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ABSTRACT: Grain boundaries (GBs) play an important role in organic−
inorganic halide perovskite solar cells, which have generally been recognized
as a new class of materials for photovoltaic applications. To definitely
understand the electrical structure and behavior of GBs, here we present
Kelvin probe force microscopy and conductive atomic force microscopy (c-
AFM) measurements of both typical and inverted planar organolead halide
perovskite solar cells. By comparing the contact potential difference (CPD)
of these two devices in the dark and under illumination, we found that a
downward band bending exists in GBs that predominantly attract
photoinduced electrons. The c-AFM measurements observed that higher
photocurrents flow through GBs when a low bias overcomes the barrier
created by the band bending, indicating that GBs act as effective charge
dissociation interfaces and photocurrent transduction pathways rather than
recombination sites.
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■ INTRODUCTION

Organolead halide perovskites have recently emerged as a new
and promising class of materials for photovoltaic applications.
In the past few years, there has been a swift surge on perovskite
solar cells because of their low cost and superb photovoltaic
performance. So far, power conversion efficiencies (PCEs) have
increased from 3.8%1 to recently certified 20.1%.2 The superb
performance on an organolead halide perovskite solar cell can
be attributed to its high absorption coefficient at the visible-
light range, optimum band gap, ambipolar carrier transportation
properties, and high charge carrier mobility of 20 cm2/V·s.3−8

Dong et al. reported that electron−hole diffusion lengths of
perovskite single crystals exceed 175 μm,9 which is much higher
than that of a typical organic solar cell and a dye-sensitized solar
cell. A typical perovskite solar cell adopts a thin-film p−i−n
structure with metallic oxide mesoporous layers (TiO2, ZnO,
and NiO) as electron-transport materials on a compact TiO2
cathode and polymers as hole-transport materials. For this
structure, photogenerated carrier transport in the perovskite
layer is followed by electron separation at n-type metallic
oxide/perovskite interfaces and by hole separation at p-type
polymer/perovskite interfaces. Currently, another typical per-
ovskite solar cell with a simple planar heterojunction p−i−n
architecture without a mesoporous metal oxide layer has also
been investigated. These structures are featured by sandwiching
the perovskite layer between electrode buffer layers and have
achieved PCEs of 13.1−17.2%.10−15
Great efforts have been made to develop synthetic methods

for the perovskite active layer, such as spin coating,16,17

coevaporation,18,19 vapor-assisted depositions,20 and postsyn-
thesis treatment, to control the chemical composition,
crystalline morphology, and coverage of active materials.
Generally, the perovskite active layer is polycrystalline in
nature, and there are a large number of grain boundaries (GBs)
in the thin film. Crystal defects and impurities in the GBs can
lead to the formation of localized energy states in the band gap.
These in-gap states may act as recombination sites and can
capture carriers from bulk material and decrease the photo-
current. On the other hand, the unbalanced energy state
between the GBs and bulk material gives rise to band bending,
which may help the spatial separation of photogenerated
electron−hole pairs and facilitate channeling of the carriers
along the GBs. Investigation of the electronic properties of GBs
is crucial for understanding the performance of the perovskite
solar cell and rational design of active-layer structures.
The existence of GBs is a general observation for thin-film

inorganic solar cells. Numerous studies have now shown that
GBs in CdTe, Cu2ZnSn(Se,S)4, and Cu(In,Ga)Se2 thin-film
solar cells are electrically benign and beneficial to the
performance.21−29 It is suggested that a higher surface potential
at the GBs in these solar cells forms downward band bending
and a built-in potential at the GBs. This built-in potential
creates a barrier that repels holes and attracts electrons
(minority carriers). Thus, photogenerated electrons can easily
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be repelled out of the regime through the conduction bend of
the GBs, which results in suppression of the recombination rate
of the carriers. So far, few groups have investigated the electrical
and optoelectrical properties of GBs in organic−inorganic
perovskite polycrystalline solar cells. Edri et al.30 reported that a
higher work function at the GBs, which indicates that a small
potential barrier at the GB hinders electron transport between
grains, is reduced under illumination. Chen et al.31 reported
that by moderate postannealing, a higher surface potential of 50
mV at the GBs changes to a lower surface potential of 30 mV.
Moderate postannealing gives rise to the PbI2 phase, which
changes the grain to the GB bending from downward to
upward, which contributes to the reduction of the combination
between layers. On the other hand, Yun et al.32 reported that, in
a CH3NH3PbI3/TiO2 heterojunction device, the contact
potential difference (CPD) at the GBs is lower than that in
the grain interior in the dark and becomes higher than that in
the grain interior under illumination. Also, conductive atomic
force microscopy (c-AFM) measurement shows a higher short-
circuit current near the GBs than the grain interior. Kim et al.33

discovered that, for CH3NH3Pb(I0.88,Br0.12)3, there are a higher
surface potential (150 mV) at the GBs and a lower current flow
through the GBs than through grains in dark conditions, while
the GBs on the CH3NH3PbI3 film show a higher surface
potential of only 50 mV. In view of the debate on the band
bending at GBs in these rare reports, it is critically important to
exploit the electronic properties of the GBs and their effect on
the photogenerated carrier behavior.
In this paper, we use Kelvin probe force microscopy (KPFM)

and c-AFM to study the band structure and photoelectric
behavior of GBs in organic−inorganic halide perovskite films.
By measuring the surface potential and conductivity at
nanoscale, KPFM and c-AFM can provide useful insight into
understanding the localized band structures in organic or
inorganic solar cells. As shown in Figure 1, we have carried out

comparative local photoelectrical characterizations on meso-
porous FTO/c-TiO2/m-TiO2/CH3NH3PbI3 typical devices
and inverted nonmesoporous ITO/PEDOT:PSS/CH3NH3PbI3
planar devices. Because mesoporous TiO2 and PEDOT:PSS act
as hole- and electron-blocking layers in solar cell devices,
respectively, such a comparative study is expected to provide
important insight about the effect of GBs on electron and hole
transportation.

■ RESULTS AND DISCUSSION
Surface Potential Measurement of Perovskite Devices

by KPFM. We first fabricated a typical perovskite solar cell
structure, CH3NH3PbI3/m-TiO2/c-TiO2/FTO. Figure 2 shows

the topography and surface potential images of the perovskite
film. The change of the CPD value reflects the change of the
work function of the local sample surface, and the brighter
region has a higher work function. From topography mapping,
we can see the grains of CH3NH3PbI3 with diameters ranging
from 50 to 300 nm. The absolute surface work function of
CH3NH3PbI3 grains in the dark (in Figure 2b) is calculated to
be about ∼4.8 eV, which is consistent with previous literature.34
From the CPD image in dark conditions, one sees that the
CPD on the GB is higher than that on the grain, indicating that
positively charged GBs form downward band bending in the
space charge region around the GBs, which is consistent with
previous literature.30,31,33 This downward band bending is
between 20 and 80 meV and makes a low barrier for holes.
Figure 2c shows the CPD distribution of the same area under

illumination. As indicated on the same scale bar, the average
CPD over the surface of the perovskite under illumination is
∼100 mV higher than that in the dark. This observation
suggests that holes accumulate in the perovskite layer, while
electrons transport to the electron-transport material TiO2 and
finally transport to the ground. Furthermore, the CPD cross-
sectional profile along the white lines marked in Figure 2a−c is
reproduced in Figure 2d. The CPD difference between the GB
and grains is unchanged under illumination, which indicates the
ability of hole capture at GBs is comparable to that at grains.
Because the downward band bending at GBs is supposed to

attract electrons, it is significant to investigate the role of GBs in
electron separation and collection. We then fabricated a planar
heterojunction device, CH3NH3PbI3/PEDOT:PSS/ITO, which
is inverted compared to the typical perovskite device. Contrary
to the hole-blocking nature of TiO2, PEDOT:PSS is an
electron-blocking layer, which allows the transportation of
holes freely. Figure 3 shows the topography and surface
potential images of the inverted planar heterojunction device.
From topography mapping, we can see the uniform polycrystal-
line grains of CH3NH3PbI3 with diameters ranging from 100 to
400 nm. As shown in Figure 3b, we also found that the CPD on
the GB is higher than that on the grain in dark conditions. The
similar result further demonstrates downward band bending in
the space charge region around the GBs. It is worth noting that
not all of the GBs exhibit marked higher CPD. Such an
observation suggests that the electrical properties of GBs may
be strongly related to the interface of neighboring grains.
The band bending at the GBs of the planar heterojunction

device is between 100 and 300 meV and is higher than that of a
typical device. Figure 3c shows CPD mapping under
illumination of the same area. When Figure 3b is compared
with Figure 3c, the darkened CPD image under illumination
indicates that electrons are accumulated on the perovskite
surface, which agrees with the electron-blocking behavior of
PEDOT:PSS. To display the contrast better, a line profile along
the white line in the topography and CPD images is depicted in
Figure 3d. It is obviously found that, under illumination, the
CPD around the GBs decreases by about −350 mV, which is
much lower than that on grains (about −200 mV), suggesting
that more photoinduced electrons are accumulated at the GBs.
The electron attraction at the GBs can be attributed to the
downward band bending. Combined with the aforementioned
typical device measurements, it shows that GBs predominantly
attract electrons in the photovoltaic process.

Photocurrrent Measurement of Perovskite Devices by
c-AFM. To further understand carrier transportation around
the GBs, we used c-AFM to measure the local current on grains

Figure 1. Illustration of the AFM setups and device structures of (a)
the mesoporous CH3NH3PbI3/m-TiO2/c-TiO2/FTO and (b) the
inverted nonmesoporous CH3NH3PbI3/PEDOT:PSS/ITO planar
heterojunction.
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and GBs and thus determine the surface conductivity. First, we
performed c-AFM on a typical perovskite device. In Figure 4b,
we show the results from c-AFM measurements under steady
illumination on CH3NH3PbI3 without a sample bias voltage. A
positive photocurrent flows through the grains with an average
magnitude of 16 pA, while nearly zero current was detected on
the GBs. We then applied a low positive sample bias of 0.3 V.
The corresponding topographic image in which the grains and

GBs are clearly seen is presented in Figure 4c. As can be seen in
Figure 4d, at this low bias, the photocurrents increase
dramatically to the average magnitude of 129 pA and are
much higher at the GBs than at the grains.
We also performed the c-AFM measurements at negative

sample bias but obtained negligible current, indicating the
diode characteristics of the device (a typical I−V curve is shown
in Figure S1 in the Supporting Information). The different

Figure 2. (a) AFM topographic image of the CH3NH3PbI3/m-TiO2/c-TiO2/FTO typical device. Corresponding CPD images recorded (b) in the
dark and (c) under illumination. (d) CPD variation along the white lines marked in parts a−c.

Figure 3. (a) AFM topographic image of the CH3NH3PbI3/PEDOT:PSS/ITO planar heterojunction device. Corresponding CPD images recorded
(b) in the dark and (c) under illumination. (d) CPD variation along the white lines marked in parts a−c.
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electric properties between GBs and grain help us to
understand the fundamental conduction processes in the
device. First, the mobility is not expected to vary significantly
with the bias voltage and is likely to be higher in the grains than
at and near the GBs because of defects or dislocations at the
GBs. Second, as from the KPFM measurements, the downward
band bending at the GBs repels holes and creates a built-in
barrier for charge transportation. At low sample bias, the
carrier-transport process is more effective on the grains than at
the GBs. However, once a positive bias is applied to overcome
the barrier at the GBs, intergrain carrier transport becomes
possible. The effective carrier correlated to the photocurrents at
the GBs comes from the bulk grains. The higher photocurrent
at the GBs at high sample bias suggests that the GBs act as
channels for current to flow rather than recombination sites.
We ascribe the efficient charge transfer to elimination of the
barrier by external electric-field compensation of the band
bending, as indicated by the green arrow in Figure 5. The
threshold voltage can be observed from the I−V curve in Figure

S1 in the Supporting Information. It is worth noting that the
grains with poor conductivity, as depicted by the red circles in
Figure 4d, may correspond to the PbI2 phase generated during
the annealing process.31

Finally, we performed c-AFM measurements on the planar
heterojunction device CH3NH3PbI3/PEDOT:PSS/ITO, as
depicted in Figure 6. The corresponding topographic image
in which the grains and GBs are clearly seen is presented in
Figure 6a. Under illumination and without sample bias, the
photocurrents are always negative and the average magnitude is
−14 pA, which is opposite to the case of a typical device, as can
be seen in Figure 6b. Similarly, there is no noticeable
photocurrent observed through GBs. We then applied a low
negative sample bias of −0.3 V. As shown in Figure 6c, at this
low bias, the photocurrents through grains increase dramatically
to the average magnitude of −133 pA. Moreover, the dark
contrasts of the GBs show that the photocurrents through the
GBs distinctly exceed those through grains. We also performed
c-AFM measurements at relatively low positive sample bias but
also obtained negligible current, indicating the diode character-
istics of the planar device. Similarly, the threshold voltage when
the photocurrents of the GBs surpass those of grains also can
be observed from the I−V curve in Figure S2 in the Supporting
Information. Our observations can be attributed to the fact that
GBs act as both efficient charge dissociation interfaces and
channels for current to flow through rather than strong
recombination centers. At such a low bias, if GBs act as
recombination sites, the photocurrents through the GBs would
be much lower than those of the grains or may even be
negligible.
The barrier at GB separate carriers is expected to increase the

open-circuit voltage (Voc). Meanwhile, the higher photocurrent
across the GBs shows that it can improve the short-circuit
current density (Jsc) but may reduce the open-circuit voltage by
creating a shunting path due to decreasing electron−hole
carrier recombination. It has been verified that perovskite solar
cells with large-scale grains and a perovskite single crystal
displayed superior electronic and photovoltaic perform-
ances.9,35 Characterization and modeling attribute the im-
proved performance to high-quality grains with reduced defects
and improved carrier mobility. Therefore, both optimizing the
grain quality and precisely controlling the GBs (for example,
barrier height and resistance) should be considered simulta-
neously for improvement of the PCEs of the perovskite solar
cells.

■ CONCLUSION
In summary, comparative nanoscale electrical characterizations
of both typical and inverted organolead halide perovskite solar
cells were carried out by using KPFM and c-AFM. KPFM
measurements confirmed that the downward band bending at
the GBs thus forms a low barrier which predominantly attracts
electron under illumination. c-AFM measurements showed that
the photocurrent flows through the GBs are negligible at 0 V
bias, while the major photocurrents form on the grains.
However, the photocurrents at the GBs become much higher
than those of the grains when the bias overcomes the barrier of
the GBs. These two measurements demonstrate the enhanced
photoinduced electron collections taking place at the GBs that
act as effective charge dissociation interfaces and photocurrent
transduction pathways. Direct microscopic study of the
optoelectronic characterization can help in the understanding
of the local properties of photovoltaic materials, which is

Figure 4. (a and c) AFM topographic images of a CH3NH3PbI3/m-
TiO2/c-TiO2/FTO typical device. (b and d) Corresponding current
images recorded under illumination with 0 and 0.3 V, respectively.

Figure 5. Band alignment between grains and GBs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b09801
ACS Appl. Mater. Interfaces 2015, 7, 28518−28523

28521

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b09801/suppl_file/am5b09801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b09801/suppl_file/am5b09801_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b09801/suppl_file/am5b09801_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b09801


pivotally important for device engineering of the organolead
halide perovskite solar cell.

■ EXPERIMENTAL SECTION
The fabrication procedures of two devices can be seen in the
Supporting Information. AFM experiments were carried out in a
glovebox under an argon atmosphere at room temperature and
pressure (Multimode 8, Bruker). All of the measurements were
performed in the dark (the glovebox was covered with light-blocking
curtains) and under continuous visible-light (400−800 nm)
illumination at an angle of ∼45°, so the probe does not block the
incident light. Irradiation was provided by a commercial Sun Full
Spectrum Light Source (NBet, Beijing) optical fiber at 20 mW/cm2,
which is well matched with the natural spectrum in the range of visible
light. Estimated irradiation power levels at the sample surface were
about 14 mW/cm2. It is worth a reminder that the AFM laser has a
wavelength of above 600 nm (E > 2.07 eV). However, the intensity of
the laser is low and does not significantly affect our measurements.
In our frequency-modulation KPFM (FM-KPFM), the first scan is

used for topographic imaging with peak force mode, and then the
probe is lifted in interleave mode and measures the CPD. The
frequency modulation ( fmod) applied to the tip is about 2 kHz. A
silicon probe coated with gold (NSG03/Au, NT-MDT) with a force
constant of ∼0.4−1.2 N/m and a tip radius of ∼12 nm was used for
CPD measurement with the lift mode.
c-AFM measurements were performed in contact mode using the

same conductive probe coated with gold to record the current between
the sample and tip when a bias voltage was applied to the sample.
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