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Two-dimensional transition metal dichalcogenide heterostructures provide a unique opportunity for quantum
engineering of electronic and excitonic states at the nanoscale. Critical optical properties of interlayer excitons,
including transition energy, optical selectivity, and quantum yield, are strongly correlated to the stacking orders.

However, these optical properties could vary from sample to sample, setting an obstacle to extracting the intrinsic
stacking order dependence experimentally. We report an effective method to fabricate heterobilayers with both
stacking orders obtained on a single device. The sharp difference of interlayer excitons induced by the stacking
orders was unambiguously identified, including emission wavelength, valley polarization, and temperature

dependence of quantum yield. This method provides a flexible platform to study stacking order dependence
of heterobilayer excitons, and can be readily applied to explore the layer hybridization, strong correlations, and

exciton diffusion that are sensitive to stacking order.

DOI: 10.1103/PhysRevB.110.045412

I. INTRODUCTION

Van der Waals heterostructures made of monolayer tran-
sition metal dichalcogenides (TMD) have emerged as a
promising platform for exploring exotic excitonic and elec-
tronic states [1-5]. When two van der Waals materials are
stacked together, the lattice mismatch and twist angle between
them can generate a nanoscale moiré pattern, which will ma-
nipulate excitonic and electronic states in both single-particle
[6-11] and many-body regimes [12-27].

When the twist angle is close to 0° or 60°, the heterobilayer
will form two different stacking orders, known as R stacking
and H stacking. There have been intensive studies on the twist
angle dependence of moiré excitons within certain stacking
orders, from which the continuous modulation of excitons is
observed including energy [28,29], lifetime [30,31], and dif-
fusion length [32,33]. Compared to the twist angle, stacking
order will make an impact on the moiré excitons more signifi-
cantly [9,34,35]. First of all, the interlayer coupling is strongly
correlated to the stacking orders, resulting in moiré lattices
with different potential landscapes and symmetries. Moreover,
the spin configuration of interlayer optical transitions will
be reversible for R and H stacking orders, which determines
the Zeeman effect of interlayer excitons (IX) [8,36,37], spin
conserved interlayer hybridization [38,39], and arrangement
of spin singlet and triplet excitons [40,41]. Most recently,
the quadrupolar excitons with nonlinear optical stark effect
have been observed in trilayer structures with specific stacking
orders [42—44]. Optical properties of moiré interlayer excitons
in heterobilayers with R and H stacking orders have been
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studied in various combinations [8,45]. However, the compar-
ison has been limited to different samples prepared separately,
where the influence of strain, dielectric environment, and crys-
tal quality cannot be avoided, setting an obstacle to extract the
intrinsic stacking order dependence of optical properties for
moiré excitons.

Here, we report an effective method to prepare heterobi-
layers with both stacking orders in a single MoSe,/WSe;
heterobilayer, which provides a uniform condition to study
moiré interlayer excitons from the heterobilayer with R and H
stacking orders in parallel, including the emission energy, op-
tical selectivity, and magnetic g factors. We also find that the
quantum yield of interlayer excitons from two stacking orders
exhibits a sharp difference, which results from the opposite
energy alignment between spin singlet and triple excitons.
Such a conclusion provides understanding of the heterobilayer
as gain material for interlayer exciton lasers [57-59]. Our
findings provide an effective platform to study moiré excitons
and offer additional opportunities to investigate and engi-
neer the valleytronics in bilayers. Future works are expected
to explore stacking order dependence of other novel opti-
cal phenomena, such as interlayer hybridization [9,29,39,46],
moiré lattice reconstruction [11,47,48], and strongly corre-
lated states of electrons and excitons [2-5,14,24,49].

II. FABRICATION OF THE HETEROBILAYER

As shown in Fig. 1(a), to achieve both the R-type and
H-type stacking configurations in one uniform heterostruc-
ture, monolayers from A and B layers of the 2H phase
TMD bilayers (WSe; in this schematic) need to be isolated
separately. Interestingly, such a monolayer-bilayer-monolayer
sample can be obtained by mechanical exfoliation. As shown
by the microscopic image of the exfoliated WSe, crystal in
Fig. 1(b), there are two discontinuous regions of monolayers

©2024 American Physical Society
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FIG. 1. MoSe,/WSe, heterostructure and interlayer excitons. (a) Schematic of the heterostructures composed of a MoSe, monolayer and
a WSe, homobilayer. The bottom (A) and top (B) layer of the WSe, homobilayer are isolated, forming the heterobilayer with R and H stacking
orders, respectively, indicated by the dashed boxes. (b) Optical micrograph of the WSe, layer on SiO,/Si substrate. The regions labeled by
red dashed lines correspond to A and B layers, and the bilayer region is indicated by the white dashed line. (c) Optical micrograph of the
heterostructures. The MoSe, monolayer (indicated by the black dashed line) completely covers the WSe, layer, forming the heterobilayer with
different stacking orders. (d) SHG from R and H stacked heterobilayers and monolayer MoSe, measured at the same condition. (e) Room
temperature photoluminescence spectrum of interlayer excitons from R and H stacked regions. (f) Spatial distribution of IX energy extracted
from the spectra scanned over the selected area labeled by the yellow and blue rectangles in (c).

marked by the red dashed lines. These two pieces of the
monolayer labeled by A and B are separated by a bilayer
marked by white dashed lines. We find that the two monolayer
regions are just cleaved from the top and bottom layer of the
natural bilayer. To confirm this, we prepared a heterobilayer
with such a WSe, layer and a piece of uniform monolayer
MoSe;, as shown by the microscopic image in Fig. 1(c). Sec-
ond harmonic generation (SHG) waves were measured from
two different heterobilayer regions and the monolayer MoSe,
region, respectively. The SHG intensity from the A and B re-
gions is constructively stronger and destructively weaker than
the monolayer region, respectively, indicating their stacking
order is R type and H type correspondingly. The twist angle
of the heterobilayer is 1.8° % 0.6° for the R stacked region and
58.2° £ 0.6° for the H stacked region (see the Supplemental
Material Sec. I [50] for the details of characterization).

We first characterize the stacking order dependence of the
interlayer exciton energy at room temperature. The hetero-
bilayers are excited by a nonresonant continuous wave (cw)
laser with energy of 2.33 eV and a pump power of 50 uW.
As shown in Fig. 1(e), the energy of photoluminescence (PL)
emission from R and H stacking regions is located at 1.30 eV
and 1.35 eV, respectively. This energy difference results from
the different interlayer coupling strength for two stacking
orders [34,35], which is consistent with results obtained
from heterobilayers grown by the chemical vapor deposition
method [45]. To verify the uniformity of the heterobilayers,
we carried out room temperature spatial scanning PL on the

two heterobilayer regions, labeled by yellow and blue rectan-
gles, respectively. The beam diameter is about 1.5 um, and
scanning step size is 1 wm. We extract the resonance energy
from the spectra measured at different locations, and plot them
in Fig. 1(f). The exciton resonance energy extracted from both
stacking orders is consistent over large areas, indicating the
uniformity of the heterobilayers.

III. STACKING ORDER DEPENDENCE
OF SPIN CONFIGURATIONS

Due to the spin-orbital coupling, both the conduction and
valence band of TMD split into two bands with opposite spin.
Moreover, the spin configuration is opposite for the K+ and
K~ valley because of the time reversal symmetry. Therefore,
the spin alignment of the heterobilayer will be reversal for the
R and H stacking regions, as shown in the schematic band
structure in Figs. 2(a) and 2(e). In this section, we investigate
this stacking order dependence of spin configuration using
magnetoluminescence experiments at temperature of 1.6 K.
As shown in Figs. 2(a) and 2(e), the lowest transitions for the
two stacking orders are the spin-conserved singlet exciton and
spin-nonconserved triplet excitons, respectively. The spin po-
larized PL spectra from the two stacking orders were obtained
by exciting the heterobilayer using a circularly polarized con-
tinuous wave laser with energy of 1.96 eV and pump power of
30 nW, as shown in Figs. 2(b) and 2(f). The broader emission
linewidth of the interlayer exciton from the R stacked region
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FIG. 2. Spin configurations of the heterobilayer with different stacking orders. (a), (e) Band structure of MoSe, /WSe, heterobilayer with
R and H stacking orders, where the lowest transition processes correspond to spin singlet IX (red arrow line) and triplet IX (blue arrow line),

respectively. The black arrow lines represent the spin of the electron

or hole. (b) Polarization-resolved PL spectra under the excitation of

circularly polarized light. Inset: Exciton transition atomic registry. Top panel exhibits the degree of circular polarization (DOCP) of the IX
emission. (c) Polarization-resolved spectra with increasing magnetic field applied on the out-of-plane direction. (d) Zeeman splitting of the

interlayer exciton extracted from (c). g factors are obtained from the
applied on the heterobilayer with H stacking order.

could result from the deeper moiré potential compared to
that of the H stacked region [51,52]. For the sample with R
stacking order, the emission exhibits stronger cross-polarized
components, which is consistent with the optical selectivity
for interlayer singlet exciton localized at the R} atomic reg-
istry [34,35,48]. In contrast, for the H stacked sample, the
emission with co-polarized component is stronger, which is
consistent with the selection rule for interlayer triplet excitons
localized at the H}" atomic registry [40,41,48]. To quantify the
valley polarization, we define the degree of circular polariza-
tion (DOCP) as

- Imr/a,

IU+/U+

DOCP = , 9]
I¢7+/<7+ + I<7+/<7—

where I, ;;, and I, ,; respectively represent the intensi-
ties of co-polarized and cross-polarized components when
excited by left-circularly polarized light. DOCP is plotted
as a function of energy in the top panel of Figs. 2(b) and
2(f). The opposite sign of DOCP from two different re-
gions indicates their opposite chiral selectivity, which is in
agreement with the corresponding atom registry [inset of
Figs. 2(b) and 2(f)]. Such special atom registry originates
from the high symmetric point within the moiré super-
lattice. (See Supplemental Material Fig. S4 [50] for the
schematic of the full moiré superlattice.) At higher exci-
tation power, both singlet and triplet excitons from the H
stacked regions can be observed (see Supplemental Mate-

fits (dashed line). (f)—(h) are the similar measurements and analyses

rial Fig. S3 [50] for the polarization resolved spectra at the
excitation power of 50 uW). We further conduct the polar-
ization resolved spectroscopy with varying magnetic field
applied in the out-of-plane direction of the heterobilayer. As
shown in Figs. 2(c) and 2(g), the Zeeman splitting gets larger
with increasing magnetic field. We fit the magnetic response
of the exciton resonances using the equation

AE =E,, (2)

where E;, and E, represent the energy of exciton emission
from the K* and K~ valleys, and ug is the Bohr magneton.
The extracted Landé g factors are 6.40 and —15.51, respec-
tively, as shown in Figs. 2(d) and 2(h). The larger amplitude of
g factors for the exciton from the H stacked region results from
the opposite spin quantum number of the electron and hole
for the triplet IX. The stacking order dependence of g factors
further confirms the spin singlet nature and triplet nature for
the two types of excitons [41,48,53].

- E{L = gl‘LBB,

IV. TEMPERATURE DEPENDENCE

Although both spin singlet and triplet excitons are bright in
heterobilayers, their difference in oscillator strength will in-
fluence the emission quantum yield of interlayer excitons sig-
nificantly, which can be visualized in temperature-dependent
PL spectra. The PL are measured within the temperature
range from 1.6 K to 300 K. The heterobilayers are excited
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FIG. 3. Temperature dependence of heterostructure IX emission. (a) PL spectra of IX from R-type heterostructure at different temperatures.
At higher temperature, the spectra can be well fitted by two resonances with Gaussian line shape, as indicated by the red and blue dashed lines.
(b) The extracted energies by fitting the spectra in (a) at temperatures when two resonances can be well resolved. The extracted energies of the
two resonances and their energy difference are shown by the blue circle, red square, and pink triangle, respectively. (c) Band structure with
both spin singlet and triple excitons, corresponds to the resonances at lower and higher energies, respectively; 6 Eso represents the conduction
band splitting induced by spin-orbit coupling. (d), (e) Parallel measurements and analyses but applied to the heterobilayer with H stacking

order.

by a cw laser with energy of 2.33 eV and a constant pump
power of 25 uW. First of all, IX resonance energies from
both regions exhibit redshift, which can be understood by
standard temperature dependence of the semiconductor band
gap [54]. Second, with increasing temperature, more emission
is contributed by the higher interlayer exciton states for both
R and H stacked heterobilayers. At intermediate temperatures,
two resonances can be well resolved and extracted from the
spectra. For example, at 150 K, the spectra can be well fitted
by two resonances, represented by the red and blue dashed
lines in Figs. 3(a) and 3(d). The extracted resonances and
their difference SE at different temperatures are plotted in
Figs. 3(b) and 3(e), where SE is around 20 meV in both stack-
ing orders at different temperatures. This is consistent with the
conduction band splitting of MoSe; (6Eso) [55,56], and the
two resonances correspond to the spin singlet and triple exci-
tons in the heterobilayer. Such spin doublets in the R and H
stacked heterobilayer have been obtained by chiral excitation
or doping dependence spectroscopy [40,41]. Here we show
that temperature can be used to drive the higher triplet and
singlet states as well. The heterobilayer has been used as gain
materials for nanolasers [57-59], and interlayer exciton lasers
based on R stacked MoSe,/WSe, heterobilayers have been
demonstrated at low temperature [57,59]. Thus, it is crucial
to characterize the emission quantum yield and its correlation

with stacking order. As shown in Fig. 4(a), we integrate the
total emission counts of the interlayer exciton measured at
different temperatures. At 1.6 K, the emission intensity of
the R stacked region is 27 times brighter than the H stacked
region. This results from the larger oscillator strength of the
spin singlet state than that of the spin triplet state [52]. With
increasing temperature, more excitons are scattered outside
the light cone because of stronger exciton-phonon interaction
strength [60]. Therefore, both R and H stacked heterobilayers
exhibit reduced emission intensity with increasing tempera-
ture. However, the reduction of emission intensity for the R
stacked heterobilayer is continuous up to room temperature,
but suppressed at 80 K for the H stacked heterobilayer. This
sharp difference for the R and H stacked heterobilayer can
be understood considering the different oscillator strength
between the R and H stacked heterobilayer and the thermal
population of the triplet (singlet) state for the H (R) stacked
heterobilayer. As schematically shown in Fig. 4(c), for the
H stacked heterobilayer, the spin singlet exciton with larger
oscillator strength will get thermally populated with increas-
ing temperature, and thereby compensates the reduction of the
quantum yield induced by the thermally activated nonradia-
tive process. In contrast, for the R stacked heterobilayer, the
thermal population of the higher triplet exciton with lower
radiative rate will enhance the reduction of emission quantum
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FIG. 4. Temperature dependence of emission intensity. (a) Integrated emission intensity of IX from R and H stacked heterobilayer as a
function of temperature. (b), (c) Schematics showing the emission dynamics for singlet and triplet excitons in R and H stacked heterobilayers,
respectively. The red wave lines represent the radiative emission from IX within the light cone, where the thicker and thinner wave line indicate
the stronger and weaker emission rate from singlet and triple excitons, respectively. The gray wave line outside the light cone represents the
nonradiative process, which can be enhanced by the phonon-assisted scattering represented by the black double-arrow lines.

yield, as shown in Fig. 4(b). We also apply coupled rate
equations to quantitatively model the temperature dependence
of emission intensity for both R and H stacked regions. (See
Supplemental Material Sec. II [50] for details.) Our results
indicate that R and H stacked MoSe,/WSe, are better gain
materials at low and room temperatures, respectively, and
quantitative modeling of the correlation between the emission

quantum yield and stacking orders needs microscopic theories
[61,62].

V. CONCLUSION

Stacking order dependence of interlayer excitons is sys-
tematically studied in a MoSe,/WSe, heterobilayer that
simultaneously hosts two different stacking orders. The im-
pact of stacking order is manifested as the transition energy,
valley polarization, and magnetic responses of interlayer ex-
citons. Interestingly, the temperature dependence of quantum

yield for interlayer excitons is significantly correlated to
stacking orders as well, which provides understanding for
designing light harvesting devices based on heterobilayers.
Such a platform can be readily extended to explore other
stacking order dependencies of excitons, such as exciton diffu-
sions [32,33,63,64], interlayer hybridization [38], and strong
correlation of excitons [22,27].
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