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ABSTRACT: In van der Waals (vdW) heterostructures, the
interlayer electron—phonon coupling (EPC) provides one unique
channel to nonlocally engineer these elementary particles.
However, limited by the stringent occurrence conditions, the

efficient engineering of interlayer EPC remains elusive. Here

we

report a multitier engineering of interlayer EPC in WS,/boron
nitride (BN) heterostructures, including isotope enrichments of
BN substrates, temperature, and high-pressure tuning. The hyperfine isotope dependence of Raman intensities was unambiguously
revealed. In combination with theoretical calculations, we anticipate that WS,/BN supercells could induce Brillouin-zone-folded
phonons that contribute to the interlayer coupling, leading to a complex nature of broad Raman peaks. We further demonstrate the
significance of a previously unexplored parameter, the interlayer spacing. By varying the temperature and high pressure, we effectively
manipulated the strengths of EPC with on/off capabilities, indicating critical thresholds of the layer—layer spacing for activating and
strengthening interlayer EPC. Our findings provide new opportunities to engineer vdW heterostructures with controlled interlayer

coupling.
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B INTRODUCTION

van der Waals (vdW) heterostructures assembled from two-
dimensional (2D) crystals serve as a powerful platform for
exploring exotic properties and novel quantum phenomena."”
Particles/quasiparticles, including electrons and phonons
spatially residing in different layers, can be tightly bound by
interlayer interactions, resulting in several fascinating phenom-
ena and potentials for electronic and optoelectronic devices.*°
For instance, electron—hole pairs in adjacent transition-metal
dichalcogenide (TMD) layers can bind into interlayer
In transferred TMD/boron nitride (BN) vdW

heterostructures, phonons in BN couple to electronic

. 4
excitons.

transitions of TMDs when the incident photons resonate
with certain excitons in TMDs, activating optically silent
phonon modes of BN in Raman scattering.”® In TMDs/
amorphous SiO, heterostructures, interlayer electron—phonon
coupling (EPC) activated phonons of SiO, can participate in
exciton intervalley scatterings.”® Conventionally, studies of
EPC have been focused on one material for a variety of
physical phenomens, including carrier scattering, conventional
superconductivity, Kohn anomalies, and optical properties.”
Very recently, interlayer EPC across the vdW gap in layered-
crystal heterostructures® ”'”"" has emerged as a new territory
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which provides a unique opportunity to manipulate electrons
and phonons nonlocally.

In an effort to uncover the mechanism of interlayer EPC,
Chow et al. have proposed one microscopic, phenomenological
approach where an out-of-plane phonon mode in TMDs is
critical and bridges the coupling between BN phonons and
TMD excitons.” In TMD layers, this particular phonon
interacts with excitons by an intralayer EPC, and two out-of-
plane phonons separated by a vdW gap (one in TMD layers
and the other in BN layers) can be coupled together by an
interlayer dipole—dipole interaction. With regard to its
manipulation, electrostatic doping that works for conventional
EPC tuning in one material has been demonstrated for
interlayer EPC with poor efficiency, yielding completely
disappearing Raman signals at a relatively low doping
level.”'" A postannealing treatment enhanced the coupling
strength at interfaces of TMDs and SiO,.” Despite these
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Figure 1. Engineering interlayer EPC in vdW heterostructure of WS, and BN. (a) Illustration of multitier engineering means of interlayer electron
(in WS,) and phonon (in BN) coupling, including isotope engineering in BN, temperature, and pressure. (b) Representative optical image (left
panel) of one vdW heterostructure, showing partially covered WS, islands by CVD. Raman (middle panel) and PL mapping (right panel) were
conducted to confirm the quality and targeted areas with good uniformity for further measurements. (c) Cross-sectional STEM image, showing the

contamination-free interface and close contact between WS, and BN.
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Figure 2. Isotopically dependent Raman spectra. (a) Raman spectra of WS, and vdW heterostructures with 2.33 eV excitation, on resonance with
the B exciton in WS,, showing in the heterostructures the presence of two asymmetrical and broad peaks around 800 cm™ assigned to A and B
modes in BN. (b) Calculated phonon dispersion of ML-WS, /six-layer-""BN heterostructure. The blue (red) rectangle represents the theoretical
assignment for the A (B) mode. (c) Statistics of the intensity ratio of A and B peaks (A/B) from more than SO heterostructures, showing distinct
isotope dependence. (d) Intensity ratio A/B as a function of the laser power in the range of 40 W and S mW, displaying a constant value of ~0.5
in WS,/1°BN stacks and a fluctuating ratio from 2.0 to 3.5 in WS,/ BN heterostructures.

advances, an in-depth understanding and efficient engineering
of interlayer EPC remain in their infancy. Therefore, a
multitier approach utilizing a series of experimental techniques
to tackle this problem is highly desirable. This not only can
expand practical potentials of interlayer EPC but also provide a

glimpse into its underlying mechanism.

Here we report the isotope, temperature, and high-pressure
engineering of interlayer EPC, as illustrated in Figure 1la, in
directly grown and conventionally transferred WS,/BN
heterostructures. The phonon engineering by isotopic
substitutions of BN layers reveals unprecedented isotope-
dependent Raman intensities, suggesting the WS,/BN super-
cell-induced complexity of phonon structures in the process of
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interlayer coupling. Our study demonstrates the significance of
the interlayer spacing between TMDs and BN layers. By tuning
the interfacial spacing through temperature and pressure, we
can effectively manipulate the strength of the interlayer
coupling with the capabilities of turn-on and -off.

B RESULTS

Isotopically Engineered WS,/BN Heterostructures.
First we examined the isotope disorder effect on interlayer
EPC by purifying BN substrates as '’BN or ''BN. By a molten
metal flux method, isotopically enriched BN crystals were
synthesized at high temperature (~1600 °C, Methods and
Materials and Figure S1 in the Supporting Information) using
boron powder with an ultrahigh isotope purity.'” In
comparison with the natural isotope variation (20.1 atom %
18 and 79.1 atom % ''B), boron-10 (97.18 atom % '°B) and
boron-11 (99.69 atom % ''B) powders and ultrahigh-purity N,
(naturally 99.6 atom % '*N) ensure the monoisotopic
characteristic of as-grown BN crystals."”'* We performed
Raman, Fourier-transform infrared (FTIR), and vibrational
electron energy loss spectroscopy (EELS) measurements,
confirming the atomic-mass-dependent frequency of lattice
vibrations that is one natural consequence of isotope
engineering'*~'” (Figure S1). Next, isotopically engineered
heterostructures were prepared by the chemical vapor
deposition (CVD) of WS, on tape-exfoliated BN flakes'®
(Methods and Materials).

Instead of mechanical stacking where impurities at the
interface are inevitable, the growth of WS, on prefabricated BN
flakes provides polymer-free interfaces, large-scale uniformity,
and more importantly, a close contact between WS, and BN by
the high growth temperature (>900 °C). Heterostructures with
a BN thickness of 20—100 nm were deliberately chosen. Figure
1b displays an optical image of one representative hetero-
structure, clearly showing partially covered WS, domains. 2D
Raman and photoluminescence (PL) mappings show wrinkles
and grain boundaries, consistent with features observed from
optical images. The area with uniform optical properties (~3
pum by 3 um) was selected for further investigations. The high-
quality interface is directly confirmed at the atomic level by the
cross-section image of a scanning transmission electron
microscope (STEM). Figure lc displays one representative
BN flake—WS, monolayer (ML) interface, clearly showing the
contaminant-free vdW interface. While the layer distance in
BN flakes is 3.26 A, the interlayer spacing between the BN and
W layers is 5.30 A, and the BN—sulfur layer—layer distance is
~3.2 A, demonstrating eliminated differences in layer spacing
in CVD-grown heterostructures.

Isotopically Dependent Raman Spectra. Raman meas-
urements on three types of heterostructures were performed at
room temperature (RT) with an excitation energy of 2.33 eV,
which resonates with the B exciton of WS,."" Figure 2a shows
the typical results from heterostructures and the standalone
CVD-grown WS, on the substrate (Figure S2a and Table S1).
The most notable observation is the presence of several peaks
that cannot be assigned to Raman-active modes from the
SiO,/Si substrate, WS,, or BN, including two broad peaks
within 1400—1600 cm™ and peaks at around 800 cm™'. As
exemplified by the WS,/natural BN ("*BN) heterostructure,
two emerging Raman peaks are located at 772 and 805 cm ™/,
respectively (Figure S2c), which were previously attributed to
the interlayer EPC-induced BN A,, mode of the ZO, branch
and the B;, mode in the ZO; branch, respectively.'” From the
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aspect of symmetry, while the envelope of the B exciton wave
function is azimuthally symmetrical with the orbitals pointing
along the z direction, A,, and B;; modes in BN involve out-of-
plane vibrations along z (Figure S3a).'” The intensity of
interlayer EPC-induced Raman peaks can be tremendously
enhanced when the irradiated laser resonates with one specific
exciton of TMDs.>*® The combination of WS, and 2.33 eV
power of the laser was chosen deliberately in our experiment.'’
Also, the strong EPC detected in our heterostructures
corroborates the high quality of crystals and interface by the
CVD growth.

We found that these two peaks possess highly asymmetrical
line shapes and are much broader than E,, Raman peaks: the
full widths at half-maximum (fwhm) of 24 and 45 cm™! for the
two peaks are in marked contrast to 7.5 cm™! for the E,; mode
of BN. Theoretical investigations for phonon band structures
were performed, and the calculated phonon dispersion of ML-
WS, /six-layer-"*BN heterostructure is shown in Figure 2b
(Note 1 and Figure S3 in the Supporting Information). Due to
the lattice mismatch, a supercell between BN and WS, in the
heterostructures means that the ZO phonon branches of BN
are folded, leading to two groups of phonon modes labeled by
A and B in Figure 2b. Superpositions of these modes are
believed to be responsible for two broad peaks at around 800
ecm™ in Raman spectra. So far, all of the experimentally
observed Raman peaks induced by interlayer EPC possess
much larger fwhms (including phonon modes of SiO,),
supporting our explanation (Note 1 in the Supporting
Information). Here we emphasize that the supercell of BN
and TMDs renders BN phonons involved in interlayer EPC
much more complicated. This supercell-induced complex
nature of BN phonons not only blurs the precise recognition
of exact atomic vibration modes that couple to electrons but
also obscures the microscopic mechanism of interlayer EPC
that we will show later.

Interestingly, an apparent isotope effect on A and B peaks
was also observed. EPC-induced peaks exhibit a significant
frequency shift upon isotopic boron substitutions: 787 cm™
(A) and 817 cm™" (B) in '°BN stacks, in comparison with 767
ecm™ (A) and 800 cm™ (B) in 'BN heterostructures (Figure
S2b—d), demonstrating the frequency dependence on atomic
mass for induced but originally silent Raman peaks.”””’
Moreover, in Figure 2a we found that the B peak is higher than
the A peak for the WS,/'°BN sample, while the A peak is more
predominant in the WS,/""BN heterostructure (Figure S2).
We then carried out Raman measurements on multiple
heterostructures (more than S0) and summarize the intensity
ratio of A and B peaks (A/B) in Figure 2c, unambiguously
showing the same behavior in all samples, despite the variation
of BN thickness. Additionally, the results of excitation-power-
dependent Raman measurements (Figure S4a) are summarized
in Figure 2d. In 10BN systems A/B is consistently about 0.5;
for WS,/"BN samples A/B increases from ~2.0 to 3.5 with
the laser power. By variation of the excitation power, the
density of the B exciton in WS, is consequently modulated. It
turns out that the isotope dependence of Raman intensities is
insensitive to the laser power or exciton density, indicating that
it could be an intrinsic characteristic affiliated with isotopically
engineered vdW heterostructures. Furthermore, this isotope-
governed Raman spectrum is quite robust, and the same
phenomena can be observed after 1 year of sample storage in
air (Figure S4b).
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Figure 3. Temperature-dependent measurements. (a) Raman spectra of WS,/"'BN (left panel) and WS,/'*BN (right panel) heterostructures from
77 to 673 K. The interlayer EPC-induced Raman peaks were enhanced at low temperature and gradually vanished above 476 K for both
heterostructures. (b) Intensity ratios between the A (B) and Ey, peaks in two types of heterostructures as a function of temperature, showing the

same monotonic response.

The previous experiment showed that atomic displacement
parameters are larger for 18BN than for BN crystals,
constitutionally leading to different dipole strengths (Figure
§5)."% One possible interpretation for isotope-sensitive Raman
intensities could be that by the isotope substitution in BN,
interlayer dipole—dipole interactions can be consequently
modulated, engineering interlayer EPC.* For bulk BN, the A,,
and B;; modes have the same intralayer vibrational pattern but
the opposite interlayer vibrational pattern: ie. antiphase
displacement in adjacent layers for the A,, mode while in-
phase in adjacent layers for the B;, mode (Figure S5). As a
result, the A,, mode possesses an out-of-plane interlayer
electric dipole, while the B;, mode does not.'” Because the
interlayer electric dipole is proportional to the atomic
displacement amplitudes, we expect that the interlayer dipole
of the A,, mode could be larger for '°BN than for "'BN, which
might give rise to the larger interlayer dipole—dipole
interaction and stronger A peak Raman intensity in BN
systems than in BN systems. However, this analysis is
inconsistent with our experimental observation of A/B in
Figure 2a. As was discussed above, phonon branches of BN are
folded due to WS,/BN supercells in the heterostructures;
therefore, both A and B peaks actually correspond to mixtures
of multiple phonon modes. This significantly complicates the
situation, which probably renders the simple model based on
the dipole—dipole interactions of A,, and B, modes invalid to
explain our experimental findings. Namely, instead of vibration
modes in freestanding BN, we need to consider the
“renormalized” BN phonons by TMD/BN supercells at the
interface. Direct theoretical calculations of interlayer EPC in
isotopically engineered heterostructures are required for a full
understanding; however, such calculations are computationally
prohibitive due to large supercell sizes and atom number. In
addition, theoretical estimations of interlayer EPC were
performed by investigating the band gap renormalizations
caused by A and B branches (Note 2 in the Supporting
Information), in which the interlayer EPC was further
confirmed but its isotope dependence still could not be well
understood.

Isotopically dependent Raman spectra of vdW hetero-
structures clearly revealed one characteristic of interlayer
EPC: that is, the supercell-induced complexities in both the
phonon structures and the consequent interlayer dipole—
dipole interactions. Moreover, in our experiment isotope
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effects on 2D crystals have extended to isotope vdW
heterostructures. ' #**%

Temperature Tuning. As displayed in Figure 3a, in the
range of 77—473 K the intensities of EPC-induced A and B
peaks decrease unambiguously with increased temperature and
signals vanish above 476 K for both '°BN and 'BN systems.
Two prominent vibrational modes, E%g and Ay, of WS, can be
obviously observed within the same temperature range,
indicating the unaltered sample quality (Figure S4c). In
sharp contrast, originally Raman active shear and breathing
modes of BN flakes are quite robust at high temper-
atures."”™'”?* We further checked the WS,/N*BN hetero-
structures, verifying the same temperature-dependent behav-
iors (Figure S4d). Furthermore, Raman spectra reappeared
when the temperature was returned to RT and exhibited the
same modulation when the temperature was varied again,
demonstrating a controlled, reversible, and nondestructive
response. To deduce the conventional temperature effect of
phonons, the intensity ratio between the A (B) peak and the
E,¢ mode is summarized in Figure 3b, showing the monotonic
decrease upon an increase in temperature and the isotope
dependence of A/B.

This discrepancy demonstrates that the temperature can be
utilized to tune EPC-induced Raman intensities, probably by
modulating the strength of interlayer EPC. We first consider
the energy resonance prerequisite for interlayer EPC, since
excitons of ML WS, shift to higher energy with decreasing
temperature. The synchronously acquired temperature-de-
pendent PL spectra present an apparent blue shift of ~0.17
eV for the A exciton from 673 to 77 K (Figure S4e). With
regard to the B exciton of ML WS,, previous studies show that
its energy shifts from 2.37 eV at RT to 2.44 eV at 100 K,*
indicating an increased mismatch between photon and exciton
energies when the temperature is reduced. This larger
deviation from the energy resonance at lower temperature
contradicts the observed enhanced EPC at a cryogenic
temperature. In addition, when the energy resonance meets
at RT, temperature alteration toward either side (up or down)
will aggravate the divergence, leading to the A-shaped EPC
strength opposite to the observed monotonic behavior.
Second, while the more efficient excitonic effect at low
temperatures can be utilized to interpret the enhanced A and B
peaks, it can be quite challenging to explain the complete
absence of EPC Raman signals at elevated temperatures along
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Figure 4. Pressure engineering in transferred WS,/BN heterostructures. (a) Left panel: schematic of BN-sandwiched WS, in a DAC for high-
pressure experiments. Right panel: optical micrograph of the BN/WS,/BN heterostructure on the diamond substrate. (b) Raman spectra of BN/
WS,/BN heterostructure taken before (blue line) and after the compression cycle (red line). The EPC signal (gray rectangle) is obviously
enhanced with the other Raman peaks of WS, remaining unchanged. (c) Raman spectra of the EPC-induced Raman modes (gray rectangle) in the
BN/WS,/BN heterostructure under different pressures, showing an “off—on—off” response with respect to pressure.

this direction, as the A exciton emission survives at high
temperatures (Figure S4e).

Another significant parameter determining the coupling
strength is the physical layer—layer spacing between BN and
WS, which is strongly and positively related to temperature.*®
As a result of the weak vdW bonding, large tuning in layer
spacing by thermal expansion has been revealed in vertically
stacked heterostructures and drove a direct—indirect band gap
transition for a MoS,—WS, bilayer.””** Here, the interlayer
spacing increases with increasing temperature, and thus the
interlayer EPC is weakened, contributing to the decrease in
Raman intensities. In other words, the interlayer coupling of
phonons and electrons can be largely engineered by thermally
tuning the layer—layer distance. In comparison with engineer-
ing a conventional EPC in one material, for example,
electrostatic gating to change the electron screen, for interlayer
EPC with a nonlocal feature (coupling across the vdW gap), a
precise tuning by the electron/exciton density (Figure 2d)
failed. Instead, interlayer EPC responds significantly to the
physical distance in a controlled, reversible, and nondestructive
way, which even can turn “on and off” the coupling at low and
high temperatures, respectively. Furthermore, the threshold for
activating interlayer EPC is ~3.20—3.23 A by an estimation
with the thermal expansion of WS, and BN crystals (Note 3
and Figure S7 in the Supporting Information).””
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High-Pressure Experiments. Pressure engineering has
been further performed for a better understanding of the
mechanism of interlayer EPC. We applied hydrostatic pressure
using a diamond anvil cell (DAC), a powerful tool capable of
tuning the vibrational and electronic properties of materials
(Figure 4a).°™% To minimize the influence of diamond
substrates, vdW heterostructures of ML WS, encapsulated in
BN flakes (thickness S—20 nm) were constructed by a vdW
pick-up and then transferred onto the DAC.** In contrast to
CVD-grown vdW heterostructures, these stacks by transfer
show a faint Raman signal at around 800 cm™, signifying the
relatively poor contact between WS, and BN layers and
consequent weak interlayer coupling solely by transfer (Figure
4b). Surprisingly, after one load—unload cycle of high pressure,
two legible Raman peaks located at 774 and 805 cm™" can be
observed with uninfluenced Raman peaks of WS, between 300
and 750 cm ™', strongly suggesting an irreversible improvement
of a WS,/BN contact and interface quality. By compression of
the WS,/BN spacing, the high pressure strengthens the layer—
layer coupling in systems with originally poor interlayer
interactions.

Raman measurements at various pressures were conducted
to probe the transition and any intermediate states. For two
prominent vibrational modes (E%g and Alg) of WS, (Figure
S8a), one can see the hardening of both modes with pressure
(Figure S8b), consistent with previous studies.”” > We
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noticed the gradual disappearance of the two peaks at a
pressure higher than 10.8 GPa, which is induced by high lattice
distortions. As shown in Figure 4c, EPC signals are absent
below 3.2 GPa and gradually increase with pressure (up to 9
GPa) and eventually disappear on application of a pressure
above 11.9 GPa. We correlate this finding with the pressure-
compressed interlayer spacing. The absence of EPC-induced
Raman peaks verifies the poor layer—layer contact by the
mechanical transfer in an ambient environment, in contrast to
CVD-grown samples. With increasing pressure, the interlayer
spacing can be largely reduced”™”” and reaches the threshold
distance for effective interlayer coupling. The interlayer spacing
under 9 GPa is further estimated to be ~2.75—2.99 A (Note 4
in the Supporting Information). The disappearance of EPC
signals at higher pressure is then attributed to a large lattice
distortion, consistent with the Raman behaviors (Figure S8a).
Measurements on more WS,/BN heterostructure exhibit the
same pressure dependence (Figure S8c).

It has been shown that the electronic structures of
monolayer TMDs and its heterostructures can be well tuned
by high pressure.”> For example, our synchronized PL
measurements on ML WS, also reveal a clear blue shift at
1.95 GPa and signal quenching occurring at ~3.83 GPa,
indicating a pressure-induced direct—indirect band gap
transition (Figure S8d). Our Raman results show that, in
addition to the interlayer electron—hole interaction, interlayer
coupling between phonons and electrons can be enhanced as
well through reduced physical layer—layer distances when high
pressure is applied in vdW heterostructures. By combining the
findings of temperature and pressure tunings, we conclude that
there could be one critical threshold of the BN—WS, interlayer
spacing to determine whether the interlayer coupling occurs or
not.

B DISCUSSION

The emerging interlayer EPC is one advantage for vdW
heterostructures as one nonlocal way of modulating the
electron and phonon behaviors across vdW gaps. While the
underlying mechanism is not well understood, in terms of
engineering previously only electrostatic doping and post-
annealing have been demonstrated, and both unfortunately did
not shed more light on the fundamental mechanism. In the
present work, by tuning the isotope disorder degree on the
“phonon” side, we revealed the robust and hyperfine
fingerprint of isotope dependence that emphasizes the intrinsic
complexity of interlayer EPC originating from the BN—WS,
supercell. The temperature tuning deciphers the existence of
an interlayer threshold for initiating the effective interfacial
coupling; high pressure enhances the coupling of electrons and
phonons in systems with poor contacts. Temperature and
pressure engineering both emphasize one critical but
previously less explored parameter, the physical interlayer
distance. The computationally demanding calculations of EPC
coupling strength in WS,/BN heterostructures as a function of
interlayer spacing would be highly beneficial to gain a
fundamental understanding of the effects of isotope, temper-
ature, and pressure on interlayer EPC-activated Raman events.
Our work on engineering interlayer EPC not only advances the
understanding of nonlocal particles/quasiparticles interactions
but also enables practical ways to engineer vdW hetero-
structures with potentials for novel electronic and optoelec-
tronic applications.””®
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