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ABSTRACT: van der Waals (vdW) heterostructures provide a
powerful method to control the alignment of energy bands of
atomically thin 2D materials. Under light illumination, the optical

responses are dominated by Coulomb-bound electron—hole trion
quasiparticles, for example, excitons, trions, and biexcitons, whose
contributions accordingly depend on the types of heterostructures.
For type-II heterostructures, it has been well established that light
excitation results in electrons and holes that are separated in
different layers, and the radiative recombination is dominated by the
interlayer excitons. On the contrary, little is known about the
corresponding optical responses of type-I cases. Understanding the optical characteristics of type-I heterostructures is important to
the full exploration of the quasiparticle physics of the 2D heterostacks. In this study, we performed optical spectroscopy on type-I
vdW heterostacks composed of monolayer MoTe, and WSe,. Photoluminescence and reflection contrast spectroscopy show that the
light absorption and emission are dominated by the Coulomb-bound trions. Importantly, we observed that the MoTe, trion
emission gets stronger compared with the exciton emission under resonant light excitation to the WSe, trion absorption state,
especially in the WSe,/MoTe,/WSe, heterotrilayer. A detailed study of photoluminescence excitation further reveals that the charge-
transfer mechanism is likely responsible for our observation, which differs from the exciton-dominated dipole—dipole energy transfer
in type-II structures. Our demonstration implies that the type-I vdW heterostack provides new opportunities to engineer the light—
matter interactions through many-body Coulomb-bound states.
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he use of vdW heterostacking using transition-metal Moiré excitons,”®*’” Bose-like exciton condensation,”® and

dichalcogenides (TMDs) opens up new avenues to study tunable Mott insulators.””
a variety of intriguing optoelectronic properties that are not The strong 2D Coulomb interaction can host stable charged
easily accessible in conventional bulk solids.'™* Because the excitons, called trions, whose effects on the optical responses
lattice mismatch does not impose limits on forming arbitrary are profound, sometimes dominant over the exciton
heterointerfaces, dramatic changes in the magnetic, electronic, effects."****" Other than the type-Il vdW heterostructures,
and optical properties have been introduced to both lateral™® different choices of TMDs can also offer opportunities to
and vertical junctions’~'? in addition to the recent discovery of engineer the band alignment with a straddling energy gap. In
the twist-angle-dependent Moiré superlattices."' ™ An ex- this type-I heterostructure, because the electrons and holes

reside in the same layer, the binding energy of exciton
complexes is expected to be greatly enhanced. Therefore, it is
highly crucial to investigate the roles of many-body Coulomb-

tensively investigated structure is the type-II heterostructure.
In this case, when light illumination takes place in the
heterostructures composed of semiconductors MX, and WX,

(M = Mo or W and X = S or Se) with different work functions bound states in the absorption and emission of light and the
- - )

electrons and holes are transferred into different layers of

TMDs, and the light absorption and emission show new Received: December 22, 2020 (Phtonics
oscillators whose optical selection rules,"*™>° emitted photon Published: June 11, 2021

helicities,”' and charge-transfer characteristics®*™** exhibit
different optical responses compared with those of monolayer
TMDs. Type-II heterostructures also result in new quasipar-
ticles, such as long-lived interlayer excitons,'*** locally trapped
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Figure 1. (a) Optical microscope image of the heterostructure using the ML of WSe, and MoTe, on the Si/SiO, substrate. The scale bar is 10 ym.
Schematic of the heterobilayer and heterotrilayer device. (b) Heterobilayer and (c) heterotrilayer exhibit a type-I band alignment.

corresponding correlation between the photogenerated exciton
complexes.

In this study, we investigate the optical responses of type-I
vdW heterostructures, composed of monolayers (MLs) of
WSe, and MoTe,. Photoluminescence (PL) and reflection
contrast (RC) were performed to study the spectral features of
the light emission as well as the photon-energy-dependent
absorption characteristics. In addition, we performed photo-
luminescence excitation (PLE) spectroscopy to investigate the
spectral correlation between the light absorption in high-
energy-gap WSe, and the light emission in the low-band-gap
MoTe,. The experiments were done on both the heterobilayer
and the heterotrilayer, from which we conclude that the
Coulomb-bound trions are the key contributors to the optical
responses of the type-I heterostacks, and the charge-transfer
process is likely dominant over the dipole-mediated energy
transfer.

Figure 1la is the optical microscope image of the fabricated
heterobilayer and heterotrilayer using MLs of WSe, and
MoTe,. (See the Sample Preparation section for details.) Each
ML of WSe, and MoTe, is mechanically exfoliated from the
bulk crystals, and they are stacked using a dry-transfer method
on a Si/SiO, (300 nm) substrate. Thin hexagonal boron
nitride (hBN) was used to encapsulate the top and bottom of
the heterostacks, which protects the samples from unwanted
possible contamination during the experiments.’”>® For the
measurements, the sample was mounted on a liquid-helium-
cooled cryostat at a coldfinger temperature of 70 K. (See the
Optical Measurements for details.) Figure 1b,c shows the
estimated energy band alignment of the WSe,/MoTe,
heterobilayer and heterotrilayer using the work functions
from ref 34. Indeed, the conduction band minimum and

1973

valence band maximum are both located in the MoTe, layer,
reflecting the type-I band alignment.

We first performed PL spectroscopy to understand the light
emission characteristics of the heterostructures. The excitation
source is a standard He—Ne laser (photon energy 1.96 V)
that enables the previously described gap excitation of our
samples. The on-resonant excitation was performed using PLE
spectroscopy. Figure 2a shows the PL spectra of MoTe,ML
(blue line) and the heterobilayer (red line) as well as the
heterotrilayer (purple line). The heterotrilayer PL spectra were
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Figure 2. (a) PL spectra of ML MoTe, (blue line), WSe,/MoTe,
heterobilayer (red line), and WSe,/MoTe,/WSe, heterotrilayer
(purple line) are shown. Inset: PL spectra of ML WSe, (green line)
and heterobilayer (red line, X100) are shown. (b) PL spectra of ML
MoTe,, heterobilayer, and heterobilayer, with the peak heights
normalized to the exciton peaks. The filled blue, red, and purple areas
are the Lorentzian fits to the trion and exciton resonances.
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normalized to compensate for the 10% of top — WSe, layer
screening effect. Whereas an exciton peak was seen at 1.17 eV
for ML MoTe,, additional luminescence was observed at 1.148
eV for both the heterobilayer and the heterotrilayer. For the
heterobilayer and heterotrilayer, there are two strong
luminescence peaks at 1.148 and 1.17 eV that we attribute
to the trion and exciton resonance, respectively. The peak at
the red side of the exciton peak is confirmed as a trion peak by
its spectral position and the excitation power-dependent PL
measurement.”>>” We set the intensity of the ML MoTe,
exciton to be 100% as our reference. In the heterobilayer, for
the MoTe, exciton, the peak height does not change, that is,
the intensity of 100%. The newly appeared trion peak is ~50%
compared with the MoTe, exciton peak; this implies that the
overall PL intensity is ~150% compared with the ML MoTe,.
In the trilayer case, for the MoTe, exciton, the peak height is
decreased by 40%, resulting in a spectrally integrated intensity
of 60%. The trion peak of intensity is enhanced by 10%,
resulting in a total PL intensity of 55%. The exciton and trion
contribute ~115% to the total PL intensity,

The inset of Figure 2a shows the PL spectra of the WSe, ML
and the heterobilayer in a higher photon energy range of 1.65
to —1.75 eV. For the ML WSe,, there are two strong
luminescence peaks at 1.69 and 1.73 eV, which we attribute to
the trion and exciton light emission that originated from WSe,,
respectively. Interestingly, the PL spectra of the heterobilayer
show no optical responses in the WSe, spectral region,
implying that the light emission from the heterobilayer is
strongly quenched (~99.8%) compared with that of the
isolated ML WSe,. This quenched response implies that the
photogenerated carriers experience rapid interlayer charge
transfer to an energetically favorable lower state. These
observations, that is, the PL spectra in the MoTe, and WSe,
spectral range, can be understood by the type-I band alignment
of our heterostack. If our heterobilayer is type-II, then no
exciton PL should be observed from the MoTe, spectral region
because electrons and holes are separated into different layers
so that the radiative recombination of the intralayer excitons
should be suppressed.

In Figure 2b, the spectra are normalized by the MoTe,
exciton peak emission intensity to clarify the relative MoTe,
trion emission contribution. The filled area represents the
contribution of the MoTe, exciton and trion, fitted using a
Lorentzian.*® A further examination of the relative ratio # of
the PL intensity for the trion and exciton, that is, # = I,/
Ioyitony Teveals that 77 seemingly increases from 0.49 for the
heterobilayer to 0.92 for the heterotrilayer. The largely
enhanced 7 can be explained by the two considerations.
First, although the ML MoTe, is surrounded by a barrier-like
ML WSe,, the intrinsic light emission properties, that is, the
emission energy and the line width of ML MoTe,, are
preserved because of the weak interlayer vdW interaction.
Furthermore, because our heterobilayer and heterotrilayer are
stacked randomly, we are less likely to observe additional
luminescence from the Moiré excitons.''™'¥*%%7 Second, our
exfoliated WSe, flakes are slightly n-doped; the parent bulk
crystal is n-doped. This induces an intrinsic electron doping to
the MoTe, layer, resulting in the enhanced trion emission.
Because the MoTe, trion states in the heterotrilayer can be
more easily populated than the heterobilayer due to the extra
electron injection from WSe,, the light emission from the
MoTe, trions is more dominant than the heterobilayer case.

1974

Because PL can probe only the lowest bright emission state,
we employ RC spectroscopy to examine the absorptive
Coulomb-bound states.”” Figure 3a shows the RC spectra of
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Figure 3. (a) RC spectra of each region are shown for ML WSe,
(green line), MoTe, (blue line), heterobilayer (red line), and
heterotrilayer (purple line). The vertical dashed lines indicate the
WSe, trion and exciton absorption energies. (b) Real (blue line) and
imaginary (red line) parts of the complex absorbance spectra A(w) of
the WSe,/MoTe, heterobilayer calculated by Kramers—Kronig
constrained analysis. We see that the real part of A(w) has two
peaks that match well with the WSe, exciton peak and the WSe, trion
peak position of WSe,PL spectra data.

each spatial region of our heterostructure: ML MoTe,(blue
line), ML WSe,(green line), the heterobilayer (red line), and
the heterotrilayer (purple line). The ML MoTe, layer is
essentially featureless; the broadly varying absorption may
originate from the scattered light of SiO, and hBN layers. In
ML WSe,, we observe a strong absorption from the A exciton,
whereas the trion absorption is almost negligible. On the
contrary, the heterobilayer and the heterotrilayer exhibit
absorption features near the WSe, trion resonance. From the
RC measurements, we can infer that the WSe, trion states in
the heterobilayer and the heterotrilayer contribute more to the
optical absorption than the WSe, exciton states. In Figure 3b,
the Kramers—Kronig constrained analysis®’ was applied to
calculate the complex valued absorbance spectra A(w) for the
WSe,/MoTe, heterobilayer, confirming that the WSe, exciton
peak and the WSe, trion peak coincide with the WSe, PL
spectra data. The sample absorbance was calculated from the
RC data with Kramers—Kronig constrained analysis.”’ The
dielectric function was modeled by a sum of 200 equally
spaced Lorentzian functions over the spectral range of interest,
1.6 to 1.8 eV, as follows
2
©p,j
e(w) ; wl.z -0+ iTw

Here w,; is the jth oscillator strength fitting parameter, and w;
= 1.6 + j X 0.001 (in eV) is the jth resonance energy
(broadening parameter I' = 10 meV). The absorbance curve in

Figure 3b is calculated by A(®) = _ij)de(a)). We see that the

real part of the A(w) has two peaks, which match well with the
WSe, exciton peak and the WSe, trion peak positions of the
WSe,PL spectrum.

To investigate the spectral correlation of the trion
absorption and emission in WSe, and MoTe,, we performed
PLE on the ML MoTe,, heterobilayer, and heterotrilayer.
Figure 4a—c shows the 2D plots of the corresponding PLE data
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Figure 4. (a) 2D plot of PLE data for MoTe,, (b) the heterobilayer, and (c) the heterotrilayer at 70 K. The vertical black dashed lines represent the
MoTe, trion and exciton luminescence states, and the horizontal white dashed lines are the WSe, trion and exciton absorption states. (d) The
trion—exciton intensity ratio 7 is shown as a function of the excitation energy, displaying the dominance of the trion in the heterotrilayer compared

with the heterobilayer.

for each region. In the Figure, the vertical black dashed lines
represent the MoTe, trion (1.148 eV) and MoTe, exciton
(1.17 eV) luminescence energies determined from Figure 2,
and the horizontal white dashed lines are the WSe, trion
(1.690 eV) and the WSe, exciton (1.725 eV) absorption
energies obtained from Figure 3. For the region of the ML
MoTe, alone, a single luminescence peak at 1.17 eV was
observed regardless of the excitation photon energy. This
reflects that the above-gap absorption of free carriers and the
subsequent radiative recombination of the band-edge excitons
are dominant in the ML MoTe, optical response. When
probing the heterostructures, however, we see that the PLE
contains very different luminescence spectral structures that
strongly depend on the excited photon energy. In particular,
we observed an additional luminescence peak at 1.148 eV,
which is 22 meV lower than the MoTe, exciton PL of the
heterobilayer. Interestingly, the PL intensity is strongly
enhanced when the excited photon energy is at 1.69 eV for
the heterobilayer. Inferring from the RC measurement of
Figure 3, this excited photon energy matches the WSe, trion
absorption resonance. When the excited photon energy is away
from the WSe, trion, the MoTe, trion luminescence is weaker.
This supports the notion that the MoTe, trion emission is
enhanced by the WSe, trion absorption.

The heterotrilayer PLE (Figure 4c) is qualitatively different
from the heterobilayer PLE (Figure 4b). The PL emission is
largely dominated by the MoTe, trion emission at 1.69 eV
(black vertical line). The enhanced MoTe, trion emission by
the WSe, trion absorption, a feature similarly observed in
heterobilayer, is more pronounced in the heterotrilayer. A
distinct feature compared with the heterobilayer is that the
MoTe, exciton emission, which presumably occurs at 1.17 eV,
is marginally small regardless of the excitation photon energy,
exhibiting the dominant role of the trion absorption over the
exciton absorption in the light emission. The ratio of PL
intensity for the trion and exciton # is plotted as a function of
the excitation energy in Figure 4d, which indicates that the
correlation between the light absorption (WSe, trion
absorption) and emission (MoTe, trion emission) reaches
the spectral maximum in both of the heterostacks and is much
stronger in the heterotrilayer (max:y 2.5) than in the
heterobilayer (max:p = 1.3). This feature can be understood by
the presence of n-doped WSe, in both sides of MoTe,, which
further helps the trion formation. Such on-resonance # values
are far stronger than the above-gap excitation case in Figure 2
of # = 0.92 in the heterotrilayer and # 0.49 in the
heterobilayer. This significant enhancement under the on-
resonance excitation implies that the MoTe, trion formation is
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different from the ground-state or the background electron
transfer.

A prior study on the WSe,/MoTe, type-I heterostruc-
suggests that the dipole—dipole energy transfer
induces the neutral exciton “transfer”: The WSe, exciton
recombination releases energy to excite the MoTe, carrier over
the quasiparticle gap and creates excitons in the MoTe, layer.
Adopting the same mechanism to explain our trion feature,
however, raises some issues. A common feature observed both
in the heterobilayer and heterotrilayer is that no spectral
correlation was seen between the WSe, exciton absorption and
the MoTe, trion emission; the only relevant exciton complexes
are the WSe, trion for the light absorption and the MoTe,
trion for the light emission. If the MoTe, trion is created by
the released energy from the WSe, trion recombination, then
the WSe, exciton should be able to create the MoTe, trion as
well. This contradicts our observation of the PLE spectral
correlations.

A close examination of the energy spectrum of light
excitation and the MoTe, luminescence provides another
clue to the origin of the MoTe, trion emission. In the
heterobilayer, we see that the MoTe, exciton emission is
activated by a wide spectral range (~200 meV) of light
excitation around the WSe, exciton energy (Figure 4b). In
contrast, the MoTe, trion emission occurs within a narrow
energy window (~20 meV) around the WSe, trion absorption
state in both the heterobilayer and the heterotrilayer. This
implies that the creation mechanism is different between the
MoTe, exciton and trion. For the MoTe, exciton, it can be
created by the dipole—dipole energy transfer via the energy
released from WSe, exciton recombination. One can attribute
the wide acceptance range of MoTe, exciton emission to the
energy-mediated transfer process, where the required energy
criteria for the stable exciton creation are not very important.
On the contrary, the MoTe, trion is likely directly transferred
from the WSe, trion. This is because the narrow spectral
window of the MoTe, trion emission requires an exact amount
of energy for the stable trion creation in WSe, and the
subsequent charge transfer.

Because we assumed that the trion can transfer from WSe,
to MoTe,, we can develop a rate-equation model for the
creation, transfer, and decay of the neutral exciton and trion in
the WSe,/MoTe, heterobilayer stack. We define four variables,
Nwr, Nwr Ny and Nyp, as the excitons in WSe,, trions in
WSe,, excitons in MoTe,, and trions in MoTe,, respectively.
The dynamic rate equations for these populations are as
follows.*
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Here we defined a number of variables to describe the rate of
creation, transfer, and decay of excitons and trions. Py, (Py) is
the exciton creation rate by optical excitation in WSe,
(MoTe,). kwg, kwr, ke, and kyp are the relaxation rates of
excitons in WSe,, trions in WSe,, excitons in MoTe,, and
trions in MoTe,, respectively. k{,; (k¥.p) is the trans-
formation rate from excitons to trions in WSe, (MoTe,). ki~
and k™M are the WSe,-to-MoTe, transfer rates of excitons
and trions, respectively. Finally, we defined k., to describe the
interface-defect-induced decay rates. In addition to the PL
peak height analysis, we analyzed the temperature dependence
of the PL line width from the MoTe, ML and the heterobilayer
and obtained the rates assuming the steady state.

k.. =8221x 107!

inter

kye = 3.361 x 10" 57!

kyr = 2223 X 10757}
kyg = 7.03 x 10" s~
ky'p =372 x 10" 57!

By this simple model, we obtained the creation, transfer, and
decay rates of excitons and trions in the heterobilayer. We see
the four different k values, kyy 1, kwgs Kinrer and kiy ~M, are the
flow weights of the four pathways that the WSe, excitons take,
such as transforming into the trion, relaxing within WSe,,
relaxing in the interface defect, and transferring into MoTe,,
respectively. Now we focus on the WSe,-to-MoTe, trion
transfer. From the ML MoTe, PL data with no significant trion
peak, we assume that the trion generation rate from the MoTe,
exciton k¥, is negligible. This leads to the following equation.

(kMT + kinter)NMT
N, ME

kW—»M

We see that the WSe,-to-MoTe, transfer rate of trions, ky M,
is directly proportional to the population ratio Nyp/Nyg, the
trion/exciton PL peak height ratio of the heterostack, #. In the
case of the above-gap excitation ( = 0.49), the calculated
value of kY "M is 5.12 X 10" s™'. As we vary the excitation
wavelength, we can compare the trion transfer rate for on-
resonance and above-gap excitation. For resonant PL excitation
(n = Nyp/Nyg = 1.3), the trion transfer rate kY "™ is 1.36 X
10" 7!, which is 260% larger compared with the above-gap
excitation case. Under this model, we find that resonant
excitation supports the creation of trions in the heterobilayer
system.

In summary, we have investigated the light absorption and
emission in the type-I vdW heterostructures. In contrast with
the type-II heterostructure, where the light emission is strongly
quenched, we observed the enhanced light emission of excitons
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and trions in the type-lI heterostacks. The light emission
intensity was larger at the MoTe, trion than at the exciton
emission. RC measurements confirm that there indeed exists a
trion absorption state in our type-I structure, which is absent in
the isolated MLs of WSe, and MoTe,. Interestingly, the
enhanced MoTe, trion emission is pronounced when the light
excitation is at the WSe, trion absorption energy. On the
contrary, no such resonant feature was observed for the MoTe,
exciton luminescence. Thus we conclude that the charge-
transfer process, rather than the dipole—dipole energy transfer,
is likely responsible for the trion-dominated light absorption
and emission in the type-I vdW stacks.

B SAMPLE PREPARATION

The samples used in this experiment were prepared by
mechanical exfoliation.' ™ The WSe, and MoTe, crystals were
purchased from 2D Semiconductors. Small pieces of WSe, and
MoTe, bulk crystals were exfoliated onto the polydimethylsi-
loxane (PDMS). We then found ML WSe, and MoTe, flakes
whose thicknesses were conﬁrmed by the image analysis based
on the computational algorlthm The bottom hBN, ML WSe,,
ML MoTe,, and top hBN flake were subsequently transferred
to a Si/SiO, (300 nm) substrate by the dry-transfer method”
using a piezo stage. Thin hBN was used to encapsulate the top
and bottom of the heterostacks, which protected the samples
from possible air contamination during the experiments.” '’
During the procedure, the layers were stacked with extreme
care, which helped to prevent any unwanted formation of
microbubbles between the layers. Finally, the stacked sample
was annealed at 150 °C for 2 h in a vacuum environment.

B OPTICAL MEASUREMENTS

The constructed optical setups were used to perform various
optical measurements simultaneously: PL, RC, and PLE
spectroscopy. For the PL spectroscopy, the samples were
excited by the He—Ne laser with a photon energy of 1.96 eV.
For the RC measurement, a tungsten halogen lamp was used
for the broadband white-light source. For the PLE spectros-
copy, the broadband excitation beam was first generated by a
supercontinuum pulsed laser source (NKT Photonics, with a
repetition rate 20 MHz and a pulse width of 400 fs), and the
excitation color was selected by a diffraction grating
monochromator (Princeton Instrument) in the wavelength
range of 600—850 nm with a spectral resolution of 1 nm. All of
the beams were focused on the sample with a microscope
objective lens (spot size of 2 to 3 gm). To cover the spectral
ranges of the WSe, A exciton and the MoTe, A exciton, we
measured the signals using a spectrometer equipped with a
Peltier-cooled Si charge-coupled device (CCD) (for the visible
to near-IR range, 300—1000 nm) and a liquid-nitrogen-cooled
InGaAs CCD array detector (for the IR range, 800—1700 nm),
respectively. The laser excitation power was controlled by a set
of ND filters with various optical densities.
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