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ABSTRACT: Surface effects usually become negligible on the
micrometer or sub-micrometer scale due to lower surface-to-
bulk ratio compared to nanomaterials. In lead halide
perovskites, however, their “soft” nature renders them highly
responsive to the external field, allowing for extended depth
scale affected by the surface. Herein, by taking advantage of
this unique feature of perovskites we demonstrate a method-
ology for property manipulation of perovskite thin films based
on secondary grain growth, where tuning of the surface
induces the internal property evolution of the entire perovskite film. While in conventional microelectronic techniques
secondary grain growth generally involves harsh conditions such as high temperature and straining, it is easily triggered in a
perovskite thin film by a simple surface post-treatment, producing enlarged grain sizes of up to 4 μm. The resulting photovoltaic
devices exhibit significantly enhanced power conversion efficiency and operational stability over a course of 1000 h and an
ambient shelf stability of over 4000 h while maintaining over 90% of its original efficiency.

■ INTRODUCTION
Surface effects play a dominant role in regulating the properties
of a solid when the size reaches the nanoscale regime.1−4 For
micrometer or sub-micrometer thin films, which are the most
commonly employed thicknesses in the microelectronics
industry, the surface effect on the internal properties of the
entire film will usually be negligible. However, for “soft”
matters such as polymers, or taking the extreme, liquids, due to
their highly deformable or flowable character, they can be
highly responsive to an external field, upon which the depth
scale affected by the surface can dramatically increase to the
microscale or even larger.5−7 Halide perovskite semiconductor
materials were recently reported to be inherently “soft”-
structured,8−11 which can be described as a crystalline liquid
with both crystalline solid and liquid-like behaviors. The soft
nature of halide perovskites offers the possibility of regulating
their micrometer-scale thin film behavior via a simple tuning of
surface features. Among typical industrial electronic device
fabrication techniques, secondary grain growth is a powerful
strategy for the fabrication of polycrystalline thin films with
grain sizes much larger than the film thickness or even toward

single-crystal thin films.12−16 The resulting reduced grain
boundaries not only improve the electronic or photoelectronic
behavior but also suppress device degradation pathways
resulting from grain boundaries.17−20 The driving force (ΔF)
of secondary grain growth stems from the existence of one or a
set of crystallographic textures that minimize the surface free
energy such that the grains will grow larger along the
orientation to minimize the free energy of the system, which
is shown below:13
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where Fi and Ff is the energy per unit volume before and after
the secondary grain growth, respectively; Δγ is defined as
surface energy anisotropy (γ − γmin); h is the film thickness; β
is a geometric factor (typically equals 0.85 when using a
cylinder geometry model); and γgb is an average grain
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boundary energy per unit area. The state-of-the-art techniques
for secondary grain growth commonly involve harsh and
complicated conditions, such as elevated and/or cyclic
temperature annealing, chemical doping, and high-pressure
plastic straining, to obtain the driving force to trigger grain
boundary migration.21−25 The “soft” liquid-like nature of
perovskite offers a way to take advantage of the surface effect
on the inner film properties for secondary grain growth. Hence,
here we demonstrate a surface-induced secondary grain growth
(SISG) technique, where surface modification induces
postcrystallization grain growth in the entire perovskite thin
film. This strategy sheds light on a new perspective for the

perovskite research community, offering a novel methodology
for property manipulation of perovskite thin films: changing
the surface can induce the property evolution of the perovskite
thin film as a whole.

Theoretical Modeling of the Driving Force. For
investigation of SISG in perovskite thin films, we chose the
CsPbI2Br perovskite as a model compound, since it is a
relatively pure and simple system that contains only inorganic
components. Organic components were left out because they
will interfere with the elemental analysis and add complexity to
the study of chemical interactions in the system, which will
obfuscate the investigation of the underlying mechanism.

Figure 1. Optimized (100) slab model of perovskite with (A) BA, (B) OCA, (C) OLA termination by DFT-D3 method; optimized (111) slab
model of perovskite with (D) BA, (E) OCA, and (F) OLA termination by the DFT-D3 method.

Figure 2. (A) Top-view SEM images of perovskite film with various treatments (IPA, BA, OCA, and OLA). (B) Grain size statistical distribution of
perovskite films with various treatments (IPA, BA, OCA, and OLA). (C) Schematic demonstration of the process of surface-induced secondary
grain growth.
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Furthermore, compared with the pure iodine-based CsPbI3
perovskite, CsPbI2Br shows an enhanced phase stability
rendering it more promising toward commercialization. For
surface manipulation, we chose three organic ammoniums with
varying carbon lengths, i.e., n-butylammonium (BA), octyl
ammonium (OCA), and oleylammonium (OLA), all of which
potentially can lower the surface energy of the perovskite
(100) plane when anchored to the void of the corner-sharing
PbI6

4− octahedron. We first used density functional theory
(DFT) to examine the surface energies of the organic
ammonium terminated low-index planes of the perovskite
based on a slab model (Figure 1 and Table S1; the detailed
calculation method can be found in the Supporting
Information). The surface free energies of the Cs, BA, OCA,
and OLA-terminated (111) planes were found to be similar,
while those of the (100) plane were determined to be 4.30,
3.23, 2.14, and 1.97 eV/nm−2, respectively. The surface energy
differences between (100) and (111) planes are summarized in
Figure S1, demonstrating an increasing surface energy
anisotropy in the following order: Cs, BA, OCA, and OLA.
This indicated a corresponding increasing driving force for the
secondary grain formation.
Characterizations of the Grain Growth and Film

Properties. Following theoretical predictions, the three
organic ammoniums were evaluated in the preparation of
perovskite films via a sequential two-step procedure. CsPbI2Br
perovskite film was fabricated using a one-step method
consisting of spin-coating PbI2/PbBr2/CsI mixed perovskite
precursors on the substrate followed by annealing at 300 °C for
10 min. The substrate was then cooled to room temperature,
yielding a black perovskite thin film, which indicates the
formation of the CsPbI2Br cubic phase. For the targeted film,
an ammonium iodide isopropanol solution was subsequently
spin-coated onto the crystallized perovskite thin film followed
by heating to 100 °C for 5 min to remove the excess solvent.
For the reference film, pure isopropanol was spin-coated onto
perovskite film followed by the same annealing process as the
organic ammoniums to examine the effect of isopropanol and
heat. The scanning electron microscopy (SEM) images of the
fabricated films are shown in Figure 2A. Crystal grains in the
reference film were of almost the same size as the ones in the
as-fabricated film without any post-treatment (Figure S2),
indicating that isopropanol and heat did not induce the grain
growth of perovskite. However, films that underwent surface
treatment using organic ammoniums showed much enlarged
grains. The average grain sizes of films with different post-
treatment conditions shown in Figure 2B are 769, 1277, 1287,
and 1846 nm for reference, BA, OCA, and OLA, respectively.
We attribute this secondary grain growth process to the
decrease in surface energy of a crystal facet that provides the
driving force of surface anisotropy Δγ. On one hand, the grain
had an orientation, i.e., plane (100), that could minimize the
surface energy of the film due to the existence of the organic
ammonium on the surface. On the other hand, the low
activation barrier of ion diffusion in perovskite facilitated by
soft lattice modes can facilitate the grain boundaries’
rearrangement during the out-of-plane crystalline reorientation
process (the orientation will be further discussed in detail).10

From another aspect, the highly anharmonic lattice with low-
frequency modes and small elastic modulus renders the
perovskite highly “flowable” and, thus, highly responsive to
the influence from the surface.10,26 Thus, the original
perovskite grains were able to grow further in that favorable

direction to reduce the energy of the whole system (Figure
2C). The lower the surface energy, the larger the grain could
grow. As a result, OLA, which gave the lowest surface energy,
induced secondary grain growth with the largest resulting
average grain size of up to 4 μm (Figure S3). A mutiphase field
model was also employed to simulate the grain growth for the
film with and without OLA, which showed a significant
increase of the grain size for the film with OLA (Figure S4).
This demonstrates that SISG is a powerful strategy toward
precise control of perovskite grain size or even perovskite
single-crystal thin film given that the surface energy is
rationally manipulated.
In situ real time grazing-incidence wide-angle X-ray

scattering (GIWAXS) was performed to obtain an in-depth
insight into the SISG of the perovskite thin film. The X-ray
diffraction signal measurement was initiated once the organic
ammonium isopropanol solution was drop-cast onto the
pristine perovskite thin film triggering the SISG (Figure S5).
Figure 3A shows the time-dependent diffraction peak evolution

at a qz value of around 10 nm−1, which is a characteristic peak
corresponding to the (100) plane of the cubic phase of
perovskite.27 During the SISG process, the peak position
gradually shifted to a lower qz value, indicating a gradual
decrease in lattice constant that possibly results from the strain
relaxation during the grain growth. The initial peak splitting
phenomenon can be attributed to the partial halide segregation
in perovskite, which was commonly observed in the CsPbI2Br
film.28 At a later stage, the dual-peak behavior gradually
disappeared, suggesting that the SISG that caused the strain
relaxation, as well as better crystallinity of the secondary
perovskite grains, might also suppress the halide segregation,
which could be beneficial to the long-term stability of the
perovskite device (more details will be provided in the device
description part).28 Such a phenomenon was not observed in
the reference film eliminating the effect of solvent and heat on
the grain size growth in the perovskite film (Figure S6). Figure
3B and C show the two-dimensional GIWAXS patterns of the
perovskite film with and without SISG, respectively. The
azimuth angle plots in Figure 3D were obtained from the

Figure 3. (A) Evolution of the (100) peak position of perovskite film
with OLA extracted from real-time in situ GIWAXS measurement. (B
and C) 2D GIWAXS patterns of perovskite films (B) without OLA
treatment and (C) with OLA treatment. (D) Radially integrated
intensity plots along the (100) crystal plane from the 2D GIWAXS
patterns in perovskite films with or without OLA treatment. (E) XPS
data for Pb 4f 7/2 and Pb 4f 5/2 core level spectra in perovskite films
with or without OLA treatment. (F) Time-of-flight secondary ion
mass spectroscopy (TOF-SIMS) depth profile of perovskite film with
OLA treatment.
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patterns by cutting along the (100) plane of the perovskite
films. At the azimuth angle of 90°, the perovskite film with
SISG showed a very sharp peak with a half-peak width of 9.30°,
much lower than that of the reference film (10.66°),
demonstrating that SISG produced a more preferred out-of-
plane orientation of the secondary perovskite grains. This is
consistent with the growth mechanism we proposed earlier
suggesting that the presence of organic ammonium on the
surface lowers the surface energy of the (100) plane of
perovskite and generates a driving force for the grain growth in
that direction to minimize the energy of the system. High-
resolution X-ray photoelectron spectroscopy (XPS) patterns of
the Pb 4f of the reference and targeted films are shown in
Figure 3E. For the targeted film, two main peaks located at
138.14 and 143.00 eV were observed corresponding to the Pb
4f 7/2 and Pb 4f 5/2, respectively. For comparison, the
reference film showed two main peaks at 138.76 and 143.42
eV. The peaks from Pb 4f shifted to higher binding energies in
the film after the SISG process based on OLA, indicating the
interaction between organic ammonium on the surface and the
Pb in the perovskite lattice.29 The spatial distribution of OLA
in the perovskite film with SISG was characterized by time-of-
flight secondary-ion mass spectrometry (TOF-SIMS) with a
device structure of ITO/SnO2/perovskite/MoOx/Au. As
shown in Figure 3F, the C and N profiles, which are the
characteristic signals of OLA, exhibited a very narrow
distribution (similar to the depth profile of Mo) with little
overlap with the depth profile of Pb, which is a representative
signal of perovskite. This signifies the existence of OLA only
on the surface of the perovskite. The resulting organic
ammonium-terminated perovskite film with SISG was further
confirmed to have a lower surface energy (38.38 mN/m) than
the reference film (59.78 mN/m) via contact angle measure-
ments (Figure S7 and Table 2). In order to further evaluate the
perovskite film quality, the X-ray diffraction patterns of the
perovskite film after the SISG process based on OLA were
obtained (Figure S8). They exhibited much higher peak
intensity than that of the reference, suggesting enhanced
crystallinity of the secondary perovskite grains. The UV−vis
absorption spectrum (Figure S9) demonstrates that the
perovskite film with SISG showed higher absorption than the
reference, which can be attributed to the enlarged grain sizes
and thus enhanced light scattering.30 The perovskite film after
the SISG process exhibits much improved film quality
necessary for enhancing the device performance.
Device Performance and Stability. We further assessed

the photovoltaic performance of the perovskite films prepared
with and without the SISG process by fabricating devices with
the ITO/SnO2/perovskite/PTAA/Au configuration, wherein
PTAA refers to poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-
amine]. Current density−voltage (J−V) curves of the photo-
voltaic devices with and without SISG are compared in Figure
4A, in which the highest power conversion efficiency (PCE) of
the target device reached 16.58% with negligible hysteresis
(open circuit voltage (VOC): 1.23 V, short circuit current (JSC):
16.85 mA cm−2, fill factor (FF): 0.80), while a PCE of only
13.09% was achieved with the control device (VOC: 1.11 V, JSC:
15.32 mA cm−2, FF: 0.77). To the best of our knowledge, this
is the highest PCE reported in the CsPbI2Br system. External
quantum efficiency (EQE) spectra of the devices were
compared in Figure S10A. An integrated JSC of 16.44 mA
cm−2 from the target device matched well with the value
measured from the J−V scan (<5% discrepancy), while a

control device showed an integrated JSC of 14.98 mA cm−2. A
stabilized PCE of 16.04% was achieved with the target device
when biased at 1.06 V, while that of the control device was
12.36% when biased at 0.94 V (Figure S10B). The remarkably
enhanced VOC (by up to 0.12 V) in the device based on SISG
can be attributed to the enlarged grain size and, thus, decreased
grain boundaries, which usually provide a nonradiative
recombination pathway for the carriers due to trap states.20,31

This is consistent with the transient photovoltage measure-
ments (TPV) under open-circuit condition. As shown in
Figure 4B, the device based on SISG exhibited a photovoltage
decay time constant of 2.16 ms, which was longer than that of
the reference device (1.31 ms), indicating less nonradiative
recombination sites.32 In addition, electrochemical impedance
spectroscopy (EIS) characterization was performed to
demonstrate the carrier transport processes under illumination
at the interface (Figure 4C). The middle frequency zone of the
EIS semicircle should be dominated by the junction
capacitance and recombination resistance related to the
interfaces between the transport materials and the perovskite.
According to Figure 4C, the SISG-based device has a smaller
impedance than that of the reference, signifying a substantial
suppressed recombination at the interface, which most
probably originates from the preferred orientation of the
perovskite secondary grains that enable improved carrier flow
between perovskites and carrier transport layers.33 Moreover,
the hydrophobic tails of the OLAs on the surface of the
perovskite could enhance the compatibility of the surface with
the upper layer, PTAA, resulting in a better interfacial contact.
The improved carrier dynamics can also be reflected in the
measurement of transient photocurrent decay. As shown in
Figure 4D, the device with SISG had a shorter decay time
constant of 0.91 μs compared to that of the reference device
(1.23 μs), suggesting a faster carrier collection efficiency, which
is consistent with the improved JSC in the targeted device.32

Figure 4. (A) Current density−voltage (J−V) curves of perovskite
solar cells with or without OLA treatment. (B) Normalized transient
photovoltage decay of perovskite solar cells with or without OLA
treatment. (C) Nyquist plots of perovskite solar cells with or without
OLA treatment measured in the dark and at corresponding open-
circuit voltages. (D) Normalized transient photocurrent decay of
perovskite solar cells with or without OLA treatment. (E) Evolution
of power conversion efficiency (PCE) of perovskite solar cells with or
without OLA treatment. The devices were stored under nitrogen with
controlled temperature (85 °C). (F) Evolution of PCE of perovskite
solar cells with or without OLA treatment. The devices were stored
under dark with controlled humidity. (G) Evolution of the PCEs
measured from the encapsulated perovskite solar cells with or without
OLA treatment exposed to continuous light (90 ± 5 mW cm−2)
under open-circuit conditions.
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Not only does the photovoltaic efficiency significantly
benefit from the SISG strategy, but also the device stability
showed remarkable improvement in all aspects, including
thermal stability, phase stability, and, thus, operational stability.
In Figure 4E, the changes in PCE of the unencapsulated
devices in a nitrogen atmosphere at 85 °C were tracked over
time to test the long-term thermal stability. While the reference
device degraded by 30% in 500 h, the target device maintained
90% of its initial efficiency during this time. Although the all-
inorganic perovskite has been reported to show superior
thermal and light stability to that of their organic−inorganic
counterparts, it is well known to suffer from a rapid phase
transition to the non-perovskite phase, especially when
exposed to moisture in ambient atmosphere.28 However, the
phase stability of the device based on SISG was noticeably
enhanced, maintaining over 90% of its original PCE when
stored under ambient conditions with 20−30% humidity at 25
°C for 4000 h. In contrast, the reference device lost >50% of its
initial efficiency within 900 h (Figure 4F). The operational
stability of the devices was also compared in Figure 4G. The
reference device underwent fast degradation, while the device
based on SISG maintained >90% of its initial efficiency over
the course of 1000 h. Generally, we attribute the dramatically
improved stability to two factors resulting from the SISG
processing. On one hand, high-quality perovskite films with
reduced grain boundaries and higher crystallinity suppress the
degradation pathways either through grain boundaries or ion
migration, which is also one of the motivations toward single-
crystal perovskite thin films.34 On the other hand, the
hydrophobic nature of the small molecules shields the interface
from moisture. Therefore, the SISG strategy demonstrates a
good example of the possibility to affect and regulate the
properties of the entire thin film by tuning of surface states.
The surface agents can play a dual functional role of enabling
the evolution of the underlying film properties and regulating
the interface at the same time to produce improved interfacial
contact with the upper layer and thus enabling improvement in
both device performance and stability.
To demonstrate the universality of this strategy, we further

applied it to the organic−inorganic hybrid perovskite system.
As shown in Figure S11 and Figure S12, the post-treatment of
OLA can induce the secondary grain growth in the
methylammonium (MA)-based formamidinium (FA)-based
perovskite thin film as well. The surface energies of the low-
index planes of FA-based perovskite with and without OLA
were investigated computationally to confirm that the (100)
plane became more energy favorable after the surface
treatment (Figure S13). The resulting photovoltaic devices
showed an improved PCE from 20.04% to 22.13% (Figure
S14).

■ CONCLUSION
The demonstration of surface-state-tuning enabling secondary
grain growth over the entire perovskite thin film sheds light on
a new research angle in the area of perovskite thin films in
regard to surface states by taking advantage of the unique soft
nature of perovskites. In contrast to the widely reported
strategies of regulating the properties of perovskite thin films
via composition tuning, additive incorporation, solvent
engineering, and so on, a new methodology basis is proposed:
changing the surface is a powerful tool to induce the property
evolution of the entire perovskite thin film. Since the surface
treatment process is after the formation of the perovskite film,

it strategically avoids the limitation of conventional methods in
choosing agents/additives that are appropriate with high
annealing temperatures of crystallization. Additionally, many
of the additives incorporated into perovskite precursors to
control the nucleation/growth kinetics, which is often a
requirement for high-quality films, always serve as carrier
recombination or degradation centers due to the heteroge-
neous microstructure In contrast, the surface agents that did
not penetrate into the perovskite bulk film will not induce the
formation of these undesirable centers within the perovskite
film. Furthermore, the surface agents provide a versatile
platform to tune the interface between the perovskite film and
the top layer, which can be regarded as a bifunctional
interfacial agent. On one hand, they induce the evolution of
the perovskite layer at the bottom, and on the other hand, they
serve as an interconnecting layer that improves the contact
with the upper layer. Moreover, the utilization of our
methodology does not have to be limited to mechanical
properties, in which perovskites exhibit low elastic modulus as
a reflection of their “soft” nature as demonstrated in this
report. We expect the reach of this strategy to extend to the
properties in all aspects, such as electronic properties, in which
perovskites exhibit low electric modulus, rendering them highly
vulnerable to an electric field.35 A possible example might be
introducing surface dipoles to modify the internal electric field
and, thus, change the energy levels/band structures of the thin
films as a whole. Hence, we hope this strategy will provide a
new direction toward high-quality perovskite thin films with
tunable and desirable properties and pave the way to the
commercialization of perovskite photoelectric devices.
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