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Atomic–layer–confined multiple quantum wells 
enabled by monolithic bandgap engineering 
of transition metal dichalcogenides
Yoon Seok Kim1*, Sojung Kang2*, Jae-Pil So3, Jong Chan Kim4, Kangwon Kim5, Seunghoon Yang1, 
Yeonjoon Jung6, Yongjun Shin6, Seongwon Lee3, Donghun Lee1, Jin-Woo Park2, Hyeonsik Cheong5, 
Hu Young Jeong7, Hong-Gyu Park1,3, Gwan-Hyoung Lee6,8,9,10†, Chul-Ho Lee1,11†

Quantum wells (QWs), enabling effective exciton confinement and strong light-matter interaction, form an essential 
building block for quantum optoelectronics. For two-dimensional (2D) semiconductors, however, constructing 
the QWs is still challenging because suitable materials and fabrication techniques are lacking for bandgap engi-
neering and indirect bandgap transitions occur at the multilayer. Here, we demonstrate an unexplored approach 
to fabricate atomic–layer–confined multiple QWs (MQWs) via monolithic bandgap engineering of transition 
metal dichalcogenides and van der Waals stacking. The WOX/WSe2 hetero-bilayer formed by monolithic oxidation 
of the WSe2 bilayer exhibited the type I band alignment, facilitating as a building block for MQWs. A superlinear 
enhancement of photoluminescence with increasing the number of QWs was achieved. Furthermore, quantum-
confined radiative recombination in MQWs was verified by a large exciton binding energy of 193 meV and a short 
exciton lifetime of 170 ps. This work paves the way toward monolithic integration of band-engineered hetero-
structures for 2D quantum optoelectronics.

INTRODUCTION
Two-dimensional (2D) semiconducting transition metal dichalco-
genides (TMDs) have attracted enormous attention because of their 
exceptional optical properties such as direct bandgap transition, 
large exciton binding energy, and strong light-matter interaction at 
the ultimate thickness limit (1–5). Such remarkable features show 
great potential for applications in high-performance light-emitting 
devices such as light-emitting diodes (LEDs) (6–8), lasers (9–11), 
and single-photon emitters (12–14). Nevertheless, high efficiency in 
the luminescence of those 2D semiconductors is inherently limited 
to the monolayer regime owing to indirect-to-direct bandgap transi-
tions (3, 5); in addition, intrinsic high quantum yield should be re-
alized for practical applications of those 2D semiconductors (15–18).

The quantum well (QW) structure is the basic unit used for lu-
minescence enhancement in epitaxial semiconductor heterostruc-
tures (19). However, the QW structure is difficult to implement with 
the use of semiconductor TMDs as the light-emitting layer owing to 
a lack of large-bandgap materials for construction of type I band 
alignment and the facile fabrication methods compatible with these 

atomically thin materials (20, 21). In this regard, layered hexagonal 
boron nitride (h-BN) with a wide bandgap has been used as a barrier 
for fabrication of QWs based on monolayer TMDs through multiple 
stacking processes (6). Although it has merit in forming atomically 
sharp heterointerfaces without constraints in lattice commensura-
bility, due to the elemental difference between h-BN and TMDs, 
there are limitations in using h-BN as a counter material for con-
ventional bandgap engineering based on compositional alloying (22). 
Meanwhile, other large bandgap oxides, such as HfO2 and Al2O3, 
have difficulties in forming high-quality interfaces with TMDs ow-
ing to incompatibilities in both materials and deposition processes 
(23). Considering these issues, a facile fabrication of the TMD-based 
multiple QWs (MQWs) that enables both confining of excitons and 
enlarging of active volume remains a considerable challenge.

Here, we report an unexplored strategy of monolithic bandgap 
engineering of TMDs to fabricate atomic–layer–confined MQWs 
based on 2D semiconductors. The type I band-aligned WOX/WSe2 
hetero-bilayer is achieved by layer-by-layer oxidation of WSe2, which 
renders a QW building block for fabricating the stacked MQWs. 
Our approach allows decoupling between adjacent direct bandgap 
monolayers without indirect band transitions and a superlinear in-
crease of photoluminescence (PL) with increasing the number of 
2D QWs in a vertical heterostructure.

RESULTS AND DISCUSSION
Monolithic bandgap engineering of WSe2 for MQWs
Figure 1A schematically presents the atomic structure of MQWs 
consisting of WSe2 monolayer QWs confined by WOX barrier layers. 
The corresponding band diagram is depicted in Fig. 1B, which al-
lows for exciton confinement in the atomic WSe2 layers. The MQWs 
with different number of QWs, such as single QW (SQW), double 
QWs (DQWs), and triple QWs (TQWs), were fabricated by repeatedly 
stacking the WOX/WSe2 hetero-bilayers in sequence. (See Materials 
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and Methods and the Supplementary Materials for the detailed fab-
rication process.) Figure 1C shows cross-sectional bright-field and 
high-angle annular dark-field scanning transmission electron mi-
croscopy (STEM) images of the representative TQWs experimen-
tally demonstrated in this work.

The basic building block of WOX/WSe2 is monolithically fabri-
cated through layer-by-layer oxidation of the bilayer WSe2 using 
ultraviolet (UV)–ozone treatment at 100°C for 60 min (24, 25). 
Through this facile and low-temperature process, the topmost layer 
undergoes the structural phase transition from crystalline WSe2 to 
amorphous WOX with a slight increase of thickness. As verified by 
STEM and atomic force microscopy (AFM) (fig. S1A), the WOX 
oxidized from monolayer WSe2 showed a uniform thickness of 1.5 
to 2 nm despite slight variation resulted from the process-induced 
deformation or nonstoichiometric/inhomogeneous oxidation (26). 
Even after oxidation, WOX maintains an atomically flat surface with 
a roughness of 60 pm, comparable to the smoothness of WSe2 (fig. 
S1B). It is noteworthy that such a smooth surface and uniform 
thickness of WOX enables the fabrication of MQWs with clean hetero-
interfaces and uniform tunnel barriers via multiple stacking of 
building blocks.

The monolithic oxidation not only induces phase conversion of 
the top WSe2 layer into the large bandgap WOX layer but also leads 
to indirect-to-direct bandgap transition in the bottom WSe2 layer 
(Fig. 1D). As compared in Fig. 1E, the as-exfoliated bilayer WSe2 
and the oxidized WOX/WSe2 hetero-bilayer showed distinctive 
steady-state PL spectra. The bilayer WSe2 exhibits two main PL 

peaks at 1.55 and 1.60 eV, which are associated with indirect transi-
tion and A-exciton emission, respectively (27). Meanwhile, upon 
oxidation of the topmost WSe2 layer, the A-exciton emission sub-
stantially increased with the quenched indirect transition. This implies 
that the bottom WSe2 monolayer of the oxidized hetero-bilayer has 
the direct bandgap characteristic, as observed in the as-exfoliated 
monolayer. However, the dominant PL peak exhibited a red shift by 
~50 meV relative to the neutral exciton peak of the pristine WSe2 
monolayer, which is probably due to the oxidation-induced hole 
doping (24). This peak shift disappeared along with further en-
hanced PL intensity after the wet transfer process assisted by hydro-
fluoric acid (HF) (fig. S2), which is similar to the previous reports 
that defect passivation by HF results in de-doping (17, 28). To fur-
ther verify such an effect, the Urbach energy (E0), indicative of the 
degree of band tailing induced by structural disorders and impuri-
ties, was evaluated (fig. S3) (15). The extracted value decreased from 
25.0 to 17.6 meV after the HF-mediated transfer, indicating the re-
duced disorder from potential fluctuation and the improved band-
edge sharpness (29). Note that there was a slight reduction in the 
absolute PL intensity after processing presumably due to its varia-
tion resulting from different doping states (24). However, the de-
gree of reduction was not so substantial that the internal quantum 
efficiency (IQE) was maintained in the SQW as discussed below in 
the temperature-dependent PL characteristics.

The monolayer characteristics of the oxidized WOX/WSe2 hetero-
bilayer was also investigated by Raman spectroscopy (Fig. 1F). The 
as-exfoliated bilayer showed two characteristic peaks at 250 cm−1 

Fig. 1. Atomic–layer–confined MQWs based on monolithic bandgap engineering of WSe2. (A) Schematic illustration of MQWs with stacking of the WOX/WSe2 hetero-
bilayer as a building block. (B) Energy band diagram for MQWs consisting of the WSe2 QW (blue) and the WOX quantum barrier (red). This type I structure leads to effective 
carrier confinement in the QW. EC and EV indicate the conduction band edge and valence band edge, respectively. (C) Cross-sectional bright-field (left) and corresponding 
high-angle annular dark-field (right) STEM (scanning transmission electron microscopy) images of the triple QWs (TQWs). Scale bar, 2 nm. (D) Schematic illustration of mono-
lithic band engineering of the bilayer WSe2, showing the transition of a band structure and energy band alignment via oxidation. (E) PL spectra and (F) Raman spectra of the 
layer-by-layer oxidized WOX/WSe2 hetero-bilayer and the pristine WSe2 bilayer. The inset in (F) shows the magnified ​​B​2g​ 1 ​​ mode in Raman spectra. a.u., arbitrary units.
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(A1g and ​​E​2g​ 1  ​​) and 310 cm−1 (​​B​2g​ 1  ​​). After oxidation, the ​​B​2g​ 1  ​​ peak, a 
fingerprint mode of the bilayer originated from interlayer coupling, 
diminished, maintaining the A1g and ​​E​2g​ 1  ​​ modes. This also implies 
that the WOX/WSe2 hetero-bilayer behaves like a monolayer be-
cause the ​​B​2g​ 1  ​​ mode is inactive at the monolayer limit (24). The 
abovementioned changes in the structural and optical properties 
induced by monolithic oxidation have been consistently observed for 
both mechanically exfoliated bilayer and chemical vapor–deposited 
bilayer samples (figs. S4 and S5).

Band alignment of the WOX/WSe2 hetero-bilayer
To further confirm the energy band modulation in the WOX/WSe2 
hetero-bilayer and its potential as a building block for forming the 
QW, we investigated the band alignment between WOX and WSe2 
by using PL, UV-visible (UV-Vis) absorption, and UV photoelec-
tron spectroscopy (UPS). For those spectroscopic studies, the large-
scale homogeneous monolayer WSe2 films grown by metal-organic 
chemical vapor deposition (MOCVD) were used. As shown in the 
PL and UV-Vis absorption spectra (Fig. 2A), the optical bandgap of 
WSe2 is determined to be 1.65 eV, which is in agreement with pre-
vious studies. Meanwhile, as extracted by the Tauc plot in Fig. 2B, 
the bandgap of the WOX oxidized from monolayer WSe2 was 3.28 eV, 
which is comparable to that of bulk WOX (30). The measured work 
functions (EVAC − EF) of WSe2 and WOX were 4.65 and 5.15 eV, 
respectively, which were obtained by taking the difference between 
photon energy (21.2 eV for He I) and photoemission onset (16.55 
and 16.05 eV for each layer) from the secondary electron cutoffs in 
the UPS spectra (Fig. 2C). The energy differences between the va-
lence band edge and Fermi level (EF − EV) were 1.35 eV for WSe2 
and 2 eV for WOX, which were estimated from the binding energy 
onsets in Fig. 2D. By combining all the results, as depicted in Fig. 2E, 
the constructed band structure between the WOX and monolayer 
WSe2 shows type I alignment before and after aligning the Fermi 
level, suggesting that both electrons and holes can be effectively 
confined in a WSe2 monolayer. This formation of type I band alignment, 
combined with the indirect-to-direct bandgap transition, allows us 
to define the layer-by-layer oxidation process as monolithic band-
gap engineering, enabling the use of the WOX/WSe2 hetero-bilayer 
as a building block for MQW structures.

Fabrication and optical characterization of MQWs
The MQWs were fabricated by sequentially stacking the building 
blocks of WOX/WSe2 hetero-bilayers as shown in Fig. 3A. For the 
MQWs with different numbers of stacked QWs, the optical and 
structural characteristics were investigated by PL and low-frequency 
Raman spectroscopy. The steady-state PL spectra of Fig. 3B show 
that the PL intensity of the MQWs increases with the stacking num-
ber of QWs. A slight red shift of ~20 meV was observed in DQWs 
and TQWs, which might be due to the transfer process–induced 
tensile strain (31). Nevertheless, unlike the conventional MQWs, the 
PL peak was barely unchanged because the optical bandgap is strongly 
affected by large exciton binding energy in the ultimately quantum-
confined 2D structure, which was similarly observed in h-BN/TMD 
QW structures (6). This consistent bandgap might be also attributed 
to bandgap renormalization of WSe2 as previously reported (32, 33).

Each MQW region showed uniform emission and incremental 
PL intensity with stacking of the QWs, as visualized in the spatially 
resolved PL mapping image (Fig. 3A). To verify the effectiveness of 

WOX as a barrier, we compared the PL behaviors of MQWs with those 
of the artificially stacked multilayers, including bilayer (1L WSe2/1L 
WSe2) and trilayer (1L WSe2/1L WSe2/1L WSe2). The multilayers 
differently exhibited the decrease of PL with stacking of the mono-
layers and emergence of the ​​B​2g​ 1 ​​  Raman mode, which indicates 
that the monolayers in the stack have a strong interlayer coupling 
(fig. S6). In contrast, interaction between the separated monolayers 
by the oxidized WOX layer in MQWs is effectively suppressed so 
that the WSe2 monolayers act as a light-emitting QW confined by the 
large bandgap WOX barrier with type I band alignment.

The PL enhancement of MQWs was consistently observed for 
both mechanically exfoliated and chemical vapor–deposited 
WSe2 bilayer samples (fig. S7 for mechanically exfoliated MQWs). 
Statistically, when compared to the SQW, DQWs and TQWs exhib-
ited approximately twofold and fivefold increase in the integrated 

Fig. 2. Analysis of the QW band structure of WOX/WSe2. (A) PL (blue solid line) 
and UV-Vis absorption (green solid line) spectra of the pristine WSe2 monolayer, ex-
hibiting the optical bandgap at 1.65 eV. (B) Tauc plot for the WOX directly oxidized 
from the WSe2 monolayer. The estimated bandgap is 3.28 eV. (C) UPS spectra of the 
secondary electron edge for the pristine WSe2 (black solid line) and the oxidized 
WOX (red solid line); the extracted work functions are 4.65 and 5.15 eV, respectively. 
(D) UPS spectra at the low binding energy region near EF for the pristine WSe2 (black 
solid line) and the oxidized WOX (red solid line). The energy difference of EF − EV is 
estimated from the onset of the low binding energy, which are 1.35 and 2 eV for 
WSe2 and WOX, respectively. (E) Constructed band diagrams with type I band align-
ment between WOX and WSe2 before (left) and after (right) aligning the EF.
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PL intensity, respectively (Fig. 3C, left). Such a superlinear en-
hancement of PL is attributed to not only the confinement of WSe2 
monolayers but also the effective radiative recombination in 
MQWs. To further reveal other origins, we performed the numeri-
cal simulation on light extraction efficiency from MQWs, which is 
based on the Fresnel equation considering the transmission, reflec-
tion, and absorption for the emitted light traveling across the differ-
ent mediums and their interfaces (34). According to the results, the 
extracted luminescence of SQW, DQWs, and TQWs increases in a 
superlinear manner because of multiple reflections at the interfaces 
of the periodic MQW structures (fig. S8). As another possible expla-
nation, the WSe2 QW layer further away from the SiO2/Si substrate 
can contribute more to the PL because the substrate has substantial 
potential fluctuation by trap sites and charge impurities (35).

In addition, the full width at half maximum (FWHM) of the PL 
decreased from 68 meV (SQW) to 47 meV (TQWs) as the number 
of QWs increased (Fig. 3C, right). The absence of spectral broaden-
ing supports that no notable generation of structural defects oc-
curred during the oxidation and multiple stacking processes, as 
already verified in the cross-sectional STEM image of Fig. 1C (36). 
Furthermore, in the power-dependent PL spectra (Fig. 3D), the in-
tegrated PL intensity increased as the excitation power varied from 
0.09 to 120 W, following the power law of Iint. ∝ P, where Iint., P, 
and  are the integrated PL intensity, incident laser power, and 
exponent factor, respectively.  is extracted to be 0.96 for TQWs 

(see also fig. S9 for the SQW), which is larger than that of a pristine 
WSe2 monolayer. Particularly, the exponent factor close to unity 
suggests that the band-to-band transition is dominant with the sup-
pressed surface recombination in MQWs (37).

The preservation of the monolayer characteristics in MQWs 
is further unveiled by Raman spectroscopy. Particularly, in the 
low-frequency Raman spectra (Fig. 3E, left), the distinctive peak at 
20 cm−1 is due to the laser-induced resonance effect that is most 
prominent in the monolayer. No interlayer vibration mode is ob-
served for any of the three QWs, indicating the decoupling behavior 
between adjacent monolayers (38). Moreover, in the high-frequency 
Raman spectra (Fig. 3E, right), there is no shift of the monolayer 
characteristic peaks, including the ​​E​2g​ 1  ​​ and A1g modes around 
250 cm−1 and the 2LA(M) mode at 260 cm−1, as well as no emer-
gence of additional peaks. This also suggests that each WSe2 layer in 
MQWs is sufficiently decoupled, maintaining its monolayer char-
acteristics, and noticeable doping and strain have not been induced 
during multiple stacking.

Exciton dynamics in MQWs
To gain in-depth understanding on the radiative recombination in 
MQWs, we performed temperature-dependent and time-resolved 
PL measurements. Figure 4A shows the PL spectra of the SQW at 
various temperatures from 4 to 300 K. As the temperature de-
creased, the neutral exciton peak (X0) was sustained even at low 

Fig. 3. Optical characteristics of MQWs. (A) Optical image (left) and spatially resolved PL map (right) of the step-like stacked MQWs. The SQW, DQWs, and TQWs areas 
are indicated by gray, red, and blue triangles, respectively. Scale bar, 10 m. (B) PL spectra for the SQW (black line), DQWs (red line), and TQWs (blue line). (C) Histograms 
for the integrated PL intensity (left) and full width half maximum (FWHM) (right) for the SQW (gray), DQWs (red), and TQWs (blue). The integrated intensity is normalized 
to that of the SQW, and the values are 2.16 ± 0.96 (DQWs) and 5.31 ± 1.90 (TQWs). (D) Power-dependent PL spectra of the TQWs at 300 K. The excitation power varies from 
0.09 to 120 W. The inset shows the log scale plot of the integrated intensity as a function of power, fitted by the power law with the exponent of  = 0.96. (E) Low-
frequency (left) and high-frequency (right) Raman spectra of SQW, DQWs, and TQWs.
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temperatures, although it exhibited a blue shift from 1.65 eV at 
300 K to 1.73 eV at 4 K (39, 40). Meanwhile, a broad PL peak 
of ~1.66 eV, related to the localized defect states, emerged be-
low ~100 K and increased with decreasing temperature. This local-
ized PL peak was similarly observed in the as-exfoliated monolayer 
WSe2 in previous studies, owing to naturally existing and process-
induced defects (37, 39). In addition, we investigated the IQE, 
estimated from the ratio of integrated PL intensities between low 
temperature (4 K) and room temperature (fig. S10) (41). The ex-
tracted IQE value of the pristine monolayer and SQW was 39.7 and 
40.1%, respectively. These results suggest that the SQW has optical 
quality comparable to that of the as-exfoliated monolayer, although 
oxidation may induce some defects.

The variation of the X0 peak position extracted by Gaussian fitting 
was well fitted by the modified Varshni equation that describes the tem-
perature dependence of a semiconductor bandgap (Fig. 4B, top) (42, 43)

	​​ ​E​ g​​ (T ) = ​E​ g​​ (0 ) − S〈ℏ〉​[​​coth​(​​ ​ 〈ℏ〉 ─ 2 ​k​ B​​ T ​​)​​ − 1​]​​​​	

where Eg (0), S, and ⟨ℏ⟩ are the bandgap at T = 0 K, dimensionless 
constant for the strength of the electron-phonon coupling, and 
average acoustic phonon energy in electron-phonon interactions, 
respectively. The acoustic phonon energy for SQW obtained 
by fitting, ⟨ℏ⟩ = 10.5 meV, is smaller than that of the WSe2 
monolayer (14.5 meV). From the plot of the intensity of X0 as 
a function of temperature (Fig. 4B, bottom), the exciton binding 

energy (Eb) was estimated by using the one-channel Arrhenius 
equation of I(T) = I0/(1 + A exp (Eb/kBT)), where I0, kB, and A are 
the PL intensity at T = 0 K, the Boltzmann constant, and the fitting 
parameter, respectively. The extracted Eb for SQW was 193 meV.  
This is lower than that of the as-exfoliated monolayer WSe2 in air 
(370 meV) because Eb is inversely proportional to the square of the 
dielectric constant of the surrounding material, as described in 
​​​E​b,exc​ 

(n) ​ =  ​e​​ 4​ / ​(​​2ℏ ​​eff​ 
2 ​ ​ (n − 1 / 2)​​ 2​​)​​​​, where  and eff are the effective 

mass of the carriers and the effective dielectric constant, respectively 
(44, 45). However, its value is much larger than those of III-V semi-
conductor QWs and presumably larger than expected considering 
that the dielectric constant of WOX is approximately 3 to 5 (46, 47). 
Such large Eb, in addition to low ⟨ℏ⟩, can be attributed to effective 
exciton confinement in the monolithically fabricated QW structure.

Furthermore, we examined the recombination dynamics of exci-
tons in MQWs. Figure 4C shows the time-resolved PL spectra of the 
as-exfoliated monolayer WSe2 and the stacked TQWs. The mono-
layer WSe2 was fitted by a biexponential decay curve. The extracted 
lifetimes for slow and fast decay processes were mono,slow = 669 ps 
and mono,fast = 179 ps, which are responsible for the radiative and 
nonradiative recombination, respectively. In the case of TQWs, 
however, we observed a single-exponential decay with a short radi-
ative lifetime of TQWs = 170 ps. As further verified by comparing 
the low-temperature PL spectra, the short-lived emission observed 
in MQWs may not be dominated by the localized defects (fig. S11), 
which is rather attributed to the effective confinement of excitons in 
the WSe2 QW layers and the suppression of surface recombination 
by the WOX dielectric encapsulation. (48, 49). It should be noted 
that although our experimental results revealed the effective exciton 
confinement in the type I band-aligned QWs, the detailed subband 
structures in MQWs and interaction among QWs have not been 
thoroughly investigated. To clarify that, an in-depth theoretical 
calculation and advanced band-structure measurements of our 
MQWs will be required as a further investigation (50).

In summary, we successfully demonstrated the monolithic 
fabrication of atomic–layer–confined MQWs and the exciton con-
finement effect in their luminescence characteristics. The bandgap-
modulated WOX/WSe2 hetero-bilayer, which was monolithically 
oxidized from the WSe2 bilayer, exhibited the type I band alignment, 
providing a building block for fabricating the stacked MQWs. 
Unlike the stacking of monolayer TMDs, in the stacked MQWs, we 
observed the superlinear increase in PL intensity as the number of 
QWs increased; this could be attributed to the decoupling between 
adjacent WSe2 monolayers by the WOX barrier layer, as confirmed 
by the PL and Raman characterization. Furthermore, owing to the 
effective confinement of excitons in 2D MQWs, the relatively large 
exciton binding energy of 193 meV and the fast exciton lifetime of 
170 ps were revealed by temperature-dependent and time-resolved 
PL studies. Our work suggests a facile and unexplored approach to 
engineer the bandgap and energy band alignment of TMDs, thus 
presenting a breakthrough to implement monolithic 2D hetero-
structures for high-efficiency quantum optoelectronics.

MATERIALS AND METHODS
Sample preparation
Monolayer and bilayer WSe2 samples were prepared through two 
different methods: CVD growth (including MOCVD) and mechan-
ical exfoliation from bulk crystal (HQ Graphene). The number of 

Fig. 4. Exciton dynamics in MQWs. (A) Temperature-dependent PL spectra from 
4 to 300 K. The red dashed line indicates the shift of the neutral exciton peak. The 
defect-mediated localized peak and the neutral exciton peak are denoted by Loc. 
and X0, respectively. (B) Plots of the X0 energy (top) and the integrated intensity 
(bottom) as a function of temperature. Solid black lines are fitted with the modified 
Varshni equation (top) and the Arrhenius equation (bottom). (C) Time-resolved PL 
spectra of the pristine WSe2 monolayer (black triangles) and TQWs (blue open cir-
cles) at 300 K. The curves are fitted with the biexponential decay (red solid line) for 
WSe2 and single-exponential decay function (purple solid line) for TQWs.
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layers was determined by optical characterization and AFM (figs. 
S12 and S13). For the fabrication of the MQWs, three sets of WOX/
WSe2 were separately fabricated onto 285-nm-thick SiO2/Si sub-
strates by oxidizing the bilayer WSe2 in a UV-ozone chamber (UV-1, 
Samco Inc.) under the process conditions at 100°C for 60 min with-
out UV illumination. After the oxidation process, each WOX/WSe2 
hetero-bilayer was sequentially stacked into the MQWs using the 
HF-mediated vdW transfer method (fig. S2). The stacked MQW 
samples were annealed in ultrahigh vacuum (~3  ×  10−7 torr) at 
450°C for 12 hours to remove polymer residues and nanobubbles.

Sample characterization
AFM (Park systems, NX-10) was used to characterize the surface 
morphology and the thickness of the samples. For the high-resolution 
cross-sectional STEM samples, the h-BN/TQWs/WOX/WSe2 (few-layer) 
heterostructure was milled with a focused ion beam (FEI Helios 
NanoLab 450). Then, cross-sectional HR-STEM images were ob-
tained using a FEI Titan G2 60-300 with a 200-kV operating voltage.

Optical characterization
The absorption spectra were measured with a UV-Vis spectropho-
tometer (8453E, Agilent). The UPS measurements were conducted 
using a PHI 500 VersaProbe (ULVAC-PHI) with a monochromatic 
Al K x-ray source (1486.6 eV). High-frequency Raman and steady-
state PL measurements were performed using an optical microscope 
equipped with a 532-nm continuous-wave laser (excitation power 
of 120 W) and a monochromator (Andor, Solis 303i). The signal 
was collected by an objective lens (100×, N.A. = 0.9) and dispersed 
by 1200 and 300 line mm−1 grating for high-frequency Raman and 
steady-state PL measurements, respectively. For the spatially re-
solved PL mapping, the sample was scanned in the X-Y plane by a 
1 m per step resolution using the motorized stage. Low-frequency 
Raman measurements were performed using a custom-built confo-
cal microscope system with volume holographic filters (Optigrate) 
with a 514.5-nm continuous-wave laser (excitation power of 100 W) 
as the excitation source. The signal was dispersed with a Jobin-Yvon 
Horiba iHR550 spectrometer with 2400 line mm−1 grating. 
Temperature-dependent PL (from 4 K to 300 K) was carried out in 
a He-flow cryostat (Montana Instruments s50) with a 532-nm 
continuous-wave laser (excitation power of 40 W) and a mono-
chromator (Princeton Instruments PIXIS 400 BRX). For time-
resolved PL measurements, the emitted photons from the samples 
were detected by two identical avalanche photodiodes and time tag-
ging electronics (PicoQuant Picoharp 300).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabd7921/DC1
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