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ABSTRACT: The presence of the PbI2 passivation layers at
perovskite crystal grains has been found to considerably affect the
charge carrier transport behaviors and device performance of
perovskite solar cells. This work demonstrates the application of
a novel light-modulated scanning tunneling microscopy (LM-
STM) technique to reveal the interfacial electronic structures at
the heterointerfaces between CH3NH3PbI3 perovskite crystals
and PbI2 passivation layers of individual perovskite grains under
light illumination. Most importantly, this technique enabled the
first observation of spatially resolved mapping images of
photoinduced interfacial band bending of valence bands and
conduction bands and the photogenerated electron and hole
carriers at the heterointerfaces of perovskite crystal grains. By
systematically exploring the interfacial electronic structures of
individual perovskite grains, enhanced charge separation and reduced back recombination were observed when an optimal design
of interfacial PbI2 passivation layers consisting of a thickness less than 20 nm at perovskite crystal grains was applied.
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Organic−inorganic hybrid perovskite materials of
CH3NH3PbX3 (X = Cl, Br, I) have recently shown the

power conversion efficiencies up to 20%1,2 in photovoltaic
applications. This is because they possess the excellent physical
properties such as high optical absorption coefficients,3−5 high
carrier mobility, and long and balanced electron−hole diffusion
lengths.6 Numerous efforts have been conducted on fabricating
high-quality perovskite films by controlling their morpholo-
gies,7−9 coverage, grain sizes, or degree of crystallinity through
thermal annealing, solvent engineering,10 and incorporation of
small amounts of chemical additives.11−13 The inherent
polycrystallinity of perovskite films is expected to significantly
affect the charge generation and transport efficiency under light
illumination.14−19 Recently, Chen et al. reported that
precipitating an optimal thin PbI2 layer at the surrounding
regions of perovskite crystal grains during post-thermal
annealing may considerably improve the device performance,
and this is because the presence of PbI2 layers at perovskite
crystal grains engenders successful passivation that affects
carrier transport behaviors along heterojunctions.20,21 However,
although the presence of an optimal thin PbI2 layer at
perovskite crystals may enhance the device performance, a

detailed understanding of local electronic information regarding
carrier generation and transport at the heterointerfaces of the
perovskite crystal grains and the passivation layers is still not
achieved. Accordingly, a full investigation of local electronic
structures of the heterointerfaces between the CH3NH3PbI3
crystal grains and PbI2 passivation layers of perovskite films will
be of crucial importance to further enhance the performance
and stability of perovskite-based photovoltaic devices. Pre-
viously, atomic force microscopy (AFM) and Kelvin probe
force microscopy (KPFM) have been employed to explore the
local electronic structures of perovskite photovoltaic materials.
Both techniques typically provide information based on the
contact potential difference (CPD), with which the correspond-
ing work functions of composed materials can be in-
ferred.14,20−24 Nevertheless, because photogenerated electrons
and holes must be transported through the valence bands
(VBs) and conduction bands (CBs) of individual device
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constituents, one should achieve a more comprehensive
understanding of charge separation and transport behavior
toward two opposite electrodes by directly revealing the
interfacial band alignments of VBs and CBs at perovskite
crystals. Scanning tunneling microscopy (STM) combined with
scanning tunneling spectroscopy (STS) has the unique
advantage of providing the local electronic density of states
(LDOS) with spatial resolution at a nanometer scale or even
atomic scale.25 Therefore, STM may be an ideal tool for
exploring local electronic information regarding interfacial band
alignments and the corresponding charge generation behaviors
at the heterointerfaces of perovskite crystal grains. In this work,
we employed a light-modulated STM (LM-STM) techni-
que26,27 to reveal the correlation between nanoscale composi-
tional distributions and interfacial electronic structures of
heterointerfaces between the CH3NH3PbI3 perovskite crystals
and PbI2 passivation layers under light illumination. Detailed
descriptions of the LM-STM setup are provided in the
Experimental Section and Supporting Information 1. Most
importantly, this technique enabled the first observation of
spatially resolved imaging on photoinduced interfacial band
bending of VBs and CBs and photogenerated carriers at the
heterointerfaces of perovskite crystal grains. The result allows
us to understand the important role of the PbI2 passivation
layers at perovskite crystal grains on the behaviors of carrier
generation and recombination for further improving the power
conversion efficiencies of perovskite solar cells.
Results and Discussion. Sample Characteristics. Figure

1a shows a cross-sectional scanning electron microscope
(SEM) image of a CH3NH3PbI3 perovskite solar cell. The
device architecture comprised FTO/TiO2/CH3NH3PbI3/spiro-
OMeTAD fabricated using the conventional sequential
deposition process (two-step process) which has been
addressed in detail in the Supporting Information. The

resulting mesoscopic CH3NH3PbI3 perovskite-based solar cell
exhibited promising device performance, as shown in Figure 1b,
with an open-circuit voltage (Voc) of 1.02 V, a current density
(Jsc) of 21.2 mA/cm2, a fill factor (FF) of 69.6%, and a PCE of
15.06%. Details about the device fabrication procedures and
device performance are provided in the Experimental Section.
Figure 1c presents a top-view SEM image of a perovskite thin
film before the deposition of a hole transporting layer (HTL) of
spiro-OMeTAD. This image reveals a granular morphology
comprising many isolated CH3NH3PbI3 grains with sizes of
approximately 200−600 nm, similar to morphological observa-
tions in previous reports.10,22,28 The isolated granular
morphology is more commonly observed in the perovskite
films using the two-step sequential deposition process, which
allows us to systematically explore the interfacial electronic
structures of individual perovskite crystal grains without being
affected by each other in the following STM measurements.
The compositions of the perovskite thin film after thermal
annealing were measured by the X-ray diffraction (XRD) as
shown in Supporting Information 2 (Figure S2). Strong
diffraction peaks were observed at 14.2° and 28.5°, assigned
to the (110) and (220) planes of the tetragonal CH3NH3PbI3
perovskite lattice, whereas a lower diffraction peak at 12°
corresponded to the (001) plane of the PbI2 lattice, indicating
the presence of PbI2 in the CH3NH3PbI3 perovskite thin film
(Figure S2). To further understand how the presence of the
PbI2 passivation layer affects carrier generation and transport at
perovskite crystals, we used an LM-STM in the ultrahigh
vacuum (UHV) condition equipped with a light source (laser
diode, λ = 532 nm, power intensity = 3 mW/cm2) to perform
real-space observations of photoinduced carrier generation and
band alignments at heterointerfaces between the CH3NH3PbI3
perovskite crystals and the PbI2 passivation layers at nanometer
spatial resolution, as schematically shown in Figure 1d. Because
there is distinct difference at the absorption spectra of
CH3NH3PbI3 and PbI2 (as shown in Figure S3), the light
illumination at a wavelength of 532 nm was used for excitation
to ensure that photocarrier generation of electrons and holes
mainly occurred in the CH3NH3PbI3 region rather than in the
PbI2 region. In addition, the electronic control system was used
to replace the conventional mechanical chopper to effectively
reduce the thermal effect in the LM-STM spectroscopic
measurement. The detailed description of the electronic control
system in the LM-STM setup for STS measurements was also
addressed in the Supporting Information 1. To prepare the
sample for the LM-STM measurement, the original FTO
substrate was replaced with a 550 μm silicon substrate; this is
because the commonly used FTO electrode for perovskite solar
cells is typically deposited on a 2 mm glass substrate, which is
too thick to be compatible with our STM sample holder. In
addition, a 300 nm dense SiO2 layer was thermally grown using
wet oxygen on top of Si substrate to prevent the photocurrent
resulting from Si substrate contributing to the tunneling current
(as shown in Figure S4). The device configuration consists of a
TiO2 compact layer, mesoporous TiO2 scaffold, and
CH3NH3PbI3 photoactive layer which were sequentially
deposited based on the identical procedures as mentioned
above.

STM/STS Measurements in the Dark. Figure 2a exhibits a
topographic STM image of the perovskite film measured in the
dark, where the shapes of the perovskite crystal grains are
outlined by the dashed curves. In the perovskite film, a number
of grains with sizes of approximately 200−600 nm were clearly

Figure 1. (a) SEM cross-sectional image of a CH3NH3PbI3 perovskite
solar cell with the architecture consisting of FTO/TiO2/
CH3NH3PbI3/spiro-OMeTAD. (b) Current−voltage curves for the
CH3NH3PbI3 perovskite solar cell. (c) Top-view SEM image of the
perovskite thin film before deposition of a hole transporting layer of
spiro-OMeTAD. (d) Schematic description of the LM-STM measure-
ment. The device configuration for LM-STM measurement is Si/
SiO2(300 nm)/TiO2 compact layer/mesoporous TiO2/perovskite
crystals.
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observed, which is consistent with the SEM observation
presented in Figure 1c. To obtain the information on the
compositional distribution within each grain, the normalized
differential conductances (dI/dV) by means of the scanning
tunneling spectroscopy (STS) measurements at the temper-
ature of 100 K were used to reveal the density-of-states (DOS)
information on individual constituents at perovskite grains,
where the normalization procedure can eliminate the dI/dV
dependency of the tip−sample separation in the STS
measurement as the tip scans across the heterojunction.29

Figure 2b shows the mapping image of the normalized dI/dV
spectra of the perovskite grains recorded at the sample bias of
+2.45 V. The electronic image of Figure 2b shows two distinct
local electronic behaviors at the perovskite crystal grains. Larger
dI/dV signals mostly appeared in grain interiors (colored by
red), whereas lower dI/dV signals typically appeared at the
outer parts of grains (colored by blue). The undetectable
electronic signal level in the STS measurement due to the
height difference among grains is viewed as the signal from the
background, which is displayed by black in Figure 2b. We have
also taken the effect of surface roughness of the perovskite
crystals on the measurement into account. The discussion of
the surface roughness effect on the STM measurement was also
addressed in the Supporting Information 3. Figure 2c illustrates
two representative normalized dI/dV curves as a function of the
sample bias observed at the grain interior and at the outer part
of Grain A, marked with red and blue squares, respectively. The
position of the zero sample bias in the STM measurement is
the Fermi level (EF) of the system. The current onsets in the
occupied and unoccupied states, corresponding to the VB and
CB edges, respectively, were extracted (as indicated by the

triangular marks) according to the methodology developed in
ref 30. The representative dI/dV curve at the grain interior
exhibited a more conductive feature compared with that
observed at the outer part of the grain. The corresponding
energy positions of the VB and CB edges (EV/EC) were at
approximately −1.2 and +0.3 V respectively, indicating an
estimated bandgap size of 1.5 eV (Figure 2c, upper panel). This
type of curves were predominantly distributed in the interior
regions of the perovskite grains, primarily resulting from the
contribution of perovskite CH3NH3PbI3 according to the
reported value of the bandgap size.31,32 By contrast, the
representative dI/dV curve observed at the outer part of Grain
A demonstrated less conductive features, and the specific onset
biases of the VB and CB edges (EV/EC) were located at −1.5
and +0.9 V, respectively, exhibiting a bandgap size of
approximately 2.4 eV (Figure 2c, lower panel). This type of
curve can be attributed to the presence of PbI2 thin layers,
according to the similar band gap value obtained from the
absorption spectrum and UPS data of PbI2.

33 Due to the
distinct electronic properties between perovskite CH3NH3PbI3
and PbI2, the distribution of the respective constituents at the
perovskite crystal grains can be clearly distinguished from the
corresponding normalized dI/dV curves. As shown in Figure
2b, Grain A consisted of a thicker (30−50 nm) PbI2 layer, and
Grain B consisted of a thinner (5−8 nm) PbI2 layer at the
corresponding perovskite crystal grains. In addition, some
grains consisting of mixed CH3NH3PbI3 and PbI2 phases were
also found on the top surface of the perovskite crystals (e.g.,
Grain C). Accordingly, the distinct electronic signals of the
CH3NH3PbI3 and PbI2 dI/dV curves derived through STM/
STS enabled obtaining the compositional distributions on the
surface of individual perovskite grains at a nanometer-scaled
resolution. The mapping image of the normalized dI/dV
spectra obtained from STS measurement as shown in Figure 2b
is consistent with the previous conclusion that thin PbI2
passivation layers may be predominantly precipitated around
the perovskite crystal grains after thermal annealing treat-
ment.20

To further explore the band alignment at the heterointerfaces
between the perovskite crystals and the PbI2 passivation layers
of individual perosvkite grains, Figure 2d exhibited the
evolution of some representative tunneling spectra as a function
of the sample bias acquired across the perovskite/PbI2
heterojunction at Grain A (denoted by the rectangular box in
Figure 2b). Extracting the locations of the VB and CB edges
indicated by the triangular mark yielded a mapping image of the
band alignment across the perovskite/PbI2 heterointerface in
Grain A as shown in Figure 2e, according to the electronic
characteristics of the spatially dependent spectroscopic curves
in Figure 2d. The energy band offsets of the VB and CB edges
for CH3NH3PbI3 and PbI2 were approximately 0.3 and 0.6 eV,
respectively, revealing a typical type I heterojunction at the
perovskite/PbI2 interface. In addition, both CH3NH3PbI3 in the
grain interior and PbI2 at the outer part of the grain exhibited
intrinsic n-type electronic behaviors with their Fermi levels
being close to the corresponding CB edges, which is also
consistent with previously reported UPS results.34,35 Compared
with the conventional techniques that generally measure the
ionization potentials or electron affinities of individual
components to obtain energy diagrams of a heterojunction
structure,34,36,37 the unique advantage of the STM/STS
measurement enable directly visualizing spatially resolved
band alignment characteristics and electronic configurations

Figure 2. (a) Typical STM morphology image. (b) A mapping image
of the normalized dI/dV spectra of the perovskite grains recorded at a
sample bias of +2.45 V. (c) Two representative normalized dI/dV
curves (lower and upper panels) obtained at the outer part of the grain
(blue square in Grain A) and in the grain interior (red square in Grain
A) respectively. (d) Point-to-point electronic dI/dV curves acquired
across the perovskite/PbI2 heterojunction in Grain A (denoted by the
rectangular box in (b)). (e) A mapping image of the band alignment
across the perovskite/PbI2 heterointerface in Grain A by extracting the
locations of the VB and CB edges indicated by the triangular marks in
(d).
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across the CH3NH3PbI3/PbI2 heterojunctions of perovskite
crystals.
Photocarrier Generations of Perovskites in STS Measure-

ments under Illumination. Next, we applied the LM-STM
technique to conduct real-space observations of the photo-
induced charge transfer and band bending at the perovskite
crystals under illumination. In typical semiconductors, the
energy differences between the energetic positions of CB (VB)
edges and Fermi levels can be used to estimate the carrier
concentrations or carrier types of materials. Hence, the shift of
the energy difference ED between the energetic positions of the
CB edge (EC) and the Fermi level (EF), denoted as ED = EC −
EF, can be used to characterize photoinduced charge transfer
behaviors in perovskite grains under light illumination. The
terms ED and ED′, as shown in Figure 3a, represent the
separation between the CB edges (EC or EC′) and the Fermi
level (EF) in the dark and under illumination, respectively. The
position of the CB edge (EC) of the CH3NH3PbI3 part
(represented by the open red triangular symbol) was shifted
toward a higher energy (EC′, indicated by the solid red
triangular symbol) when the device was under light
illumination, thus increasing the values of ED to ED′. In
addition, an enhancement of the LDOS obtained from the dI/
dV curve at a negative sample bias after light illumination was
observed. This enhancement was mainly resulted from the
increased tunneling current from the VB to the tip, indicating
an increased carrier density of photoinduced holes in the
CH3NH3PbI3 parts of the perovskite grains (see the Supporting
Information 4). Figure 3b and c present the distributions of the
ED and ED′ values derived for the perovskite grains in the dark
and under illumination, respectively, where these ED or ED′
values were obtained from the individual normalized dI/dV
spectra at the perovskite crystals before and after light
illumination. The stability of the LM-STS measurements is
also discussed in the Supporting Information 5 and 6. When
the device was under illumination, photoexcited carriers were

generated and separated in the perovskite crystals, resulting in
the variation of ED and ED′. Hence, the shifts of ΔED values,
defined as ΔED = ED′ − ED, may be directly correlated with the
variation of photogenerated carrier concentrations or carrier
types as the device is under light illumination. Positive ΔED
values are directly correlated with increases in hole concen-
trations as the energy difference between the CB edge and the
Fermi level increases, whereas negative ΔED values are
correlated with increases in electron concentrations as the CB
edge is closer to the Fermi level after light illumination. Figure
3d exhibits a mapping image of the spatial distributions of ΔED
values observed for the perovskite grains under light
illumination. The ΔED values in the grain interiors were mostly
positive (colored red or orange), whereas those at the outer
parts of these grains were either negative (colored blue) or
nearly zero (colored gray). Notably, the mapping image of
these ΔED values at these perovskite grains shows a correlation
to the compositional distributions of CH3NH3PbI3 and PbI2 as
shown in Figure 2b, indicating that the shift of the ΔED values
and the corresponding charge transfer behaviors strongly
depend on the chemical compositions of perovskite grains. It
is known that the CH3NH3PbI3 perovskite material behaves as
an ambipolar semiconductor with long electron−hole diffusion
lengths,38 although the intrinsic CH3NH3PbI3 exhibits a Fermi
level that is close to the CB edge.34 A recent experimental result
also revealed that photogenerated holes were extracted more
efficiently than electrons in a CH3NH3PbI3-based perovskite
solar cell.22 The positive ΔED values observed in the grain
interiors (CH3NH3PbI3 parts) are mainly attributed to the
increased hole concentrations in these regions when the device
was under light illumination, and these carriers can be collected
effectively by inserting a HTL of spiro-OMeTAD, contributing
to hole current.37 Moreover, carefully examining the distribu-
tions in Figure 3d reveals that the quantities of positive ΔED
values, and the corresponding increased hole concentrations
strongly depend on the thickness of the PbI2 passivation layers

Figure 3. (a) Representative dI/dV curves of perovskites in dark (dashed curve) and under light illumination (solid curve) conditions. Imaging of
the spatial distribution of the ED and ED′ values derived for the perovskite grains (b) in the dark and (c) under illumination. (d) A mapping image of
the spatial distributions of ΔED values (ΔED = ED′ − ED) observed for the perovskite grains under light illumination. The statistical histograms of all
of the ED values in (e) Grain A and (f) Grain B measured in the dark and under illumination, respectively.
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at these grains. For the grains comprising a thin PbI2 layer such
as Grain B, the larger positive ΔED values indicated a
considerable enhancement of hole concentrations in the grain
interiors as the device was under light illumination. In addition,
negative ΔED values were observed at the surrounding part of
Grain B, and this is mainly attributed to an increased electron
concentration, indicating that efficient charge separation also
occurred at the heterointerface of Grain B. By contrast, the
ΔED values at the outer part of Grain A, which consists of a
thicker PbI2 layer, remained nearly unchanged, indicating that
charge separation at the heterointerface of Grain A is inefficient.
The positive ΔED values observed in the interior regions
(CH3NH3PbI3 part) of Grain A were also found to be lower
than those observed in the interior regions of Grain B. Figure
3e and f present the histograms of all of the ED values in Grains
A and B measured in the dark and under illumination,
respectively. The average ΔED value in the interior region
(CH3NH3PbI3 part) of Grain A was approximately +0.25 eV,
whereas that in the interior region of Grain B was
approximately +0.40 eV. Moreover, the average ΔED value at
the outer region (PbI2 part) of the Grain A was nearly −0.03
eV, whereas that at the surrounding region of Grain B was
approximately −0.34 eV, indicating efficient charge separation
at the heterointerface of Grain B. These results suggest that the
photoinduced charge generation behaviors at the
CH3NH3PbI3/PbI2 heterointerface may strongly depend on
the PbI2 passivation layers at the perovskite crystal grains.
Band Alignments of Perovskites in STS Measurements

under Illumination. To further reveal the effects of the thin
PbI2 layers on the photocarrier generation and separation at the
heterointerface of the perovskite crystal grains, the interfacial
band alignments across the perovskite/PbI2 heterojunctions of
Grains A and B as indicated by the colored solid arrows of
Figure 4a and b were examined. Figures 4c−f illustrate the
interfacial band alignments at Grains A and B in the dark and
under light illumination derived from the characteristic curves
of the point-to-point STS spectroscopic data. When the device
was under illumination, a remarkable downward band bending
was clearly observed in the PbI2 region of Grain B (Figure 4d
and f), whereas the energy shifts in the PbI2 region of Grain A
(Figure 4c and e) remained nearly intact. This result indicates
that photogenerated electrons were efficiently transferred from
the interior region of the CH3NH3PbI3 part to the outer part of
the PbI2 region in Grain B, which comprised a thinner PbI2
layer. By contrast, the thicker PbI2 layer in Grain A not only
hindered photoinduced charge transfer across the perovskite/
PbI2 interface but also increased the probability of carrier
recombination. Accordingly, the increase in the hole concen-
tration in the interior region of Grain A was considerably lower
than that in Grain B as the device was under illumination,
where the VB and CB edges shifted by only approximately 0.25
eV toward high energy levels (ΔED = +0.25 eV) in the
perovskite region of Grain A compared to an approximately
0.40 eV shift in the perovskite region of Grain B (ΔED = +0.40
eV). Although the origin of the variation on the thickness of the
PbI2 passivation layers at the outer regions of perovskite crystal
grains is not fully understood yet, one possible reason may be
due to the nonuniform decomposition of CH3NH3PbI3 during
thermal annealing, which occurred at a moderate temperature
by releasing CH3NH3I and precipitating PbI2 phase.20,39 It
mostly occurred at the surrounding regions of perovskite grains
because there are more defective sites than those at the grain
interior areas.40 By using the unique LM-STM measurements,

we are able to obtain the spatially resolved chemical
compositions and interfacial band alignments simultaneously
to correlate the photocarrier generation behaviors at the
heterointerfaces of perovskite crystals.

PbI2 Layer Thickness Dependence of ΔED. Figure 5 presents
the dependence of the thickness of the PbI2 passivation layers

on the ΔED energy shifts obtained from statistical analyses of
12 perovskite crystal grains in our measurement. It was found
that prominent photoinduced charge separation and transfer
efficiencies at the heterointerfaces between the CH3NH3PbI3
perovskite crystals and the PbI2 passivation layers can be
observed as the thickness of the PbI2 layer is less than 20 nm,
where the positive ΔED values corresponding to increased hole

Figure 4. Perovskite grains of (a) Grain A and (b) Grain B selected
from Figure 3d. (c) and (e) correspond to the band alignments across
the heterojunctions (green arrows) of Grain A consisted of a thicker
(∼45 nm) PbI2 layer in the dark and under light illumination,
respectively. (d) and (f) correspond to the band alignments across the
heterojunctions (green arrows) of Grain B consisted of a thinner (∼8
nm) PbI2 layer in the dark and under light illumination, respectively.

Figure 5. Dependence of the thickness of the PbI2 passivation layers
on the ΔED energy shifts obtained from statistical analyses of 12
perovskite crystal grains in the dark and with light illumination.
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concentrations at the CH3NH3PbI3 parts (grain interiors) and
the negative ΔED values corresponding to increased electron
concentrations at the PbI2 region (outer parts of grains) can be
observed simultaneously. By contrast, when the thickness of the
PbI2 passivation layer was greater than 20 nm, the ΔED values
in the PbI2 regions were almost negligible, and the ΔED values
at the CH3NH3PbI3 parts (grain interiors) were nearly
unchanged, indicating the occurrence of less efficient charge
separation at the CH3NH3PbI3/PbI2 heterointerfaces of
perovskite grains. Therefore, an optimal design of PbI2
passivation layers at perovskite crystals can facilitate charge
separation and prevent back recombination, consequently
improving the device performance of perovskite solar cells. In
such a design, efficient charge separation and transport of
photogenerated carriers at the heterointerfaces of perovskite
crystal grains may occur, where electrons can be transported
through thin PbI2 passivation layers to the electron transporting
layer of TiO2, and holes in CH3NH3PbI3 parts can be collected
effectively by the insertion of a hole transporting layer of spiro-
OMeTAD, yielding lowest recombination loss.
Conclusion. We demonstrate the spatially resolved

interfacial band alignments and photocarrier generation at
heterointerfaces between the CH3NH3PbI3 perovskite crystals
and the PbI2 passivation layers of individual perovskite grains
using light-modulated scanning tunneling microscopy (LM-
STM) technique. The result reveals the important role of the
optimum PbI2 passivation layers on the charge separation and
recombination at perovskite crystal grains. The unique LM-
STM technique enables conducting real-space observations of
photocarrier generation and interfacial electronic structures at
excellent spatial resolutions, and it has great potential for
application in the future exploring other emerging energy
systems of photovoltaic and photochemical cells.
Experimental Section. Sample Characterizations and

Device Fabrications. FEI Nova NanoSEM 450 was used for
the top-view SEM morphology observation of the perovskite
thin films. For the XRD characterizations, Rigaku TTRAX 3
was used with Cu Kα (0.15418 nm) as an excitation source. For
the perovskite solar cell fabrications, the TiO2 compact layer
was first deposited on the preclean FTO substrate using spin
coating with 0.15 M titanium diisopropoxide bis-
(acetylacetonate) (75% Aldrich) dissolved in 1-butanol
(Aldrich) solution and was then thermally annealed at 70 °C
for 5 min. Same chemicals with a concentration of 0.3 M was
then spin coated and repeated twice on the previous TiO2 layer
and thermally annealed at 600 °C for 30 min to obtain the
compact TiO2 electron selective layer. Mesoporous TiO2 was
deposited by spin coating a commercial TiO2 paste (Dyesol
18NRT, Dyesol) diluted in ethanol (2:7, weight ratio). After
drying at 125 °C, the TiO2 films were gradually heated to 600
°C in a furnace for 30 min.
The perovskite CH3NH3PbI3 thin films were deposited using

the sequential deposition process following ref 41. PbI2 was
dissolved in N,N-dimethylformamide at a concentration of 462
mg/mL (1 M), and CH3NH3I was dissolved in 2-propanol at a
concentration of 10 mg/mL (0.0625 M). The PbI2 solution was
kept at 90 °C and spin-coated on mesoporous TiO2 and dried
at 90 °C for 30 min. After cooling to room temperature, the
film was dipped in a solution of CH3NH3I for 20 s, rinsed with
2-propanol to remove the CH3NH3I residual, and then
annealed at 90 °C for 30 min for the conversion of
CH3NH3PbI3 structure. The hole transporting layer, containing
0.170 M spiro-OMeTAD, 0.064 M bis(trifluoromethane)-

sulfonimide lithium salt (Li-TFSI, 99.95%, Aldrich), and
0.198 M 4-tert-butylpyridine (TBP, 96%, Aldrich) in the
mixed solvent of chlorobenzene (99.8%, Aldrich) and
acetonitrile (99.8%, Aldrich) (chlorobenzene:acetonitrile =
1:0.1 v/v), was spin coated onto the CH3NH3PbI3 layer
followed by drying at 70 °C for 1 min. The top electrode of Au
was then thermally evaporated in vacuum of 10−6 Torr. The
photocurrent−voltage (J−V) characteristics (Keithley 2410
source meter) were obtained by using a solar simulator
(Newport Inc.) with the A.M. 1.5 G filter under an irradiation
intensity of 100 mW/cm2.

LM-STM Experimental Setup and Sample Preparations.
To prepare the perovskite sample for the LM-STM measure-
ment, the FTO substrate was replace by a Si substrate with a
dense 300 nm SiO2 layer. The substrate was clean and treated
with oxygen plasma. The following deposition of each layer was
carried out using the procedures identical to those for the solar
cell fabrication as mentioned above. Scanning tunneling
spectroscopy (STS) measurements were performed at ∼100
K to obtain the local electronic structures across the perovskite
grains.
The sample was illuminated with wavelength of 532 nm

(correspond to an energy of 2.33 eV, which is large than the
band gap of perovskite films) by a (3 ± 0.065) mW diode laser.
The focusing of the beam spot was achieved by built-in lens at
the coaxial rail with diode laser. The angle of the incidence laser
was 50°. With the fine-tune system on the coaxial rail, the laser
direction could be adjusted precisely to focus at the sample
right below the tip position. The laser spot we focused below
the tip position was elliptical (due to the inclined incident
angle) with major and minor axes of (200 ± 20) μm and (100
± 10) μm compared with the sample, which was determined
with a long-focus microscope.
To reduce the thermal effect in our STS measurements with

light illumination, we used the electronic control system to
replace the conventional mechanical chopper. During the
acquisition of current−voltage (I−V) spectra, the laser was
electrically modulated by the STS control signal. Detailed
parameters for the electrical modulations in STS measurements
with light illumination are addressed in the Supporting
Information 1.
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