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ABSTRACT: Hybrid organic−inorganic perovskites based on
methylammonium lead (MAPbI3) are an emerging material
with great potential for high-performance and low-cost
photovoltaics. However, for perovskites to become a
competitive and reliable solar cell technology their instability
and spatial variation must be understood and controlled. While
the macroscopic characterization of the devices as a function of
time is very informative, a nanoscale identiﬁcation of their realtime local optoelectronic response is still missing. Here, we
implement a four-dimensional imaging method through
illuminated heterodyne Kelvin probe force microscopy to
spatially (<50 nm) and temporally (16 s/scan) resolve the
voltage of perovskite solar cells in a low relative humidity environment. Local open-circuit voltage (Voc) images show nanoscale
sites with voltage variation >300 mV under 1-sun illumination. Surprisingly, regions of voltage that relax in seconds and after
several minutes consistently coexist. Time-dependent changes of the local Voc are likely due to intragrain ion migration and are
reversible at low injection level. These results show for the ﬁrst time the real-time transient behavior of the Voc in perovskite solar
cells at the nanoscale. Understanding and controlling the light-induced electrical changes that aﬀect device performance are
critical to the further development of stable perovskite-based solar technologies.
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needed to determine how the local changes aﬀect the overall
device performance.
Microscopy measurements provide a powerful framework for
correlating the morphology of the active layers of the solar cells
with fundamental physical processes and device performance.15−18 In particular, scanning microscopy techniques are
ideal for investigating heterogeneity at the nanoscale,19−21 such
as the spatial domains on MAPbI3.21 Recently, micron-scale
photoluminescence has been applied to resolve charge carrier
recombination and ion migration in perovskite grains.19,22,23
Through piezo force microscopy, the ferroelectric domains of
the perovskites have been observed.24,25 By time-dependent
Kelvin probe measurements, it has been suggested that the
hysterisis behavior commonly observed in perovskite devices
could be related to trapped charges and ion migration across
the light absorbing layer.26 Kelvin probe force microscopy
(KPFM)27,28 has been used to map the electrostatic potential

ecent improvements in power conversion eﬃciency of
perovskite solar cells have brought this class of materials
to the same performance level as thin-ﬁlm CdTe and CIGS
photovoltaics, demonstrating its promise as a large-scale
technology.1−4 To date, the world record single-junction
perovskite device has a power conversion eﬃciency of η =
22.1%.5 Moreover, perovskites are ideal for composing dualjunction designs with a Si or a CIGS bottom subcell.6,7 The
remarkable performance of perovskite solar cells is primarily
attributed to their high absorption combined with extremely
long carrier diﬀusion lengths,8 including one literature report of
>175 μm.9 Despite the rapid progress of the ﬁeld, there is still a
lack of understanding of why and how the material is changing/
degrading when exposed to light and humidity.10,11 Thus, there
is a pressing need in the scientiﬁc community to elucidate what
causes the perovskite active layer to change when the device is
operating12 (exposed to light). Macroscopic electrical measurements, such as light current−voltage (I−V) curves as a function
of time, are extremely useful to track the device instabilities;13,14
however, one cannot infer how much variation exists from grain
to grain and within one grain in the perovskite layer, which is
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Figure 1. Real-time nanoscale measurements of voltage dynamics in perovskite solar cells. (a) Schematic of hybrid perovskite solar cells measured by
illuminated-KPFM, which is out of scale for clarity. The local voltage is overlaid with topography, and the green arrow indicates the illumination
direction. (b) Energy diagram of perovskite device and AFM probe illustrating the charge separation mechanism within the hybrid solar cell under
illumination. Evac refers to the vacuum energy level, and all energy values are in units of electronvolts. The ITO layer is grounded with respect to the
KPFM probe; thus, the subtraction of an illuminated-KPKM scan from a dark-KPKM scan provides a map of the open-circuit voltage of the device.
ETM, electron transport material; HTM, hole transport material.

Figure 2. Imaging nanoscale variations in the Voc of perovskite solar cells. (a) Dark-KPFM and (b−e) intensity-dependent illuminated-KPFM scans
measured on a perovskite device showing local variations in voltage. (f) Scan-averaged illuminated minus dark voltage (⟨VilCPD − Vdark
CPD⟩) as a function
of incident power (light intensity). The error bars refer to the standard deviation of the averaged values, the green line is the best ﬁt, and the green
region represents two deviations from the mean. (g) Absolute Voc map with nanoscale spatial resolution at 1-sun illumination, overlaid with
topography.

across multiple layers of active devices,29,30 to measure work
function changes during device poling,31 and to probe the eﬀect
of grain boundaries on MAPbI3.32 Further, KPFM has been
applied to investigate the possible origins of the hysteresis
commonly observed in light I−V measurements.33 Despite
these advances, traditional high-resolution variants of atomic
force microscopy (AFM) operate too slowly to spatially analyze
dynamic events, such as structural changes, light induced
chemical reactions, and ion migration.
Here, we image in real-time the dynamics of perovskite solar
cells with nanoscale spatial resolution (<50 nm) by mapping
local changes in the open-circuit voltage (Voc) through highspeed illuminated-KPFM (16 s/scan), see Figure 1a. For that
we implement a novel KPFM method that preserves the spatial
sensitivity while increasing the scan speed by >100 times when
compared to conventional frequency-modulated-KPFM, where
we map nanoscale voltage domains that vary by >300 mV
under 1-sun illumination. The voltage within a perovskite grain
changes substantially (both spatially and temporally) post light
exposure, where regions out of and in equilibrium coexist and

are attributed here to intragrain ion migration. We determine
the spatial distribution of the local photogenerated voltage, how
it varies as a function of time, and we quantify its dynamic
behavior as the perovskite solar cell reaches its steady state at
over 9 min. A time-dependent residual Voc that lasts for minutes
is found, resulting from ion migration, even under dark
conditions. Our results demonstrate for the ﬁrst time the
transient electrical behavior of perovskite solar cells with
nanoscale spatial resolution.
The solar cells are fabricated by the sequential spin-coating
deposition of the perovskite layer (CH3NH3PbI3) and the
[6,6]-phenyl C61-butyric acid methyl ester (PCBM) layer. The
devices are composed of grains ∼1 μm in size and with a low
density of pinholes with Voc = 1.02 ± 0.02 V (see Figures S1
and S2 for macroscopic device characterization and SEM
images). The details concerning sample fabrication are
described in the Supporting Information. The band diagram
for the device is presented in Figure 1b, where the approximate
values of the energy gaps were obtained from refs 3 and 34−38.
Here, the PCBM layer functions as the electron transport
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Figure 3. Dynamics of perovskite solar cells at the nanoscale. (a) Topography and (b) dark-KPFM measurements on a representative area of a
perovskite photovoltaic device. A sequence of fast-KPFM measurements were acquired on the region highlighted by the white dashed square in
(a,b): (c) dark-KPFM, (d) illuminated-KPFM, (e−h) dark-KPFM scans as a function of time. Note that after exposure to light (scan d), it takes the
material ∼9 min to return to equilibrium (scan h). (i) Histograms of voltage distribution as a function of time for 42 KPFM scans (dark and
illuminated) showing reversible dynamics upon a sequence of dark scans. Illumination conditions: 500 nm laser light at 54 μW. Relative humidity
<15%.

VCPD (despite the local variations in voltage, as discussed later
in this manuscript). Figure 2f shows the expected linear
increase of the averaged change in VCPD under illumination, as a
function of light intensity.
KPFM has been recently demonstrated as a novel method to
map the local Voc of half and fully processed photovoltaic
devices with nanoscale spatial resolution, where Voc is the
voltage across a solar cell at open-circuit condition. In the
illuminated- and dark-KPFM measurements presented here, the
voltage on the conductive probe is referenced to the grounded
ITO bottom contact. As a result, when the device is illuminated
the splitting of the quasi-Fermi level (proportional to the Voc of
the solar cell) is directly measured by subtracting an
illuminated- from a dark-KPFM scan. Here, we illuminate a
well-deﬁned area of the solar cell at normal incidence and thus
the local Voc can be expressed as

material (ETM) whereas the PEDOT layer is the hole transport
material (HTM), where the holes are preferentially collected
through the indium tin oxide (ITO) electrical contact. The
perovskite absorbing layer with nominal thickness of 300 nm is
sandwiched by the PEDOT and the PCBM (see Figure S1).
We implement two types of KPFM to spatially resolve
nanoscale changes of the voltage in the perovskite solar cell.
KPFM measures the contact potential diﬀerence voltage signal
(VCPD), which is proportional to the diﬀerence between the
work function of the conductive probe and the surface of the
sample being scanned. To map the local voltage response in
large areas of the device, frequency-modulated KPFM39−41 can
be used (Supporting Information). To increase the scan speed
of AFM techniques, common approaches include the use of
polymeric cantilevers42 or to reduce the size of the cantilevers
while imaging the sample in an aqueous solution.43 Although
these methods are extremely useful to probe the topography of
a variety of materials, they cannot be implemented to accurately
measure voltage. Thus, to investigate the perovskites’ electrical
properties in real-time upon illumination, we realize a variant of
heterodyne-KPFM, which enables fast scanning (16 s/scan)
while maintaining high spatial resolution.44 Brieﬂy, the
frequency at which the voltage is detected is separated from
the frequencies of both the topography feedback loop and the
applied voltage44,45 (see Supporting Information for detailed
description of these measurements and Figure S3 for maps of
all relevant signals).
In order to better understand the voltage changes that occur
under illumination, we perform light intensity dependent in situ
measurements of the photogenerated voltage on a large, 16
μm2, area of the perovskites using KPFM. Figure 2b−e shows a
sequence of illuminated-KPFM images from 2 nW to 54 μW
(corresponding to low injection level). As the power of the
incident light increases, so does the magnitude of the average

il
dark
Voc(x , y) = [VCPD
(x , y) − V CPD
(x , y)] − β′

(1a)

where (x,y) are the spatial coordinates, il and dark refer to
illuminated and dark conditions, and
β′ =

⎡
J ⎞⎤
nkT ⎢ ⎛ A il
ln⎜⎜
+ dark ⎟⎟⎥
q ⎢⎣ ⎝ Acell
Jsc ⎠⎥⎦

(1b)

at 1-sun illumination, where n is the ideality factor (obtained
from the slope of the curve shown in Figure 2f), k is
Boltzmann’s constant, T is the temperature, Acell = 1.0 cm2 and
Ail = 2.0 × 10−3 cm2 are the total cell and illuminated areas,
respectively, and Jdark and Jsc are the dark current and shortcircuit current densities. The coeﬃcient β′ (= −0.22 ± 0.03 V)
is a calibration factor that depends on the illumination
conditions and on the area of the device being probed. Note
that when the whole cell is illuminated, β′ = 0, as Ail = Acell and
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Figure 4. Spatial and temporal variation of the residual photogenerated voltage within perovskite solar cells. Topography and Voc scans acquired after
the solar cell is illuminated and brought back to dark conditions after (a) 16, (b) 65, (c) 164, (d) 328, and (e) 541 s. Note that immediately after
illumination two distinct regions are observed, one with Voc equal zero (blue) and another with Voc = −0.2 V (red). (f) Averaged Voc as a function of
time for the entire scanned area shown in (a−e) (black) and for regions 1 and 2 (highlighted by the white squares). The error bars refer to three
standard deviations from the averaged values. The vertical gray dashed lines correspond to the time interval where the scans (a−e) are performed.
(g) Ratio of current due to ion migration (Iion) and dark current (Idark) as a function of time. Black line is an exponential ﬁt to the experimental data
resulting in a time constant of 185 ± 27 s.

Jsc ≫ Jdark. Figure 2g shows a representative Voc map for the
perovskite solar cell under 1-sun local illumination, which
exhibits spatial variations >300 mV. These remarkable changes
in photovoltage demonstrate that the material’s electrical
characteristics vary locally from grain to grain and within a
single grain. The average value of the Voc measured by KPFM is
smaller than the initial value obtained by macroscopic light I−V
measurements immediately after fabrication (see Figure S1),
which primarily results from the Voc decay of the sample at a
rate of ∼5% per day (see the inset of Figure S1).
Figure 3a,b shows representative topography and KPFM
scans in a 16 μm2 region of the perovskite device in the dark (at
equilibrium). The VCPD varies spatially with a standard
deviation of 80 mV (substantially greater than the noise) and
is independent of the morphology of the sample. These spatial
variations could be due to inhomogeneities either within the
perovskite or within the PCBM layer, caused by the spin
coating deposition process used to fabricate the sample. During
all measurements presented here, the temperature was kept at
28−29 °C and the relative humidity <15% inside the AFM
enclosure, see Figure S4 for stability of the environment inside
the AFM chamber during dark and illuminated measurements.
Figure 3c−h shows the in situ changes in the voltage before,
during, and after illumination, obtained by fast-KPFM (16 s/
scan), with 54 μW of incident power at wavelength of 500 nm
(see Movie S1). According to the KPFM initial dark scan, areas
of both high and low surface potential coexist (Figure 3c), with
an average VCPD of 0.2 V. Upon illumination, Figure 3d, the
surface potential increases substantially, to 0.4 V on average, as
a result of the photogenerated voltage. No change in
topography is observed during the KPFM scans (see Figure

S5), indicating that these perovskite devices are morphologically stable during this time frame under the illumination
conditions and the environment used in this experiment.
Surprisingly, after turning the light back OFF a transient decay
of the voltage is observed, see Figure 3e−h. Over time, the
voltage returns toward its initial proﬁle, where it takes ∼9 min
for the material to achieve its original surface potential spatial
distribution (Figure 3h).
Through the voltage histograms displayed in Figure 3i we
quantify this complex transient behavior of the perovskite’s
voltage. Each pixel in a 128 × 128 pixel map is binned
according to its voltage value to produce the histograms. Note
how the spatial distribution of the voltage changes with time
until the device reaches equilibrium again. In particular, the
histograms reveal that the initial dark voltage distribution
(blue) is quite broad with a peak around 0.2 V, and under
illumination this distribution increases to 0.4 V (green curves).
However, after turning the laser OFF, the potential
immediately becomes a single, fairly narrow Gaussian (light
gray curve). As time progresses, the VCPD broadens again,
primarily by extending to higher voltages (dark gray curves).
This behavior is also observed after exposing the perovskite to
diﬀerent illumination intensities (ranging from 2.0 nW to 4.2
mW, see Figure S6). These results demonstrate that after
exposing the perovskite to light, its voltage changes as a
function of time even under dark conditions.
Another striking observation about these perovskite solar
cells is that upon removing the illumination the Voc does not
immediately return to zero. Instead, a nonzero average voltage
persists for several minutes with a sign that is opposite of the
Voc under illumination. This behavior is consistent with trap
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Figure 5. Real-time nanoscale Voc dynamics of perovskite photovoltaics. Sequence of ΔVoc maps as a function of time after (a) 16, (b) 32, (c) 48, (d)
64, and (e) 80 s of illumination. Each scan is subtracted from an illuminated one after 96 s (from Figure 3i). The blue and red dashed areas highlight
regions with transient voltage response. The scans size is 1 × 1 μm2.

ﬁlling and subsequent ion migration, which have been observed
to take minutes to equilibrate on the macroscale.46,47 To
quantify the time-dependent voltage response within the
perovskite solar cell, we analyze the spatial variation of this
residual Voc obtained by subtracting the equilibrium darkKPFM image, Figure 3h, from the postillumination dark-KPFM
scans, see, for example, Figures 3e−g. Figure 4 displays the
residual Voc images for the perovskite solar cell for a series of
snapshots. The dark measurement immediately after turning
the laser OFF shows a transient electrical behavior (Figure 4a),
most likely resulting from a reversible electronic process within
the material. The representative scans shown in Figure 4a−e
have two very distinct regions with initial Voc = −0.2 V (red)
and Voc = 0 V (blue), revealing a strong bimodal voltage
distribution on the electrical response of the device, not
resolved by conventional macroscopic electrical measurements
or by standard AFM-based methods. As the system approaches
equilibrium, the Voc in the initially red region approaches zero,
see voltage scans in Figure 4b−e, while the blue regions remain
unchanged. Figure 4f shows the averaged Voc as a function of
time for the entire scanned area shown in (a−e) (black curve)
and the voltage for the regions highlighted by the white squares
(red and blue curves). Each point on the graph corresponds to
the averaged value (either within the white squares or for the
entire scanned region). Here, the variance is calculated by
considering each pixel in each box as an individual measurement with 30 mV standard deviation, and it is plotted at three
standard deviations. The blue curve is constant under dark
conditions (laser OFF), indicating that either some regions of
the PCBM layer do not suﬀer any postillumination driven
electrical changes or that these regions return to equilibrium in
less than 16 s. Nevertheless, the red curve shows that an out-ofequilibrium state persists for several minutes. These timedependent measurements reveal that the voltage equilibration
has a spatial dependence at the nanoscale that could be
responsible for the light-dependent instability observed in
perovskites.48
Because no net current ﬂows out of the device at open-circuit
conditions, an additional current term must balance the diode
dark current (Idark) to enable a residual voltage to exist without
illumination. We explain this behavior using a simple diode
model with an additional time-dependent current term, Iion(t),
which could arise as a result of ion migration and/or a change
in the density of trap states
I(V ) = IL − Idark[e qV / nkT − 1] + Iion(t )

where IL is the light-generated current of the solar cell. In the
dark (IL = 0), and at open-circuit conditions we have
Iion(t ) = Idark[e qVoc(t )/ nkT − 1]

(2b)

where Voc(t) is the time-dependent residual open-circuit
voltage. Postillumination, Iion(t) opposes the original dark
current and tends toward zero on the time scale of minutes.
Figure 4g shows the decay of Iion(t) as the device reaches
equilibrium, resulting in a time constant of 185 ± 27 s.
As one of the primary limiting factors of perovskite
photovoltaics is the material instability when exposed to light,
we also measure the time-dependent local changes in Voc under
illumination, as presented in Figure 5. Here, we determine ΔVoc
by the diﬀerence between two illuminated KPFM maps, where
each resulting scan corresponds to an instant of time subtracted
from the last illuminated one in Figure 3i (as highlighted in
light green). The sequence of ΔVoc maps show the local spatial
variation in the photogenerated voltage. As previously
observed,46 when the perovskite material is illuminated, the
trap states due to vacancies are ﬁlled by electrons. As a result,
the ions move away from these sites (due to electrostatic
repulsion). We track this ion migration process in real-time by
spatially resolving changes in the local voltage (ΔVoc) that take
place during material illumination. We hypothesize that ions
migrate away from the PCBM layer (electron transport layer)
due to the built-in electric ﬁeld. Regions with ΔVoc > 0 and < 0
coexist, strongly indicating that there is an accumulation of ions
and vacancies within the illuminated area of the cell, which
varies in time. At low injection level, this migration process is
reversible and does not lead to material degradation. Yet, it
changes the electrical behavior of the device locally, which
ultimately aﬀects the overall performance of the solar cells.
We attribute the dynamic behavior of the local electrical
response of the perovskite solar cell mapped here to intragrain
ion migration:23,31 charge accumulation takes place when the
material is illuminated, and charge migration when the solar cell
is no longer in operation (dark conditions). This photoinduced
ion migration is primarily driven by the movement of ions to
depleted regions, as observed in prior photoluminescence
experiments.23 We demonstrate that this phenomenon is fully
reversible at low illumination injection level (Figure 2) and
does not result in permanent material degradation. Further, the
spatial variations in the local electrical response are not
accompanied by any changes in morphology (see Figure S5 for
sequence of topography maps during material illumination) but
the nanoscale time-dependent variations are most likely
responsible for macroscopic instabilities observed in these

(2a)
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perovskite solar cells. The diﬀusion of ions under dark
conditions leads to a time-dependent local residual Voc(t),
mapped here for the ﬁrst time. Our results indicate that free
carriers are probably responsible for the observed transient
voltage. Once the material is under dark conditions again, some
ions continuously move until the perovskite layer achieves an
equilibrium state, which takes place in several minutes for the
material probed in this work (as shown in Figure 3).
The real-time functional imaging method reported here can
be combined with other scanning probe microscopies and big
data analysis49 to probe additional relevant phenomena that
currently describes the unique illumination-dependent behavior
of perovskites, such as structural transformation,50 ferroelectric
domains,24,51 poling46 and piezoelectric behavior.24 For
instance, to map structural and chemical composition changes
fast-KPFM could be combined with tip-enhanced Raman
spectroscopy. Likewise, to investigate the possible eﬀects of
long-lived traps52 on the device’s local electrical response our
novel imaging method could be combined with pump−probe
EFM/KPFM techniques,53,54 which measure voltage at microsecond time scales. Further, spectrally dependent fast-KPFM
could help elucidate the mechanism responsible for lightinduced self-poling in perovskites.
In summary, we imaged and quantiﬁed the real-time voltage
dynamics of perovskite solar cells at the nanoscale (<50 nm)
under illumination and postillumination conditions by fast
KPFM (16 s/scan) in a low relative humidity environment.
One-sun local Voc maps of the perovskites revealed absolute
variations >300 mV between and within grains. Under
illumination, the photogenerated voltage of the perovskite
varied spatially within one grain. After illumination, it took the
material ∼9 min to reach its equilibrium state. This transient
electrical behavior, most likely resulting from reversible ion
migration within the perovskite layer, cannot be revealed by
conventional macroscopic electrical measurements. The realtime nanoscale imaging experiments presented here demonstrate that the Voc (electrical response) of perovskite photovoltaics varies locally and that light-induced reversible ion
migration could be responsible for the time-dependent
transient behavior of most perovskite photovoltaics. Substantial
eﬀort lies ahead to acquire a full picture of the mechanism(s)
responsible for the light-induced physical and chemical
processes frequently observed in this class of materials and
their eﬀects on the maximum attainable open-circuit voltage.
Nevertheless, our nanoscale time-dependent measurement
represents a new imaging method to diagnose the local
electrical response of perovskites, ranging from lead-free
CsBrIxBr3−x alternatives to FAPbX3 and MAPb[I(1−x)Brx]3 for
optimized dual-junction solar cells and for light-emitting
applications. Thus, mapping the spatial and time dynamics of
perovskite materials will likely impact the design of nextgeneration stable perovskite solar cells with reliable voltage
response.
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Changes in the voltage before, during, and after
illumination obtained by fast-KPFM (MPG)
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