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Understanding the defect structure in organic-inorganic hybrid perovskite material (OHP)

is a crucial role to explain several physical properties such as material stability, energy

band, carrier mobility, and so on. In the solar-cell applications using OHP, finding,

understanding, and controlling defects is essential to making a more advanced device

with high efficiency and stability. Naturally, we need to find, understand, and control

the possible defects in OHP. However, the defect research field in OHP material is just

beginning now. In this short review, we will explore the kinds of defects and their effects

on OHP.

Keywords: organic-inorganic hybrid perovskite, thin film, solar-cell, defect, vacancy, Schottky/Frankel defect,

delocalized defect, molecular defect

WHY WE NEED TO SEE DEFECTS IN ORGANIC-INORGANIC
HYBRID PEROVSKITE?

Recently, the National Renewable Energy Laboratory (NREL) in the USA has announced a new
world record for power conversion efficiency (PCE) in organic-inorganic hybrid perovskite (OHP)
based solar-cell (Figure 1; Berhe et al., 2016; Ono and Qi, 2016, 2018). It was 22.7% with a
significant competition with CdTe (22.1%), CIGS (22.6%), and Si (25.4%; Ono and Qi, 2018). It
is surprising that the fast development for only 9 years is now coming true to be a compelling
candidate instead of the current commercial material, silicon. Many researchers are considering
the end of the PCE race and now need to focus more on the fundamental viewpoint. The research
goal in OHP-based solar-cells has been clear: “Make an OHP-based solar-cell with easy/cheap
fabrication, high PCE, and stable performance.” The result of this goal looks very successful now.

After the first report from the Miyasaka group in 2009 (Kojima et al., 2009), researchers
were trying many engineering works with the change of (1) hole transport layer
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FIGURE 1 | Historical review of PCE with different HTLs and OHPs. Copyright 2018 IOP Publishing. [Reprinted with permission from Ono and Qi (2018)].

(sprio-MeOTAD→PTAA), (2) organic cation parts (CH3NH
+

3 :
MA→NH2CH=NH+

2 : FA, or their mixtures), and (3) halides (Cl,
Br, I, or their mixtures) to obtain a high PCE and device stability
(In the case of electron transport layers, currently, it looks almost
fixed with mesoporous-TiO2/compact-TiO2; Figure 1).

These changes to improve the PCE were performed mainly
after understanding the physical properties from defects in
the formed OHP film and at each interface of hole transport
layer (HTL)/OHP/electron transport layer (ETL). Because these
defects caused low PCE and high device instability generally. In
the case of the I− migration and MA disordering of MAPbI3-
based solar-cells, for instance, it manifested the hysteresis
behavior in I-V measurement and the degradation of OHP
(Figure 2; Walsh, 2015; Berhe et al., 2016; Ono and Qi, 2018).
The I− migration (also, it is the same calling, vacancy migration)
is a kind of delocalized defect which causes a change of physical
property and material instability (Peng et al., 2018). So, if we
can avoid or minimize the migration of halide anions and MA
disordering, device performance will be more stable without any
material degradation. The current engineering works such as the
mixtures of MA/FA and I/Br originate to minimize these defect
behaviors.

The weakness of OHPmaterial is well-known when it exposed
to air (especially, water) during and after fabrication. Many
researchers are trying to overcome this weakness which is the
critical factor to decrease the device lifetime (Figure 3A). The

fast degradation due to contamination by water and oxygen is
a severe problem for the use of OHP material for a commercial
product (Figure 3B). From the defect viewpoint, it is due to a
different element-incorporated structure such as contamination
and impurity. In fact, many researchers have tried to solve
the material weakness using some ideas. The use of optimized
hole transport layers with the functions of air-protection and
reasonable hole mobility was a good approach (Jung et al., 2015;
Yang et al., 2015; Kranthiraja et al., 2017). Also the change of the
organic or inorganic parts in the OHP structure to improve the
material weakness were tried (Rehman et al., 2015; Li et al., 2018).
From the understanding of the contamination mechanism, we
could suggest and prove a new structure in the OHP-based
solar-cell application.

Researchers tried to change the metal cation from Pb to Sn
because Pb is an environmental poison and cannot be accepted
in current industries. However, it turns out to be dramatically
unstable material during the process of device fabrication Hao
et al., 2014; Noel et al., 2014; Jung et al., 2016a; Shao et al.,
2017; Song et al., 2017. That is the reason why researchers cannot
avoid the Pb cation in OHP material (Please, think about the
recent structure. The active material of the 22.7% PCE cell is
(FAPbI3)0.95(MA0.15PbBr3)0.05. We still cannot avoid the use of
Pb element; Figure 1). Recently, Lee et al. have revealed the
reason of material instability in Sn-based perovskite which was
originated from the surface chemical instability (Lee et al., 2018).
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FIGURE 2 | (A) Schematic of I−/vacancy migration in OHP and (B) MA molecular disordering. [Reprinted with permission from Walsh (2015) and Berhe et al. (2016)].

FIGURE 3 | (A) The degradation of power conversion efficiency in OHP-based solar-cell device and (B) The chemical degradation in the water incorporation with OHP

material. [Reprinted with permission from Frost et al. (2014) and Zhou et al. (2014)].

From this finding, we can assume naturally that if we can deposit
a protection layer on the surface of Sn-based perovskite thin film,
it could obtain non-degradation because the material instability
induces from only the surface. This approach also offers one of
the right solutions by understanding a defect structure.

From these short historical reviews with the defect viewpoint,
we confirm that the understanding of the defect structure in
OHP material is an effective approach to explain and improve
physical properties such as material stability, well-defined energy
band, and high carrier mobility. In the OHP-based solar-cell
application, especially, the controlling of defects is essential to
make a more improved solar-cell device with high efficiency and
long life-time. In fact, we know these research approaches are
standard in semiconductor industries, i.e., we already used the
defect effect such as n-/p-type doping to control the carriers
by adding a donor or acceptor level in the bandgap. In the
case of OHP-based solar-cell applications, naturally, we need to

understand and control possible defects. In this short review, we
will look at the types of defects based on traditional defect physics
and examine their effects in OHP-based solar-cell applications.
Furthermore, we would like to suggest the one research field in
fundamental defect structure for future research agenda in OHP
material because defect studies for the recent material of the best
efficiency devices such as (FAPbI3)0.95(MA0.15PbBr3)0.05 are not
finished yet.

INTRINSIC (OR NATIVE) DEFECTS:
VACANCY, SCHOTTKY/FRENKEL
DEFECTS, AND DELOCALIZED DEFECT

In semiconductor fundamentals such as phonons, band
structure, electronic transport, and optical properties are
essential (McCluskey and Haller, 2012). To start understanding
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defects, we need to define the kinds of defects such as the
intrinsic or native (the lattice vacancy, the interstitial host
atom, the Schottky, and Frenkel defects) and extrinsic defects
(impurities). Because these representative defects originating
from vacancies are one of the critical reasons to cause a pinned
defect energy level (deep or shallow levels) in the energy gap
(Figure 4; Drabold and Estreicher, 2007; McCluskey and Haller,
2012). Even the local native defects can induce the variation of
crystal phase transition temperature (Dobrovolsky et al., 2017;
Ma et al., 2018). It means that if we can classify all kinds of
defects in OHP, we can explain important physical properties in
OHP-based solar-cell applications.

In the case of intrinsic (or native) defects in OHP material,
several theoretical works with an ideal single crystal were
performed. Kim et al. at 2014 focused on the Schottky and
the Frenkel defects such as PbI2/CH3NH3I and Pb/I/CH3NH3

vacancies, respectively (Kim et al., 2014). Schottky defects in
OHP, such as PbI2 and CH3NH3I vacancy, do not make a trap
state within the band gap, which can reduce carrier lifetime.
However, elemental defects derived from Frenkel defects, such
as Pb, I, and CH3NH3 vacancies, form shallow levels near the
band edges to play the role of unintentional doping sources
(Figure 5). The absence of gap states from intrinsic defects of
MAPbI3 can be ascribed to the ionic bonding from organic–
inorganic hybridization. Besides, Vogel et al. claimed that the role
of lead vacancies in OHP causes the spin specific trap state at near
valence band (Figure 6; Vogel et al., 2017).

Recently, Liu and Yam performed the first-principle
calculation of intrinsic defects in formamidinium lead triiodide
(FAPbI3) perovskite material (Liu and Yam, 2018). From their
calculations, we can find that FA-related defects have low
formation energies and create deep levels in the bandgap. We
understand these deep levels will lead to increase an electron-
hole recombination ratio and reduce a non-equilibrium lifetime.
They suggest a growing environment of I-rich to avoid defects.

In the case of photovoltaic material, “defect-tolerance” is
essential because there are no deep state levels and only shallow

state levels (Brandt et al., 2015, 2017). Several reports are showing
MAPbX3 is a kind of defect-tolerant semiconductor which is
expected to (a) form relatively few intrinsic or structural defects
under high-throughput, low-temperature processing conditions,
and/or (b) the extrinsic, intrinsic, or structural defects that form
a very minimal effect on carrier mobility and lifetime (Figure 7;
Brandt et al., 2017). From these postulates, they could explain
why organic-inorganic hybrid perovskite, MAPbX3, can have
good carrier mobility and long lifetime.

All these theoretical works mentioned mainly the localized
defects in real space (The deep level generally refers to a defect
wave function that is localized in real space; McCluskey and
Haller, 2012). Although, OHP thin film has many kinds of
localized defects, interestingly, these defects do not affect the
carrier mobility and long lifetime. That reason is why OHP is
possible to be a powerful candidate for future solar-cell material.

On the other hand, OHP has also the delocalized defect such
as the transport of charged ionic defect, I− migration (Frost
and Walsh, 2016; Yuan and Huang, 2016). Frost and Walsh
found several specific internal motions of MAPbI3 and FAPbI3
such as (1) molecular rotation-libration in the cuboctahedral
cavity, (2) drift and diffusion of large electron and hole polarons,
and (3) transport of charged ionic defects. In their report,
the focus is the dynamic behavior of OHPs, which has been
linked to the performance, degradation, and unusual physics
of these materials and their associated devices. In the defect
viewpoint, the I− migration is a kind of delocalized defect which
is reflected in a hysteresis effect in I-V measurements of the
solar-cell device using OHPmaterial. During the device working,
this defect is exploring in all areas of the device with changing
the device property in real-time. Recently, Peng et al. have
reported Br− migration, which was a kind of delocalized defect
(Peng et al., 2018). And, they consider that OHP is a mixed
electronic/ionic semiconductor. These delocalized defects, such
as the migration of halide anion element, cause the different
transport properties in the time evolution on a device.We believe
this viewpoint is very important to understand OHP material. If

FIGURE 4 | Simple viewpoint of relationship between defects and energy level.
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FIGURE 5 | The density of states (DOS) with (A) I and (B) Pb vacancies in comparison of bulk. The changes of DOS are observed in I and Pb vacancies. [Reprinted

with permission from Kim et al. (2014)].

FIGURE 6 | DOS in MAPbI3, VPb
+2, and VPb singlet. The trap state in VPb

+2 appears. [Reprinted with permission from Vogel et al. (2017)].

our viewpoint for OHP is “Inorganic-based semiconductor with
organic defect,” OHP is just a weaker material than a Si-based
semiconductor with the unexpected and uncontrolled physical
property. However, if we can focus on defect physics in OHP
material, we can lead a new material physics such as a mixed
defect state with both localized and delocalized defects. Even if
we can control these defects, we can find a new physics and its
related application from this viewpoint.

EXTRINSIC DEFECTS: TRAP STATE AND
MOLECULAR DEFECT AT GRAIN
BOUNDARY

In this section, we will focus on the defect at the grain
boundary in OHP thin film. Heretofore, we have explored defects
mainly in a single crystal. For solar-cell applications, in general,
OHP thin films with “polycrystalline phase” are used. The
polycrystalline makes a grain boundary with a different structure
such as structural deformation and stoichiometry-broken. This
structural deformation can make a trap state to affect to carrier

mobility. In the case of OHP, as a result, the effect of trap states at
the grain boundary is minimal or of no influence on the carrier
mobility.

Sherkar et al. investigated the attributes of the primary trap-
assisted recombination channels; namely, grain boundaries (GBs)
and interfaces, and their correlation to ionic defects in existing
OHP-based solar-cells (Sherkar et al., 2017). They found that
despite the presence of traps at grain boundaries (GBs), their
neutral (when filled with photogenerated charges) disposition
along with the long-lived nature of holes leads to the high
performance of OHP-based solar-cells (Figure 8). The sign (if
charged or neutral when filled) of traps is of little importance
in efficient solar cells with compact morphologies (fused grain
boundaries, low trap density). They found a direct correlation
between the density of trap states, the density of mobile ions, and
the degree of hysteresis observed in the current–voltage (J–V)
characteristics.

Obviously, the grain boundary caused the lower charge-
carrier mobility (Herz, 2017). Grain size is clearly shown with a
dependence of limiting of carrier mobility (Please, see the table 1
in Herz, 2017). However, Shan and Saidi found that (1) the grain
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FIGURE 7 | Electronic structure (conduction and valence bands with defect levels) of typical semiconductor with the direct band gap (left) and MAPbI3 (right).

[Reprinted with permission from Brandt et al. (2017)].

FIGURE 8 | Schematic of trap state behaviors at the grain boundary in (A) typical inorganic (poly-Si, CdTe) and (B) OHP-based solar-cells. [Reprinted with permission

from Sherkar et al. (2017)].

boundary region is the sink for most of the native-point defects
under different synthesis conditions and (2) crystalline MAPbI3
does not have deep transition levels (Figure 9; Shan and Saidi,
2017). From their calculations, I-poor conditions at the grain
boundary aremost preferable for the synthesis ofMAPbI3 to have
defects with electronically benign character. In all of the studies
for the defect at the grain boundary in OHP, interestingly, the
defect effect is not serious.

Recently, Jung et al. reported the presence of CH3NH2 neutral
species at the grain boundary in the MAPbI3 thin film (Jung
et al., 2016b). From the experiment of near-edge x-ray absorption
of fine structure, two important pieces of information were
found:(1) CH3NH2 molecular defect at the grain boundary and
(2) the different surface chemical states with C=C and C

∗

-M
bondings (Figure 10). If the CH3NH2 molecular defect is located
at the grain boundary, the structural deformation originated from

this defect will have a high possibility to be a deep trap state. From
their calculation of density of states, however, there is no trap
state, and even no bandgap. This result is similar with Sherkar’s
finding (Sherkar et al., 2017).

Moreover, they mentioned this molecular defect could be
removed from OHP thin film after the post-annealing process.
Unfortunately, they did not focus on the different surface
chemical states. We do not know the origin of C=C and C

∗

-M
bondings such as from the solvent remaining or the symmetry-
broken on the surface. However, we can assume that these
different chemical states originate from a solvent remaining
after spin-casting because several reports using the vacuum-
evaporated methods could not find any different chemical state
in the measurement of x-ray photoelectron spectroscopy (Hamill
et al., 2018). In any case, these different chemical states on the
surface can cause a structural deformation at the interface after
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FIGURE 9 | Schematic of (A) charge-carrier and (B) sink at the grain boundary in OHP. [Reprinted with permission from Herz (2017) and Shan and Saidi (2017)].

FIGURE 10 | Electron configurations in (A,B) CH3NH
+

3 cation and (C,D) CH3NH2 molecule in perovskite structure. The perovskite structure is distorted with

CH3NH2 neutral molecule. The DOS calculation for the bandgap of (F) CH3NH3PbI3 and (E) CH3NH2PbI3. The CH3NH2PbI3 has no bandgap. [Reprinted with

permission from Jung et al. (2016b)].

the deposition of a hole-transport layer. We believe that this
requires additional study.

SUMMARY AND OUTLOOK: WE NEED TO
STUDY DEFECT FOR CURRENT OHP
RESEARCH

We have explored defects in OHP, which is a powerful candidate
for future solar-cells. Vacancy in OHP does not create the deep
energy level in the bandgap. Moreover, the most defect energy
level is a kind of shallow level to naturally improve energy

distribution for device performance. However, this vacancy in
OHP-based solar-cell devices causes a halide migration, which
generates the degradation of device performance. To avoid
the vacancy problem, many researchers tried to use a mixed
organohalide perovskite such as (FAPbI3)0.95(MA0.15PbBr3)0.05
and have obtained the best PCE over 22%. However, the defect
study is not fully finished for this OHP material.

Many theoretical works were performed with only ideal single
crystal. These works were instrumental initially in understanding
defects in OHP. To go ahead to the next step for a real device,
however, we should focus on a polycrystalline thin film with
“grain boundary.” In this case, theoretical works are not enough
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to understand defect structures at the grain boundary. In this
review, the authors suggest several measurements to understand
(1) atomic structure, (2) electronic structure of defects, and
(3) their trap states at the grain boundary using Grazing-
angle Incident X-ray Diffraction (GIXD; Park et al., 2018),
high-resolution Photoelectron Spectroscopy (PES; Kojima et al.,
2018) with synchrotron radiation, and Field-Effect Thermally-
Stimulated-Current (FE-TSC; Kojima et al., 2018), respectively.
GIXD will provide a finely detailed structure of polycrystalline
OHP thin film from the surface to bulk included with the grain
boundary. We can find defect structures and their locations.
PES measurement will provide exact chemical states in a thin
film with the grain boundary. If a different chemical state
such as a broken-stoichiometry and different element from the
grain boundary, PES measurement can detect. Finally, FE-TSC
measurement can offer trap states with their energy levels and
depths. It will be understood with a relationship between trap
states at the grain boundary and carrier mobility.

In general, researchers are interested in defects when
they found some unexpected physical properties. The most
important thing in the defect study is “understanding”
and “controlling.” Controlled defects can improve a device
performance dramatically and make a new physical property
which can start a new research application. In solar-cell
application, generally, the energy levels originated from defects
are not good in the viewpoint of device performance. In

optoelectronics such as a light-emitting diode, however, the
control of defects including the creation of new energy level is
important to diverse light in various energy ranges. It means the
defect study is essential to all of viewpoints. Lastly, we strongly
suggest the defect study for recent proposed OHP materials.
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