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Semiconducting transition metal dichalcogenides are promising platforms for exploring emergent two-
dimensional (2D) exciton physics and constructing 2D optoelectronic devices. However, even in
mechanically exfoliated and hexagonal boron nitride encapsulated samples that are expected to maintain
the most intrinsic properties, shallow defect states are still unavoidable. Here, we reported a method for
eliminating the defect states in monolayer WSe, by coupling it with a c-plane sapphire surface. We found
that the defect-relevant photoluminescence peaks at cryogenic temperatures can be completely suppressed
in WSe, on c-plane sapphire, resulting in intrinsic exciton radiation, prolonged lifetime, and increased
diffusion length. Ab initio calculations revealed that the surface of c-plane sapphire is much more active
than other planes, where oxygen atoms preferentially transfer to WSe, to repair selenium vacancy defects.
Our Letter provides a new platform for defect engineering, which will promote the development of high-
performance electronic and optoelectronic devices based on 2D materials.

DOI: 10.1103/1swx-rxss

Transition metal dichalcogenides (TMDs, MX,) com-
posed of transition metal atoms (M = W, Mo, ...) and
chalcogenide atoms (X = S, Se, ...) are the most prevalent
semiconductors within the two-dimensional (2D) material
family. The hexagonal-phase monolayer exhibits a honey-
comb lattice akin to that of graphene; however, the broken
inversion symmetry introduces a direct band gap at the
Brillouin zone corners. Near the band gap, electron-hole
pairs form tightly bound excitons owing to strong Coulomb
interactions, which dominate the low-energy interband
physics of TMDs [1-3]. The wave functions of the excitons
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are localized primarily around the middle transition metal
atoms [4]. Consequently, the excitonic properties are well
protected from surrounding distortions, facilitating the
direct observation of complex excitonic phenomena includ-
ing charged excitons (trions), biexcitons, dark excitons,
Rydberg excitons, and chiral phonon replicas [5-22].
However, this protection in monolayers is still less effec-
tive. The surficial chalcogenide atoms are prone to forming
vacancies due to the weak covalent bond strength (between
2.3 and 2.9 eV), leading to shallow defect-related states at
the midgap [23-28]. Even in the “cleanest” mechanically
exfoliated and hexagonal boron nitride hexagonal boron
nitride (hBN) encapsulated devices, excitons in monolayer
TMDs can be trapped by defects and exhibit defect-related
photoluminescence (PL) emission at cryogenic temper-
atures [29,30].

Modifying the midgap defect states and mitigating the
impacts of defects in TMDs are of central importance for

© 2025 American Physical Society
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PL spectra of WSe, monolayers on different planes of sapphire substrates. (a) Schematic diagram of the PL process with a

reflective geometry measurement. (b) PL spectra of WSe, on c-plane and a-plane sapphire substrates. Under the same conditions, the PL
intensity on the c-plane sapphire is 3 times greater than that the on a-plane sapphire. (c) Time-resolved PL spectra. The exciton lifetimes
are 420 and 170 ps on c-plane and a-plane sapphire substrates, respectively. (d),(e) Normalized diffusion mappings on c-plane (d) and
a-plane (e) sapphire substrates. The horizontal axis corresponds to the PL distribution, the vertical axis corresponds to the time delay
after excitation, and the color indicates the normalized PL intensity. (f) Time-dependent mean-squared distribution for PL. emission spot
broadening. The diffusivity on the c-plane sapphire surface is greater than that on the a-plane sapphire. All experiments were conducted

at room temperature.

the exploration of strongly correlated physics and potential
applications in optoelectronic and electronic devices
[31-35]. The adsorption of gas molecules or chemicals
can physically passivate defects and electrically dope the
Fermi level to neutral, resulting in an enhanced PL quantum
yield [36-39]. However, the adsorption naturally suffers
from weak stability. Directly healing the lattice by repairing
the vacancies seems more promising, as it addresses the
problem at its root. Calculations suggest that the defect
states can also be repaired by filling vacancies with oxygen
atoms instead of chalcogenide atoms, making this solution
more practical [40]. Thus, chemical treatments including
chalcogenide and oxygen annealing, oxygen-incorporated
chemical vapor deposition growth, and oxygen plasma
treatment have been developed to achieve significant
improvements in the performance of TMD-based devices
[37,41-45]. However, these drastic treatments also risk
breaking the weak covalent bonds, potentially introducing
new defects. An ideal strategy should involve a mild lattice
repair approach to fully fill the vacancies.

Here, we propose a solid substrate coupling method to
eliminate the defect states in mechanically exfoliated WSe,

samples. By coupling a WSe, monolayer with a c-plane
sapphire surface, we observed complete suppression of
defect-relevant PL peaks and enhanced exciton radiation at
cryogenic temperatures. All the experimental results and
density functional theory (DFT) calculations indicate that
the elimination of the defect-relevant PL. peak arises from
the repair of selenium vacancies by oxygen atoms from the
active c-plane sapphire substrate.

In our experiments, monolayer WSe, samples were
mechanically exfoliated onto preannealed substrates of
c-plane sapphire, a-plane sapphire, and SiO,/Si (see
Supplemental Material Fig. S1 [46]). Under 532 nm laser
normal irradiation, the PL spectra of WSe, samples were
excited and collected in a reflective geometry [Fig. 1(a)]. At
room temperature, the spectra exhibited relatively broad
peaks located at 1.65 eV, as expected [Fig. 1(b)]. However,
the PL intensities of the samples varied with the plane of the
sapphire. WSe, on c-plane sapphire exhibited a two- to
three-fold brighter PL. compared to that on a-plane sap-
phire. This observation was consistent across all samples in
our experiment (Supplemental Material [46] Fig. S2) and
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strongly indicated an enhanced quantum efficiency for
WSe, onto c-plane sapphire.

To fully understand this quantum efficiency enhance-
ment, we conducted time-resolved PL spectroscopy and
transient PL. mapping to monitor the exciton lifetime and
diffusion dynamics. The time-resolved PL spectra of mono-
layer WSe, on c-plane and a-plane sapphire substrates are
shown in Fig. 1(c). A substantially prolonged PL lifetime
was observed, with 420 ps for c-plane sapphire and 170 ps
for a-plane, respectively. Furthermore, the diffusion map-
pings of monolayer WSe, on a-plane and c-plane sapphire
substrates clearly illustrate the broadening of the PL dis-
tribution following excitation [Figs. 1(d) and 1(e)] [47,48].
The exciton diffusivity (D) can be determined via the
formula D = A 6?/2t = (67 — 63)/2t, where 67 represents
the mean squared distribution of the PL (the width at half
maximum of the PL spatial distribution) at a time delay of ¢,
and o3 denotes the initial mean squared distribution at 7 = 0.
By extracting Ac? from the PL distribution, the diffusivities
were determined to be 1.66 & 0.08 and 1.29 & 0.07 cm?s~!
for WSe, on the c-plane and a-plane sapphire substrates,
respectively [Fig. 1(f)], suggesting that excitons in WSe, on
the c-plane sapphire hold a weak scattering effect during
diffusion. The enhanced quantum efficiency, together with
the prolonged PL lifetime and increased exciton diffusivity,
indicates the suppression of defect-related recombination on
the c-plane sapphire.

The interplay between 2D materials and substrates has
traditionally been attributed to various potential mecha-
nisms, including electronic hybridization, surface phonons,
electronic doping, and chemical doping. In this context,
electronic hybridization between substrate materials and
2D materials appears improbable, as the PL peak position
and intensity are insensitive to the relative lattice orienta-
tion between WSe, and sapphire (see Supplemental
Material [46] Fig. S3).

To mitigate the surface phonon effect and resolve finer
PL features, we measured the temperature-dependent PL
spectra of WSe, on various substrates [Figs. 2(a) and 2(b))].
As the temperature decreased, a noticeable blueshift of the
PL peak was observed, as expected. At sufficiently low
temperatures, monolayer WSe, on a c-plane sapphire
substrate exhibited a singular, intense, and sharply defined
peak located at 1.73 eV, corresponding to intrinsic exciton,
with a typical full width at half maximum of approximately
13 meV [Fig. 2(a)]. In contrast, WSe, samples on an a-
plane sapphire substrate showed PL peak splitting, with
distinct peaks corresponding to different bound quasipar-
ticles [Fig. 2(b)].

As shown in Fig. 2(c), the PL spectrum of monolayer
WSe, on SiO,/Si substrate at 7 K was also obtained as a
reference. The exciton peak (X°), trion peak (X*), and
defect-relevant peak (XP) were discerned based on their
energy disparities (see Supplemental Material [46] Fig. S4)
[29]. Through multipeak fitting, we observed that
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FIG. 2. PL spectra of WSe, monolayer at cryogenic temper-
atures. (a), (b) Temperature-dependent PL spectra of the WSe,
monolayer on c-plane (a) and a-plane (b) sapphire substrates. As
the temperature decreases from 298 to 7 K, the PL peak maintains
a singular peak for WSe, on c-plane sapphire, but splits into
multiple exciton complexes for a-plane sapphire. (c) PL spectra of
WSe, on different substrates at 7 K. The emission peaks observed
on Si0, /Si substrates correspond precisely to the recombination
processes of the neutral exciton (X°), trion (X*), and defect-
relevant exciton (X”), respectively. The profile of the WSe,
sample on a-plane sapphire is similar to that on SiO, /Si substrate.
The monolayer WSe, on a c-plane sapphire exhibits a singular,
intense, and sharply defined X° peak. (d), (e) Valley-polarized
PL spectra of WSe,. Compared with that on a-plane sapphire (e),
WSe, on c-plane sapphire (d) exhibited smaller valley
polarization.

monolayer WSe, on the a-plane sapphire substrate exhib-
ited similar PL behavior to that on an SiO,/Si substrate.
However, on the c-plane sapphire, the defect-relevant peaks
completely vanished. If we further transfer the monolayer
from c-plane to a-plane, no discernible defect peaks are
observed either (see Supplemental Material [46] Fig. S5).
Additionally, valley-polarized PL spectra were collected, as
shown in Figs. 2(d) and 2(e). The PL on c-plane sapphire
showed distinct and nearly vanished valley polarization
even for an intrinsic neutral exciton [Fig. 2(d)], while
samples on a-plane sapphire had a higher degree [Fig. 2(e)].
This is because the valley polarization is determined by the
exciton lifetime and depolarization lifetime [49]. At cryo-
genic temperatures, fewer defects lead to higher exciton
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FIG. 3. Doping-dependent PL spectra of WSe, monolayer at
7 K. (a), (b) Schematic diagram (a) and optical image (b) of the
monolayer WSe, device on sapphire substrate. A fragment of
graphite served as the contact electrode for the WSe,, whereas a
distinct few-layer graphene was utilized as the transparent top-
gate electrode on the top dielectric layer of BN. (c¢), (d) PL
intensity maps as a function of the gate voltage on c-plane (c) and
a-plane (d) sapphire. The peaks of X°, X*, and X? are located at
1.73, 1.71, and 1.66 eV, respectively. No defect PL peak appeared
regardless of whether a positive or negative voltage was applied
for WSe, on c-plane sapphire. Nevertheless, the defects were not
mitigated by doping WSe, on a-plane sapphire.

lifetime and smaller valley polarization (see Supplemental
Material (f) for a detailed discussion [46]).

The defect-relevant exciton in WSe, has been exten-
sively investigated in previous studies [24-27]. However,
the disappearance of defect-relevant PL peaks has never
been reported, to the best of our knowledge. In energy
space, the defect level resides within the band gap, between
the conduction and valence bands. The defect-relevant
exciton consists of an electron occupying the defect level
and a hole in the valence band. This scenario includes the
possibility that substrate-induced electronic doping may
raise the Fermi level across the defect states, leading to the
disappearance of the defect PL peak.

To address this potential issue, we fabricated devices on
sapphire substrates for doping-dependent PL. measure-
ments. Top gate devices with hBN as the dielectric layer
and graphite as the electrode layer were assembled with
WSe, monolayers on both the c-plane and a-plane sapphire
[Figs. 3(a) and 3(b)]. By adjusting the gate voltage to
modulate the carrier density, we systematically investigated
the doping-dependent PL spectra. Regardless of whether a
positive or negative gate voltage was applied, no discern-
ible defect peaks were present in the monolayer WSe, PL
spectra on the c-plane sapphire [Fig. 3(c)]. In contrast, for

WSe, on an a-plane sapphire, the defect PL peak was
highly sensitive to doping [Fig. 3(d)]. The intensity
decreased with the reduction of applied voltage from
positive to negative. However, it consistently appeared
within all the spectra (see Supplemental Material [46]
Fig. S6). Therefore, it appears that substrate-induced
doping does not contribute to the disappearance of the
defect PL peak of WSe, on c-plane sapphire.

Another likely mechanism is chemical doping. To verify
its possibility, we reported DFT calculations of the
WSe,/sapphire  system  with the Heyd-Scuseria-
Ernzerhof exchange-correlation functional and spin-orbit
coupling [50]. Figure 4(a) shows the atomic structures of
pristine WSe,, WSe, with selenium vacancies (Vg.-WSe,),
and oxygen-substituted selenium-site WSe, (Og.-WSe,).
The total density of states (TDOS) for these systems are
shown in Fig. 4(b). The Se vacancy states are mainly
composed of d and p orbitals from W and Se atoms,
respectively (see Supplemental Material [46] Fig. S7).
When the Se vacancy is filled with an oxygen atom
(Og.-WSe,), the defect states are eliminated, as shown
in Fig. 4(b). This is consistent with our experimental
observation of the disappearance of defect-related
PL peaks.

In the following, we systematically examined the
thermodynamic origin of forming Og.-WSe, by DFT
calculations. The calculations were performed with stable
surface structures of both the c-plane and a-plane of Al,O;
[51]. We calculated the total energy change (AE) of oxygen
atom transfer from the Al,O; surface to the selenium
vacancy in WSe, [Fig. 4(c)]:

AE = [Ewse,(Ose) + Ealo,(Vo)]
— [Ewse, (Vse) + Eano,)-

where Eyse,(Os.) is the energy of WSe, with one oxygen
substitution at the Se site, E4j,0,(Vo) is the energy of
Al,O; with one oxygen vacancy, Eys.,(Vs.) is the energy
of WSe, with one selenium vacancy, and Ey,,o, is the
energy of the pristine Al,O3 with no defects. The results
show that the transfer of an oxygen atom from c-Al,O5 has
a clear thermodynamic advantage over that from a-Al,0Os5.
The total energy of the WSe,/c — Al,O5 system is sig-
nificantly reduced after oxygen transfer, explaining the
thermodynamic preference of defect repairing by c-Al,Os.
This tendency is further supported by the pronounced
surface reconstruction observed in c-Al,O5 after removal
of an oxygen atom (see Supplemental Material [46]
Fig. S8). The large thermodynamic driving force not only
enables barrier-free healing of Se vacancies at the bottom
surface of WSe,, but also facilitates healing of top-surface
Se vacancies by overcoming the migration barrier of the
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FIG. 4. DFT calculations of defect eliminating in WSe, monolayer. (a) Side view of WSe, monolayer. Tungsten atoms are shown in
blue, selenium atoms are shown in yellow, and oxygen atoms are shown in red. From top to bottom: pristine WSe, (WSe,),WSe, with
one selenium vacancy (Vg.-WSe,) and WSe, with an oxygen atom at the selenium site (Og.-WSe,). (b) TDOS of the 4 x 4 x 1 supercell
WSe, monolayer corresponding to (a). (c) Total energy difference after a single oxygen atom transfers from the Al,O; surface to the
selenium vacancy in WSe, monolayer. A negative value indicates a preference for the oxygen atom to transfer to the selenium vacancy.

Se atom across the WSe, layer (see Supplemental Material
[46] Fig. S9).

In summary, our Letter demonstrates that the mechan-
ically exfoliated WSe, monolayer exhibits intrinsic and
bright neutral-exciton PL emission at cryogenic temper-
atures when coupled with c-plane sapphire. Further experi-
ments and ab initio calculations suggest that this defect
elimination effect is likely attributed to the selenium
vacancies being repaired by the highly active oxygen-
terminated c-plane sapphire. This Letter paves the way for
eliminating defect states in 2D monolayers through inter-
facial coupling, thereby improving physical properties such
as electrical conductivity, mechanical strength, and thermal
performance.
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