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ABSTRACT: Hybrid organic−inorganic lead halide perovskites have attracted much attention in the field
of optoelectronic devices because of their desirable properties such as high crystallinity, smooth
morphology, and well-oriented grains. Recently, it was shown that thermal nanoimprint lithography (NIL)
is an effective method not only to directly pattern but also to improve the morphology, crystallinity, and
crystallographic orientations of annealed perovskite films. However, the underlining mechanisms behind
the positive effects of NIL on perovskite material properties have not been understood. In this work, we
study the kinetics of perovskite grain growth with surface energy calculations by first-principles density
functional theory (DFT) and reveal that the surface energy-driven preferential grain growth during NIL,
which involves multiplex processes of restricted grain growth in the surface-normal direction, abnormal
grain growth, crystallographic reorientation, and grain boundary migration, is the enabler of the material
quality enhancement. Moreover, we develop an optimized NIL process and prove its effectiveness by
employing it in a perovskite light-emitting electrochemical cell (PeLEC) architecture, in which we observe
a fourfold enhancement of maximum current efficiency and twofold enhancement of luminance compared
to a PeLEC without NIL, reaching a maximum current efficiency of 0.07598 cd/A at 3.5 V and luminance
of 1084 cd/m2 at 4 V.

KEYWORDS: hybrid organic−inorganic lead halide perovskites, perovskite light-emitting electrochemical cells, nanoimprint lithography,
grain growth mechanism, crystallographic orientations, crystallinity, morphology, surface energy

■ INTRODUCTION

Solution-processed metal halide perovskites are an emerging
class of light-emitting material due to their superior
optoelectronic properties, including tunable emission wave-
length, large absorption coefficient, balanced ambipolar charge
transport, high quantum efficiency, long carrier lifetime, and
large charge carrier mobility.1−3 In addition, they can be easily
implemented in many platforms using deposition techniques
such as spin coating, methylamine gas vapor annealing, and
vapor-assisted/gas-assisted solution processing.4 The above-
mentioned characteristics of perovskites thus offer a cost-
effective solution for device applications including lasers,5−14

perovskite light-emitting diodes (PeLEDs),15−17 perovskite
light-emitting electrochemical cells (PeLECs),18−20 and other
optoelectronic devices.21−38

In lasers, for example, optical cavities that support discrete
resonances are used to obtain optical modes with low lasing
threshold, and these cavities are typically created by directly
patterning the gain material. However, direct patterning of
perovskites is known to be challenging because they degrade
when exposed to polar solvents and to UV and high electron
energies that are used in photo- and e-beam lithography.39−41

As a result, optical cavities in many perovskite lasers to date are

created by indirectly patterning perovskite.6−8 This method
requires the fabrication of a patterned substrate, typically by
photo-/e-beam lithography, followed by spin coating of
perovskites on top of the patterned substrate. In addition to
poor optical mode confinement that is detrimental to high-
quality laser cavities, this patterning method is relatively
complicated and costly. Therefore, to create high-performance,
low-cost, and highly scalable perovskite lasers and other
optoelectronic devices, a strategy to directly pattern perov-
skites is in dire need. Several directly patterned perovskite
lasers have been reported,5,9,11,13,14 and they generally exhibit
lower lasing threshold and better lasing tunability than their
indirectly patterned counterparts. Patterning of perovskites has
also been used to improve the performance of PeLEDs,
wherein lower turn-on voltage and higher luminance were
observed thanks to the increased light extraction efficiency
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through patterned periodic perovskites.17 Performance im-
provements have also been observed in patterned perovskite
solar cells and detectors.27,28,36 In the case of PeLECs,
efficiency improvement by patterning has not been reported
thus far, although similar effects to those in PeLEDs are to be
expected. In fact, we find that patterning perovskites by
thermal nanoimprint lithography (NIL) enhances the perform-
ance of PeLECs, as we show in a prototype PeLEC.
In terms of the direct patterning of perovskites, a number of

methods have been reported. These include etching with
focused-ion beam42 or laser irradiation,29,43 dry etching with
patterned resist (etch mask),10−12,36,37 MA gas-assisted soft-
NIL,17 and solvent-assisted soft-NIL28,35,44 or hard-
NIL.5,9,13,27,45 Typically, soft-NIL is performed on unannealed
films with a soft polymer stamp (e.g., Polydimethylsiloxane
(PDMS)), while hard-NIL is performed on annealed films with
a hard stamp (e.g., Si). When applied on annealed perovskite
thin films, hard-NIL was reported to improve crystallographic
orientation, crystallinity, and morphology and to increase grain
size of perovskite, in addition to enabling the formation of fine
features directly on the perovskite.5,9,13,14,45−47

NIL was first introduced by Chou et al. in 1995 as a cost-
effective patterning alternative to e-beam/photolithography of
thermoplastic polymer spin coated on a substrate.48 Typically,
NIL is performed at a temperature above the glass transition
point of the particular polymer under elevated pressure while
the polymer is in contact with a stamp (most often a Si or SiO2
stamp in the hard-NIL configuration). After cooling the NIL
system and demolding the stamp from the polymer, a negative
replica of the stamp is formed. Because NIL is performed on
the sacrificial polymer (etch mask) rather than on the material

to be patterned by subsequent etching, the property changes of
the polymer during NIL is not of interest and therefore often
ignored. Instead, the volume exchange of the polymer in
relation to the stamp dimension is usually studied to ensure
repeatable NIL processes because every polymer has its unique
glass transition temperature and temperature-dependent
viscoelasticity. In contrast to polymers, perovskites do not
have glass transition temperature. They have high melting
temperatures exceeding 300 °C and typically decompose
before melting49 or in conjunction with melting.50 Perovskites
also chemically react with moisture and O2 in the environment.
Consequently, NIL of perovskites is much more challenging.
Nonetheless, NIL of perovskites has been demonstrated, and
improvements in crystallographic orientation, crystallinity, and
morphology during NIL were shown.5,9,13,14,45−47 To unravel
the underlining mechanisms behind the enhancement of
polycrystalline perovskite thin film qualities through NIL
and, furthermore, to optimize NIL conditions for perovskites,
the kinetics of perovskite grain growth during NIL needs to be
understood. Grain growth has been studied in metals,
ceramics, and semiconductors, and the mechanism can be
applied to other materials that have grains. Although perovskite
grain growth has been studied,24,30−34 the studies thus far all
focus on effects of composition and deposition methods.
In this work, we investigate grain growth in post-deposition

perovskite thin films for the first time. Specifically, we describe
the effects of NIL on the preferential grain growth of annealed
methylammonium lead bromide (MAPbBr3) films using
classical grain growth mechanisms with surface energy
calculations by first-principles density functional theory
(DFT) and systematically investigate how different NIL

Figure 1. (a) AFM images of morphology changes in the MAPbBr3 thin films due to temperature and pressure increase of NIL on the 20 nm color
scale. Roughness changes of the films that are flat-imprinted at 60 °C (blue) and 100 °C (red) showing (b) pressure dependence at a constant time
of 20 min and (c) time dependence at a constant pressure of 70 bar.
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parameters influence the morphology, crystallinity, and
crystallographic orientations of MAPbBr3. Morphology includ-
ing grain size, roughness, and the number of defects (e.g.,
pinholes) are examined by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and atomic-
resolution scanning transmission electron microscopy
(STEM). Crystallinity and crystallographic orientations are
analyzed by the omega rocking curve, out-of-plane, in-plane,
and pole figure X-ray diffraction (XRD) studies. Surface energy
in different crystallographic orientations is studied by first-
principles DFT calculations. Lastly, we apply NIL to a
prototype PeLEC and observe a fourfold enhancement of
maximum current efficiency and twofold enhancement of
luminance as a result of the preferential grain growth during
NIL.

■ RESULTS AND DISCUSSION
In this work, we choose spin-coated MAPbBr3 films on Si
substrates that have been annealed at 70 °C for 5 min(i.e., pre-
crystallized films). To study the effect of NIL temperature,
time, and pressure on perovskite properties, we use an
unstructured Si stamp (i.e., flat-NIL). See the details of film
preparation and different NIL processes in the Methods.
Restricted Grain Growth in the Surface-Normal

Direction. Figure 1 summarizes the temperature and pressure
effects on the densification and surface flattening from NIL
(schematically shown in Figure S1b). As shown by the AFM
images in Figure 1a, we find 60 °C NIL at 10 bar for 20 min to
be ineffective since this process results in a rougher surface (Rq
= 4.63 nm) than the control sample (a film without NIL, with
Rq = 3.5 nm). As temperature is increased from 60 to 100 °C
at a relatively low pressure of 10 bar, plateau-like grains are
observed. We attribute this morphology improvement to the
molding of perovskite grains by NIL at the elevated 100 °C,
despite the low pressure. Upon increasing pressure to 70 bar at
100 °C in the surface-normal directiona condition that
amplifies the restricted grain growthmore plateau-like grains,
densification of thin films, and smoother surfaces are observed.
The restricted grain growth in the surface-normal direction
densifies the surface, while that in the surface-parallel direction
enlarges grains and reduces the amount of grain boundaries. If
the 60 °C process is performed for a longer time (40 min) or
at a higher pressure (70 bar), as shown in Figure S2a, similar
effects as those at 70 bar and 100 °C, namely, plateau-like
grains, densification of thin films, and a smoother surface can
be seen, although it is not as effective as 100 °C. This implies
that at 60 °C, MAPbBr3 is not soft enough to benefit from the
flattening effect by NIL under the low pressure of 10 bar and
the relatively short time of 20 min. Further discussion of
morphology change as a function of temperature, pressure, and
time can be found in the Supporting Information Part A.
Figure 1b,c depicts the dependence of film roughness on

pressure and time, respectively. AFM images as a function of
pressure and time at a constant temperature of 60 or 100 °C
can be found in Figure S2. We compare these results to a film
without NIL, which is presented as 0 bar in Figure 1b and 0
min in Figure 1c. As discussed earlier, both 60 and 100 °C
processes produce the smoothest surface at the highest
pressure of 70 bar. Under these conditions, a smoother surface
(i.e., smaller Rq) is observed with increasing time. We note
that NIL for 20 min is most effective with 74.1% roughness
reduction. By doubling the time to 40 min, only an additional
13.1% roughness reduction is observed at the expense of

worsened crystallographic orientation (discussed in the
“Crystallographic Reorientation and Crystallization”).

Abnormal Grain Growth. Solution-processed perovskite
thin films typically have a polycrystalline structure that consists
of single crystals (termed as grains in polycrystals) surrounded
by interfaces (termed as grain boundaries). Grain boundaries
have higher energies than neighboring grains, which makes the
system thermodynamically unstable. Therefore, grain bounda-
ries become a driving force for enlarging the grain size in an
attempt to reduce the total grain boundary area and thus
energy. As grains grow, grain size increases by temperature-
dependent grain boundary diffusion while maintaining a
uniform size distributiona phenomenon called as normal
grain growth. However, if a subset of grains grows at a faster
rate than neighboring grains, different (i.e., bimodally
distributed) grain sizes resulta phenomenon called as
abnormal grain growth or discontinuous grain growth.
Abnormal grain growth has been observed in perovskite
polycrystalline thin films51,52 but is more prominent during
NIL. Figure 2a depicts the concept of such abnormal grain
growth mechanism during NIL. Figure 2b shows SEM images
of the MAPbBr3 thin film before undergoing NIL, in which we
observe fiber-like microstructures where the grain size in the
surface-normal direction (dn) is similar to the thin-film

Figure 2. (a) Grain growth mechanism during NIL, illustrated by
schematics of crystallographic reorientation (top) and abnormal grain
growth (bottom) with grain size larger than thickness of the film (t).
SEM images of MAPbBr3 thin films (b) without and (c) with NIL
(inset: cross-section SEM). dp = grain size in the surface-parallel
direction, dn = grain size in the surface-normal direction, and t =
thickness of the film. (d) SEM image of a patterned MAPbBr3 thin
film by NIL with a 2D nanopillar stamp. (e) Zoom-in image showing
the effect of grain boundaries during NIL, which hinder a perfect
negative replica of the pillar stamp. Yellow dotted lines are overlaid
over grain boundaries to provide visual aid. Black arrows next to grain
boundaries indicate the grain growth direction during NIL. The red
dotted circle marks the dimension of the stamp.
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thickness (t ≅ 190 nm). The films with fiber-like micro-
structures (i.e., dn ≅ t) experience slowing down of the grain
growth rate due to the lack of grain boundaries in the surface-
normal direction. During NIL, in addition to the growth
restraint due to the fiber-like microstructures from the initial
film, the applied surface-normal pressure further restrains grain
growth in the surface-normal direction, while that in the
surface-parallel direction is promoted. We find enlarged grains
with bimodal distribution (Figure S11), non-equiaxed grain
shapes (i.e., the length of a grain in one direction is much
longer than that in the other direction), shrinkage of pore size,
and reduction in the number of pores between and within
grains (see the SEM image in Figure 2b,c and atomic-
resolution STEM image in Figure S10), all through grain
boundary migration during NIL. It can therefore be concluded
that perovskites under NIL experience abnormal grain growth
with bimodal grain size distribution, during which the growth
rate becomes temporarily time-dependent and strongly
crystallographic orientation-dependent.
As many perovskite optoelectronic devices require patterned

perovskites, we also study the grain boundary migration
beyond the flattening effect by NIL. Figure 2d shows the SEM
image of a patterned MAPbBr3 thin film with a 2D nanopillar
stamp (with dimensions of 600 nm period, 165 nm diameter,
and 150 nm height), and Figure 2e illustrates how grain
boundaries migrate during patterning by NIL. Patterning by
NIL should ideally produce a negative replica of the stamp,
namely, circles with round edges as marked by the red dotted
circle. Instead, hexagonal-shaped holes form, suggesting that
grain boundaries are the limiting factor that hinders the perfect
negative replica of the stamp. Note that even with the same
stamp and NIL procedure, different perovskite compositions
show varying patterning results, reinforcing the need to
understand the fundamental cause of material changes under
different NIL conditions.
During abnormal grain growth, grains orient to have the

lowest surface energy dominate the growth.51,52 To evaluate
the lowest surface energies of grains with different crystallo-
graphic orientations, we determine the chemical potentials and
perform first-principles DFT calculations. Given the measured
Br/Pb atomic percentage ratio of 2.47−2.6:1 [see Figure S13
for experimental details on transmission electron microscopy−
energy dispersive X-ray spectroscopy (TEM−EDX) and Figure
S14 for X-ray photoelectron spectroscopy (XPS) analysis of
the MAPbBr3 thin film], which deviates from the stoichio-
metric ratio of 3:1 (Br/Pb), Br-poor and Pb-rich conditions are
specified in the calculation (see the Methods for calculation

details). For the {100}, {110}, and {111} family of planes, the
surfaces are cleaved in two different ways, as shown in Figure
3a,b shows the calculated surface energies of these orientations.
Because the lowest surface energy is found to be the {100}
family of planes, grains with (001) orientations are energeti-
cally favorable in growth. These calculation results match the
experimental data well. Experimentally, (001) texture is further
developed after NIL, which means that grains with less
deviation from the average orientation of (001) planes in the
surface-normal direction grow faster.
The pressure dependence study by NIL shows that the

applied surface-normal pressure aids the abnormal grain
growth, which then leads to the development of (001) texture
through the synergetic processes of crystallographic reorienta-
tion to the [001] direction and grain boundary migration,
observed by morphology and orientation analysis through
multiplex XRD techniques and SEM/AFM/STEM. Because of
the random crystallographic orientations of grains in the
surface-parallel direction, the direction of grain boundary
migration and crystallographic reorientation varies from one
grain to another, thus affecting the grain growth rate of
individual grains. In turn, the grain growth rate becomes
probabilistic rather than deterministic during the abnormal
grain growth amplified by NIL. When the grain sizes of the
fiber-like microstructures (i.e., dp < dn ≅ t) in the surface-
parallel direction (dp) increase and become similar to those in
the surface-normal direction (dn), columnar structures are
formed (i.e., dp ≅ dn ≅ t) and the grain growth is strongly
dependent on the surface energies of grains (i.e., abnormal
grain growth). Under this circumstance, grains orient
themselves, such that those with low surface energies dominate
the growth. As a result, a subset of grains ends up having much
larger sizes than their neighboring grains (i.e., grain size≫ t for
a subset of grains, as schematically shown in Figure 2a). Due to
the fluctuation in relative grain size and the development of
columnar structures (i.e., dp ≅ dn ≅ t) that lead to surface
energy-driven abnormal grain growth, we find that grain sizes
do not noticeably increase as NIL time increases. This is
consistent with the classical grain growth mechanism, in which
the driving force for grain growth reduces as the grain size in
the surface-parallel direction (dp) becomes greater than that in
the surface-normal direction (dn), which is a result of the
abnormal grain growth process. We also observe the grain
growth to be dependent on the NIL temperature: the
abnormal growth rate is higher at 120 °C than at 60 or 100
°C. At 120 °C, the difference between the largest and smallest
grain sizes is largest and the fluctuation in relative grain size is

Figure 3. First-principles DFT calculation of surface energies of different crystallographic orientations and surface cleavages. (a) Slab geometries
modeled for the surface energy calculation. The asterisk is an index for a surface configuration with a higher energy than the other. (b) Calculated
surface energies under the Br-poor and Pb-rich conditions.
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most severe (e.g., the largest grain size is tens of micrometers
and smallest grain size is a few hundred nanometers, as shown
in Figure S4), which is a consequence of the larger grain
boundary mobilities at higher temperatures.51 Although the
grain growth rate is higher at 120 °C than at 60 and 100 °C,
we find that the same pressure and time at 120 °C yield
unreproducible morphology (e.g., grain size) and large
fluctuation in relative grain sizes with different NIL time
periods (e.g., 5 min produces larger grain size than 10 min but
smaller grain size than 20 min), possibly due to the excessive
abnormal grain growth phenomenon under these conditions.
Further discussion can be found in the Supporting Information
Part B.
Crystallographic Reorientation and Crystallization.

Because XRD counts depend on the number of planes that
comprise the periodic array of atoms, a higher XRD peak
intensity implies two possibilities, namely, more preferred
crystallographic orientation or enhanced crystallization. As
shown in Figure S10, out-of-plane measurements show that
compared to without NIL, higher XRD peak intensities from
the {100} family of planes are seen after NIL, indicating either
enhanced preferred orientation or crystallization or both.
To study the effect of NIL on the preferred crystallographic

orientation alone, we also perform rocking curve XRD
measurements that quantify the degree of deviation from
their average orientation. This is accomplished by scanning a
range of omega angles with a fixed two-theta angle that
corresponds to the diffraction plane of interest. Because out-of-
plane and in-plane measurements with the same scan range (2θ
= 5−60°) show uniaxial texture of MAPbBr3 films consisting of
the {100} family of planes in the surface-normal direction

while having random orientations in the surface-parallel
direction (see out-of-plane and in-plane XRD measurements
in Figure S8), we measure the degree of (001) texture in all
MAPbBr3 thin films. Note that an out-of-plane pre-measure-
ment is required before omega rocking curve measurements in
order to find the precise 2θ angle at which (001) planes of
MAPbBr3 films diffract since interplanar spacings of each film
may not be the same. Figure 4 summarizes the omega rocking
curve, out-of-plane, and in-plane XRD studies on preferred
crystallographic orientation and crystallinity, under 60 and 100
°C NIL conditions. To study the pressure dependence, the
processing time is first fixed at 20 min. Omega rocking curve
results in Figure 4a show that more (001) textured grains form
as pressure increases, as the full-width half maximum (FWHM
(deg)) decreases from 1.91 to 1.779° (at 60 °C) and to 1.52°
(at 100 °C). Out-of-plane measurements show increasing
(001) peak intensity with increasing pressure (Figure 4b), in
which the 100 °C conditions have a more rapid increase in
(001) peak intensity than 60 °C. In the in-plane XRD
measurements, we observe a decreasing intensity of the (200)
peak with increasing pressure (Figure 4c), in which the 60 °C
conditions show a more rapid decrease in peak intensity than
100 °C. The abovementioned results suggest that the 100 °C
conditions with increasing pressure enhance crystallization in
both surface-normal and surface-parallel directions, with more
crystallographic reorientation in the surface-normal direction
in comparison with the 60 °C conditions.
Next, we examine the time dependence of 60 and 100 °C

processing conditions at a fixed pressure of 70 bar. For both
temperatures, as the processing time increases from 20 to 40
min, we observe a wider rocking curve FWHM (Figure 4d),

Figure 4. Pressure dependence at constant time (a−c) and time dependence at constant pressure (d−f) at 60 and 100 °C NIL; (a,d) (001) plane
rocking curve FWHM, (b,e) out-of-plane (001) intensity, and (c,f) in-plane (200) intensity.
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lower (001) peak intensity (Figure 4e), and higher (200) peak
intensity (Figure 4f). The 60 °C conditions show even wider
rocking curve FWHM, lower (001) peak intensity, and higher
(200) peak intensity compared to 100 °C. In terms of
enhancement of the crystallinity and uniaxial texture in the
surface-normal direction, the results indicate that 100 °C is
more optimal than 60 °C and 20 min is more optimal than 40
min. Therefore, at the more optimal 100 °C, we further
examine the effect of time. The FWHM increases from 1.91 to
1.96° with 5 min NIL, while both (001) and (200) peak
intensities increase. This shows that compared to the film
without NIL (represented as 0 min), the grains become less
oriented in the surface-normal direction, while crystallinity
improves. As the time increases to 10 min, FWHM decreases
to 1.82°, (001) peak intensity increases, and (200) intensity
decreases. At 20 min, FWHM further decreases to reach the
minimum value of 1.52°, (001) peak intensity reaches the
maximum value, and (200) intensity reaches the minimum
value, suggesting 20 min to be the critical time to obtain well-
oriented grains with crystallinity enhancement. After passing
the critical time (20 min), FWHM increases again and (001)
peak intensity decreases, while (200) peak fluctuates (higher at
30 min and lower at 40 min). Such fluctuation as a function of
time implies that grains reorient themselves during the
abnormal grain growth. We explain this phenomenon by
considering MAPbBr3 to be composed of “A” and “B” grains, in

which an “A” grain resides in a matrix of “B” grains. The “A”
grain orientation [less deviation from the average orientation
of the (001) plane] has the lower surface energy and thus
grows at a faster rate, whereas the matrix of “B” grain
orientation [more deviation from the average orientation of the
(001) plane] has the higher surface energy and grows at a
slower rate. As a result, the “A” grain with a faster growth rate
grows by consuming atoms in the neighboring “B” grains. To
further reduce the surface and interface (e.g., grain boundary)
energy in the system, over time, crystallographic reorientation
can occur during the growth, which results in the development
of restricted crystallographic orientations.53 The {100} family
of planes has the lowest surface energy according to the first-
principles DFT calculations, which means that grains with the
(00l) orientation (in the surface-normal direction) or (h00)
orientation (in the surface-parallel direction) have the lowest
surface energy. The active crystallographic reorientation is
observed by both out-of-plane and in-plane XRD, showing
fluctuation of (001) and (200) peak intensities in the time-
dependent study at constant temperature (Figure 4d−f).
While the time-dependent study reveals 20 min to be the

critical time for developing highly oriented grains in the
surface-normal direction, we conducted pole figure XRD
measurements to further understand the development of
uniaxial texture (before and after 20 min NIL) in the three-
dimensional space. The pole figure measurement, schemati-

Figure 5. (a) Schematic of pole figure measurement. (b) Stereographic projection. Pole figure measurements on films (c) without and (d) with
NIL.
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cally shown in Figure 5a, is an effective investigative XRD
technique for studying the distribution of crystallographic
orientations.54 Diffracted X-rays are collected at a fixed 2θ
anglethat corresponds to a certain diffraction planewhile
varying the β angle (0−360°) at different α angles. The results
are then plotted on stereographic projection (Figure 5b). We
employ the in-plane measurement method, which does not tilt
the sample to change the α angle but instead tilts the 2θχ
axis.55 The pole figures of the (002) plane in both with and
without NIL films are obtained by collecting the XRD intensity
with a fixed 2θ of 30.13°. The resulting stereographic
projections are shown in Figure 5c,d in 3D (top) and 2D
(bottom). The pole figure would exhibit no apparent feature
for polycrystalline films with randomly oriented grains but
would exhibit only dots or a mixture of dot(s) and ring(s) for
highly textured films. Both with and without NIL conditions
yield a single dot at α = 90° with a continuous ring at α = 0°,
suggesting uniaxial texture in the surface-normal direction.
There are also distinct differences. The dot from the NIL film
is smaller in size and higher in intensity, corresponding to a
higher degree of crystallographic orientation and crystallinity in
the surface-normal direction. On the other hand, weaker ring
intensity is observed in the NIL film, indicating that the
crystallographic orientation varies more in the surface-parallel
direction.
PeLEC Performance Enhancement. To evaluate the

effect of preferential grain growth on device performance, we
study the PeLEC due to its simple architecture. Different from
PeLEDs, PeLECs do not have electron and hole transport
layers, and the motion of ions in perovskites determines the

current efficiency and brightness. Therefore, this simple
architecture provides a good platform to study how the
electrical and optical properties of PeLECs are affected by NIL.
As shown in Figure 6a, the PeLEC consists of perovskites as an
ionic emitting layer, a top InGa cathode, and a bottom indium
tin oxide (ITO) anode.18,20 Under bias, ions in perovskites
drift to the electrodes and create p−i−n junctions at the
interfaces. The accumulation of ions at the interfaces creates
electric double layers (EDLs) at both sides of the perovskite
layer, reducing the potential barriers at the interfaces and, in
turn, assisting the injections of carriers. It is known that
characteristics of ion motion are strongly dependent on the
crystallinity and grain size of perovskite films.18 With improved
crystallinity and larger grain size, more ions can travel to the
electrodes with reduced loss and increased mobility, thus
creating more balanced EDLs. The balanced carriers from the
EDLs can soar up the luminance and current efficiency of
PeLECs.
In this study, two PeLECs with the optimal NIL conditions,

namely, 100 °C, 70 bar, and 20 min(see further discussion
about the effectiveness of 100 °C, 70 bar, and 20 min NIL in
the Supporting Information Part D), are fabricated using a flat
stamp and a 2D nanopillar stamp, and their performance is
compared with that of a control PeLEC that did not go
through NIL. Figure 6b shows the maximum luminance and
current efficiency under the three different conditions. Due to
the enhanced radiative recombination rate through material
quality improvements during NIL, the flat-NIL PeLEC shows
fourfold enhancement of maximum current efficiency and
twofold enhancement of luminance compared to the PeLEC

Figure 6. (a) Schematic of the MAPbBr3 LEC structure. (b) Max. current efficiency and luminance of three different conditions in the MAPbBr3
film. (c) Current density−voltage (J−V), (d) luminance−voltage (L−V), and (e) current efficiency−voltage characteristics without NIL (blue
line), with flat-NIL PeLEC (red line), and with nanohole-NIL PeLEC (black line).
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without NIL, reaching a maximum current efficiency of
0.07598 cd/A at 3.5 V and luminance of 1084 cd/m2 at 4 V.
With the 2D nanopillar stamp, thanks to the increased light
scattering from patterned MAPbBr3, the maximum current
efficiency and luminance of nanohole-NIL PeLEC are further
enhanced to 0.0813 cd/A at 3.5 V and 1169 cd/m2 at 4 V,
respectively. Note that we used the commercially available 2D
nanopillar stamp in the nanohole-NIL PeLEC fabrication, and
we expect even larger enhancement of efficiency and
luminance with customized stamps whose dimensions are
tailored for MAPbBr3 resonance. The current density,
luminance, and current efficiency as a function of voltage are
shown in Figure 6c−e. The current density is lower (Figure
6c) and luminance is higher (Figure 6d) after 2.5 V (with turn-
on voltage between 2.0 and 2.5 V), which results in higher
current efficiency shown in Figure 6e. Although MA halide
perovskites are not optimal for electrically driven operations
due to inherent instability from the organic component
methylammonium, our result clearly proves the effectiveness
of NIL in improving perovskite quality and in direct patterning
of perovskite and, ultimately, device performance.

■ CONCLUSIONS

We demonstrate that NIL amplifies surface energy-driven
preferential grain growth in MAPbBr3 thin films, which
involves multiplex processes of restricted grain growth in the
surface-normal direction, abnormal grain growth, crystallo-
graphic reorientation, and grain boundary migration. This is
distinctively different from the grain growth during spin
coating of the films. By studying the NIL processing
temperature, pressure, and time effect on perovskite qualities
including surface morphology, texture, and crystallinity, we
provide benchmarks on how to optimize the NIL process with
in-depth understanding of grain growth during NIL. We find
that NIL induces further (001) texture development in
MAPbBr3 thin films, consistent with the first-principles DFT
calculation results. Applying the optimized NIL process to a
prototype PeLEC, we show that the PeLEC performance is
improved. Furthermore, the ability to shape, smooth, and
increase texture and crystallinity of perovskites demonstrates
that NIL is a promising fabrication method for many
perovskite optoelectronic devices, including light sources,
photodetectors, and solar cells.

■ METHODS
Sample Preparations. MAPbBr3 one molarity (1 M) solution is

first prepared by dissolving 1:1 molar ratio of MABr (GreatCell
solar):PbBr2 (Alfa Aesar) in a 7:3 volume ratio of γ-butyrolactone
(GBL) (from Sigma Aldrich): dimethyl sulfoxide (DMSO) (from
Sigma Aldrich) solvent mixture at room temperature for 48 h, and
filtering of the solution is performed with a 0.45 μm PTFE syringe
filter. MAPbBr3 thin films with a thickness of 190 nm are prepared on
an immaculate substrate (e.g., Si or ITO/glass) using an anti-solvent
assisted spin-coating method (step 1: 1000 revolutions per minute
(rpm) for 15 s, step 2: 5000 rpm for 30 s, and dropping of 300 μL of
anhydrous toluene at 15 s into step 2). All the films are annealed at 70
°C for 5 min prior to NIL. The MAPbBr3 thin films for the grain
growth study are prepared on Si substrates. For material character-
izations such as AFM, SEM, XRD, and STEM, an unstructured Si
stamp (i.e., flat-stamp) is used in NIL.
To prepare the unstructured NIL stamp, an immaculate Si

substrate is used, and the Si substrate is coated with an anti-adhesion
monolayer of perfluorodecyltrichlorosilane (FDTS) (from Alfa
Aesar). After confirming the hydrophobicity of the stamp (e.g., the

contact angle between the water droplet and the stamp is higher than
100°) using a Rame-Hart goniometer, NIL is performed with an
Obducat nanoimprinter. We place one Al foil with an O-ring to hold
the stamp in place on top of the film by turning on vacuum. After
ensuring that the vacuum is holding the stamp in place, we remove
the O-ring and place one poly foil on top of the stack (Al foil/stamp/
film). The time in maintaining the set temperature (e.g., 60, 100, or
120 °C) is defined as the imprint time (e.g., 10, 20, or 40 min) in our
study. In the case of the low-pressure NIL test, 10 bar pressure is
maintained during the heat-up time to the set temperature. For the
high-pressure NIL test, pressure is gradually increased from 10 to 70
bar pressure during the heat-up time. The NIL process is finished with
demolding of the stamp from the film after the nanoimprinter system
cools down and pressure is released to the atmosphere. Figure S1
illustrates the NIL process and the deformation of the perovskite film
by NIL at different temperatures and pressures.

In order to prepare three different PeLECs (without NIL, flat-NIL,
and nanohole-NIL), MAPbBr3 thin films with a thickness of 190 nm
are spin coated on immaculate ITO/glass substrates [Liasion Quartz
(Lianyungang Jiangsu China), sheet resistance ∼15 Ω sq−1]. For
PeLECs with flat-NIL and nanohole-NIL, the 100 °C, 70 bar, and 20
min NIL process is employed with FDTS-coated flat stamp and
commercially available 2D nanopillar stamp (Lightsmyth).

SEM, AFM, STEM, and TEM−EDX. Morphology examination is
first carried out by taking SEM images since SEM is a better sampling
imaging method than AFM and STEM. SEM images are taken using
30 μm aperture size and an in-lens detector at a working distance of
3−4 mm and an accelerating voltage of 6−10 kV using a Zeiss Supra-
40 scanning electron microscope. Due to the ultra-smooth surface of
our MAPbBr3 films, SEM cannot resolve the subtle variation in height
(e.g., roughness) among the films that underwent different NIL
processes. Since AFM has a much better vertical resolution (<0.5 Å)
and measures both vertical and lateral dimensions of the film with a
single scan,56 AFM images are taken for a 2 μm × 2 μm area using the
tapping mode using a Veeco Dimension 5000 SPM. To observe
defects within and on the surface of grains using STEM, free-standing
MAPbBr3 films are prepared by scrapping with a razor blade, and the
scrapped films are dispersed in toluene by ultrasonication. A holey
and thin carbon film (double layers)-coated copper 200 mesh grid
(Cu-200 HD) is employed for the droplet of dispersed MAPbBr3
films. After drying off the toluene, STEM and TEM−EDX
measurements are carried out using an aberration-corrected JEM-
ARM200F (from JEOL USA Inc.) at an accelerating voltage of 200
kV.

X-ray Diffraction. To examine the crystal structure, crystallinity,
and texture development of MAPbBr3 thin films, four different XRD
measurement techniques, including out-of-plane, in-plane, omega
rocking curve, and pole figure, are carried out using a Rigaku
SmartLab X-ray diffractometer with a Cu target (Ka1 = 1.54059 Å)
and a HyPix 3000 detector.

X-ray Photoelectron Spectroscopy. XPS was used for the
elemental compositional analysis of the sample surface. XPS
measurements were performed on perovskite thin films using a
Versa Probe II at an ultrahigh vacuum of 10−8 Pa. The X-ray source
used is Al Kα, which has 1486.6 eV photon energy, 50 W gun power,
15 kV operating voltage, 200 μm X-ray spot size, and 59° angle
between the X-ray source and detector. Before obtaining the XPS
data, calibration using internal standard Au, Cu, and Ag samples was
performed. XPS data were obtained with six sweeps at a pass energy of
187.85 eV, and high-resolution XPS data for each element were
obtained with six sweeps at a pass energy of 23.5 eV.

Steady-State Photoluminescence Spectroscopy. Photolumi-
nescence (PL) spectra are measured with a spectrograph (Princeton
Instruments, IsoPlane SCT-320) coupled to a cooled Si detector
(Princeton Instruments, PIXIS:400BRX), with each MAPbBr3 film
optically pumped using a nanosecond pulsed 355 nm laser (TALON-
355-20, Spectra-Physics).

LEC Measurement. All measurements are conducted using a
mechanical probe station under high vacuum <20 mTorr. Current
density−voltage (J−V) and luminance−voltage (L−V) characteristics
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are measured using a Keithley 2400 source meter and a Photo
Research PR-650 spectroradiometer in the range of 0−5 V with 0.5 V
increment.
Surface Energy Calculation. To estimate surface energies with

different surface orientations, we carry out the first-principles
calculations based on DFT57,58 using Vienna Ab initio Simulation
Package (VASP).59,60 For the exchange−correlation energy, we adopt
the Perdew−Burke−Ernzerhof functional61 in the generalized
gradient approximation. Pseudopotentials are given by the projec-
tor-augmented wave method.62,63 Also, the 5d orbital is included in
Pb valence. The energy cutoff for the plane-wave basis set is set to 400
eV, and spin-polarized calculations are performed. A Monkhorst−
Pack k-point grid of 4 × 4 × 1 is adopted for the Brillouin zone
sampling. The simulation domain includes a 15 Å-thick vacuum
region, and geometry is relaxed with a fixed cell shape and volume.
The surface energy γ is calculated using

∑γ μ= −
i

k
jjjjjj

y

{
zzzzzzE n A/2

i
i islab

(1)

where Eslab is the total energy of a slab system, ni is the number of
atoms of a species i, μi is the chemical potential of a species i in the
bulk phase, and A is the surface area.
Given competing phasesMABr and PbBr2chemical potentials

of each species in MAPbBr3 are determined in the following
relationships64

μ μ μ μ+ + =3MA Pb Br MAPbBr3 (2)

μ μ μ+ <MA Br MABr (3)

μ μ μ+ <2Pb Br PbBr2 (4)

Note that the chemical potentials have a range rather than a single
quantity.
To determine the chemical potentials for each element, we specify

Pb-rich conditions that have been observed in the TEM−EDX and
XPS experiment. After some algebra, in the Pb-rich conditions, the
chemical potentials are derived as in

μ μ=Pb Pb,bulk (5)
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The chemical potentials of the compounds are extracted from solid
phases at 0 K except for μMABr, which is obtained from an isolated
MA−Br.
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Room-Temperature Stimulated Emission and Lasing in Recrystallized
Cesium Lead Bromide Perovskite Thin Films. Adv. Mater. 2019, 31,
No. e1903717.
(10) Bar-On, O.; Brenner, P.; Lemmer, U.; Scheuer, J. Micro Lasers
by Scalable Lithography of Metal-Halide Perovskites. Adv. Mater.
Technol. 2018, 3, 1800212.
(11) Huang, C.; Zhang, C.; Xiao, S.; Wang, Y.; Fan, Y.; Liu, Y.;
Zhang, N.; Qu, G.; Ji, H.; Han, J.; Ge, L.; Kivshar, Y.; Song, Q.
Ultrafast Control of Vortex Microlasers. Science 2020, 367, 1018−
1021.
(12) Wang, S.; Liu, Y.; Li, G.; Zhang, J.; Zhang, N.; Xiao, S.; Song,
Q. Lead Halide Perovskite Based Microdisk Lasers for On-Chip
Integrated Photonic Circuits. Adv. Opt. Mater. 2018, 6, 1701266.
(13) Pourdavoud, N.; Mayer, A.; Buchmüller, M.; Brinkmann, K.;
Hag̈er, T.; Hu, T.; Heiderhoff, R.; Shutsko, I.; Görrn, P.; Chen, Y.;
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