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ABSTRACT: We report a comparison of the photocatalytic performance of WSe,-on-MoSe, and MoSe,-on-WSe, heterostructures.
While built-in electric fields exist in these heterostructures on the order of 100 kV/cm due to band offsets between these two
materials, the photocatalytic performance (i.e.,, photocurrent) is independent of the stacking order of the two materials. Solving
Poisson’s equation under these conditions, we find that the built-in electric field produced in the heterostructure is at least 1 order of
magnitude smaller than that produced in the electrochemical double layer (i.e., Helmholtz layer). Mott—Schottky measurements
indicate that transition metal dichalcogenides (TMDCs) on ITO electrodes have similar capacitance to that of bare ITO, providing
further evidence that the interfacial electric fields produced in the solid state heterostructure are negligible compared to the fields
generated by the ions in solution. The photocatalytic performance of these heterostructures provided the largest relative
enhancement in the heterojunction region under 920 and 785 nm irradiation compared with 532 and 633 nm wavelength excitation.
Here, the 920 nm (1.35 eV) photons lie below the band gaps and produce very little photocurrent in the constituent monolayer
materials but resonantly excite the interlayer optical transition in the heterostructure, producing a S-fold enhancement in the
measured photocurrent.

KEYWORDS: TMDC heterostructures, photocatalysis, energy conversion, photoelectrochemical, photoelectrochemistry, catalysis

ince the discovery that monolayer graphene and transition understood. More recent studies using photocurrent imaging
metal dichalcogenides (TMDCs) can be easily exfoliated of bulk WSe, and MoSe, crystals by Velazquez et al.'” and
from bulk materials, scientists and engineers have marveled at Todt et al.® have shown that edge sites can act as both
the exciting possibilities and often surprisingly high perform- “recombination sites” and “active catalytic sites”. It is known
ance of atomically thin materials and devices.' > Over the past that edge sites can cause recombination due to the breaking of
few years, several groups have demonstrated photocatalytic crystal symmetry, similar to that which occurs at the surface of
energy conversion in monolayer, bilayer, and few-layer bulk materials, i.e, “surface recombination”. However, the
TMDCs."™” These initial studies revealed several interesting dangling bonds that exist at these edge sites can also bind
phenomena and open questions. For example, Todt et al. reactant molecules and ions, thus serving as catalytically active
reported “dark” MoSe, flakes (>50%), which turned out to be
a result of electrically insulating residue deposited during Received: October 2, 2019
mechanical exfoliation (i.e., Scotch tape) process.’ Later, the Accepted: January 13, 2020
authors found that bilayer material had much higher Published: January 24, 2020

efficiencies than monolayer or trilayer material. However, the
mechanism underlying this difference is still not clearly
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sites, by facilitating the charge transfer process. Thus, defects at
or near edge sites influence the photocurrent response in a
more complex way than simply acting as recombination
centers.

Charge separation in TMDC materials can be improved by
physically stacking materials with different electronic proper-
ties. MoS,/WSe, heterostructures, for example, form a type II
heterojunction, in which the conduction and valence band
energy alignments favor electron flow from WSe, to MoS,." """
In solid state photovoltaic cells, MoS,/WSe, heterostructures
have achieved only ~1% power conversion efficiencies, despite
the fact that they absorb ~10% of the incident solar
irradiation."*™"® In these solid-state heterojunctions, the charge
carriers are all generated at the heterostructure interface;
however, the efficiency is limited by lateral charge transport
arising from the adjacent electrical contacts in the device,
which require charge carriers to traverse several micrometers to
the electrical contacts.

Interlayer excitons can also exist at the interface between
different TMDC materials, as illustrated in Figure la for
monolayer MoSe,/WSe, heterostructures. Because of the band
offsets in the two materials, it is energetically favorable for the
electron to prefer to be in the MoSe, layer and the hole in the
WSe, layer in the MoSe,/WSe, heterostructure, forming an
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Figure 1. (a) Energy band diagram of interlayer exciton in a MoSe,/
WSe, heterostructure. (b) Cross-sectional diagram showing an
MoSe,-on-WSe, on ITO substrate. (c) Schematic diagram of the
photocatalytic iodine redox process taking place on the TMDC
heterostructure.
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interlayer exciton. While these interlayer excitons are only
observed in J)hotoluminescnence measurements at low
temperatures,'®"” they have been shown to be more stable
and have longer lifetimes than intralayer excitons. Jauregui et
al. recently reported interlayer excitons with lifetimes of 225
ns, which is 10000 times longer than intralayer excitons.'®
Because the two lattices are misoriented by an angle 6, there is
k-space suppression of interlayer tunneling and recombination,
which can result in the longer exciton lifetimes. While there
have been many studies of the optoelectronic properties of
solid-state TMDC heterostructures, there have been no reports
of their photocatalytic properties.

In the work presented here, we explore photocatalysis on
TMDC heterostructures by performing photoelectrochemical
measurements under various electrochemical potentials and
wavelengths of illumination, as well as capacitance—voltage
(i.e., Mott—Schottky) measurements, to show that the built-in
electric fields within the solid-state heterojunction are, in fact,
negligible. A simple electrostatic model is used to calculate the
electric field strengths of the solid-state heterojunction system
and that of the electrochemical double layer generated by the
ions in solution.

Here, monolayer MoSe, and WSe, were grown separately on
thermally oxidized silicon chips (i, Si/SiO,) via chemical
vapor deposition (CVD) using solid precursors in processes
previously reported.”'” In short, ~100 mg of solid Se pellets
was placed into an alumina boat and loaded into the first zone
of a two-zone, 2 in. diameter quartz furnace. Another alumina
boat containing either 25 mg of WO, powder (for WSe,) or
~0.1 mg of MoO; powder (for MoSe,) was placed 25 cm
downstream from the Se source in the second, higher
temperature zone of the furnace. The Si/SiO, growth substrate
was first treated with hexamethyldisilazane (HMDS) and
perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt
(PTAS) before being placed face down about S mm above
the transition metal oxide powder. After purging with Ar
flowing at 1000 sccm for S min, the Se zone was heated to 500
°C and the main growth zone to either 900 or 850 °C for WSe,
and MoSe,, respectively. For the growth phase, a gas flow of 25
sccm Ar and S scem H, was maintained for 30 min, after which
the furnace temperature was ramped down under inert Ar flow
until cooled to room temperature. The monolayers WSe, and
MoSe, were then transferred onto an indium tin oxide (ITO)-
coated glass slide using a drop-casted PMMA support layer and
dilute 2% HF to aid in delamination. After drying the sample
and dissolving the PMMA in acetone, the transfer process was
repeated with the other TMDC monolayer, resulting in a
stacked heterostructure. The different order of transfers
resulted in two unique material stacks, either MoSe,-on-
WSe, or WSe,-on-MoSe,. It should be noted that although the
CVD growth does not result in continuous monolayer growth,
nucleation density and crystal sizes are large enough that two
transfer processes result in a significant amount of randomly
oriented heterostructures. A cross-sectional diagram showing
an MoSe,-on-WSe, on ITO substrate has been shown in
Figure 1b, and Figure lc depicts the photocatalytic iodine
redox process (21" — I, + 2e”) taking place on the TMDC
heterostructure.

In the photoelectrochemical measurements, we use a water
immersion lens to identify the TMDC heterostructures and an
AC lock-in technique to detect the very small photocurrents
(nA) generated by the TMDC heterostructures, as illustrated
in Figure Sla in the Supporting Information. The incident laser
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Figure 2. Optical microscope images of (a) MoSe,-on-WSe, and (c) WSe,-on-MoSe, heterostructures deposited on ITO substrates. The AC
photocurrent measurements for the (b) MoSe,-on-WSe, and (d) WSe,-on-MoSe, heterostructures under 785 nm laser excitation. (e)
Photoluminescence spectrum of the MoSe,-on-WSe, heterostructures taken with 532 nm wavelength excitation. The photon energy corresponding

to 785 nm wavelength light is indicated in the plot.

(spot size around 0.5—1 um) is chopped at 100 Hz by a
chopper wheel (Stanford Research Systems, Model SRS40)
connected to the “REF IN” terminal of the lock-in amplifier
(Stanford Research Systems, Model SRS830 DSP), as
illustrated in Figure S1b. The current output of the Gamry
potentiostat is connected to the input channel of the lock-in
amplifier to measure the AC photoresponse from the sample at
the same frequency as the chopped laser.” In this configuration,
the lock-in amplifier can detect responses only at the specific
frequency of the modulated laser, providing a very sensitive
measure of the photoresponse of these photocatalytic
interfaces, while being completely insensitive to the DC
component of the electrochemical current.

Figures 2a and 2c show optical microscope images of
MoSe,-on-WSe, and WSe,-on-MoSe, heterostructures, respec-
tively. The corresponding photocurrents produced with 785
nm wavelength excitation are plotted in Figures 2b and 2d.

1177

Here, the photocurrent produced in the monolayer regions of
WSe, and MoSe, are roughly equal in magnitude (~44 nA),
and the photocurrent in the heterostructure region (labeled
“both”) is approximately twice that observed in the monolayer
regions. Figure 2e shows the photoluminescence spectrum
taken with 532 nm wavelength excitation. The photon energy
corresponding to the 785 nm wavelength light used in the
photoelectrochemical measurements is indicated on this plot,
illustrating that this excitation is resonant with the ground-state
exciton of the system. For the MoSe,-on-WSe, heterostructure,
the photocurrent is around 90 nA, and the photocurrent for
WSe,-on-MoSe, heterostructure is around 93 nA. Here, the
photocurrent profiles are roughly the same for MoSe,-on-WSe,
and the WSe,-on-MoSe, heterostructures, indicating that the
effect of the built-in cross-plane electric fields, which dominate
the behavior of solid-state photovoltaic devices,”*™>° is
negligible here.

https://dx.doi.org/10.1021/acsanm.9b01898
ACS Appl. Nano Mater. 2020, 3, 1175—1181
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We can estimate the built-in electric field produced in the
heterostructure by integrating over the electrostatic charge
densities in the two TMDC monolayers, in accordance with
Poisson’s equation. These are the fields that are responsible for
creating photocurrent in solid-state photovoltaic devices.”*™>*
Typical defect concentrations for TMDCs are p = 10" cm™
(per layer, 6.5 A)***° or 1.54 x 10" cm™. Assuming that each
layer of the heterostructure is fully depleted, we can estimate
the built-in electric field in the center of the heterostructure by
integrating Poisson’s equation:

6.5A
E= f (2) dz = 822 kV/cm
0 € (1)

where e is the elementary charge on the electron and ¢ is the
dielectric constant of WSe, (¢ = 22g,).>"** This is the
maximum electric field in the junction, and it is at least 1 order
of magnitude smaller than that produced by the electro-
chemical ions in solution, as discussed below.

We can estimate the electrochemically induced electric field
at the electrode/electrolyte interface from Figure 3 by
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Figure 3. (a) Capacitance—voltage measurements of monolayer WSe,
on ITO electrodes (red) and bare ITO electrode (blue). (b) Charge
density and reference potential relationship of monolayer WSe, on
ITO substrate extracted from the corresponding curve in (a).

considering the electric field of a charged infinite plane using
the equation

c
E=—
2¢ 2)
where ¢ is the 2D charge density.
Q —4 2
c=—=78%X10"C/cm
A ®3)
c
E=—=2MV/um
2¢ (4)
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where Q is the total electric charge and A is the area. In the
energy band diagram of Figure 1a, it is clear how the oxidation
(i-e., hole-driven) process occurs in the WSe,-on-MoSe,
heterostructure. In the MoSe,-on-WSe, heterostructure, the
valence bands are offset by ~40 meV, which can be easily
overcome by the electrostatic field. Thus, we believe this
reaction is photoelectrochemical in nature rather than
photooxidation.” ™

To show that the built-in electric fields are, in fact, negligible
compared with the electric fields produced by the electro-
chemical ions in solution, we performed capacitance—voltage
measurements of monolayer TMDC on ITO electrodes. Figure
3 shows a comparison of the monolayer WSe, on ITO
electrode and bare ITO electrodes. The capacitance value is
around 7.4 uF/cm?, and the electric field value is 2 MV/cm.
Here, the two data sets are nearly identical, proving that the
capacitance and, hence, electric fields created in these
heterostructures in electrolyte are dominated by the electro-
chemical ions in solution. In our previous work, Shi et al
measured the local surface fields using Stark shift spectroscopy
to be >1 MV/cm, which is much larger that the built-in fields
produced in the solid-state heterostructure system, as
described above.”® The capacitance—voltage characteristics
shown in Figure 3 demonstrate that the electrostatic fields
remain unchanged with and without the semiconductor.
Typically, the electrocatalytic behavior of bulk semiconductors
are difficult to obtain because of the large Schottky junctions
(i.e, Schottky barrier) formed at the semiconductor/liquid
interface. This is one of the unique aspects of these TMDC
photoelectrodes.

Figure 4 shows an optical microscope image and photo-
current measurements of a MoSe,-on-WSe, heterostructure
taken with 532 nm wavelength light. Again, we find that the
photocurrents produced in the monolayer regions of the WSe,
and MoSe, are roughly equal. However, the photocurrent
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Figure 4. (a) Optical microscope image of MoSe,-on-WSe,
heterostructure deposited on an ITO substrate. (b) The AC
photocurrent measurements taken in various regions of the MoSe,-
on-WSe, heterostructures on ITO substrate under 532 nm wave-
length illumination.
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Figure S. Optical microscope images of (a) MoSe,-on-WSe, and (c) WSe,-on-MoSe, heterostructures deposited on ITO substrates. The AC
photocurrent measurements for the (b) MoSe,-on-WSe, and (d) WSe,-on-MoSe, heterostructures under 920 nm laser excitation. (e)
Photoluminescence spectrum of the MoSe,-on-WSe, heterostructures taken with 532 nm wavelength excitation. The photon energy corresponding

to 920 nm wavelength light is indicated in the plot.

produced in the heterostructure (ie., “both”) is only slightly
larger than that produced in the monolayer regions, despite
there being twice the amount of material in the optical path
length. This is understood on the basis of exciton vs free-
carrier excitation. The 785 nm wavelength illumination
resonantly excites the ground-state exciton, while the 532 nm
wavelength illumination produces free carriers which can decay
faster than bound excitons. Based on our photoluminescence
spectra, the ground-state exciton of WSe, is 1.63 eV for WSe,
and 1.55 eV for MoSe,. Because of the large exciton binding
energies of these two materials (~500 meV), these values are
red-shifted from the free-particle energies (i.e., band gaps) of
2.2 and 2.1 eV for WSe, and MoSe,, respectively.’”*" Similar
results are observed with 633 nm wavelength light, as plotted
in Figure S3.

Figure 5 shows photocurrent measurements taken with 920
nm wavelength illumination on WSe,-on-MoSe, and MoSe,-
on-WSe, heterojunctions. While the net photocurrents are

1179

relatively low (4—20 nA), large enhancement factors (5X) are
observed in the heterostructure regions. Here, again, the
photocurrent does not depend on the stacking order in the
heterostructures. These near-infrared photons correspond to
sub-band-gap excitation (see Figure Se) and therefore produce
very little photocurrent in each constituent monolayer
material. The energies of these photons (1.35 €V) are resonant
with the interlayer optical transition in the heterostructure,
illustrated in Figure la. While these interlayer excitons do not
produce a measurable photoluminescence at room temper-
atures, they are subsequently separated into electrons and
holes by the large electrostatic fields discussed above, thus
producing a photoelectrochemical current.

We have found that photocatalysis on these TMDC
heterostructures is stable over a relatively small range of
electrochemical potentials between —0.5 and 0.5 V vs NHE. As
such, the full electrochemical potential dependence of these
TMDC heterostructures could not be explored. In future work,

https://dx.doi.org/10.1021/acsanm.9b01898
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it is possible that techniques to improve the electrochemical
stability of these materials can be developed, enabling such
studies to be performed.

In conclusion, we have shown that the photocatalytic
performance of WSe,-on-MoSe, and MoSe,-on-WSe, hetero-
structures are approximately equivalent and do not depend on
the order in which these materials are stacked. As such, the
photoelectrochemical behaviors of these heterostructures are
fundamentally different from their solid-state counterparts in
which the built-in fields play a crucial role in the charge
separation process. A simple electrostatic model is used to
substantiate this claim that the built-in fields are much smaller
than the electrochemically induced fields. Capacitance—voltage
measurements provide further evidence that these fields are
negligible. A comparison of photocatalytic performance
obtained with 532, 633, 785, and 920 nm wavelength
illumination shows different responses, reflecting the difference
between exciton-driven and free carrier-driven photocatalysis.
This result opens up the possibility of widely tunable material
systems that can be used for both photoelectrochemical
oxidation and reduction, if their structural/chemical stability
can be maintained.
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Figure S1. (a) Schematic diagram of the three-terminal photoelectrochemical setup with the
modulated laser and AC lock-in amplifier. (b) Schematic circuit diagram of the AC lock-in
measurement, in which the incident light is modulated with a chopper wheel and controller,

which provides a reference signal for synchronization of the lock-in amplifier.
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Figure S2. (a) DC current, (b) AC current, and (c) AC phase measurements for the bare ITO

glass slide without WSe, under the same illumination conditions in Figure 2.
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Figure S3. (a) Optical microscope image of WSe,-on-MoSe, heterostructures deposited on
an ITO substrate. (b) AC photocurrent measurements taken in various regions of the WSe,-on-

MoSe; heterostructure under 633 nm wavelength illumination.
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