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van der Waals (vdW) heterostructures are
promising building blocks for future ultrathin electronics. ML WS,
Fabricating vdW heterostructures by stamping monolayers P
at arbitrary angles provides an additional range of flexibility
to tailor the resulting properties than could be expected by
direct growth. Here, we report fabrication and comprehen- ®
) o . DL ML WSe,

sive characterizations of WSe,/WS, bilayer heterojunctions
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with various twist angles that were synthesized by artificially
stacking monolayers of WS, and WSe, grown by chemical
vapor deposition. After annealing the WSe,/WS, bilayers,
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Raman spectroscopy reveals interlayer coupling with the

appearance of a mode at 309.4 cm ™' that is sensitive to the number of WSe, layers. This interlayer coupling is associated
with substantial quenching of the intralayer photoluminescence. In addition, microabsorption spectroscopy of WSe,/WS,
bilayers revealed spectral broadening and shifts as well as a net ~10% enhancement in integrated absorption strength
across the visible spectrum with respect to the sum of the individual monolayer spectra. The observed broadening of the
WSe, A exciton absorption band in the bilayers suggests fast charge separation between the layers, which was supported by
direct femtosecond pump—probe spectroscopy. Density functional calculations of the band structures of the bilayers at
different twist angles and interlayer distances found robust type II heterojunctions at all twist angles, and predicted
variations in band gap for particular atomistic arrangements. Although interlayer excitons were indicated using
femtosecond pump—probe spectroscopy, photoluminescence and absorption spectroscopies did not show any evidence of
them, suggesting that the interlayer exciton transition is very weak. However, the interlayer coupling for the WSe,/WS,
bilayer heterojunctions indicated by substantial PL quenching, enhanced absorption, and rapid charge transfer was found
to be insensitive to the relative twist angle, indicating that stamping provides a robust approach to realize reliable
optoelectronics.

van der Waals heterostructures, interlayer coupling, twist angle, charge transfer

Stacking two different TMD MLs leads to a type II
heterobilayer with a van der Waals (vdW) interface that

s direct band gap semiconductors, monolayers (MLs)
of transition-metal dichalcogenides (TMDs) exhibit

exotic properties that arise from quantum confinement
and crystal symmetry effects in the two-dimensional (2D)
limit."* Several functional devices with extraordinary perform-
ance, such as field-effect transistors with excellent on/off ratios,
chemical sensors with high sensitivity," ML semiconductor
lasers with ultralow threshold,® and atomically thin piezoelectric

generators,(”7 have been demonstrated with TMD MLs.
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possesses novel optical and transport properties with a rich
variety of device physics, such as long-lived interlayer excitons
(~1.8 ns) and ultrafast charge transfer (~S0 fs) at the
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Figure 1. Structural analysis of WSe,/WS, BLs. (a) Illustration of a WSe,/WS, BL assembled from ML WSe, stacked on ML WS, with a twist
angle of 25.3°. (b) Optical microscope image of WSe, MLs, WS, MLs, and WSe,/WS, BLs on a SiO,/Si substrate. (c) Representative AFM
image of a WSe,/WS, BL and the corresponding height profile of ML WS, on ML WSe,. (d) HRTEM image taken from WSe,/WS, BL. (e and
f) FFT filtered images of ML WS, and WSe,/WS, BL in (d). Insets in (e) and (f) show the corresponding FFT patterns.

interface.’ Notably, stacking orientation, i.e., the mutual twist
angle between two MLs, significantly influences the interlayer
coupling at the interface, and suggests the possibility of tailoring
the electronic structure of the bilayer by simply varying the
twist angles, as in the case of bilayers of graphene and
TMDs.'" "

Recently, a number of TMD heterobilayers have been
reported, such as MoS,/WSe,,'>"* MoS,/WS,,"'® MoSe,/
WSe,,'”'® and MoS,/MoSe,,'”'” and two approaches were
used in their fabrication: stamping of MLs of exfoliated'*'**%*!
or chemical vapor deposition (CVD)-grown TMDs'*>"'*** and
direct growth of bilayers (BLs) by CVD.”>** Although
stamping of exfoliated materials produces BLs with superior
crystal quality compared to BLs stamped from CVD-grown
MLs, considerable effort using second-harmonic generation
(SHG),'®** for example, is required to determine the mutual
crystal orientations or angular twist of the MLs. Consequently,
CVD remains an eficient technique to produce large-area high-
quality TMD MLs with well-defined triangular or truncated
triangular crystal shapes®”® that are easily interrogated by
optical or atomic force microscopy (AFM) to determine twist
angle. However, direct CVD synthesis of heterobilayers via
vdW epitaxial growth is technically challenging due to
chalcogen interdiffusion (e.g, sulfur and selenium) at elevated
growth temperatures and lattice mismatch between the layers,
and such attempts normally result in the growth of either
alloyed MLs or lateral heterojunctions.””** Of those cases that
do result in a bilayer, only stable stacking configurations are
produced, typically limiting the twist an§1es to 0°r 60° for
heterobilayers with small lattice mismatch™>** or other specific
angles for large lattice match combinations.***'

A WSe,/WS, BL is of high interest for optoelectronic
applications due to (1) recent theoretical predictions of direct
band gap (~1.0 V) interlayer excitons for A—B stacking,” (2)

6613

high photoluminescence (PL) quantum yield for both WS, and
WSe, MLs that is 2 orders of magnitude larger than that of
MoS, MLs at room temperature,33 and (3) high hole mobility
(~100 cm® V7' s7!) in WSe, even at a thickness of 1 ML.**
Therefore, stacking of WS, and WSe, MLs holds great promise
for p—n heterojunctions to perhaps pave the way for future
applications in optoelectronic devices. However, the depend-
ence of WSe,/WS, BLs optical properties on twist angle, a
relationship that was studied in initial attempts in MoS,/MoSe,
MLs,"” is not typically explored in the majority of the BL
families. Here we report fabrication and detailed character-
ization of BLs of WSe,/WS, with different twist angles
produced by artificially stacking large (up to SO pm) CVD-
grown WS, and WSe, MLs on sapphire and SiO,/Si substrates.
The interlayer interactions in the heterobilayers were probed by
a combination of optical spectroscopies including low-
frequency (LF) Raman spectroscopy, absorption, photo-
luminescence, and femtosecond transient absorption spectros-
copy. The Raman spectra of WSe,/WS, BLs show new peaks
corresponding to a layer-number-sensitive mode of WS, at
309.4 cm™, indicating layer coupling after annealing. We show
that this feature is corroborated by microabsorption and PL
measurements indicating charge transfer, the time scale of
which (<450 fs) is supported by direct femtosecond pump—
probe spectroscopy. Although density functional theory (DFT)
calculations predicted the band structure characteristics of BLs
at the particular atomistic arrangements, and the charge transfer
dynamics indicated the formation of an interlayer exciton, the
interlayer coupling probed by optical spectroscopy was found
relatively insensitive to the twist angle, suggesting stamping is a
robust approach to fabricate reliable optoelectronics based on
vdW heterostructures.
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Figure 2. Raman spectra analysis of WSe,/WS, BLs. (a) Raman spectra of ML WSe,, ML WS,, and BL WSe,/WS, prepared on sapphire
substrates. (b) Line scanning profile of Raman peak intensity (centered at 309.4 cm™") acquired from the dashed line labeled in the optical
image (inset). (c) Low-frequency Raman spectra taken from WSe,/WS, BL and ML WS, on sapphire substrates.

RESULTS AND DISCUSSION

Structure Analysis. High-density MLs of WS, and WSe,
with lateral lengths on the order of tens of micrometers were
synthesized directly on SiO,/Si or c-sapphire substrates by
reducing WO, powder with sulfur (S) or H,Se, respectively, at
elevated temperatures, as described in detail in the Methods
section. Their triangular shapes, single-crystalline structure, and
layer thicknesses were analyzed with optical microscopy,
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and AFM (see Figures S1 and S2 in the
Supporting Information). Twisted WSe,/WS, BLs were
fabricated by stamping ML WS, onto ML WSe, with a
polymer-assisted approach, followed by a postanneal. Briefly, to
prepare WSe,/WS, bilayer samples, triangular WS, MLs were
first detached from a growth substrate with a poly(methyl
methacrylate) (PMMA) film in KOH etchant. Next, the
PMMA film containing WS, flakes was stamped onto a target
substrate (either SiO,/Si or sapphire) having a high density of
WSe, MLs. To remove the PPMA and the residue, the as-
transferred sample was dipped into acetone and then annealed
in an Ar/H, ambient at 350 °C (see Methods section). The
high yield of CVD-grown triangular flakes enables us to obtain
a number of WS,/WSe, BLs with different twist angles (6) on
sapphire or SiO,/Si substrates (Figure S3). Figure 1a illustrates
a WSe,/WS, BL constructed by stacking a ML of WS, onto a
ML of WSe, with a twist angle of 25.3°. As displayed in the
optical micrograph (Figure 1b), optical contrast exists between
the BL junction areas, each individual ML, and the Si/SiO,
substrate. The heterojunction region was further examined
using AFM, and Figure 1c shows a typical image with a cross-
sectional height profile of a postannealed WSe,/WS, BL. A step
height of ~0.8 nm corresponds to the thickness of a WS, ML
stacked on a WSe, ML. Prior to annealing, a step height of ~1.2
nm was measured, indicating that the two layers were
decoupled (Figure S4). Occasionally, corrugated structures
were observed where the flakes overlapped, possibly resulting
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from evaporation of water trapped at the interfaces during
stamping. These corrugated structures also have been observed
in artificially stacked WSe,/MoS, BLs where incommensurate
stacking during annealing was suggested.'” Despite these
findings, the annealing procedure (see Methods section) was
highly effective in removing adsorbates and polymer residues,
as well as ensuring the vdW coupling between the MLs. We
have also examined the AFM and optical images of WSe,/WS,
BLs prepared on a SiO,/Si substrate before and after annealing
and found that the twist angles have an experimental
uncertainty of +0.5° (Figure S5).

One concern during annealing of transferred BLs is the
formation of alloyed structures or other structural defects
resulting from possible chemical reactions between the two
MLs. To rule out this possibility in the present case, we have
conducted TEM analysis on our artificially stacked BL, and
Figure 1d shows an image of the boundary. In contrast to the
simple hexagonal lattice observed in the WS, ML (Figure le), a
fast Fourier transform (FFT) filtered HRTEM image (Figure
1f) yields moiré fringes with a spatial envelope periodicity that
was 3 to 4 times the lattice constant of WSe, (as observed in
WS,/WSe, junction area). Measuring the two hexagonal
reciprocal lattices in Figure 1f reveals a twist angle of 20° for
this particular BL. Theoretically, this should yield a periodicity
of 3.5 in the moiré pattern and agrees well with that observed in
the HRTEM images. Lastly, two sets of well-defined spots
associated with WS, and WSe, MLs in the FFT images exclude
the possibility of chemical reactions taking place at the interface
during annealing.

Raman Scattering. Figure 2a shows typical Raman spectra
taken from a WSe,/WS, BL and its constituent MLs (note that
sapphire was the substrate in all cases). Although the Raman
spectrum of the WS,/WSe, BL is roughly a superposition of the
spectra of individual WS, and WSe, MLs, additional features
point to interlayer coupling. The A;, shoulder normally
observed at 261 cm™' in WSe,, for example, was red-shifted
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Figure 3. Light absorption and emission characteristics of WSe,/WS, BLs. (a and b) Absorption and PL spectra taken from ML WSe,, ML
WS,, and WSe,/WS, BLs on a sapphire substrate. Inset in (b) is a PL map of a WSe,/WS, BL. Scale bar is 2 gm. (c and d) PL spectra taken
from ML WSe,, ML WS,, and WSe,/WS, BLs on a SiO,/Si substrate before and after annealing.

by ~2 cm™' in the case of the WSe,/WS, BL. This mode in
WSe, generally red-shifts as the layer number increases,””*°
indicating interlayer coupling between WS, and WSe,. In
contrast, none of the peaks associated with WS, were shifted in
the BL case; instead, a new peak was noted at 309.4 cm™". This
peak appears only in multilayer WSe,*® indicating that
stamping of WS, and WSe, MLs followed by annealing results
in van der Waals coupling analogous to BL WSe,. Indeed, a line
scan across the sample (Figure 2b) measuring the peak
intensity at 309.4 cm™' showed the appearance of this
additional peak in the WSe,/WS, BL and its absence in the
ML WS,, confirming that it is associated with interlayer
coupling. In addition, acquisition of Raman spectra on 10
WSe,/WS, BLs with different twist angles (not shown here) all
showed this signature peak. We note that a similar peak was
recently observed in the Raman spectra of WSe,/MoS, BLs,"’
suggesting that this may be a general signature for strongly
coupled BL systems.

The LF shear and breathing modes (<50 cm™) reflect in-
plane and out-of-plane vibrations of TMD layers. These modes
are very sensitive to interlayer coupling and are considered as
fingerprints to decode the layer numbers and the atomistic
stacking configurations in multilayer TMDs.””~*" In general,
TMD BLs were shown to exhibit one shear and one breathing
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mode in the LF spectral range.'”*”** As shown in the upper

panel of Figure 2¢c, we also observed a Raman feature at ~27
cm™! in WSe,/WS, BL regions in the LF spectral range, which
can be further fitted by two peaks, 27.5 + 1 and 21.5 + 1 em ™.
The ML region of the stacked WSe, crystal shows no Raman
modes in the low-frequency range. However, the WS, MLs
exhibit a Raman feature at 28.7 cm™' showing a band shape
similar to that observed for WSe,/WS, bilayers (lower panel in
Figure 2c). This LF Raman mode in WS, monolayers was
noticed before, and its origin still remains unexplained and
requires further studies.’ As shown in Figure S6, this Raman
feature appears in CVD-grown and transferred (without and
with annealing) WS, MLs on SiO,/Si substrates, which makes
definite assignment of the observed LF Raman lines in the case
of WSe,/WS, bilayers difficult.

Absorption and Emission Spectroscopy. In order to
obtain information on the band structure of the heterobilayers,
we further characterized the optical properties of the WSe,/
WS, BLs using microabsorption and PL spectroscopies.
Microabsorption measurements were performed on MLs of
WS, and WSe, and WSe,/WS, BLs that were synthesized on
sapphire substrates. Figure 3a shows the absorption spectra of
the MLs as well as the BL, which are similar to those studied
previously.*”** The WS, ML exhibited three excitonic

DOI: 10.1021/acsnano.6b01486
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absorption peaks (labeled A, B, and C), while ML WSe,
exhibited four (labeled A through D). The excitonic A and B
peaks in WS, and WSe, MLs come from transitions between
the spin—orbit split valence band and the lowest conduction
band at the K and K’ points of the Brillouin zone.” According
to the absorption spectra (Figure 3a), the A and B peaks have
an energy difference of 392 and 436 meV for WS, and WSe,
MLs, respectively, which are similar to those previously
reported for exfoliated and CVD-grown MLs of WS, and
WSe,.**” The strong C absorption peaks at higher photon
energies are shown to originate from excitonic transitions near
the A point in K space, where the absorbance is amplified due
to the nesting effect.”*®* The same nesting effect is
responsible for a partial increase in absorbance in the D band
of monolayer WSe,.

Four absorption peaks were observed in the WSe,/WS, BLs,
with their positions very close to the sum of the BL constituent
MLs (gray line in the upper panel in Figure 3a). However, two
interesting features appear in the absorption spectra of the BL
compared to those of the MLs. First, the excitonic peak A in the
BL exhibits a red-shift of 40 meV compared to its position in
the WSe, ML; second, the absorption peaks are broader in the
BL compared to those of the MLs. In addition, BLs exhibit
~10% enhancements in absorbance compared to the sum of
the absorbances of the constituent MLs in the spectral range
from 400 to 800 nm (see Figure S7a). Note that independent
of twist angle, similar changes were observed in all the BLs
(Figure S7b and c).

Previous investigations have shown that the positions of the
excitonic peaks in TMDs are quite sensitive to charge doping,
strain, and crystal quality.”’ Because the WSe, flake is grown
directly on sapphire (i.e., no mechanical transfer), we can rule
out the possibility that the WSe, A excitonic red-shift was
induced by the substrate. Therefore, the shift is more
appropriately interpreted as a consequence of charge doping
or strain, if any, induced after pairing with a ML of WS,. The
broadening observed in the BL excitonic bands, on the other
hand, may be attributed to a charge transfer effect due to a
nonradiative transition of the intralayer excitons into the
interlayer excitons, although we cannot totally exclude the
possible contribution from the interfacial impurities that were
introduced during the transfer process.”!

Figure 3b shows PL spectra collected from a WSe,/WS, BL
on a sapphire substrate, together with the spectra taken from
the individual MLs. WS, and WSe, MLs show strong PL at 623
nm (2.0 eV) and 746 nm (1.7 €V), respectively, which
corresponds to recombination of their respective A excitons. In
the heterojunction, however, these peaks are largely suppressed.
Quantitative analysis showed that the peak intensities decrease
by 1 order and 2 orders of magnitude for the WSe, and WS,,
respectively. As shown in the PL map (Figure 3b inset), this
trend held for the entire structure; that is, strong photo-
luminescence was observed from ML WS, and WSe, during PL
mapping, while in the stacked area, the PL was strongly
quenched. We also found that the BL emission peak
corresponding to the WSe, ML showed a red-shift of 40
meV, which is the same as the shift measured from the
absorption spectra. Analysis of 25 BLs with different twist
angles did not reveal any clear trend of this shift with twist
angle and showed that all the shifts were scattered around 40 +
25 meV (Figure S8a). The BL emission peak corresponding to
that in the WS, ML did not show any shift, at least within an
experimental uncertainty of +10 meV.
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The efficient PL quenching of intralayer excitons was
previously reported for several families of TMD heterobilayers
fabricated either by stackin§ of CVD-grown/exfoliated MLs or
by direct CVD synthesis.'>"™>"'*'%'** Simultaneous quenching
of both intralayer PL emissions in artificially stacked
heterobilayers can originate from charge separation between
the MLs due to the formation of a type II heterojunction.”'* So
in our case, for example, this would mean the transfer of an
electron to the WS, ML with a hole remaining in the WSe, ML
upon excitation of the A transition in WSe, ML or, conversely,
transfer of a hole to the WSe, ML with an electron remaining in
the WS, ML under excitation of the A excitonic transition in
WS,. In principle, the simultaneous quenching of both
intralayer PL emissions can be used to quantify the interlayer
charge transfer rate. Further analysis of the intralayer PL
emissions as a function of twist angle revealed that the
magnitudes of the intralayer emission quenching for WSe, and
WS, were quite stable, indicating that the charge transfer rate
between WSe, and WS, is relatively insensitive to twist angle
(Figure S8b and c).

To understand the effect of annealing on the PL of
heterobilayers, we analyzed the spectra for WSe,/WS, BLs
fabricated on SiO,/Si substrates before and after annealing
(Figure 3 c and d). Figure 3c shows the PL spectra of the
transferred and as-grown WS, and WSe, MLs and the WSe,/
WS, BL before annealing. After being transferred to a SiO,/Si
substrate from the SiO,/Si growth substrate, the WS, ML
showed a decrease in the PL intensity and a blue-shift in its
peak position compared to those grown directly on SiO,/Si
substrates by CVD. In contrast, the peak position of the WSe,
ML PL emission remained the same, although a slight decrease
in intensity was observed. The blue-shift of the PL emission in
the transferred WS, ML can be explained by strain
relaxation,'**" while the decrease in PL intensity might be
due to changes in the dielectric environment introduced during
processing, e.g, polymer residues or trapped water. After
annealing, we found that the intralayer PL intensity for WS,
and WSe, decreased by a factor of 37 and 18 in the
heterojunction area (black curve), respectively. This implies
that the two layers were actually decoupled before annealing, a
conclusion that agrees with our AFM measurements (see
Figure S4). Similar to the BLs prepared on sapphire, both
intralayer PL emissions were quenched in the annealed
heterojunction area, and the intralayer emission corresponding
to ML WSe, exhibited a noticeable red-shift of 60 + 2 meV,
which further confirmed efficient charge separation in the
WSe,/WS, heterojunctions. We also observed that the
substrate (sapphire or SiO,/Si) influenced the degree of
intralayer PL intensity suppression in the WSe,/WS, BLs,
despite the fact that the BLs on both substrates were fabricated
using the same conditions. This effect was more apparent for
WSe, on sapphire than on SiO,/Si, where the intralayer PL
intensity decreased by a factor of 18 and 8, respectively. This
most likely originated from the different doping level and decay
rates of the excitonic transitions induced by the two substrates
(sapphire and SiO,).”"*

We have also investigated the optical properties of the
inverse structure, ie, WS,/WSe, BL samples that were
prepared on sapphire substrates. Similar light absorption and
emission characteristics, i.e., enhancement in absorption,
quenching of interlayer PL intensity, and red-shift of the
WSe, A excitonic band in BLs, were observed (Figure S9a and
b). Because of the energy difference between the interfaces of

DOI: 10.1021/acsnano.6b01486
ACS Nano 2016, 10, 6612—6622



ACS Nano

a b
£ ' ! ' ' ' ! ' 15F 7 7 7 To awdems,
1518 O BLWSe/Ws, i : Y — Bi-exponential fit
'S n 620 nm S 1.2
‘C_> C l l probe N
%10, " 0.9
g o WS, P
o < 06
“osfo
0.3
Q
0.0 ¥ 0.0
1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 -1 0 1 2 3
Probe delay (ps) Probe delay (ps)
c d
1.5+ I I ' EIJ ML WSe, T 15 ' "o M'-V"’Sez 1
_ BL WSe,/WS, N / - S‘vaig’:;xg' it
‘?o 780 nm mo 1.2 — Bi-exponential fit -
- 10 probe = =
go I3\:0 0.9
o o’
< 05} < 0.6 )
SiO,/Si 03 )
0.0
1 1 1 1 0.0 L L L
0 50 100 150 200 0 1 2 3

Probe delay (ps)

Probe delay (ps)

Figure 4. Interlayer transition dynamics in WSe,/WS, BL. (a) Differential reflection signal measured from a WSe,/WS, BL with a 780 nm
pump and a 620 nm probe pulse. The black line indicates a biexponential decay fit with time constants of 21 and 119 ps. (b and d) Differential
reflection signal in the early time delay. (c) Differential reflection signal measured from a WSe,/WS, BL with a 620 nm pump and a 780 nm
probe pulse. The black line indicates a biexponential decay fit. Insets of (a) and (c) illustrate the corresponding pump—probe configurations.

Al,O;/WS, and ALO;/WSe,, ALO; is assumed to inject
different numbers of electrons into WS,/WSe, and WSe,/WS,,
thus inducing a different magnitude of change in the optical
properties between the two structures (Figure S9¢). However,
compared to the change induced by charge separation
(facilitated by the type II heterojunction), the substrate-
induced change in optical properties of the heterobilayers is
relatively small. Therefore, we observed similar optical
characteristics in both structures.

Femtosecond Transient Absorption Spectroscopy.
The charge transfer dynamics at the vdW interface were
studied using femtosecond transient absorption spectroscopy in
reflection geometry. First, the electron transfer from WSe, to
WS, was studied by exciting a BL with a ~300 fs pump pulse
having a central wavelength of 780 nm and an energy fluence of
~0.9 uJ cm™ Since the photon energy equals the WSe, exciton
A energy, but is lower than the WS, exciton A energy, it can
only induce excitons in WSe,. As discussed above, electrons in
WSe, are expected to transfer to WS,, where the low-energy
conduction band states reside. The transferred electrons were
monitored by measuring the differential reflection of a probe
pulse tuned to the A exciton resonance of WS, at 620 nm that
was delayed with respect to the pump pulse. Differential
reflectance (AR/R,) was defined as the normalized change of
the probe reflection induced by the pump (Figure 4a). The
decay process of the signal was well described by a
biexponential function with two time constants (7; = 21 ps
and 7, = 119 ps). Further measurements with different pump
energy fluences showed that the dynamics were independent of
fluence in the range of ~0.2 to ~5.6 yJ cm™> (Supporting
Information Figure S10a and b). These measurements also
showed that the amplitude of the differential reflection signal
scaled linearly with the pump energy fluence, which confirmed
a negligible contribution from nonlinear excitation processes,
such as two-photon absorption. From the initial portion of the
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data shown in Figure 4b, one can see that the differential
reflection signal reached its maximum amplitude on a sub-
picosecond time scale, revealing the ultrafast electron transfer
process. Since the width of the cross correlation of the pump
and probe pulses is about 450 fs (see Figure S11), the observed
rise time is limited by the instrument response. Hence, the
charge transfer time is much shorter than the instrument
response time. To rule out the possibility that the detected
signal was due to higher energy excitons in WSe,, we repeated
the measurement on a WSe, ML triangular flake and observed
no signal. This further confirmed that the depletion observed at
620 nm in the case of the WS,/WSe, heterojunction was due to
electron transfer from WSe, to WS,.

Lastly, the hole transfer dynamics in the heterobilayers were
studied using a 620 nm pump pulse (energy fluence = 2.86 ]
cm™?) to generate electron—hole pairs in both layers and a 780
nm probe pulse to monitor the differential reflection around the
WSe, A exciton resonance. For comparison, the exciton
dynamics of ML WSe, were also studied under the same
conditions. The representative differential reflection signals
measured from a WSe,/WS, BL and a WSe, ML are shown in
Figure 4c. Both signals were fit with a biexponential decay
function (black lines in Figure 4c) with a fast decay time
constant of 3.0 ps (3.7 ps) and a slow decay time constant of
29.8 ps (31.3 ps) for the BL (ML). Three distinct features were
also found by comparing these kinetics. First, the signal
amplitude in the BL was S times greater than that in ML WSe,,
and this signal was proportional to the pump energy fluence
(Figure S10c), which indicates a negligible contribution from
nonlinear excitation processes. Second, as shown in Figure 4d,
the leading edges of the kinetic traces observed in the WSe,/
WS, BL and ML WSe, agreed after normalizing their maximum
amplitudes (within errors determined by the signal/noise
ratio). This shows that the hole transfer process is faster than
the time resolution of the measurement. Third, the initial decay
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Figure S. First-principles electronic band structures of WSe,/WS, BLs. The band structures of WSe,/WS, heterojunctions at (a) 16.1° and (b)
30° twist angles, where red and blue colors represent the states from WS, and WSe,, respectively. The charge density distributions of CBM
and VBM in (a) and (b) are plotted in (c) and (d), respectively. The green, gray, and yellow atoms represent Se, W, and S atoms, respectively.
The red and blue isosurfaces represent positive and negative charge density, for each, with the isosurface density of 0.05 e/A>.

of the signal from the BL is slower than that of the WSe, ML,
which may suggest the formation of indirect excitons in the
heterobilayers. Since both WSe, B and WS, A excitons are
simultaneously excited with the 620 nm pump pulse, we expect
the occurrence of hole transfer from WS, to WSe, and electron
transfer from WSe, to WS,.

First-Principles Electronic Structures Depending on
Interlayer Coupling. Although strong quenching of the PL in
the heterobilayers indicated efficient charge transfer, we did not
observe any new absorption or PL peaks, or angular
dependence thereof, in the spectral range from 400 to 900
nm. It is interesting to note that the mechanisms and twist
angle dependences of the interlayer exciton emission in TMD
heterobilayers are still under theoretical debate,*”**** and
experimental results tend to be inconsistent,''*'*'%*72% For
example, some calculations have concluded that the interlayer
transition in TMD heterojunctions is indirect with negligibly
small intensity,”>® while in other theoretical predictions TMD
heterobilayers have a direct band gap at some specific twist
angles or layer combinations.””>* Experimentally, on the other
hand, several reports involving PL spectroscopy have shown
interlayer transitions that are either indirect'”'*'® or
direct,"'*#*** further adding to the confusion. However,
some reports have shown that epitaxially grown MoS,/WS,
heterostructures (twist angles 0° or 60°) displayed noticeable
interlayer exciton peaks at 1.5 and 142 eV in the PL
spectra,”””* while no peaks were found in their CVD-grown
artificially stacked counterparts. It was suggested in the latter
case that the imperfect interface (due to etchants, etc.) between
the MLs was responsible for the results.”** For mechanically
exfoliated WSe,/MoS, and WSe,/MoSe, heterostructures,
however, interlayer excitons have been reported, but no
dependence of the emission on the relative orientation of the
two TMD MLs was found."*'®

We are therefore motivated to theoretically explore any
potential correlations between electronic properties (band
structures) and structure parameters (twist angles and
interlayer spacings) by using DFT. Our goal is to understand
our experimental data showing no significant role of twist
angles on the PL spectrum. We constructed atomic
configurations of WSe,/WS, BLs with nine different twist
angles ranging from 13.9° to 46.1°. At each angle several
different initial stacking configurations were selected to
determine the ground-state structure, where the structure was
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fully optimized by using either local-density approximation
(LDA) or Perdew—Burke—Ernzerhof (PBE) + vdW func-
tionals. The optimized interlayer spacing ranges between ~3.3
and ~3.5 A depending on the choice of DFT functionals and
rotational angles. The in-plane dimension of the heterojunction
supercell was constructed to accommodate WSe, and WS, of
different lattice constants, with computationally tractable
system sizes containing no more than 400 atoms at different
twist angles and possibly for some small strains (<1.5%)
induced by the lattice mismatch between the WSe, and WS,
MLs. This corresponds to the assumption that interlayer vdW
interactions are sufficiently strong to enforce registry between
the WSe, and WS, MLs. As both WSe, and WS, lattices are
hexagonal, the WSe,/WS, supercell was also hexagonal with a

primitive lattice vector C that can be written as C = na, + nyd,
e - - -
= (1 + €)0(n b, + n,b,). Here, a; and d, are the lattice vectors

for WSe,, ?’)1 and Z; are the lattice vectors for WS,, and 0 is the
twist angle between the WS, and WSe, MLs (Figure S12).

The WSe,/WS, heterojunction band structures at 16.1° and
30.0°, as examples, are plotted in Figure Sa and b, which
represent direct- and indirect-gap cases, respectively. The
calculated binding energy between WS, and WSe, also depends
on the twist angles (Figure S13) with a variation of <6 meV/
atom. From their band structures as well as charge densities
(Figure Sc and d), the valence band maximum (VBM) is mostly
due to the in-plane W d,, + d,>_;> orbitals in the WSe, layer,
while the conduction band minimum (CBM) contributions
stem primarily from the out-of-plane W d? orbitals in the WS,
layer. These heterojunctions all possess strong type II band
alignments that are independent of the twist angle and nature
of the band gap, i.e,, direct or indirect.

The electronic band gaps of the vertically stacked WSe,/WS,
junctions with various twist angles range from ~1.2 to ~1.45
eV for both PBE + vdW and LDA. However, the band gap
nature of WSe,/WS, can be either direct or indirect, depending
on the local atomic configurations determined by either twist
angles or interlayer spacing. A slight difference in optimized
structures from different DFT functionals, such as LDA and
PBE + vdW, will change the local symmetry and interlayer
spacing and consequently result in differences in the band gap
as well as its nature (direct vs indirect). For example, PBE +
vdW predicts direct band gaps for a few twist angle
configurations, while LDA identifies no direct band gap
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configurations among the considered ones (see Supporting
Information Figure S14 for details). Note that the functional
dependence of the interlayer spacing has been also reported in
the BL MoS, structure.”’

Interlayer spacing is found to be the most prominent factor
in determining energy gaps as well as their nature (see
Supporting Information). In general, we found indirect to
direct band gap transitions as interlayer distance increases,
which is valid for both functionals. However, the exact
transition point is not absolute, and the region encompassed
by the red box in Figure S14b indicates the range of energy
gaps arising from optimized configurations at different twist
angles, revealing that the strength of the interlayer interaction
lies between noninteracting and strongly interacting and
depends sensitively on the exact atomistic configuration.
Within this region, the characteristics of the bands are easily
changed depending on local orbital interactions, producing very
subtle changes in the local orbital interaction that precludes
clear trends for indirect vs direct band gap predictions.
Therefore, we find no clear twist angle dependence on direct
vs indirect band gap is predictable from first-principles
calculations, however confirm that robust type II hetero-
junctions are formed for all optimized configurations, in
agreement with experimental results.

CONCLUSION

In conclusion, optical spectroscopy measurements were used to
characterize interlayer coupling in bilayers of WSe,/WS, that
were synthesized by artificially stacking monolayers of CVD-
grown WS, onto WSe,. Raman spectroscopy confirmed
interlayer coupling in WSe,/WS, BLs that was manifested by
the emergence of a layer-number-sensitive mode at 309.4 cm™"
analogous to that observed for few-layer WSe,. The interlayer
interaction was found to induce eflicient spatial charge
separation and enhanced light absorption at the WSe,/WS,
vdW interface, resulting in a shift and broadening of the
characteristic monolayer excitonic absorption bands and a
~10% increase in integrated absorbance across the visible
spectrum for the bilayer compared to the sum of the individual
monolayer spectra. Rapid interlayer charge transfer indicated by
the spectral broadening near the A exciton band-edge of WSe,
was further supported by the induced absorption dynamics
measured by ultrafast pump—probe spectroscopy. The long
recombination time observed in the hole transfer dynamic
study suggests the formation of an interlayer exciton, and
strong quenching of the PL intensity of the bilayers compared
to the individual layers indicated that nonradiative channels
dominate de-excitation pathways. Although our density func-
tional calculations identified particular atomistic arrangements
that should result in noticeable variations in direct and indirect
band gaps for different interlayer twist angles, importantly,
optical spectroscopy revealed that the interlayer coupling in the
stamped heterostructures is relatively insensitive to twist angle,
indicating that such arrangements are experimentally highly
unlikely. Significantly, the experimental confirmation of robust
type II heterojunctions for all twist-angle configurations of the
WSe,/WS, BLs is highly encouraging for the potential
realization of reliable optoelectronic devices such as solar
cells and photodetectors by the stamping approach.

METHODS

WS, and WSe, ML Synthesis. MLs of WS, and WSe, were grown
separately on c-plane sapphire or silicon substrates with a 300 nm
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dielectric layer of thermal oxide (SiO,/Si) by chemical vapor
deposition in a horizontal tube furnace. For samples grown on
sapphire, an alumina crucible with WO; powders was positioned at the
center of the tube furnace, while the sapphire substrate was located
downstream next to the crucible. Sulfur or selenium pellets were
placed in a separate crucible upstream in a zone of the tube furnace
warmed by heating tape. When the temperature at the center of the
furnace reached 920 °C, a mixed gas flow of argon and hydrogen was
used to transfer sulfur or selenium vapor to the center of the tube
furnace to reduce the WO; powder. During growth, the pressure was
maintained at 0.5 and 5.0 Torr for WS, and WSe,, respectively. Prior
to growth, the sapphire substrate was annealed at 1100 °C for 10 h in
order to produce a flat surface. For samples grown on SiO,/Si
substrates, the pressure was maintained at ambient pressure, and the
temperature for growth of WS, and WSe, was set to 800 °C. After the
tube furnace was naturally cooled to room temperature, ML WS, or
WSe, flakes were characterized by structural analysis and optical
measurements.

Fabrication of WSe,/WS, BLs. BLs were prepared using a PMMA
stamping method as follows: To prepare WSe,/WS, hybrid structures,
WS, flakes grown on sapphire were first spin-coated with PMMA
(A4), leaving a ~100 nm thick polymer film. After being cured at 100
°C for 15 min, the PMMA/WS, sample was detached from the
sapphire substrate with a 30% KOH solution (100 °C and 0.5—1.0 h).
The sample was then transferred to DI water to reduce the KOH
residue. Afterward, the PMMA/WS, was transferred onto ML WSe,
grown on a sapphire substrate, followed by preheating with a hot plate
at 100 °C for S min. Finally, the as-prepared WSe,/WS, samples were
annealed at 350 °C in a Ar flow (90 sccm, 10 Torr) for 3 h in order to
remove the polymer residue.

Structure Characterization (SEM, TEM, and AFM). To prepare
the WSe,/WS, sample for TEM analysis, the same procedure
described previously was used to detach the hybrid layers from the
sapphire. After washing in DI water for 10 min, the PMMA film with
flakes was transferred to a QUANTIFOIL TEM grid. To remove the
polymer, the TEM grids were then annealed in an Ar environment as
described above. HRTEM and EELS studies were carried out on a
Zeiss Libra 200 MC transmission electron microscope, operated at an
accelerating voltage of 200 kV. (Information limit in Libra HRTEM
mode is 1 A.) The height profiles of the MLs and hybrid layer were
measured by AFM (Bruker Dimension Icon).

Optical Characterizations (Raman, PL, PL Mapping, and
Absorption Measurements). Photoluminescence spectra were
measured with a 532 nm solid-state laser excitation source. The
laser beam was focused to a spot size of ~1 ym to excite the ML WSe,,
ML WS,, and the WSe,/WS, hybrid layers. The PL signals were
recorded with a monochromator and a liquid-nitrogen-cooled charge-
coupled device (CCD). Two-dimensional PL mapping was carried out
by scanning a computer-controlled stage. The Raman spectra were
acquired using a micro-Raman system based on a Jobin-Yvon T64000
triple spectrometer equipped with 1800 grooves per millimeter
gratings and a liquid-nitrogen-cooled CCD detector (Symphony
Horiba JY). To measure the absorption spectra of the MLs and BLs, a
laser-driven light source (EQ-99-fc, Energetiq) was used (focused spot
size at the sample was ~2 ym). The transmitted light was captured
with a microscope objective (50X, NA = 0.5) and directed to a
spectrometer (Spectra Pro 2300i, Acton) equipped with a CCD
camera (Pixis 256BR, Princeton Instruments). The absorbance (A)
was calculated as A = log;(Iy/I), where I and I, are the light intensities
transmitted through the sapphire substrate on and off a TMD crystal,
respectively. All the spectra and maps were collected at room
temperature.

Femtosecond Transient Absorption Spectroscopy. In the
differential reflection setup, a diode laser with a wavelength of 532 nm
and a power of 8.5 W was used to pump a Ti:sapphire laser, which
generates ultrashort pulses with a central wavelength of 780 nm, a
repetition rate of about 80 MHz, and an average power of 2.0 W. To
obtain the 620 nm pulses, supercontinnum generation from a photonic
crystal fiber, pumped with part of the Ti:sapphire output, was utilized.
A bandpass filter was used to select the desired spectral component. In
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each of the measurements, the pump and probe beams were linearly
polarized along perpendicular directions and then combined by a
beamsplitter and focused onto the sample by a microscope objective
lens with a numerical aperture of 0.4. The focused spot sizes of the
pump and probe were 1—2 um fwhm, determined by an imaging
system. The reflection of the probe from the sample was collimated by
the objective lens and sent to a biased silicon photodiode. The pump,
however, was prevented from reaching the detector by a set of filters. A
lock-in amplifier measured the output of the photodiode, with the
intensity of the pump beam modulated at ~2 kHz by a mechanical
chopper. The differential reflection was measured as a function of the
probe delay, which was controlled by varying the length of the pump
path with a linear stage.

Density Functional Calculations. All the DFT calculations were
performed using the VASP code.*® Projector augmented wave
potentials were used to describe the core electrons, and the generalized
gradient approximation with the PBE-type functional was selected in
our calculations. The effect of vdW interactions was taken into account
by using the PBE + vdW scheme, where C6 coefficients are obtained
based on self-consistent electron density.’” In order to the test the
functional dependence on the electronic and structural properties, we
also performed calculations employing the LDA for the exchange—
correlation functional as parametrized by Perdew and Zunger.”” The
kinetic energy cutoff for the plane-wave basis was set to 400 eV. The
structure was fully relaxed until the force on each atom was less than
0.01 eV/A.
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