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ABSTRACT: In the pursuit of two-dimensional (2D) materials beyond
graphene, enormous advances have been made in exploring the exciting
and useful properties of transition metal dichalcogenides (TMDCs),
such as a permanent band gap in the visible range and the transition
from indirect to direct band gap due to 2D quantum confinement, and
their potential for a wide range of device applications. In particular,
recent success in the synthesis of seamless monolayer lateral
heterostructures of different TMDCs via chemical vapor deposition
methods has provided an effective solution to producing an in-plane p−n
junction, which is a critical component in electronic and optoelectronic device applications. However, spatial variation of the
electronic and optoelectonic properties of the synthesized heterojunction crystals throughout the homogeneous as well as the
lateral junction region and the charge carrier transport behavior at their nanoscale junctions with metals remain unaddressed. In
this work, we use photocurrent spectral atomic force microscopy to image the current and photocurrent generated between a
biased PtIr tip and a monolayer WSe2−MoS2 lateral heterostructure. Current measurements in the dark in both forward and
reverse bias reveal an opposite characteristic diode behavior for WSe2 and MoS2, owing to the formation of a Schottky barrier of
dissimilar properties. Notably, by changing the polarity and magnitude of the tip voltage applied, pixels that show the
photoresponse of the heterostructure are observed to be selectively switched on and off, allowing for the realization of a hyper-
resolution array of the switchable photodiode pixels. This experimental approach has significant implications toward the
development of novel optoelectronic technologies for regioselective photodetection and imaging at nanoscale resolutions.
Comparative 2D Fourier analysis of physical height and current images shows high spatial frequency variations in substrate/MoS2
(or WSe2) contact that exceed the frequencies imposed by the underlying substrates. These results should provide important
insights in the design and understanding of electronic and optoelectronic devices based on quantum confined atomically thin 2D
lateral heterostructures.
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The significant interest and research effort devoted to
discovering two-dimensional (2D) crystals beyond

graphene have resulted in substantial progress in the
fundamental understanding of transition metal dichalcogenides
(TMDCs) with important implications for the design of future
nanoelectronic components.1,2 Many TMDCs possess unique
electronic and optical properties including permanent band
gaps as well as transitions from indirect to direct characteristic
originating from 2D quantum confinement. These properties
have motivated their exploration as active materials for a broad
range of electronic3−7 and optoelectronic8−14 applications.

Materials for such applications require the development of
versatile junctions such as 2D/metal15−17 or 2D/2D
Schottky18−20 and in particular p−n junctions.21−23 Traditional
doping methods such as dopant diffusion and ion-implantation
used for conventional bulk semiconductors are not generally
suitable for atomically thin 2D layers due to unavoidable crystal
damage, so significant effort has been focused on achieving
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vertical van der Waals p−n heterostructures of dissimilar
TMDCs of n- and p-types.22,24,25 While the vertical
heterostructure exhibits both characteristic rectifying behavior
and photovoltaic response, the transfer process used to form a
vertical p−n junction is insufficiently robust because it
introduces unwanted trap states, lattice mismatch, and spatial
inhomogeneity. Recently, a promising alternative route in the
form of a monolayer in-plane p−n junction was developed via a
two-step epitaxial growth of p-type WSe2 and n-type MoS2. By
removing the laborious and unreliable transfer process of
vertical heterojunctions and significantly improving the inter-
face quality, the in-plane heterojunction shows tremendous
promise for the realization of TMDC monolayer components
in future nanoelectronics.26 Although this seamless WSe2−
MoS2 lateral heterojunction crystal showed clear rectifying
behavior, photoresponse, and photovoltaic effects, many
questions about the spatial dependence of nanoscale local
electrical and optoelectronic properties, not only throughout
the homogeneous crystals but at the lateral junction regions,
remain unaddressed.
In this report, we answer these important questions using

conductive and photocurrent spectral atomic force microscopy
(C-AFM and PCS-AFM) measurements to obtain the spatially
resolved transverse electrical properties of the monolayer
WSe2−MoS2 lateral p−n heterostructures both in the dark
and under laser illumination. We have previously reported that
C- and PCS-AFM are versatile tools to conveniently and
efficiently interrogate layer-dependent electronic and optoelec-
tronic characteristics in a MoS2 crystal containing regions of
different thicknesses, enabling direct characterization and
comparison of the different layer regions without the
complexities associated with fabricating and testing of different
individual field-effect transistor devices.27 By performing
current imaging using a PtIr-coated conductive tip on an
ultrathin nanosheet that includes homogeneous crystals of
WSe2 and MoS2 and a lateral junction region in between, we
can form many thousands of WSe2/MoS2/the junction−metal
contact points during imaging and directly compare their local
properties at the same time under identical experimental
conditions with the nanoscale spatial resolution. Therefore, in
this work we study for the first time spatial dependence of
electronic and optoelectronic characteristics of a monolayer

WSe2−MoS2 lateral heterostructure via current imaging of the
nanosheets that can fit within a single AFM image in both
forward and reverse bias regimes using the C- and PCS-AFM.
In addition, we show that by changing the polarity and
magnitude of the applied voltage the photoresponse pixels in
part of the heterostructure are selectively switched on and off,
demonstrating a hyper-resolution switchable photodiode array.

Results and Discussion. Carrier Transport in the Dark.
Previously, we have shown that extracting averaged current−
voltage (I−V) characteristics from a series of C-AFM images
with varying applied voltages is superior over taking I−V curves
at fixed positions in that it generates not only more accurate
and reliable I−V curves but additional information about spatial
inhomogeneity in local charge distributions, local defects,
sample edges, and local tip−sample interactions.27 Thus,
throughout this work we record the current through the C-
AFM tip while imaging and varying the applied sample bias.
Because the monolayer WSe2−MoS2 crystal is comprised of
regions of homogeneous WSe2, MoS2, and the lateral junction
in between that can fit within a single AFM image, we can
directly compare electrical properties of regions obtained under
identical experimental conditions.
In order to study carrier transport in the dark, a monolayer

lateral WSe2−MoS2 heterostructure was synthesized on c-plane
sapphire substrates by sequential chemical vapor deposition
(CVD) of WSe2 and MoS2, followed by transfer onto a
conductive indium tin oxide (ITO)-coated glass sub-
strate.26,28,29 The crystals were first identified by optical
contrast and then their identity and thickness were verified
using Raman and photoluminescence (PL) spectroscopy. The
C-AFM and PCS-AFM measurements were conducted using
PtIr-coated conductive probes in contact imaging mode. During
the measurements, the conductive tip is held at ground while
the bias voltage was applied to the ITO substrate as the other
electrode. Throughout this paper, we refer to forward (reverse)
bias when the ITO electrode is positively (negatively) biased
relative to the grounded conductive tip. More details can be
found in the Experimental Methods section in the Supporting
Information.
The experimental setup for our C-AFM and PCS-AFM

measurements is illustrated in Figure 1a. An optical image and
the AFM topography of the transferred lateral heterostructure

Figure 1. (a) Schematic illustration of the photoconductive spectral atomic force microscope (PCS-AFM) instrument and WSe2−MoS2
heterostructure crystal. (b−d) Optical microscope image, AFM topographic image, and lateral force microscopy (LFM) image of a WSe2−MoS2
heterostructure crystal on ITO/glass substrate. (e−g) Representative Raman spectra taken at each homogeneous crystal region of (e) WSe2, (f)
MoS2, and from the locations along the dashed line marked in (d).
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are shown in Figure 1b,c, respectively, where the in-plane
junction in the triangular nanosheet is difficult to identify. For
better visualization, a lateral force microscopy (LFM) image of
the nanosheet was taken (Figure 1d), which allows for the
overall crystal shape and the lateral junction that distinguishes a
region of WSe2 from that of MoS2 to be clearly seen. We
identified the thickness of this crystal by its Raman spectrum,
where the prominent peaks of WSe2 at 250 and 260 cm−1

(Figure 1e), assigned to E2g
1 and A1g modes,29 and the two

signature Raman peaks of MoS2 in Figure 1f, the E2g
1 and A1g

peaks with the frequency difference (Δ) of 19.6 cm−1, confirm
that the flake is comprised of a monolayer WSe2 crystal
surrounded by a monolayer MoS2 crystal.30 The monolayer
nature of the crystal is further confirmed by strong photo-
luminescence (PL) signals collected from the locations marked
in Figure 1d, as shown in Figure 1g.
In order to study the spatial dependence of local I−V

characteristics of the heterostructure at its nanoscale junction
with the conductive metal tip, a sequence of images were
obtained at varying values of the applied bias voltage, as shown
in Figure 2a−c (forward bias) and Figure 2d−f (reverse bias)
where the numbers on the top right side of each image indicate
the sign and magnitude of the applied voltages (images for
additional voltage values are presented in the Supporting
Information). In contrast to the bare ITO surface showing high
conductivity, the nanosheet introduces additional resistance
against current flow, resulting in noticeable nonlinear behavior
as a function of applied voltage. In the forward bias regime, the
current increases noticeably in the MoS2 region whereas there
is almost no current increase detected in the WSe2 region; the
opposite trend is observed in the reverse bias regime. This
response suggests the formation of an energy barrier at the
nanoscale junction between the metal tip and the semi-
conducting 2D crystals in both forward and reverse bias
regimes. We note that there is some small degree of spatial
inhomogeneity that may result from variations in local barrier
heights arising from impurities, defects, and fluctuations in tip−
sample contact. However, the possibilities of tip degradation

affecting the current measurements can be excluded, as we have
shown in our previous report by stable force−distance curves
obtained throughout the series of measurements.27

We then obtained I−V curves by averaging the current values
from each voltage image at a particular region of the sample:
the homogeneous MoS2 crystal, the homogeneous WSe2
crystal, and a junction region near the boundary of the two
compositions. Since earlier scanning Kelvin probe microscopy
(SKPM) measurements on the heterostructure revealed that
the depletion width across the lateral junction is ∼320 nm,26

current values for the junction were extracted from pixels that
are within ∼120 nm of the boundary toward homogeneous
crystals of MoS2 and WSe2. The junction boundary is
determined from the lateral force image (Figure 1d) in which
the borderline can be identified clearly due to the difference in
force fields the metal tip experiences when scanning over the
crystal regions of WSe2 and MoS2. Figure 2g shows the
averaged I−V curves from the homogeneous WSe2 and MoS2
crystals, as well as both WSe2 and MoS2 sides of the junction in
between them, where the error bars indicate the standard
deviations from all the pixels within the current images at each
given voltage. The green triangles, black squares, blue triangles,
and red indicate data points acquired from each of the WSe2,
MoS2, and lateral junction regions of WSe2 and MoS2,
respectively, under identical experimental conditions. Because
we average over many thousands of data points for each
voltage, a reliable I−V curve can be obtained.
The I−V curves in Figure 2g show nearly insulating behavior

at low bias voltages and abrupt nonlinear increases in current at
high bias voltage in both the reverse and forward bias regimes.
This is in good agreement with our prior finding that the
nanojunction between atomically thin 2D layers and the metal
tip gives rise to the characteristic rectifying carrier transport
behavior due to the formation of the junction energy barrier,
which is impacted by both barrier height and width.27 This is
well explained by Fowler−Nordheim (FN) tunneling model
that is widely adopted as a model for describing charge carriers
tunneling from the Fermi level of a metal to an adjacent

Figure 2. (a−f) Current maps generated by conductive AFM measurements in the dark under applied sample bias voltages of (a) 1.0, (b) 0.6, (c)
0.2, (d) −0.4, (e) −0.8, and (f) −1.3 V. (g) Averaged I−V data extracted from the homogeneous and lateral junction regions of WSe2 and MoS2. (h)
A schematic band diagram of a WSe2/MoS2−PtIr metal tip junction under forward (left) and reverse (right) sample bias voltages.
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material through a junction barrier.31 Even though charge
carriers experience the resistance of an atomically thin layer of
almost the same thickness (∼0.7 nm), I−V curves obtained
from WSe2 and MoS2 show an entirely different trend: the
conductivity of WSe2 increases exponentially as reverse bias
voltage increases without noticeable current recorded in the
forward range, whereas the opposite is the case for MoS2. This
corroborates the interpretation of the carrier transport
mechanism proposed in our previous paper by expanding to
new systems.
Schematic illustrations in Figure 2h show the band structures

of the PtIr/WSe2 and PtIr/MoS2 systems under applied biases:
forward bias (V > 0) is shown on the left and reverse bias (V <
0) is shown on the right. When the metal tip is brought into
contact with a thin WSe2 or MoS2 crystal, the difference
between the metal work function and the valence (conduction)
band edge of WSe2 (MoS2), based on the Schottky−Mott
theory,32 causes a Schottky barrier to form at the interface.
Because of the p-type nature of WSe2, when it is in contact with
the PtIr tip whose work function is ∼5.4 eV,33 the equilibrium
Fermi level locates close to the valence band edge.34 In the case
of n-type MoS2, partial Fermi level pinning positions the
equilibrium energy near the conduction band edge.35

Both the electron and the hole currents beyond a certain
threshold voltage include two contributions: the tunneling
events through the Schottky barrier and thermionic emission
current over the top of the energy barrier. At the junction
between WSe2 and the PtIr metal tip, the Schottky barrier
height for hole injection into the valence band of WSe2 (ϕp) is
lower than that for electron injection into the conduction band
(ϕn). In the reverse bias regime, the barrier height and width is
reduced with higher applied voltage, resulting in an enhanced
probability of field emission tunneling through the barrier.
When the forward bias voltage is applied, the likelihood of hole
tunneling events is suppressed to its lowest saturation and the
thermionic emission contribution becomes increasingly smaller
with voltage due to the raised Schottky barrier height, ϕp. In
contrast, when the interface between MoS2 and the metal tip is
considered (here, ϕn is smaller than ϕp), the barrier width
becomes smaller as higher voltage is imposed, enhancing the
tunneling contribution dramatically in the forward bias regime,
while more negative voltage constrains the tunneling to its
lowest and thermionic emission to further reduced level due to
thickened junction barrier and an eventual increase of ϕn.

This stark difference of electrical properties between the two
single-layered component crystals of the lateral heterostructure
highlights a critical role of the nature of the junction barrier on
carrier transport behavior through the nanoscale metal-
atomically thin 2D crystal interface. In addition, it is notable
that the junction regions of both WSe2 and MoS2 exhibit lower
conductivity than corresponding homogeneous regions
throughout the whole voltage range of our measurements.
We attribute the origin of this observation to the change in the
energy of the conduction and valence band edges over the
depletion width of the lateral p−n junction. On the WSe2 side
of the depletion region, the energy of the valence band edge
gradually decreases, rendering ϕp larger compared to its
homogeneous counterpart when in contact with the metal
tip. The fact that the subtle change in the electronic properties
of the lateral junction region of the sample is detected
highlights the sensitivity of the measurements offered by the
PCS-AFM instrument, which could be especially beneficial to
answer many interesting questions about nanomaterials with
complex heterojunctions. Similarly, for the MoS2 side of the
region, because the conduction band energy rises as it comes
closer to homogeneous WSe2, ϕn becomes higher hindering
electron injection to this region to some extent. This finding of
differing junction behavior further corroborates the sensitivity
of carrier transport at the nanoscale metal−2D layer interface
on the junction barrier characteristics.
In order to extract the barrier heights for electron injection to

the conduction band of MoS2 (ϕn,MoS2) and hole injection to
the valence band of WSe2 (ϕp,WSe2), following our previous
publication,27 we use the FN tunneling theory, which is widely
adopted as a model for describing electrons tunneling from the
Fermi level of a metal to an adjacent material through a
junction barrier with the current I described by31

π ϕ
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where Ae denotes the effective contact area, q is the electronic
charge, V is the applied bias voltage, h is Planck’s constant, ϕB is
the barrier height, d is the distance between the electrodes, and
m* is the effective mass. The experimental I−V data in Figure
2g are fit to the FN tunneling model in eq 1 (solid black, red,
green, and blue lines for MoS2, MoS2 junction, WSe2, and WSe2
junction, correspondingly). We see that the FN model agrees

Figure 3. (a−d) Photoresponse maps at forward bias voltages of (a) 0.2 and (b) 0.6 V, and reverse bias voltages of (c) −0.3 V and (d) −0.8 V under
illumination of λ = 550 nm. (e) Plot of photoresponse versus voltage with the error bars indicating standard deviations.
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well with the data and the effective barrier height can be
extracted from the fitting to the model to be 0.58, 0.60, 0.62,
and 0.65 eV, for ϕn,MoS2, ϕn,MoS2,junc, ϕp,WSe2, and ϕp,WSe2,junc,
respectively. The extracted ϕn,MoS2 in the present work is close
to but slightly lower than the value estimated for a
micromechanically exfoliated monolayer MoS2 using the same
experimental setup, 0.61 eV.27 This can be attributed to the fact
that the work function of the synthesized and mechanically
exfoliated MoS2 crystals may somewhat differ from each other,
and dissimilar ITO substrates could lead to different
interactions with the sitting 2D crystals that consequently
give rise to changes in the junction properties.
Voltage Selectable Photoresponse. Because this monolayer

in-plane p−n heterostructure possesses an enormous potential
to play a major role as an active component over a wide variety
of future nanoscale optoelectronic devices, we also explore its
photoresponse using the PCS-AFM measurements to answer
important questions about spatial variation of its local
optoelectronic properties. We use the same heterostructure
nanosheet that was featured in Figure 2 for these optoelectronic
measurements in order to directly compare the results to the
dark current behavior. The analysis conducted for dark current
can be expanded to interpret strong dependence of photo-
current on the applied voltage. Figure 3a−d shows spatially
resolved photoresponse maps of the sample, in both forward
(a,b) and reverse voltage regimes (c,d). The bias voltages are
varied while the illumination is maintained at λ = 550 nm (see
the Supporting Information for additional photoresponse
images at different voltages as well as current images in dark
and light). The photoresponse is defined as the difference
between photocurrent (IL) and dark current (ID) normalized by
illumination power

=
−

photoresponse

I I
q

P
hv

L D

inc
(2)

where q is electronic charge, Pinc is the incident power, and hν is
the photon energy. These photoresponse maps are generated
by subtracting a photocurrent map under illumination from a
dark current map, and normalized by the incident laser power
at a selected wavelength. It is important to note that the
wavelength dependence of photoresponse of MoS2 detected
using this instrument in our prior report27 shows that the
enhanced current under illumination is predominantly due to
interband photoexcitation in a 2D material being interrogated
rather than absorption or heating effects in the metal tip.
In the photoresponse maps (Figure 3), a small level of spatial

irregularities is observed due to local variability of electrical
properties of the junction with the metal tip. Pixels within the
boundaries of an each homogeneous crystal region in general
show reasonably constant photoresponse intensities over the
entire sample area, demonstrating stability and reliability of our
measurements. Under small magnitude applied sample voltages
(Figure 3a,c), both WSe2 and MoS2 generate a very small
degree photoresponse. But interestingly, when we apply a larger
magnitude voltage in the forward bias regime, the pixels in the
MoS2 region clearly turn on while those in the WSe2 region
remain dark (Figure 3b). Moreover, by applying the opposite
polarity and large magnitude bias voltage, as depicted in Figure
3d, the MoS2 pixels can be switched off while turning the WSe2
pixels on. The degree of this photoresponse switching, a relative
photoresponse of one region to another, can effectively be

modulated by the magnitude of the applied sample voltage (see
Supporting Information for photoresponse maps under varying
voltages). That is, by utilizing this experimental approach, a
nanoscale high-resolution array of switchable photodiode pixels
can be realized.
The photoresponse as a function of voltage was plotted by

taking the average photoresponse over each of the homoge-
neous and junction regions, as shown in Figure 3e, where error
bars indicate the standard deviation. We note that the
photoresponse in forward and reverse bias regimes exhibits
obvious barrier asymmetry for both WSe2 and MoS2 and shows
a nonlinear increasing trend in all regions as the bias voltage is
raised. In our previous report, we showed that major factors
influencing the photoresponse detected by the PCS-AFM
system are light absorption, photoexcited carrier separation, and
carrier collection efficiencies.27 Because we explore the
heterostructure crystal of uniform thickness (monolayer), the
pixels in the same region should have almost the same
absorption efficiency, given the absorption coefficients are
similar at 550 nm illumination,36 thereby making the light
absorption factor negligible in the interpretation of the bias-
dependent photoresponse trend of each region, as compared to
the other two contributions. The importance the carrier
collection efficiency contribution (effective transport of photo-
excited carriers through the nanoscale metal−2D layer junction
to be collected by the metal tip) to the overall photoresponse
becomes evident when comparing photoresponse values of
WSe2 and MoS2 acquired with high bias voltages applied in the
reverse and forward range, respectively. Under these high drive
bias voltages, there is enough external driving force to
effectively separate photoexcited charge carriers such that the
effectiveness of exciton dissociation becomes insignificant,
allowing for the carrier collection events to dominate the
process. We observe that the photoresponse of WSe2 under this
condition in the reverse range is lower than that of MoS2 in the
forward regime, which is in accordance with the dark current
trend shown in Figure 2g in which absolute current values are
smaller in WSe2 than MoS2 for equal absolute sample bias
voltages. The fact that WSe2 (MoS2) generates a very low level
of the response throughout the forward (reverse) regime can
also be ascribed to the reduced carrier collection efficiency
because of the increased effective junction barrier. Although it
may be possible that small contributions to this difference may
originate from different absorption coefficients of the two for a
chosen laser wavelength,37 the overall trend is mostly
determined by the transport characteristic.
The photoresponse in both WSe2 and MoS2 rises sharply in a

nearly linear fashion in the reverse and forward regime,
respectively, as the absolute sample voltage is raised until
around 0.8 V, owing to the increasingly improved carrier
transport and a larger amount of energy available for carrier
separation, and becomes relatively flat without showing notable
increase afterward. It can be because the 0.8 V of drive voltage
provides enough energy to separate and collect most of the
photoexcited charge carriers. In forward (reverse) bias for WSe2
(MoS2), however, photoexcited carriers face a barrier at the
junction with the metal tip that needs to be thermally overcome
or tunneled through to be detected, and the barrier that
remains in the voltage range of our experiment can lead to the
observed forward−reverse asymmetry. In the junction region of
both WSe2 and MoS2, the response shows a dissimilar behavior
under forward and reverse bias voltages: lower (higher) in the
reverse regime but higher (lower) under the forward bias for
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WSe2 (MoS2) in comparison with its homogeneous counter-
part. This result suggests that the overall photocurrent is almost
entirely determined by the carrier transport process, which is
mainly influenced by change in the band edge energy in the
depletion region in one bias voltage regime, whereas the built-
in electric field enhancement at the lateral p−n junction can
give rise to an additional contribution to photocurrent when
the bias polarity is flipped. This understanding of photocurrent
generation from a WSe2−MoS2 lateral heterostructure will
provide useful insight into developing a high-resolution array of
nanoscale photodetector units with an optimized photo-
response ratio between component pixels by the selection of
the specific polarity and magnitude of voltage to achieve for
targeted purposes, which can be further tuned by modulating
illumination laser wavelengths as well as the layer number of
component materials.
In our previous report,27 we explained the sublinear

illumination power dependence of photocurrent by a kinetic
model that accounts for the rapid exciton−exciton annihilation
(EEA)38 in atomically thin MoS2 crystals (see Supporting
Information for the details). In the model, the exciton density is
expressed with loss terms by the EEA and exciton dissociation,
and a generation term that is dependent on the laser power and
the layer thickness. Because residence time of the metal tip on
each pixel while scanning is on the order of ∼10−3 s, which is
substantially longer than an effective lifetime for excitons in a
single layer MoS2, the system is considered to have reached the
steady state and the EEA rate constant (k1) and the free carrier
generation rate (dissociation of exciton, k2) for a monolayer
MoS2 are extracted as k1 (MoS2) = 4.3 × 10−2 cm2 s−1 and k2
(MoS2) = 3.3 × 10−1 s−1. By adopting these constants and
assuming that the ratio of k1 to k2 for WSe2 is the same as for
MoS2 in consideration of the similar exciton binding energy,39

the ratio of the averaged photocurrent in MoS2 to that in WSe2
recorded under a 0.6 V magnitude of voltage at 550 nm, which
are the same experimental conditions as the prior report, yields
k1 (WSe2) = 9.5 × 10−3 cm2 s−1 and k2 (WSe2) = 7.3 × 10−2

s−1. Here, the extinction coefficient at 550 nm is set to be εMoS2/

εWSe2 ∼ 1.2.36

Spatial Analysis. We conducted spatial analysis of the AFM
topography and current images in order to clarify the role of the
ITO substrate on current measurements. Figure 4 shows
topographic (a,c,e) and current (b,d,f) images simultaneously
obtained with an applied sample bias of 0.7 V. The effect of the
underlying substrate was investigated in detail by further
comparing regions of the substrate with and without a MoS2
crystal sitting on top, as indicated in Figure 4 panels a and b.
The 2D fast Fourier transforms (FFTs) were performed on the
bare substrate and substrate+MoS2 regions of the topographic
(Figure 4g,i) and current images (Figure 4h,j). It is observed
that the intensity of both of the FFTs of the topography is
mostly concentrated in the center region but that of the
substrate-only region in the current image exhibits a concentric
but dispersed feature; also, a more dispersed and an increased
intensity along the vertical direction is observed in the substrate
+ MoS2 region. These results reveal that there exists some
degree of spatial correlation between the topography and
current of the bare substrate but the correlation weakens with
the introduction of an atomically thin nanosheet. We attribute
these findings to imperfect contact between the nanosheets, the
substrate, and the metal tip, which can be aggravated because of
the fast tip movement. More fluctuations observed in the

substrate + MoS2 region of the current image can originate
from the nature of the measurements: the charge carriers have
to physically flow from the substrate through the nanosheets to
the metal tip, which makes the current more sensitive to
irregularities or small changes in the contact qualities between
the components in contact mode imaging.

Conclusions. In conclusion, we utilized the C- and PCS-
AFM measurements to thoroughly investigate current transport
mechanisms and photoresponse of a monolayer lateral WSe2−
MoS2 heterostructure at its nanoscale junctions with the
conductive metal tip. WSe2 and MoS2 show the opposite trend
due to the different junction barrier properties while relatively
lower conductivity is recorded in the lateral junction region
because of the energy change in the valence and conduction
band edges. A prominent voltage-dependent photoresponse
was observed in both WSe2 and MoS2 in the reverse and
forward sample bias regime, respectively. Notably, by
modulating the polarity and magnitude of the applied voltage,
the photoresponse pixels in a portion of the heterostructure
crystal was observed to be selectively switched on and off,
allowing for a high-resolution array of the switchable photo-
diode pixels to be demonstrated. These results shed light on the
realization of future optoelectronic nanoscale devices for
regioselective photodetection and imaging as well as nano-
electronic devices based on various types of monolayer lateral
heterostructures in general.
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