barriers and space charge, as shown in
Figure 5. In the ferroelectric perovskite with multidomain structure charge carriers
move along the domain boundary. This is noted as a “ferroelectric highway” as
proposed by Frost et al [23,33]. This modulation of the internal electrical field, thus,
results in the hysteresis of the J-J measurement, which reflects the effective extraction

of photogenerated charge carriers through TLs [34].
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Figure 5. Schematic band diagram of influence of ferroelectric polarization on the internal field. (a) Without poling
effect on the perovskite. (b) poling field opposite the built-in field. (c) poling field follow the same direction of built-
in field. Reprinted with permissions from [30]. Copyright©2015 Royal Society of Chemistry.

Although the ferroelectricity model for the explanation of hysteresis gained some
acceptance, it is still suffering from several arguments. (1) It is still controversial to
identify the existence of ferroelectric property in organometal perovskite. Coll et al [32]
has obtained the switching behavior of polarization, however, the field decay is very
fast. By exploiting Sawyer-Tower circuit to characterize the polarization, there is no
standard P-E hysteresis loop. Moreover, both Xiao et al [35] and Fan et al [36] claim

that there is no obvious phase contrast during the positive and negative poling process



in PFM characterization. Wei et al [26] have obtained some features of ferroelectricity,
66593

shape during the P-E measurement. However, the ferroelectric effect is too small

to be convincing.

(2) Time scale of polarization switching does not agree with the one observed in /-V
curve hysteresis. Based on first principle simulation (e.g. DFT), the time interval for
the polarization switching is ~ns region [37]. Leguy et al [35]estimate the time interval
is within ms region. While the typical switching observed in PSC is >10 sec, as

summarized before.

(3) Ferroelectric materials require an electrical field larger than the coercive field inside.
This contradicts with the observation of step-wise J-V curve measurements which
alsways exhibit a transition-like behavior [38]. Hence, although the contribution of
ferroelectricity for the hysteresis is still under debate, the above discussion reveals that
ferroelectric polarization may not play the dominating role in the J-J hysteresic

behavior.

2.2 Charge Trapping/Detrapping

Low-temperature and solution processing of perovskite film inevitably involves a
certain amount of defect states inside, which show potentially impact on the charge
separation/recombination and charge transport [39]. These defects inside can be
categorized into two categories: (1) defects located at the CB/VB band edge following

exponential decrease distribution and (2) defects at the deep-level in the bandgap with



Gaussian distribution [40]. For the first ones, evidences consistently illustrate that
energetic width of the defect states near the band edge, i.e. Urbach energy, is between
20 meV and 40 meV, depending on the fabrication methods [41]. This value is much
smaller than in many typical semiconductor materials, demonstrating promising
performances comparable with classical inorganic solar cells [42]. For the second ones,
however, these defects reside deep within in the bandgap and serve as trap sites for the
charge carriers under working conditions, playing important roles in the Shockley—
Read—Hall non-radiative recombination [43]. According to the classical detailed
balance model [44], any non-radiative recombination in the open circuit condition leads
to the loss of PCE [45]. By filling and releasing charges at these trap sites under an
electrical field, the photogenerated charge transport is modulated and the performance

of devices, therefore, exhibits the hysteretic behavior.

Atomistic simulations, as summarized in Figure 6, reveal the energetical distribution of
possible defects states, viz. vacancies, antisite and interstitial ones [46]. With the help
of spectroscopic characterization, it is evident that the traps are dominantly
accumulated at the interface or surface, where the periodical crystalline structure is not
guaranteed or due to strong electron-phonon coupling [47-49]. Temperature-dependent
admittance spectroscopy enables us to further identify the energetic distribution of these
defects in the bandgap [50,51]. It is found that deep-level defects, which are responsible
for non-radiative recombination, requires higher formation energy [52]. This explains

the origin of the excellent defect tolerance of these perovskite materials.
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Figure 6. Energetically distribution of defect states in the bandgap of perovskite semiconductors, including vacancies,

interstitial and antisite defects. Reprinted with permissions from [52]. Copyright©2014 AIP Publishing LLC.

Taking account of these defect states, it is natural to compensate or fill them using
different chemical methods [53-56] or passivation processes. It has been also widely
observed that the involvement of phenyl-C61-butyric acid methyl ester (PCBM)
molecules, either by mixing as bulk heterojunction [57,58] or inserting a single layer
[51] into devices, is able to significantly alleviate or eliminate the hysteresis.
Wojciechowski et al [59] provide spectroscopic evidence that the C60 buckyballs form
self-assembled monolayers and passivate or inhabit the traps state at the interface
between TiO> and perovskite layer. The observed significantly reduced hysteresis is
originated from the passivation at this interfaces. Furthermore, Xing et al [60] observe
an obvious reduction of perovskite/TiO: interfacial barrier by inserting a PCBM layer
on the TiOz. This PCBM layer passivates the perovskite surface states acted as
recombination centers adding extraction barriers for the photogenerated charge carriers
as illustrated in Figure 7. Shao et al. [51] attributed the elimination of hysteresis to the
passivation of charge trap states in the bulk of perovskite film during the thermal

annealing process. Thermodynamically activated PCBM molecules diffuse into the



bulk of perovskite, passivating traps at surface and grain boundary (GB), thus

enhancing the charge transport and charge extraction.
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Figure 7. Schematic energy diagram of (a) pure perovskite material (b) interface perovskite/PCBM layer and (c)
perovskite/TiOz layer. Reprinted with permissions from [60]. Copyright©2016 by John Wiley & Sons, Inc.

Kelvin probe force microscopy (KPFM) [61,62], as a powerful tool to investigate the
charge distribution, provides direct evidences of charge trapping and detrapping process.
As shown in Figure 8, mapping the charge carrier density distribution across the cross
section of the device, allows us to track the temporal evolution of accumulated charges
after illumination. It has been observed that the accumulation of holes at the interface
between perovskite and HTL materials after turning on the light, results in the reduction
of the effective charge extraction through this interface. This observation of charge
accumulation and unbalanced charge transport agrees with the studies conducted by

electron beam-induced current (EBIC) measurements [63,64].
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Figure 8 SKPM characterization of perovskite materials, with and without light illumination. The red line in the ON
states indicates the accumulation of holes during the illumination condition. Reprinted with permissions from [62].

Copyright©2014 Nature Publishing Group.

Although the passivation process significantly enhances the performance and decreases
the hysteresis, it is found that the time interval for charge trapping and detrapping
ranges within milliseconds [65], or even nanoseconds [66], which is much shorter than
the typical time for the hysteretic behavior [67]. In addition, the observed giant
switchable photovoltaic and slow (second range) increase in photocurrent after poling
cannot be explained by charge trapping mechanism alone [35]. Therefore, Van Reenen
et al. [65] recently proposed that, rather than a single origin, the hysteresis has to be
understood in terms of combined factors, including both the ionic migration, which will

be discussed in detail in following part and charge trapping/detrapping effect.

2.3 Ion Migration
As mentioned above, although there are several models proposed, concerning the time

scale and further direct/indirect evidences (e.g. activation energy, band bending, efc),



ionic migration is considered as the dominate factor, associated with not only hysteresis
[68] but also other unusual emission and capacity behaviors [69-73]. Briefly, as
illustrated in Figure 9, under external electrical field, ions are driven towards the
opposite interfaces (perovskite/ETL and perovskite/HTL, respectively). These
accumulated ions result in both the change of internal field and the modulation of
interfacial barriers, thus giving rise to the hysteretic behavior. In the following, aspects
of ion migration, i.e. the species of ions, ion migration channel, capacitive studies,
thermal activation energy as well as the influence on band bending will be discussed in

detail.

2.3.1 Migrating defect/ion species

There are several potential candidates to be considered as the migrating species in
MAPbI; PSCs, (i) proton, or hydrogen ions, (ii) methylammonium, or MA™ ions, (iii)
iodide ions [74,75]. In detail, these ions originated from defects states during low-
temperature fabrication, include vacancies (e.g. Vma, Vb and Vi) (i.e. Schottky defects),
interstitials defects (e.g. MA,, Pb;, I;) (i.e. Frenkel defects), antisite substitutions (e.g.

MA, Pby), etc [76].

For (1) hydrogen ions, on the basis of first principle calculation (DFT method), Egger
et al [77] propose that hydrogen ions formed through the displacement of iodide ions
exhibit impact on observed mobile charged defects. Concerning H' ions, however, due

to the weak acidity of methylammonium, it is difficult to maintain a high concentration



of H' in PSCs [75]. Hence, even though there exists H' ions, they should play a minor

role compared with other defects.
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Figure 9. Schematic diagram of the ionic migration under external electrical field in a standard perovskite solar cells.
Positive and negative ions drift towards to opposite electrodes and accumulate at these interfaces. Reprinted with

permissions from [78]. Copyright©2015 Nature Publishing Group.

For the migration of (ii) MA ions, it is proposed as one of reasons for the phenomena
of giant switchable photovoltaic in PSC [78]. Furthermore, employing the recently
invented technique of photothermal induced resonance microscopy (PTIR), Yuan ef al
[79] observed the MA ion concentration contrast between before and after poling
process. This redistribution of MA ions induced by external electrical field clearly
indicates the migration of MA ions. Azpiroz et al [76] also proposed that, on the basis
of computational studies, MA ions are driven by the external field to accumulate at the
TL/perovskite interface or align by the field, thus hindering/enhancing the effective

charge transport and extraction process.

However, concerning the extent of the contribution of MA on the hysteresis is still under
debate. Van Reenen et al [65] estimate the diffusion coefficient of ions, which is
responsible to the measured hysteresis, is around 107!! cm?/s. Eames et al [80] also
obtain the similar order of magnitude, with diffusion coefficient of 10'? cm?/s. The

estimated value for MA is 10'® cm?/s in hysteresis, which is four to five orders of



magnitude smaller than the predicted coefficient. Meanwhile, the coefficient of iodide
ions is within this estimated value, which suggests that iodide ions play a more

important role in the hysteresis compared with MA ions.

Therefore, more and more evidences consistently suggest that (iii) the migration of
iodide ions is the main reason for the hysteretic behavior. Xiao et al [78] proposed that
positively charge iodide vacancies Vi are responsible for the n-type doping in PSC
under an external electrical field. Because long time electrical biasing in devices with
lateral configured electrodes leads to the obvious degradation at the anode side. To
elucidate the species of ions, Yang et al [81] conducted long-term high temperature
biasing experiments using a device structure of Pb/MAPbI3/Agl/Ag. The formation of
Pbl, characterized by energy dispersive X-ray spectroscopy (EDX) and X-ray
diffraction (XRD) indicates that iodide ions result in the observed stoichiometric
changes. Similarly, by using XRD and EDX, Yuan et al [82] directly observed the
migration of iodide ion at higher temperature 330 K under the electrical field. During
the experiment, MAPbI; first decomposes into Pbl,, which can be driven by the external
field. Furthermore, Li et al [10] carried out the X-ray photoemission spectroscopy (XPS)
characterization of long-term biased perovskite film with lateral configured electrodes.
After 30 min biasing, this perovskite film is measured by XPS, which quantitatively
characterize the element distribution within the channel. As shown in Figure 10 (f), it
demonstrates that at the positive electrode, the I/Pb ratio is 5.67, whilst, at the ground

electrode, the ratio is only 2.7. This result shows the significant iodine element



redistribution, in which the ratio I/Pb is stoichiometric ~3 in the pristine device. In
addition, shown in Figure 10 (a), the XPS of Pb reveals the decomposition of MAPbI3
at the ground electrode, which is consistent with the optical microscopy result of Xiao

et al [78].
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Figure 10 XPS result of a CH3NH3PbI3.xClx device with lateral electrodes, a) and b) are XPS spectra of Pb and I
elements near the ground electrode, respectively. d) and e) are the XPS spectra of Pb and I elements near the positive
electrode, respectively. ¢) Schematic illustration of the set-up for measurement of elements distribution. The applied
DC voltage is 1 V for 30 min. The lateral electrode distance is 200 um. f) The ratio of I/Pb distribution across the
channel after applying bias between two lateral electrodes. The dashed line shows the stoichiometry of perovskite,

I/Pb ~3. Reprinted with permissions from [10]. Copyright©2016 by John Wiley & Sons, Inc.

2.3.2 Detailed Migration Process - migration channels.
The detailed migration process of ions in PSCs, maybe treated using within dynamics
of defect states. Due to the difficulty of directly characterizing the movement of these

ions, most of the description is on the basis of theoretical DFT calculations [37,80,83].
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Figure 11. Schematic diagram for the ion migration, especially I-ion, Pb?" ion and MA" ion, respectively. (a) lodide
ions move along octahedron edge, Pb?" ions move along diagonal direction. (b) MA™ ions move via the neighboring
vacancy site. Reprinted with permissions from [80]. Copyright©2015 Nature Publishing Group. (¢) Detailed process
of iodide ion migration. (i) Bulk structure is the perfect periodical crystalline structure. (ii) Distance between iodide
vacancies and ions increases, denoted as TS states. (iii) and (iv) are the two intimate defect states, two ions distance
are 4.5 A and 6.5 A, respectively. Reprinted with permissions from [83]. Copyright©2016 Royal Society of
Chemistry.

Herein, the ionic transport is described as a hopping mechanism, i.e jumping between
neighboring sites. As shown in Figure 11, (i) MA™ ions migrate into nearby vacant cage,
(ii) Pb*" ions migrate via the diagonal direction, whilst, (iii) iodide ions move along an
octahedron in the Pb-I plane [80]. The migration of these ions requires an energy to
open the PbX3 framework, which acts as a barrier for the ionic migration. This barrier
is named activation energy E,, that will be discussed in detailed in the following part.
For the most mobile ions, ie. iodide ions, Mosconi et al [83] provide detailed
description on the basis of theoretical simulation. Accompanying the reorientation of
MA" group, the iodide interstitial (I;) forms leaving the iodide vacancies (Vi) at the
original location. Then, Vi and I; form the VI pairs, denoting as transition state (TS),
as shown in Figure 11(c). Next, by overcoming the activation energy, Vi and |; separate
with distance of 4.5 A and 6.5 A, respectively, generating distinct defects and migrating

in the opposite directions in the electrical field, as illustrated in Figure 9.
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Reprinted with permissions from [74]. Copyright©2016 American Chemical Society.

Apart from hopping through point defects in the bulk, there exists other possible ion
migration channels. For instance, local lattice distortion, originated from charge
accumulation, or additional impurity atoms, light illumination, piezoelectric effects, as
shown in Figure /2, provide additional migration channels for the ion transport [74].
Recently, evidences emphasize the importance of GB, illustrated in Figure /2 (¢), on the
ionic migration. Xiao et [78] found that compared with large crystal size device, film
composed of smaller size grains can be more easily switched under external electrical
field. By carrying out conducting atomic force microscopy (c-AFM), and SEM, Shao
et al [84] indicate that the GB where the defects accumulate is the channel for the ion
migration, consequently exhibiting larger hysteresis. Moreover, Yun et al [85]
conducted Kelvin probe force microscopy (c-KFM) to reveal that ion migration near
GBs is much faster than inside the grains. At the GB, ions exhibit higher diffusivity and
more effective charge separation. Xing et al [86] also observed that devices with larger

crystal size exhibit higher activation energy, that is, ions have to overcome higher



barrier to migrate. MacDonald et al [87] reveal that GBs demonstrates the depth-
dependent resistivity, and this inhomogeneity is one of the limits for the improvement
of PSC efficiency. Therefore, with the concern of the importance of GB, further works

will be dedicated on their detailed investigation.

2.3.2 Activation Energy Characterization

The ionic migration/transport within the bulk of solids[88], especially in traditional
perovskite materials (ABQO3), has been intensively investigated, that, the movement of
ions is facilitated by a hopping mechanism among the atomic lattices with assistant of
defect states (i.e. vacancies, interstitials etc.) [89]. This hopping process to the
neighboring sites requires energy, i.e activation energy E,, to overcome the barriers, as

shown in Figure 13.

nergy
m

Figure 13. Illustration of ion migration and the energy diagram for the migrating positive and negative ions, via
periodical barriers, denoted as activation energy E. here. L is the distance between the neighboring sites. Reprinted

with permissions from [76]. Copyright©2015 Royal Society of Chemistry.
Hence, this hopping process, which highly depends on the temperature, is described as
a thermally activated point defect movement. The migration ratio, r» is expressed

empirically in form of an Arrhenius relation [10,37,90]:

E
I o exp(k fr)
B (3)



where kg and T are Boltzmann constant and absolute temperature, respectively. By
fitting the slope in temperature dependent measurements, we can obtain the respective
activation energy. Since E, strongly relies on the ionic species, determining the value
of E, enable us to identify which ions are moving. Concerning different unusual
phenomena related with ionic migration, it is feasible to obtain E, in different
measurements, as summarized in Table 1. For instance, Meloni et al [37], Eames et al
[80], Lietal [10], and Yu et al [90] extract E, by fitting temperature dependent transient
J-V curve measurements. Yang et al [81] obtain the E, by carrying out temperature
dependent conductivity and dielectric constant measurements. Moscoi et al [83] obtain
the E, using the fitting slope of temperature dependent PL dynamic measurements.
Based on theoretical calculations, as exhibited in Table 1, the similar E, value, mostly
within the range between 0.2 eV and 0.6 eV, suggests that iodide ion and MA ions
playing the dominated roles inside, rather than Pb ions. Since the calculated value of H
ion activation energy, i.e. the barrier for the proton migration, is ~0.29 eV [77],
currently does not allow to completely rule out the contribution of hydrogen ions in the
ionic migration.

Table 1. Summary of activation energy obtained by different measurements.

No Characterization Bulk material Particle type Activation energy
Method (eV)
1 [76] | Theoretical calculation | MAPbI; film Vi 0.08
Vma 0.46
Vpop 0.8
MAPbBBT3 film Vi 0.09
Vma 0.56
2 [80] | Theoretical calculation | MAPbI; film Vi 0.58
Vma 0.84
Vo 2.31
Short-circuit MAPDI; film Vi 0.60 - 0.68
photocurrent relaxation
3 First-principle MAPDI; film Vi 0.44




[91] calculation VMa 0.57
FAPDI; film Vi 0.48
Via 0.61

4[77] | Minimum-energy-path | MAPbI; film H* 0.29
calculation

5[92] | Impedance spectra at | MAPDI; film MA* ion 0.58 (<320 K)
different temperatures 0.23 (>320 K)

MAFA-Pbl3 MA*/ FA" ion 0.63

film

FAPbL; film FA" ion 0.22 (<330 K)
0.79 (>330 K)

6[90] | Temperature- MAPDI; film Vi 0.10—-0.18 (1 Sun)
dependent  stepwise-
stabilized current
responses

7[10] | Temperature- MAPDI;Clx film | I"ion 0.23 -0.31
dependent current
density in dark

8[81] | Temperature- MAPDI; film Mobile ions 0.43
dependent bulk
conductivity

9[93] | Theoretical calculation | MAPbI; film Mobile ions 0.5

10[79] | Temperature- MAPDI; film MA* ion 0.36
dependent conductivity

11[94] | Growth rate of PL peak | MAPbBr3.4I3 Brand I ion 0.27
at different temperature

12[83] | Rate of PL rise at | MAPbDI; film Vi 0.137
different temperatures

13[71] | Rate of PL rise at | MAPbI; film Vi 0.19
different temperatures

14[95] | Grain growth exponent | MAPb(Io ¢Bro4)s Mobile ion 0.3
at different temperature

15[86] | Temperature- MAPDI; film Mobile ion 0.08 - 0.14 (0.25 sun)
dependent conductivity 0.27 - 0.50 (dark)

MAPDI;  single | Mobile ion 0.47 (0.25 sun)
crystal 1.05 (dark)

16[37] | Current difference | MAPbI; film Mobile ion 0.314 — 0.341 (1 sun)
between forward and ['\fAPbBr; film Mobile ion 0.168 (1 sun)
reverse voltage scan at
different temperatures
Theoretical calculation | MAPDbI; film Vi 0.28 -0.45

Vma 0.7-1.12
Vpo 1.39-1.78
MAPDBBTr3 film Va: 0.27-0.29
Vma 0.7-1.2
Vpp 0.94 -1.22

17[96] | Temperature shiftinthe | MAPbI3 <Clx film | Electrode 0.45 (low temperature)
capacitance derivative polarization 0.25 (high
peak temperature)

18[46] | Molecular  dynamics | MAPbI; crystal V1 0.1
simulation I; 0.24

Apart from the impact of chemical structure, or stoichiometric [90], external optical

field can also significantly change the activation energy. It is found that the illuminated




light can decrease the barrier of hopping, i.e. activation. Xing et al [86] observed that
under 0.25 Sun light illumination condition, the activation energy decreases from 0.27
eV to 0.08 eV in polycrystalline, from 1.05 eV to 0.47 eV in single crystal, compared
with dark conditions. This result also shows that single crystals exhibit a higher
activation energy than polycrystalline ones, consistent with the previous theory on ionic

migration through GB.
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Figure 14. (a) Schematic diagram of a device structure for characterizing the activation energy, with different crystal
size and with/without illumination. (b)Devices with large grain size (~1 um), (c¢) smaller size (~300 nm) and (d)
single crystal, exhibits different E. in the dark and light illumination condition, respectively. Reprinted with

permissions from [86]. Copyright©2015 Royal Society of Chemistry.

2.3.4 Energy band bending

To fully understand the influence of ionic migration on the device performance, an
energy level diagram is a useful approach to illustrate the detailed process, not only the
field distribution inside, but also the interfacial barriers. Several groups have made
efforts on the construction of a band diagram, based on indirect evidences, such as
transient photocurrent [80] and surface potential characterization [85]. Furthermore
electroabsorption spectroscopy [97-99] has proven as a powerful approach to study the
internal electrical field, enabling to directly characterize the field of device in working

condition and observe any occurring interfacial barrier modulations [100]. Li et al



[10]found that there is a shift of the built-in potential during the device scanning, as
shown in Figure 15. In addition, the shift of the potential & is equivalent with the change
of open circuit voltage, V.. This indicates the modulation of V. is ascribed to a change

in the internal field, caused by ion migration.
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Figure 15. Voltage dependent electroabsorption signal in a standard perovskite solar cells, during the forward and
reversed scanning process. There exists the shift of built-in potential & which correlates with the shift of Voc.

Reprinted with permissions from [10]. Copyright©2016 by John Wiley & Sons, Inc.

Therefore, based on above evidence, the band diagram influenced by the ionic
migration is exhibited in Figure 16 [80]. To simplify the discussion, the work function
of both electrodes are the same. Without external electrical field, according to a classical
Metal-Insulate-Metal (MIM) model, the voltage drops across the whole film exhibited
as Figure 16 (a). When the device is applied field, the ions, i.e. positive and negative
ones are driven towards opposite selective electrodes [78]. These ions accumulate at
the electrode, causing: (1) changing the internal field of the device (2) modulating the
perovskite/electrode interfacial barriers. For the first influence, as shown in Figure 16, it
indicates that the accumulated charges, positive and negative ones at the opposite
electrodes, generating additional electrical field. This field can either enhance or
decrease the original field. Consequently, the separation of photogenerated charges can

be improved or deteriorated [80]. (2) Apart from the influence of internal field,



accumulated charges also can modulate the interfacial barriers. The drifted ions seem
to be located at the interface between perovskite and selective electrode result in the
manipulation of charge injection/extraction barriers, characterized by electroabsorption
spectroscopy. In this respect, the effective charge transfer process through these
interface can be modulated by the ions, which is driven by the external electrical field
[101].
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Figure 16 Schematic diagram indicating the influence of migrating ions on the band structure under external
electrical field. (a) Before migration, the voltage drops across the perovskite film uniformly. (b) After the
redistribution of ions, the internal field is shielded by the accumulated ions at the interfaces. Adapted with

permissions from [80]. Copyright©2015 Nature Publishing Group.
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Figure 17. A typical hysteresis behavior in a J-V curve scanning, exhibiting a shift at the flat band conditions,
indicated by a red circuit. Reprinted with permissions from [15]. Copyright©2014 American Chemical Society.

Li et al [10] also mention the observed kinks illustrated in Figure 1 in the J-V curve
measurement. There are several groups which have also observed similar behavior
[15,16,26,102,103], especially during fast scanning, as shown in Figure 17. This model

of ion migration, which influences the internal field of the device, provides an



explanation for this kink in the J-J" curve measurement. When scanning from a negative
bias, the flat band condition is reached. In the flat band condition, where there is no
electrical field inside at this stage, ion diffusion due to ion concentration gradient
(without ion drift) rearranges the internal field which leads to the shift of V. Therefore,
this kink in the J-V curve is another evidence for the ionic migration during the

electrical sweeping.

3. Suppression of the hysteresis

Concerning the origin of the hysteresis, as we proposed, ionic migration associated with
charge trapping/detrapping, it seems useful to suppress the hysteresis through three
approaches: (1) reducing the amount of ions, which are ascribed from the defect states.
(2) decreasing the migration of these ions and (3) promoting the interfacial charge
transfer process.

3.1. Larger crystal size

It is found that devices with larger crystal size exhibit less hysteresis behavior [104].
There are two possible reasons: (1) larger crystal size decrease the defects states, which
are accumulated at GB. (2) The amount of GB, which perform as channels for the ion

migration, decreases as the crystal size increases in the devices.

Furthermore, recently Xing ef a/ [86] found that when increasing the grain size in the
device, the activation energy of ionic migration also increases. For the single crystal,

the activation energy increase to 1.05 eV in the dark condition. This increased activation



energy suggests higher energy barrier for the migration of ions.

3.2 Incorporation of PCBM molecules
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Figure 18. Mechanism for the reduction of hysteresis by using PCBM. (a) Passivation process of PCBM on
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perovskite. PCBM absorbs on the antistite defects located at the GB. (b) electron transfer occurs between the
perovskite anions and PCBM, forming PCBM-halide radical. (c) Theory calculation (DFT) indicates that charge
transfer leads to the transition of trap state from deep trap towards shallow traps. Adapted with permissions from

[58]. Copyright©2015 Nature Publishing Group.

It is widely observed that devices involving PCBM molecules, either using as selective
ETL [105] or mixing as bulk heterojunction [57], exhibit much less hysteresis. As
previously discussed, these ions are driven by the external field and accumulate at the
interface between perovskite/ETL and HTL. This accumulation leads to the local high
p and n doping, effectively enhancing/decreasing the built-in potential. Meanwhile,
these ions also change the interfacial barrier in the device, resulting in the hysteresis in
J-V curves. While, in perovskite solar cells incorporating with single PCBM layer or
perovskite/PCBM mixture layer, PCBM molecules distribute within the bulk of
perovskite film. As shown in Figure 18, absorbed at perovskite defective sites in the
vicinity of GBs, these PCBM molecules passivate theses defects states, e.g iodide
interstitials or iodide vacancies, giving rise to the decrease or even halting of ion

migration in perovskite film. Xu et al. [58] have demonstrated the formation of PCBM-



halide radical in perovskite-PCBM hybrid solution using UV-Vis absorption. In detail,
by direct electron transfer from anions (iodide ions here) to PCBM or fullerene, iodide
ions from defects form strong bonding with PCBM molecules. This production of
anionic fullerene derivatives originates from the reaction between PCBM and I3 trimer,
associated with the Pb-I antisite defects [74]. In this respect, the iodide ions/defects are
immobilized by combining with the PCBM molecules in the bulk of perovskite. In
addition, PCBM is able to passivate the surface state, improving the charge transfer
process through the perovskite/ETL interface [60]. Even though ions accumulate at the
interface, effective charge transfer barrier is not established. Thus, hysteresis is
significantly suppressed due to the reduction of ionic migration as well as the interfacial

barriers.

4. Application in devices

4.1 Photovoltaic device

It has been demonstrated that the long-time biasing leads to the redistribution of ions
[10]. The designed ionic distribution can enhance the internal field inside and decrease
the interfacial barriers, thus improving the device performance. This is the main reason
for the pre-biasing procedure before the standard J-V curve characterization [38,101].
In the next step, optimistically we can immobilize these ions at the proper position,
beneficial for power conversion efficiency. In addition, controlled p and n doping
induced by an external electrical field [80] allows to further modulate the properties in

PSCs. With this approach it is possible to achieve a perovskite PN junction with



different doping in different regions [106].

4.2 Memory device
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Figure 19. (a) Schematic of the perovskite switching device. (b) Resistive switching behavior measured in J-V curve.

Reprinted with permissions from [78]. Copyright©2014 Nature Publishing Group.

Xiao et al [78] realized the switchable photovoltaic devices by employing the ionic
migration mechanism. As shown in Figure 19, different direction poling results in
different photovoltaic performance in this single layer vertical structure. This
demonstrates the potential application in the memory devices. By utilizing the structure
of Ag/perovskite/Pt, Choi et al [107] realized the low voltage multilevel resistive
switching devices with high ON/OFF ratio. Furthermore, Gu et al [108] achieved the
flexible perovskite memory device by depositing perovskite precursor solution on
transparent plastic substrates coated with conducting layer. Therefore, by utilizing this
resistive switching property, it is feasible to open a pathway to fabricate low-cost

flexible high-speed memory devices.

5. Conclusion
In this Review, we first summarize the features of hysteresis behaviors in perovskite

solar cells. Then the possible mechanisms for this behavior are discussed in detail,



including ferroelectricity, charge trapping/detrapping, as well as ionic migration under
the external electrical field. Recent experimental and theoretical results consistently
support the ion migration and charge trapping/detrapping, as mains factor for the
hysteresis. Next, we investigate aspects of the migration in detail, such as the species
of ion, migration channel, activation energy and its influence on the band structure.
Forth, to eliminate or alleviate hysteresis, we show the approaches, i.e. improving
crystalline size, and involvement of PCBM molecules for passivation. Furthermore, we
demonstrate the potential application of hysteresis, such as the p and n type doping due
to ion migration as well as the memristive switching device. In the end, it is necessary
to emphasize that perovskite, in which strong coupling between ionic migration and
free charge carriers transport, has to be carefully addressed, as these mobile defects/ions
inside can be modulated by both external optical/electrical field and crystalline structure

or chemical passivation.
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