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ABSTRACT: Hybrid perovskite crystals have emerged as an important class of
semiconductors because of their remarkable performance in optoelectronics devices.
The interface structure and chemistry of these crystals are key determinants of the
device’s performance. Unfortunately, little is known about the intrinsic properties of
the surfaces of perovskite materials because extrinsic eﬀects, such as complex
microstructures, processing conditions, and hydration under ambient conditions, are
thought to cause resistive losses and high leakage current in solar cells. We reveal the
intrinsic structural and optoelectronic properties of both pristinely cleaved and aged
surfaces of single crystals. We identify surface restructuring on the aged surfaces
(visualized on the atomic-scale by scanning tunneling microscopy) that lead to
compositional and optical bandgap changes as well as degradation of carrier dynamics,
photocurrent, and solar cell device performance. The insights reported herein clarify
the key variables involved in the performance of perovskite-based solar cells and
fabrication of high-quality surface single crystals, thus paving the way toward their future exploitation in highly eﬃcient
solar cells.
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state densities, high carrier mobility, and long carrier diﬀusion
lengths.27 The strikingly low trap densities, commensurate with
those of microelectronic-grade single-crystal silicon, suggest the
substantive capability of MAPbX3 (where MA = CH3NH3+, X =
I−/Br−/Cl−) perovskite single crystals, an exceptionally alluring
semiconductor, compared to that of its polycrystalline ﬁlm
counterparts.28,29 Given this remarkable capability, the eﬃcient
manipulation of the surface properties of single crystals is
crucial to realizing high PCE.
The recent demonstration of macroscopic perovskite single
crystals marks an important milestone for this material, opening
new avenues for scientiﬁc inquiry as well as for engineering
single crystal-based high-performance devices. However, crystal
surfaces are prone to hydration under ambient conditions,30
and there are currently no methods for surface cleaning or
puriﬁcation that protect the crystal, thus limiting the accurate
experimental estimation of its intrinsic optical and electronic
properties.30 Relative humidity (RH) at high levels (≥50%)

he phenomenal performance of organic−inorganic
hybrid halide perovskite materials marks the dawn of
a new era in solution-processed optoelectronics and
photovoltaics.1−4 Their remarkable power conversion eﬃciencies (PCEs)5 stem from unprecedented attributes,6 including
their adjustable optical band gaps,7−9 high absorption
coeﬃcients,10 long electron−hole diﬀusion lengths,11 high
carrier mobilities,12 low surface recombination velocities,13
ambipolar charge transport characteristics, and economically
competitive fabrication processes, that make them particularly
suited to be solution-manufactured semiconductors.14−17 These
attributes have galvanized the use of organic−inorganic hybrid
halide perovskite materials in applications from solar cells18 to
bright light-emitting diodes,19 electrically and optically pumped
lasing,20 color imaging,21 photodetectors,22 and phototransistors.23 Their remarkable photovoltaic properties24,25 can be
realized from highly ordered as well as low-density trap states.26
Optoelectronic devices are usually constructed from polycrystalline perovskite thin ﬁlms, which conventionally contain a
sizable density of charge traps, suggesting that device
performance can be further improved by replacing polycrystalline ﬁlms with single crystals that exhibit exceptionally low trap© 2016 American Chemical Society
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Figure 1. (a) Schematic illustration of the aged and the pristine surfaces of a single crystal upon cleaving under ultrahigh vacuum (UHV).
XRD patterns and XPS spectra of MAPbBr3 perovskite: (b, e) aged surface, (c, f) pristine surface, (d, g) thin ﬁlm, respectively. The inset of
panel d shows a magniﬁed view of the XRD patterns accounting for the weaker reﬂections to compare the aged surface and the thin ﬁlm in the
2θ range of 33°−39°. The unit cells are shown in the insets of panels b and c indicating the various Bragg orientations as marked. The insets
of panels e and g show the deconvolution of the O 1s peak of the aged surface and the thin ﬁlm, respectively.

also has detrimental impact on the crystallization process and
device performance.31−33 Of course, a single-crystal device
fabricated with hydrated facets forms a poor contact with severe
resistive losses and high leakage currents despite its excellent
bulk properties.34 Notably, single crystals are also sensitive to
various environments of moist and dry gases.35,36 Characterizing the intrinsic optoelectronic properties of a single crystal’s
bulk and overcoming the integration challenges associated with
hydrated or degraded surfaces require a profound understanding of the characteristics of the crystal’s surface and its
eventual transformation under ambient conditions.37
This report focuses on mapping surface transformation of
hybrid perovskite crystals and on understanding the mechanism
leading to surface-structural conversion in MAPbBr3 single
crystals. Our detailed optical characterizations and highresolution surface mapping show that the surface of a hybrid
perovskite single crystal converts into a polycrystalline, which
can extend to depths of hundreds of nanometers if left for long
periods under ambient conditions. Our steady-state and timeresolved laser spectroscopy results, as well as atomic resolution
microscopy data, provide decisive experimental evidence for the
diﬀerent structure, morphology, carrier dynamics, photocurrent, and optical band gap of the crystal’s surface compared
with the crystal’s bulk. More speciﬁcally, scanning tunneling

microscopy (STM) investigations of a hydrated crystal’s surface
reveal mounding due to hydration and the associated moisture
uptake, whereas in situ observations of the bulk upon cleaving
the crystal (Figure S1) under ultrahigh vacuum (UHV) reveal
an impeccable crystal lattice, providing the real-space, atomicscale visualization of the cubic phase of an MAPbBr3 single
crystal lattice at room temperature (RT). Upon exposure to
ambient air, the cleaved bulk surface is shown to hydrate and
reconstruct. These advances in understanding provide the
fundamental basis for synthesizing high-quality perovskite
single-crystal specimens for integrated photovoltaic applications.
In this Letter, we call the surface of as-grown single crystals
an “aged” crystal surface, whereas we name the cleaved surface
under UHV a “pristine” crystal surface. Both are schematically
shown in Figure 1a. The cubic crystal structure of MAPbBr3
with a Pm3̅m space group is identiﬁed using X-ray diﬀraction
(XRD), as shown in Figure 1b−d. The XRD results reveal that
the Bragg reﬂections of aged (Figure 1b) and pristine (Figure
1c) samples show high intensity along the (100) and (200)
reﬂections, respectively, as shown in the insets of Figures 1b
and 1c. Interestingly, previously reported XRD data on single
crystals with hydrated surfaces identiﬁed only the (100)
orientation.28,38 To understand the origin of the diﬀerent
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Figure 2. Comparative optical properties and device performances of MAPbBr3 single crystal: (a) PL spectra obtained at λex = 400 nm, 800
nm and after the correction with light reabsorption; (b) absorption spectra; (c)Tauc plot showing the band gaps; (d) transient absorption
spectra; (e) photoresponsive cycles under AM 1.5 G illumination from the aged surface and pristine surface as highlighted; (f) J−V curves for
the device under AM 1.5 G illumination, showing the eﬀect of hydration. The best case eﬃciency values are chosen to capture the eﬀect of
hydration on the device performance without prelight soaking.

intensity of the (100) and (200) planes, we conducted XRD
experiments on a polycrystalline ﬁlm of MAPbBr3. Surprisingly,
we found that its XRD patterns resembled those of an aged
surface. Our ﬁrst thought was that the aged surface behaves like
a polycrystalline ﬁlm (Figure 1d). To further substantiate this
assumption, we carried out slow-scan XRD on various crystals
in the 2θ range of 33°−39° (inset of Figure 1d) in the
polycrystalline ﬁlm as well as on a pristine crystal and on
exposed, hydrated surfaces of the aged crystal. We observed
that the reﬂections from the (210) and (211) planes were
completely absent from the pristine crystal’s surface, whereas
they were present on the aged crystal’s surface as well as in the
polycrystalline ﬁlm. The diﬀerence in the intensity of the (100)
and (200) reﬂections may be attributed to gradual homogeneous nucleation that initially drives crystal growth and to
expeditious surface transformation when exposed to ambient
air. This observation is in a good agreement with STM
topographic images (see following discusion). Our preliminary
results only indicate that (100) and (200) reﬂections exhibit
diﬀerent intensities, but it should be noted that grazingincidence wide-angle X-ray scattering (GIWAXS) can give the
in-plane crystal information,39,40 which is beyond the scope of
this work.
The XRD measurements conﬁrm a characteristic of two
orientations when the surface is exposed to ambient conditions,
suggesting both the polycrystalline nature and the freshly
cleaved pristine nature of the single crystal. We further
corroborated these observations with results from several
surface-sensitive experiments, including small-scale STM,
photocurrent experiments, X-ray photoelectron spectroscopy
(XPS), cross-sectional scanning electron microscopy (SEM),
and steady-state and time-resolved electronic spectroscopy
(discussed below).
We directly probed the surface composition of a single
crystal and the polycrystalline ﬁlm by XPS with a depth
sensitivity of ∼5−10 nm. The exposed aged surface of the

crystal has a high content of oxygen (Figure 1e), which is
completely absent from the pristine surface (Figure 1f). A
principal component of O 1s (532.0−532.5 eV) is observed on
the aged surface or ﬁlm and is likely to represent the O−H and
O−C functionalities.41,42 However, the shoulder at 533.3 eV
suggests adsorbed water,43 which we conﬁrmed conclusively
using STM imaging (discussed below). The XPS measurements
thus conﬁrm that a single crystal forms a hydrated surface due
to water adsorption.
Chemical composition comparisons (Table S1) of the Br:Pb
and N:Pb ratios remained unaltered subsequent to cleaving.
However, the C content was signiﬁcantly reduced in the
pristine case because of the absence of adventitious carbon
contamination. XPS measurements on polycrystalline ﬁlms also
revealed the presence of oxygen (Figure 1g and inset),
providing clear experimental evidence of hydration of the
surface upon exposure to ambient air.
Results from steady-state and time-resolved photoluminescence (PL) upon 1p and 2p excitation, absorption spectra,
optical bandgap, and transient absorption of the MAPbBr3
crystal and the thin ﬁlm directly distinguish the optical
properties of the aged surface from those of pristine surfaces.33
We therefore exploited the penetration depths of the 1P44 (less
than 200 nm) and 2P45 (≥μm) excitations to probe the PL of
aged and bulk surfaces of the crystal.33 As can be seen in Figure
2a, the PL spectra are centered at 540 and 580 nm for the 1P
and 2P excitations, respectively. However, after the correction
for light reabsorption using the absorption coeﬃcient46 and
diﬀusion length,38 the intensity of 580 nm peak reduces
signiﬁcantly and the peak at 555 nm become more prominent.
Therefore, the peak at 580 nm may be a result of light
reabsorption due to the very large penetration depth especially
upon two-photon excitation. Further studies are in progress to
fully understand the origin of these two PL peaks. We should
highlight again that the PL obtained with excitation above the
band gap characterizes mainly the surface layer with a thickness
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Figure 3. Real-space imaging and visualization of MAPbBr3 by SEM and STM. (a) cross-sectional FIB-SEM image showing clear contrast
diﬀerences on the aged and pristine surfaces. STM images obtained from the (b, c) aged surfaces of an as-grown single crystal and (d, e) from
the pristine surfaces at various positions captured at scanning parameters of Vb = 2.5 V and It = 0.7 nA. (f, h) Pristine surface showing the
ordered structures with well-aligned stacked planes. (g) Pb−Pb distance along the (110) plane obtained from the height proﬁle of panel f. (i)
Interlayer spacing measured along the dark line in panel h corresponding to the lattice parameter of a cubic unit cell. (j, l) STM images
showing the hydrate formation on the pristine surface after overnight exposure to ambient air with ringlike protrusions (marked by circles)
and the disuniﬁed 1D chains (marked by rectangles), indicating molecular water incorporation in the pristine surface of the single crystal. (k)
Line proﬁle on the bright line of perovskite hydrate along the length (green), diameter (black), and line proﬁle (red) on the ring-like
protrusions measured along the marked lines in panel j.

determined by the light penetration depth, and it is normally a
few hundreds of nanometers. In contrast, the PL excited below
the band gap (2p excitation) is generated throughout the entire
medium because of the very long light penetration depth, and it
mainly reﬂects the bulk properties. For comparison, we
conducted PL experiments on a polycrystalline ﬁlm under the
same experimental conditions, and only the peak centered at
540 nm was recorded. Therefore, it is evident from the optical
measurements that the aged surface behaves like a typical
polycrystalline ﬁlm, which is also consistent with the XPS and
XRD data presented in Figure 1.
The broadening of the emission spectra of the ﬁlm compared
to those of the aged surface may come from diﬀerent degrees of
hydration and/or diﬀerent hydrogen bonding interactions
between the water molecules and the organic cation
(CH3NH3+) and halide ions.47 We measured radiative carrier
recombinations of the aged surface and crystal bulk using the
time-correlated single-photon counting (TCSPC) technique
(Figure S2) and found that the average carrier lifetimes at the
aged surface (2.5 ns) and in the polycrystalline ﬁlm (3 ns) were
more than 2 orders of magnitude shorter than the carrier
lifetime of the crystal bulk (360 ns). The large diﬀerence
between the two lifetimes on surfaces and in bulk crystals can

be attributed to the change of defect states, in which defect
states are predominately present at the surfaces because of the
hydration and surface disorder. Additionally, the carrier
diﬀusion on the surface can be also responsible for the shorter
lifetime on the surface. As shown in Figure 2b,c, optical band
gap experiments surprisingly showed that the absorption
features and band edges of the aged surface and the ﬁlm
were 2.27 and 2.28 eV, respectively, which we attributed to the
compression of the lattice; however, it was 2.22 eV for the
pristine surface, again conﬁrming the XRD, steady-state, and
time-resolved PL results. The unusual band gap for the pristine
surface may arise from the strain-induced symmetry changes
and the character of the orbitals.48 As evidenced from the STM
results (shown later), a tilt in the octahedral by changing the
metal−halide−metal angle, clearly suggests strain incorporated
into the bulk-crystal lattice. This further fortiﬁes the unusual
band edge behavior in the surface and bulk in the present case.
Additionally, the unusual band gaps can also arise from the
large thickness of the crystal in addition to the ordered and
disordered domains.49 On the other hand, the transient
absorption experiments (Figure 2d) with 1P excitation showed
ground-state bleaching at 520 nm, which is consistent with the
absorption spectra of the ﬁlm and the aged surface, providing
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results in the clear contrast between the morphologies at the
aged and pristine surfaces.
We thus further investigated the surface transformation of
aged and pristine surfaces at higher resolution by performing
STM under UHV conditions. Special care was taken to account
for tip-related artifacts by systematically scanning from large to
small areas and from backward to forward on all surfaces
(Figures S6−S8). Topographic STM images of the aged surface
reveal signiﬁcant clustering and mounding throughout the
surface (Figure 3b,c). This is not surprising as a perovskite
hydrate crystal is substantially swollen by lattice expansion of
6%, indicating that hydration is accompanied by considerable
volume expansion of the perovskite unit cell, which results in
local stress and the need for relaxation of the surface
structure.30 This may account for the polycrystalline appearance of the aged surface. On the other hand, a pristine surface
cleaved parallel to one facet of the crystal reveals the crystalline
nature of the material, with layer-after-layer stacking as
expected in a crystalline material, as shown in Figure 3d,e.
Nevertheless, there are also substantial defects in the pristine
surface, suggestive of the imperfect cleaving of the perovskite
crystal.
The small-scale STM topographic image also shows an
ordered structure with some regular bright protrusions, as
displayed in Figure 3f,h. The density of states (DOS) in all
energy levels above the conduction band in halide perovskites
involves the Pb 6s and 6p orbitals.55 The ordered bright
protrusions in the STM image (Figure 3f) captured at positive
voltages (2.5 V) are thus the manifestation of Pb-rich octahedra
with a Pb atom at the center.
In a closer view, ordering of the bright protrusions is found
to be distorted from an ideal crystal structure, which can be
attributed to the lattice strain forcing the octahedra to tilt by
changing the metal−halide−metal angle.56 It is reasonable to
conclude that the distance measured between the two Pb atoms
(1.48 nm) from the line graph and marked in Figure 3g (also
see Figure S9) corresponds to the diagonal distance (1.45 nm)
between Pb atoms in the (110) plane. The apparent step height
of each layer was obtained by a line proﬁle, as indicated by the
straight line in Figure 3h. Each layer has an apparent height of
0.52 ± 0.02 nm (Figure 3i). Mismatching between the
measured height and the interplanar spacing (√2a = 0.84
nm) along the (110) plane may result from lattice-straininduced reconstruction from the tilting octahedra and a
subsequent change in the electronic band structure near the
band edges, as described elsewhere.56 Controlled experiments
were carried out by exposing the pristine surface to ambient air
overnight for further XPS and STM analyses. The XPS O 1s
core level peak clearly exhibits signatures of hydration.
The observed shoulders at 532.5 and 533.3 eV (insets to
Figure 1e,g) indicate the respective incorporation of molecular
and multilayer water into the perovskite crystal’s surface.43 Our
analysis reveals the formation of clusters on the exposed
pristine surface which are similar in appearance to those formed
on the aged surface of as-grown crystals (Figure 3j,l). After
exposure of the pristine surface to ambient air, the hydration
found on the crystalline surfaces corroborates the hygroscopic
nature of the surfaces of organolead halide perovskites when
exposed to ambient moisture over time. Exposure of the
pristine surface to high levels of moisture therefore leads to
degradation of the perovskite and to the formation of hydrate
phases.30

another strong piece of evidence of the similarity between the
aged surface and the polycrystalline ﬁlm. Similar optical
properties, such as emission and lifetimes, were also observed
on the aged surface and crystal bulk of FAPbBr3 (FA =
formamidinium) single crystal (Figure S3).
To validate our hypothesis, we fabricated a simple visible
photodetector with an Au/MAPbBr3/Au conﬁguration. This
photodetector distinctly showed a higher photocurrent from
the pristine surface and a lower photocurrent from the aged
surface under air mass (AM) 1.5 G illumination (Figure 2e).
We attributed this result to the interfacial contact resistance
resulting from hydrate formation, which lowers the net carrier
collection.
We also expected that the performance of a solar cell would
depend on the RH of the ambient air because of the
hygroscopic nature of organolead halide perovskites. A typical
hole-transporter free solar cell on a 6 μm thick MAPbBr3 single
crystal demonstrated 4.24% PCE (Figure 2f) with impressively
high VOC of 1.2 V. This high VOC can be attributed to the full
depletion of electrons, within a depletion width of 7 μm,
implying that the photoexcited carriers easily drift to ﬂuorinedoped tin oxide and Au electrodes.50 The complexity of
cleaving a 6 μm crystal prompted us to try the alternative
approach of subjecting the as-fabricated device to high (≥55%)
RH conditions and monitoring the degradation over a few days
of slower hydrate formation from the top Au electrode. In the
initial 2 days, we observed a small drop in PCE of 1%, whereas
prolonged exposure led to a drop in PCE of ∼13% and ∼17%
on the sixth and tenth days, respectively, which we attributed to
surface hydration (Table S2). Interestingly, recent studies
showed that monohydrate formation lowers device performance,30 which can be nearly reversible upon dehydration, as the
consequential formation of PbX6-based byproducts is partially
reversible.51 We observed that the formation of polyhydrate
upon exposure of the perovskite surfaces to high levels of
moisture led to the formation of hydrate phases that
signiﬁcantly lowered device performance. Moreover, under
extreme hydration conditions, weakening of the hydrogen
bonding between PbX6 and MA cations may also lead to an
irreversible change and hence to a complete failure of the
device.52 Similar studies on CH3NH3PbI3−xClx perovskite thinﬁlm solar cells showed that the initial PCE of less than 4%
dropped to less than 2% because of moisture that was ascribed
to interface degradation.53 While ﬁlms grown under 30% RH in
ambient air compared with a ﬁlm grown under dry conditions18
showed enhanced optoelectronic properties, we observed that
the single crystals grown at RH ≥ 55% clearly exhibited
detrimental degradation eﬀects on device performance. A more
detailed analysis of perovskite surface transformation due to
hydration is presented below.
Cross-sectional focused ion beam scanning electron microscope (FIB-SEM) images (Figures 3a, S4, and S5) clearly show
the diﬀerent morphologies of aged and pristine crystal surfaces.
Hydration of the perovskite leaves a clear signature of
morphological change by forming various types of grains.54
Crystal surfaces are prone to degrade under high RH
conditions; other factors such as disordering of MA cation
can also contribute to the surface traps and hence the surface
transformation. Therefore, it is reasonable to suggest that lattice
deformation arises from the strain at the surface, resulting in
the observed larger bandgaps at the surface (2.27 eV)
compared to in the bulk (2.22 eV) of the single crystal. The
FIB-SEM measurements conﬁrm that perovskite hydration
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lifetime characteristics compared with a pristinely cleaved
crystal surface. This observation clearly demonstrates why the
aged surfaces of these crystals behave uniquely in contrast with
the behaviors of bulk single crystals. These ﬁndings provide
new insights into the surface transformation of a single crystal
that are consequential to optimizing the surface quality and
stability of perovskite single crystals for the further amelioration
of photovoltaic and optoelectronic devices.

The presence of this perovskite hydrate phase is also
conﬁrmed by the O 1s peak in the XPS image, which shows the
main component around 532 eV corresponding to the O−H
species discussed above. Hydroxyl radicals and hydroxide ions
formed via water dissociation were found to interact with
hydrogens/protons from the top-layer MA cations upon
adsorption, thus forming perovskite hydrate on the crystalline
perovskite surface, which causes surface strain due to lattice
expansion.30,57 The perovskite hydrate formed on the pristine
surface due to exposure to ambient air can be treated as a
model system of epitaxial growth of perovskite hydrate on a
crystalline perovskite surface. In this model, the epitaxial ﬁlm
suﬀers from tensile strain induced by the lattice mismatch with
the pristine surface. As the epitaxial ﬁlm grows, defects and
nanostructures formed on the surface become possible
pathways to release the strain stored in the epitaxial ﬁlm,
which has also been observed in Ge/Si heteroepitaxial
systems.58 The distending one-dimensional (1D) bright lines
marked by rectangles in Figure 3j are evidence of the formation
of epitaxially grown perovskite hydrate. The average
dimensions of these lines are 12 nm × 5 nm × 1.2 nm when
measured along the marked lines shown in Figure 3j by
extracting the line proﬁles, as indicated by the black and green
lines in Figure 3k.
The nanostructures as indicated by a ring of bright spots with
a dark spot in the center, as shown in Figure 3j, at various
random positions can be attributed to a hopping mechanism.59
Our observation of a ring that clusters on the exposed pristine
surface of perovskite specimens, which possibly could be
perovskite hydrate, is in accordance with previously reported
clustering observations on various electrically conductive
surfaces.60−63 This accumulated evidence suggests that the
lattice strain on the top aged surface is the impetus for water
incorporation into the perovskite, leading to the formation of
these nanostructures. We therefore attribute these polycrystalline features and grain boundaries (Figure S10) to surface
disorder on the aged surface modulated by exposure to
moisture and conceivably oxygen. The morphological variations
of the pristine and aged crystal surface could possibly originate
from the growth process and crystal collection process;
however, we have carried out control experiments and observed
the emergence of STM and XPS features on the pristine surface
that are similar to those of the aged surface during its exposure
in the air. More speciﬁcally, the control experiments conﬁrmed
the gradual convergence of the features of the pristine surface
during exposure in the air with those of the aged crystal surface
by showing similar O 1s peaks in the XPS spectra and
protrusion formation in STM images. Therefore, we believe
these results are suggestive of hydration-induced morphological
changes.
Understanding the surface properties of perovskite single
crystals, including their surface qualities, stability, and carrier
recombination, is essential to improving the ambient operation
and optimization of devices based on these crystals. Here, we
directly visualized the surface transformation of perovskite
single crystals using state-of-the-art spectroscopy and microscopy techniques at atomic spatial resolution. Our results clearly
indicate the formation of a hydrated layer (polycrystalline-like
structure) on the surfaces of single crystals and hence the
formation of grain boundaries. Several pieces of evidence from
our array of experiments show that the incipient surface of a
single crystal has a diﬀerent optical band gap, carrier
recombination, excitation spectra, PL spectral position, and
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