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ABSTRACT

In-plane heterojuctions formed from two monolayer semiconductors represent the finest control
of electrons in condensed matter and have attracted significant interest. Various device studies
have shown the effectiveness of such structures to control electronic processes, illustrating their
potentials for electronic and optoelectronic applications. However, information about the
physical mechanisms of charge carrier transfer across the junctions is still rare, mainly due to the
lack of adequate experimental techniques. Here we show that transient absorption measurements
with high spatial and temporal resolution can be used to directly monitor such transfer processes.
We studied MoS,—MoSe; in-plane heterostructures fabricated by chemical vapor deposition and
lithographic patterning followed by laser-generated vapor sulfurization. Transient absorption
measurements in reflection geometry revealed evidence of exciton transfer from MoS, to MoSe;.
By comparing the experimental data with a simulation, we extracted an exciton transfer velocity

of 10* m s™!. These results provide valuable information for understanding and controlling in-



plane carrier transfer in two-dimensional lateral heterostructures for their electronic and

optoelectronic applications.
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INTRODUCTION

Recently, two-dimensional (2D) materials have drawn considerable attention.!™® For example,
several interesting properties have been discovered in semiconducting transition metal
dichalcogenides (TMDs), such as layer-sensitive electronic structures,*> valley-selective optical
coupling,5# extremely large exciton binding energies,”!? and strong nonlinear optical
responses.!!"13 In addition to their potential applications as monolayer semiconductors,'#"!7 their
ultimate thinness offers high degrees of control of electrons at atomic length scales. Vertically
stacked van der Waals heterostructures have been extensively studied, where efficient interlayer
electron transfer and the control of layer population of electrons and holes have been
demonstrated.'® 22 Unlike in heterostructures formed by ionic or covalent materials, the lattice
matching requirement is relaxed in these van der Waals materials. As a result, a large number of
combinations of 2D materials can be explored to form multilayer materials with tailored

properties for targeted applications.

An equally, if not more, intriguing opportunity offered by 2D materials is to control electrons in-
plane by utilizing lateral heterostructures formed by two 2D materials. Lateral modulation of
electronic and optical properties of 2D materials is necessary for planar devices with high-
density integration potentials, such as atomically thin p—n junctions, light-emitting diodes, and
photovoltaic devices. Since 2014, several groups have reported bottom-up fabrication of lateral
heterostructures, such as chalcogen-changing MoS,—MoSe,?* and WS,—WSe,?3?* and metal-
changing MoS,—WS,?*2% and MoSe,— WSe,.?° These TMD lateral heterostructures have high-
quality interfaces and coherent lattices of the two materials. Furthermore, using two-step epitaxy

growth, it is possible to fabricate heterostructures with both chalcogen and metal atoms



changing, such as WSe,—MoS,, where alloy formation in the junction region can be avoided and
the shape of the junction can be precisely controlled.? Patterned growth of lateral
heterostructures utilizing lithography?3! or focused ion beam etching3?33 has also been

demonstrated, illustrating the potential of device integration.

The successful fabrication of lateral heterostructures enabled studies of electron transfer across
the junctions, a core issue for their applications in electronics and optoelectronics. It was found
that, in general, TMD lateral heterostructures form type-II band alignments, which facilitate
separation of electrons and holes.>*3¢® When the two materials forming a heterostructure have
different types of charge carriers, effective p—n junctions can form, as confirmed by observations

of current rectification and photovoltaic effects.?3-23-27.30.37

Although these pioneer studies have revealed the effectiveness of electron transport in these
materials, quantitative information on mechanisms of this process is rare. Here we report a
temporally and spatially resolved study of photocarrier transport across lateral junctions formed
by MoS, and MoSe, monolayers (MLs). We found that photocarriers injected in the MoS, side
of the junction transfer to the MoSe, side with a velocity of about 10* m s™! at room temperature.
The transfer occurs for several tens of picoseconds over a distance on the order of 100 nm. We
also obtain evidence that both electrons and holes transfer to MoSe,, which is consistent with the

predicted type-I band alignment.
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Figure 1. (a) Schematic illustration of the MoS,—MoSe; lateral heterojunction. (b) Optical image of the
MoS,—MoSe, lateral heterostructure sample with 7 pm strips of each material. (c) Differential reflection
signal obtained from different locations of the sample and with different pump—probe configurations as
indicated in the legend. (d) Band alignment and pump—probe schemes. (e) Peak differential reflection
signal, of a 1.53 eV probe, as a function of sample position. (f) Same as (c) but showing early probe
delays.

RESULTS AND DISCUSSION

The MoS,—MoSe, lateral heterostructure was schematically illustrated in Figure 1(a). The
samples were formed by the local conversion of MoSe, to MoS, within a ML crystal synthesized
by chemical vapor deposition, as reported in ref 31. First, MoSe, MLs were grown. Then,
different sized SiO, strips were patterned on MoSe, MLs by using e-beam lithography and e-
beam evaporation.?! A sulfurization process based on laser vaporization of a sulfur target was
then used to convert exposed areas, not covered by SiO,, from MoSe, to MoS,.3! Figure 1(b)
shows an optical microscope image of a lateral heterostructure sample, which has alternating
MoS, and MoSe; strips of 7 um wide. The bluish color strips are MoSe; areas covered with

about 50 nm thick SiO,. The uncovered areas are converted MoS, after the sulfurization process.



The wide strips provide isolated areas of each material for a direct comparison of properties, as
well as the ability to probe the behavior of a single junction. We note that because MoSe; is
covered by Si0,, its properties could be different from uncovered MoSe, due to the dielectric

screening effect of SiO,.

To study the photocarrier dynamics, we utilized transient absorption measurements in reflection
geometry.3® Pump and probe laser pulses, of about 100 fs in duration, were focused onto the
sample through an objective lens. We measure the differential reflection, which is defined as
AR/Ry = (R — Ry)/Ry, with R and R, representing the reflectance of the probe from the sample
with and without the presence of the pump, respectively (see Methods). When AR/R, < 1, this
quantity is proportional to the change of the absorption coefficient by the pump-injected
photocarriers.?® In the measurements, the probe is tuned to the A-exciton resonance of the
sample. Generally speaking, photocarriers can exist in the form of free electron—hole pairs or
excitons. Both types of photocarriers can induce changes of the excitonic absorption peak by
mechanisms such as phase-space state filling,** screening of the Coulomb interaction,* and
band-gap renormalization.*! Hence, the differential reflection signal can be induced by either free
electron—hole pairs or excitons, or both. Since excitons in 2D TMDs have large binding
energies®!%42 and are stable at room temperature, we attribute the signal to the excitons after they
are formed. In the low-density regimes, the signal is approximately proportional to the exciton

density.3?

We started by locating the pump and probe laser spots in a region of MoSe,, as shown by the
blue circle in Figure 1(b). As shown schematically in Figure 1(d), the probe pulse with a photon
energy of 1.53 eV is tuned to the A-exciton resonance of MoSe,.3! The 1.85 eV pump with an
energy fluence of about 20 pJ cm™ excites a peak carrier density of about 10'> cm™2, which is
estimated by using an absorption coefficient of 2 x 10° cm™!.#3 The measured differential
reflection signal is shown by the blue symbols in Figure 1(c) and (f) for long and short time
ranges, respectively. The signals rise to a peak within a time limited by the instrument response
time. This indicates that the injected carriers induce a transient absorption signal at the exciton
resonance instantaneously, a feature generally observed in 2D TMDs.3# The decay of the signal
was fit by a biexponential function, AR/Ry = A exp(—t/t)) + A, exp(—t/12) + Ay, as shown by the

fit curve. The two decay constants are t; = 13 + 1 and 1, = 190 £ 50 ps, respectively, with A;:A;



~ 4:1. We attribute the long time constant to the exciton lifetime. The short time constant could
originate from effects of exciton—exciton annihilation,**#3 hot excitons, or other mechanisms.*%-47
We repeated the measurement with the laser spots on the MoS, region [gray circle in Figure
1(b)]. No signal was detected, as indicated by the gray symbols in Figure 1(c). With an
absorption coefficient of 3.5 x 105 cm™!, the pump injects carriers in MoS, with a density of 1.8
x 1012 cm™2. The lack of signal is expected, since the probe photon energy is below the exciton
resonance of MoS,. To further confirm that the probe is insensitive to carriers in MoS,, we
measure the peak differential reflection signal as we scan the laser spots along the yellow line in
Figure 1(b). The results [Figure 1(e)] clearly show that only MoSe, regions produce a signal. It is
also important to note that a portion of the deposited SiO,, only covering the substrate, is
measured in this scan, which expectedly produces no signal. This proves that the signal we see

from MoSe, is indeed from MoSe, and not from the protective SiO, layer.

Considering that MoS, samples were fabricated by sulfurization of MoSe,, it is necessary to
probe the photocarrier dynamics in MoS,. For this purpose, we measured the differential
reflection of a 1.86 eV probe, which is located on MoS, and tuned to the A-exciton resonance of
MoS,, with a pump of 3.20 eV. The result is shown by the red symbols in Figure 1(c) and (f).
The signal also rises to a peak within a time limited by the instrument response time. An initial
fast decay of the signal of about 1 ps was observed, which represents a short transient process as
free carriers form excitons.*®*° The decay of the signal can be fit by a single-exponential
function, AR/Ry = A exp(—t/t) + Ay, with a decay constant of 24 + 2 ps. This exciton lifetime is
comparable to exfoliated MoS, MLs,?%*0 confirming the high quality of MoS, fabricated by this
method.
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Figure 2. (a) Expected band alignment based on first-principles calculations for the MoS,—MoSe, lateral
heterostructure. The blue and red vertical arrows represent the pump and probe, respectively. (b)
Schematic of the excitons produced in the pump laser spot (dashed circle) in MoS, (yellow circles) and
MoSe; sides (red circles) near the junction. The arrow represents the expected direction of exciton
transfer based on the band alignment in (a). The vertical line represents the center of the probed exciton
density. (c) Exciton density after the expected transfer. The excitons excited in MoS, are now in MoSe,
and can be sensed by the probe. The increased density near the junction causes a shift of the center of the
profile (vertical line) toward the junction. (d) Spatiotemporally resolved differential reflection signal near
a single MoS,—MoSe, junction. The red line shows the peak signal in time. The 0 position (white line) is
defined when the center of the pump spot is at the junction. (¢) Examples of normalized spatial profiles
with asymmetric double-sigmoidal fits. (f) Position of the peak center of each fit as a function of probe
delay. The error bars indicate standard deviation of the fits. The red curve is a model with a velocity of
about 10* m s™!. The inset illustrates the experimental geometry, where the pump spot is located at its 0
position (at the junction) and is scanned across the probe spot with the sample fixed. (g) Width of the left
(red) and right (blue) contributions to the fits to the spatial profiles. The error bars indicate standard
deviation of the fits.

Next, we focus on the junction between these two materials and the expected photocarrier
transfer from MoS2 to MoSe2. The left column of Figure 2 illustrates the experimental scheme.
According to first-principle calculations,’! the MoS,—MoSe; lateral heterostructure forms a type-
I band alignment with both the bottom of the conduction band and the top of the valence band
located in the MoSe; layer, as illustrated in Figure 2(a). When the sample is excited by an

ultrashort laser pulse (vertical blue arrow), electron—hole pairs in MoS, quickly form excitons on



a picosecond time scale.*®4° Due to their large binding energies of several hundred
millielectronvolts,*? excitons are stable and move as a whole. Figure 2(b) shows in real space
that the tightly focused laser spot (dashed circle) located at the junction produces excitons on
both sides of the junction. The vertical line, in the middle of the laser spot, represents the center
of the exciton density profile. Due to the type-I band alignment, the excitons in MoS, (yellow
circles) are expected to transfer to MoSe,. After the transfer, the density of excitons in the region
of MoSe; near the junction increases, as illustrated in Figure 2(c). This causes the center of the

density profile in MoSe; to shift toward the junction.

To study this transfer process, we measured the differential reflection of the 1.53 eV probe as a
function of the probe delay and the relative spatial separation between the pump and probe spots.
Here, a 2.21 eV pump was focused through an objective lens with a numerical aperture of 0.7 to
a spot size of 0.65 pum full width at half-maximum with a peak fluence of about 80 puJ cm™2. The
probe spot size is about 0.9 um. Both spot sizes were measured by using an imaging system that
is integrated with the setup and calibrated by imaging a target with a known size. Since we are
mostly interested in probing transferred excitons, which are near the junction, the probe spot was
positioned near the junction, with its center at about 0.1 pm into the MoSe, side of the junction.
The data were acquired by fixing the sample and the probe spot while moving the pump spot step
by step across the junction, by tilting a mirror that reflects the pump beam. At each step, the
signal was measured as a function of the probe delay. The results are shown in Figure 2(d). The
signal shows a clear trend toward the junction (white line) with increasing probe delay. As
presented in Figure 2(c), this shift is indicative of exciton transfer from MoS, to MoSe,: before
transfer, the excitons in MoS, are invisible to the 1.53 eV probe. Once transferred, these excitons
become visible and cause an increase of the local density near the junction, which gives the
appearance of the shift. As further confirmation, we repeated the measurement with a pump
photon energy that is smaller than the optical band gap of MoS,, so that no excitons are injected
in MoS,. No shift of the center of the profiles was observed (see Supporting Information, Figure

S1).

We attempt to quantify this transfer process by tracking the peak of the profile as a function of
the probe delay. The symbols in Figure 2(e) show some examples of the profiles. To extract the

peak position of the profiles, we fit each profile with an asymmetric double-sigmoidal function,
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where X, is the center of the profile, w; is the full width at half-maximum of the profile, and w,
and wj are the variance or width of the left and right sides, respectively. The choice of this
function is solely due to the fact that it fits the profile well, as shown by the curves in Figure
2(e). The obtained peak position is shown by the symbols in Figure 2(f). The large shift of x,
toward the junction with increasing probe delay provides strong evidence of exciton transfer
from MoS, to MoSe;. Further evidence of the transfer is shown in Figure 2(g), where the width
of each side of this double-sigmoidal fit is tracked as a function of probe delay. It is clearly seen
that the left side, trending further into MoSe,, expands, whereas the right side, trending toward
the junction, remains constant. With the position of the highest exciton density trending toward
the junction, but the profile width only expanding away from the junction, this is a clear

indication of exciton buildup near the junction.

Due to the complex nature of this experiment originated from the finite size of the pump and
probe spots, we next used a model to simulate the observed effect and to compare it with the
experimental data. In this model, we first built the modified Gaussian profiles of the pump and
probe based on the measured spot sizes. To account for the fact that the probe is only sensitive to
the MoSe; side of the junction, we constructed a probe sensitivity function as a Gaussian
function (probe intensity profile) multiplied by a Heaviside step function centered at the junction.
The initial carrier density profile was constructed by two partial Gaussian profiles (pump spot)
that meet at the junction. The amplitudes of each side were set based on the absorption
coefficients in each material. Exciton lifetimes and diffusion coefficients measured in the
experiment are used to account for the basic dynamics of the carrier density. The model then
took the convolution of the pump and probe profiles at each probe delay to mimic the

experiment. The details of the model are provided in the Supporting Information.



At first, we confirm that without including exciton transfer the model does not result in any
movement of the peak position toward MoS, (see Supporting Information, Figure S3). Next, we
added an exciton transfer component into the model by allowing the MoS; side of the density
profile to move linearly in time into MoSe,. This contribution was then added to the MoSe, side
of the density profile. By adjusting the velocity, we found that a good agreement between the
data and the model can be achieved with a velocity of 10* m s7!, as shown by the red curve in
Figure 2(f). We note that this is not the velocity at which the peak shifts. The shift of the peak is
an indirect result of exciton movement with this velocity. From the simulation, this velocity
results in a transfer length (the distance the transferred excitons move) of 0.35 um from the
junction, which is reasonable considering a diffusion length of about 0.4 um calculated from the

diffusion coefficient and exciton lifetime in MoSe,.?!

In the analysis, we did not consider effects of defects at the junction area on the photocarrier
dynamics. Our previous study3! has shown that the defect density at the junction is similar to that
inside MoSe,, since the isoelectronic substitution of Se by S (which belongs to the same group)
does not have much impact on the lattice. Due to the nature of the fabrication technique, the
junction is not atomically sharp: there is a few-nanometer region of MoS,Se,— alloy between the
two materials.?! Since this region is much smaller than the laser spot, its contribution to the

signal is minimal.
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Figure 3. (a) Optical image of the sample with 500 nm alternating strips of MoS, and MoSe,. (b)
Differential reflection signal of a 1.53 eV probe for the MoS,—MoSe, (500 nm strip) sample (orange) and
MoSe, ML (blue). The lines represent biexponential fits to the data. (c) Same as (b), but on a shorter time
scale and with the signal normalized. The curves are fits (see text).

Our analysis is based on the assumption that both electrons and holes transfer from MoS, to
MoSe; in an excitonic transfer process. This is consistent with the theoretical prediction of type-I
band alignment of the heterostructure.3! It is desirable to provide experimental confirmation on
the lack of charge separation. However, it is difficult to probe this effect in the single-junction
measurement because the transferred excitons are a small fraction of the excitons probed. For
this purpose, we studied a sample with much thinner strips of the two materials, so that a larger
portion of the injected excitons are near to junctions and can transfer. Figure 3(a) shows the
sample with 500 nm alternating strips of MoS, and MoSe,. The sample was excited by a 1.85 eV
pump with a spot size of about 1.5 pm. The measured differential reflection of a 1.53 eV probe is
shown by the orange symbols in Figure 3(b) and (c). For comparison, the results from MoSe,
ML (blue symbols) are replotted from Figure 1. The magnitude of the signal from the
heterostructure sample is less than that from ML MoSe,, as expected, since nearly half of the
measured area (MoS,) does not contribute to the signal. The decay of the signal is fit by a
biexponential function with two time constants of 14 = 9 and 67 + 20 ps with comparable

contributions.

The lack of a slow component suggests that both electrons and holes transfer. It has been
demonstrated that in TMD vertical heterostructures with type-II band alignment the separation of
electrons and holes to different layers can give rise to interlayer excitons with significantly

extended lifetimes.!322 In the lateral heterostructure studied here, the charge separation would be



greater than the vertical heterostructures due to the width of the lateral junction. This should give
rise to an extremely long carrier lifetime. Hence, our experimental results indicate that electrons
and holes do not separate in this heterostructure, which is consistent with the predicted type-I
alignment.3! This verifies the hypothesis shown in Figure 2(c) that the transferred agents are
excitons, instead of individual carriers. Indeed, since the excitons in these materials are formed
on a picosecond time scale and are stable at room temperature due to their large binding
energies,”!%42 it is reasonable that the transfer process of more than 20 ps is dominated by

excitons.

Without a net charge transfer, the photocarrier transfer observed here can be classified as an
energy transfer process. Generally speaking, energy transfer can be achieved by a Forster
process,’> where an exciton in one material recombines nonradiatively, transferring the energy
for the excitation of an electron—hole pair in another material. It can also be accomplished by
real-space movement of the exciton across the junction in a Dexter process.>>>* An efficient
Forster process requires a small distance on the order of one nanometer.> Given the extent of the
charge transfer dimensions here, we expect the process to be dominated by the Dexter

mechanism.

Figure 3(c) shows the early part of the dynamics. The signals are normalized for better
comparison. Clearly, the rising time of the signal from the heterostructure is slower than from the
MoSe, ML. The gray line, fit to the ML MoSe, data, is calculated using a Gaussian integral with
a width of 0.275 ps. This value is close to the width of the cross-correlation of the pump and
probe pulses and, thus, represents the time resolution of the experimental setup. The red line is a
fit by the function Ny[1 — exp(—t/t1)] + N,, where N; and N, represent the carrier densities
injected in MoS, and MoSe,, respectively. Here, Tt represents the transient time for the signal to
reach its peak and is found to be about 0.8 ps. This increased rise time is further evidence of

exciton transfer from MoS, to MoSe,.

CONCLUSIONS



In summary, we have observed exciton transfer across a junction formed by two monolayer
semiconductors, MoS, and MoSe,. Spatiotemporal measurements of exciton dynamics near a
lateral heterojunction revealed evidence of exciton transfer that extended for several tens of
picoseconds. A transfer velocity of 10* m s™! was deduced by comparing the experimental data
with simulations. We also showed that the transferred excitons have a lifetime similar to those in
MoSe, monolayers, suggesting the lack of electron—hole separation and the type-I nature of the
band alignment. These results provide valuable information for understanding and controlling in-

plane electron transfer in 2D lateral heterostructures.

METHODS

The measurements were performed with a homemade transient absorption microscope. A Ti-
sapphire laser (Newport Tsunami) generates 80 MHz and 100 fs pulses with a wavelength
tunable from 750 to 850 nm and an average power of 1 W. The output is split into three beams.
One beam is used to pump a photonic crystal fiber to generate a broadband supercontinuum
radiation. A band-pass filter is used to select a desired wavelength component from the super-
continuum. Another beam is focused to a beta barium borate crystal for second-harmonic
generation. The third beam is used directly for the measurements. In each configuration, two of
these beams were used as pump and probe. The pump and probe are linearly polarized along
perpendicular directions. A beamsplitter is used to combine the two beams and send them to a
microscope objective lens. The spot sizes are typically in the range of 0.5 to 2 um in full width at
half-maximum, depending on the numerical aperture of the objective lens used. The reflected
probe is sent to a biased silicon photodiode, the output of which is measured by a lock-in
amplifier. A mechanical chopper is used to modulate the pump intensity at about 2 kHz. With
this setup, the differential reflection can be measured as a function of the time delay between the
pump and probe pulses, which is controlled by the length of the pump arm and the location of the

pump laser spot, by tilting a mirror in the pump arm.
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