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ABSTRACT

We have investigated the optical and magneto-optical properties of monolayer (ML) WSe, on flakes of f-Ga,O; under high mag-
netic fields. Remarkably, sharp emission peaks were observed and associated with localized excitons related to point defects. A
detailed study of low-temperature photoluminescence (PL) and magneto-PL under high perpendicular magnetic field up to 9T was
carried out. Several sharp emission peaks have shown valley g-factors values close to —4, which is an unusual result for localized
excitons in WSe,. Furthermore, some PL peaks have shown higher g-factor values of ~—7 and ~—12, which were associated with
the hybridization of strain localized dark excitons and defects. The reported results suggest that f;-Ga,O; is, indeed, a promising
dielectric substrate for ML WSe, and also to explore fundamental physics in view of possible applications in quantum information

technology.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203628

In the last few years, there is an increasing interest in the ultra-
wide bandgap semiconductor gallium oxide (Ga,O;) for possible appli-
cations in power electronics and UV opto-electronics.' * Various
growth techniques, such as molecular beam epitaxy (MBE), metal
organic vapor phase epitaxy (MOVPE), halide vapor phase epitaxy
(HVPE), and low pressure chemical vapor deposition (LPCVD), have
been developed to synthesize directly Ga,O; and have resulted in
high-quality crystals."* Several studies were performed in the mono-
clinic gallium oxide (f3-Ga,O3) because of its large breakdown field. "™
Despite of not being a van der Waals material and having highly
strong ionic bonding, the f-Ga,Oj5 crystal can be mechanically cleaved
and exfoliated along the (100) favorable surfaces to make ultrathin
layers, which can be used in device fabrication for nanotechnology.”
Exfoliated f-Ga,O; flakes usually have thickness in the range of 150-
300 nm.”" """ However, their thickness can be further reduced by using
plasma etching resulting in thickness of about 60 nm.” The exfoliation of

bulk f-Ga,O; crystals and the transfer of related flakes on different
materials could be an interesting strategy to prepare heterostructures
and improve the quality of different based devices.”” In addition,
f-Ga, 03 has also emerged as an interesting candidate to be used as sub-
strate' ™" or surface protectionlS of two-dimensional (2D) materials,
such as transition metal dichalcogenides (TMDs).

TMDs are well known semiconductor materials of significant
interest due to their unique electronic, optical, and mechanical proper-
ties and possible applications in opto-electronics and quantum infor-
mation technology.® '* Monolayer (ML) TMDs are direct bandgap
semiconductors with two inequivalent =K valleys and robust exci-
tons.'” Under out-of-plane magnetic fields, valley Zeeman effect and
magnetic-field-induced valley polarization are observed,'””’ and these
effects depend on the presence of strain, defects, and doping.”’ " ML
TMDs are very sensitive to environmental ambient and usually require
effective passivation and surface protection to maintain their electrical
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and optical performance.'””” ** The possibility to combine TMD with
few layers of Ga,O; can result in the improvement of TMD properties,
enhancing device performance and enabling the development of next-
generation 2D opto-electronics devices. Actually, it was shown that
when few layers of crystalline Ga,O; are used with TMDs, such as
molybdenum disulfide (MoS,)" or tungsten diselenide (WSe,), it
resulted in excellent device properties. Furthermore, ultrathin glasses of
Ga,O; were also successfully used to cap ML WS,, which resulted in an
important improvement of its optical properties.” This integration of
Ga,O; with TMDs has, indeed, great potential for the improvement of
2D opto-electronics devices as the Ga,O5 can be used as a robust protec-
tive layer and passivation material for TMDs, safeguarding their elec-
tronic properties while enhancing their overall device performance.'”

Additionally, there is also an increasing interest in the generation
of single-photons emitters in 2D materials such as TMDs, which can
easily be integrated in photonic devices. " * Single-photon emitters
based on ML TMDs are usually observed in different systems with
defects (impurities or atom vacancies), wrinkles (strained regions), or
using SiO, substrates with lithographically patterned nano-pillars to
create local strain, which can induce the generation of single-photon
emissions.' >’ Particularly, there is also great interest to use differ-
ent substrate materials to improve the optical properties of 2D materi-
als and several possibilities to engineer and manipulate defects in these
systems for possible generation of single-photons emitters.””"”

In this Letter, we have performed optical and magneto-optical
studies in an ML WSe,/-Ga,05/SiO, under high magnetic fields. We
observed that the Ga,O; improves the optical properties of WSe, at
low temperatures. Additionally, several sharp emissions peaks with dif-
ferent g-factors were also observed and associated with localized bright
and dark excitons. In general, our studies provide fundamental insights
on the impact of Ga,0O5 substrates on the optical and magneto-optical
properties of ML WSe,/Ga,Oj3. Our results are particularly relevant for
the development of devices in opto-electronics and possible applica-
tions in quantum information technology.

Figure 1(a) shows the schematic representation of our sample.
The heterostructure consists of a ML of WSe, on top of a flake of
f-Ga,03 placed on a SiO,-Si substrate. Details of the sample prepara-
tion are presented in the supplementary material. The optical micro-
scope image of our heterostructure is shown in Fig. 1(b). The surface
morphology was investigated in detail using Atomic Force Microscopy
(AFM) [see Fig. 1(c) and also Fig. S1]. We found that Ga,05 shows
atomically flat surfaces over large areas [root mean square (rms)
roughness of 1-7 nm], which is an important property to obtaining
high-quality samples. Figure 1(c) shows the AFM topography image in
the region of the black square in Fig. 1(b). The Ga,Oj5 layer has a thick-
ness of about 340 nm. The corresponding line profile [pink square in
Fig. 1(b)] of the -Ga,O5 height is shown in Fig. 1(c). In general, our
results indicate that exfoliated Ga,O; crystals show good surface
topography in agreement with previous results reported in the litera-
ture.” Figure 1(d) shows typical photoluminescence (PL) spectra at dif-
ferent positions on the sample labeled S1, S2, and S3 in the optical
microscope image of Fig. 1(b) using 660 nm laser excitation. We have
observed several sharp PL peaks and a neutral exciton PL peak cen-
tered at around 1.75eV (Figs. S3 and S4) with a typical full-width-at-
half maximum (FWHM) of about 9.7 meV. We observed that the PL
linewidth of the neutral bright free exciton is comparable to that of
samples WSe,/hBN (see Fig. S5), which suggest that Ga,Oj is, indeed,

pubs.aip.org/aip/apl
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FIG. 1. (a) Schematic representation of the WSe,/f-Ga,0; heterostructure. (b)
Optical microscope image of the heterostructure. (c) AFM topography image in the
region of the pink square in (b), with respective AFM profile line acquired (cerulean
blue line). (d) Typical PL spectra for different positions, labeled S1, S2, and S3 in
(b), at 3.6 K. The excitation laser energy is 1.88 eV, and the laser power is 50 p\W.

a good substrate material to improve the optical quality of TMDs. In
addition, several sharp PL peaks are observed at lower energies with
FWHM values in the range of 320-660 peV at 3.6 K. These peaks seem
similar to the sharp peaks observed previously in WSe, flakes with
local strain.”**” Usually, the PL spectra in this system depend on the
laser position due to the position dependent strain field. They are asso-
ciated with localized excitons due to defects or related to hybridization
of dark excitons, modulated in energy by local strain and defect states,
which are usually related to intrinsic Se vacancies.”""”"*"" However,
we remark that for our sample [see Fig. 1(b)], several PL peaks are
observed at similar PL peak energies for different laser positions on the
WSe,/Ga, 05, which indicates that these PL peaks could not be related
to local strain effects. These peaks could be due to localized excitons by
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defects. On the other hand, there are also PL peaks that depend on
laser position and seem related to the presence of local strain. Similar
sharp PL peaks were also observed in other WSe,/Ga,05 samples (see
Fig. S6). Furthermore, we have not observed any emission from the
Ga, 05 region under visible laser excitation as expected.’”"’

A possible explanation for the type of defects in WSe,/Ga,03
samples could be related to the presence of point defects such as atom
vacancies, which could contribute to the localization of excitons in
WSe,.”" However, further studies would be necessary to understand in
detail the nature of these point defects and their contribution in exci-
ton localization. In general, our PL results indicate that localized exci-
tons in WSe,/Ga,O3 have different natures.

Figure 2(a) shows typical PL spectra of ML WSe,/Ga,0; for dif-
ferent laser powers at 3.6 K. We note that for all emission peaks, the
PL intensity increases with the increasing of laser power (lower laser
powers) and saturates for higher laser powers as expected for localized
emissions. Figure 2(b) illustrates the laser power dependence of the PL
intensity for a typical emission peak at 1.682 eV. We clearly observed a
sub-linear behavior for lower laser intensities and a saturation with
increasing laser powers as expected for localized exciton emissions. In
order to investigate the stability of these emission peaks, we also per-
formed PL measurements as a function of time. Figure 2(c) shows the

WSe,/Ga20,/Si0,
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color-coded map of the PL intensity as a function of time. A small jit-
tering effect is observed and is probably related to the fluctuation of
the local electric field in the vicinity of the localized excitons.
Therefore, all the observed sharp peaks and also the excitonic peaks
(see Fig. S7) have good stability over time. In order to verify if these
optical emissions are anisotropic, we have also measured linearly
polarization-resolved PL. Figure 2(d) illustrates the color-coded map
of the linearly polarized emission intensity as a function of the angle of
in-plane polarization. It is important to point out that all these sharp
peaks are clearly linearly polarized in agreement of previous studies in
the literature. "

Figure 3(a) shows the color-coded map of circularly resolved PL
intensity as a function of magnetic field. The excitation laser was line-
arly polarized, and the PL detection for positive magnetic field is o
circularly polarized. The top [Fig. 3(a)] and bottom [Fig. 3(b)] panels
correspond to the circularly resolved PL spectra ¢ and o~ for positive
and negative magnetic fields, respectively. We observed a linear mag-
netic field dependence for the emission peaks with increasing magnetic
field, which is similar to previous works in the literature.™
Furthermore, we observed that most of the emission peaks have higher
PL intensity under positive magnetic field, and, therefore, they are
strongly 6 polarized (see Figs. S8 and S10). Few emission peaks show

]
T
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FIG. 2. (a) Laser power dependence of the PL spectra from WSe, (b) PL intensity as a function of laser power for the PL peak at 1.682 eV, (c) color-coded map of the time
dependence of the u-PL emission feature in the range of 1.65-1.70 eV showing jittering effects, and (d) color-coded map of the linearly polarized emission intensity as a func-

tion of the angle of in-plane polarization.

Appl. Phys. Lett. 124, 142104 (2024); doi: 10.1063/5.0203628
Published under an exclusive license by AIP Publishing

124, 142104-3

00:L¥:61 ¥20Z IMdY 0



Applied Physics Letters ARTICLE

a
£
o
Q@
[
L
©
=
(@]
©
=
1.67 1.68 1.69
Energy (eV)
c P5 P6 P7 P8
s
1 .l,
1 1
I
g 1
|_ 1
~ 1
° 1
Qo 5
L I
Q 1
@ 1
c 1
(@]
©
=

1.67 1.68 1.69
Energy (eV)

pubs.aip.org/aip/apl

167253

1.670

1.668

1.690

Energy (eV)

1.688

1.686

Magnetic Field (T)

d 1678

P6

1.676}

1.6741

1.680f

Energy (eV)

1.678}

1676 9”7
-10 -8 -6 -4 -2 0
Magnetic Field (T)

FIG. 3. (a) and (b) Color-code map of the circularly resolved p-PL intensity as a function of positive and negative out-of-plane magnetic field, respectively. These magneto-PL
measurements were performed using linearly polarized laser excitation at 3.6 K. (c) and (d) Energy shift vs magnetic field. The corresponding extracted g-factors are also indi-

cated in the (c) and (d).

no important dependence with increasing magnetic field indicating
different nature of localized excitons. Furthermore, Figs. 3(c) and 3(d)
show the PL peak positions of the PL peaks labeled as P1, P4, P5, and
P7 in Figs. 3(a) and 3(b) as a function of the magnetic field.

In the presence of an out plane magnetic field, the energy of each
exciton state shifts as'”"”

Ei(B) = Ei(0)*giugB/2, (1)

where i is the Bohr magneton, B is the magnetic field strength,
i=1,2,3..., the = sign depends on the valley degree of freedom, associ-
ated with the circular polarization -, and the linear term corresponds
to the Zeeman shift, with a valley g-factor g;. Here, we neglected the
diamagnetic shift as they are an order of magnitude lower than the

Zeeman shifts."” These g-factor values are directly related to the angu-
lar momenta of the valence and conduction band states involved in the
exciton transition.”"” The extracted valley g-factors are obtained by
fitting the linear curve and are shown in Figs. 3(c) and 3(d). Most of
the extracted g-factors of the stronger emission peaks have values ~—4
(see also Fig. S11), which are similar with the values reported in the lit-
erature for free bright excitons in ML TMDs."”** Furthermore, similar
values were observed for localized excitons in ML MoSe,."" This result
indicates that they are probably related to localized bright excitons in
WSe,.** In addition, we have also measured time resolved PL (TRPL)
(see Fig. S9), which demonstrated fast decay times of ~ 200 ps and
seems consistent with this interpretation of localized bright excitons in
WSe,. However, the carrier dynamics could depend on the laser
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wavelength, and further studies would be necessary to investigate the
laser wavelength dependence for the PL decay time. As mentioned ear-
lier, the extracted g-factor of the neutral bright exciton in WSe; is also
~—4 (see Fig. S8) as expected for bright excitons. On the other hand,
we remark that the magnetic field dependence of the energy shift of
some peaks observed under negative magnetic field (P5, P6, and P8 in
Figs. 3 and S11) has different slopes. They could be related to doublet
peaks.'*””*>* However, as they have very low PL intensities, it is diffi-
cult to confirm clearly the existence of these doublet peaks. Similar
emission peaks were observed previously for quantum dots (QDs) sys-
tems, °~* which are related to the electron-hole exchange interaction
in the presence of in-plane anisotropy that hybridizes the left-
circularly ¢~ and right-circularly 6" polarized exciton states resulting
in a linearly polarized fine-structure doublet.'™*>"® These localized PL
peaks are probably due to a combination of defects, dark excitons, and
strain effects and are similar to the PL peaks reported previously, **"*
which were attributed to local strain which could be related to the pres-
ence of nano-bubbles.”’ These peaks have shown higher g-factor values
of ~—7 (peaks P1 and P6) and ~—12 (peak P7), indicating the pres-
ence of different nature of localized excitons in WSe,/Ga,QOs. In fact,
for some emission peaks, we have seen two decay time components,
with values of 22232 ps and ~ 1.209 ns, which also evidence different
nature of localized excitons. The extracted g-factors of other sharp
peaks pointed out in Fig. 3 are provided in the supplementary material
(Fig. S11). In general, the comprehensive analysis of our results sheds
light on the presence of different natures of localized excitons, which
contribute to PL spectra in the WSe,/Ga,O; heterostructure.

In conclusion, our results have shown that Ga,O3 improves the
PL linewidth of the exciton emission in ML WSe,/Ga,O5 samples.
Interestingly, our results also evidenced the generation of localized
emissions at lower energies in ML WSe, on flakes of Ga,0;. We have
investigated in detail the magneto-PL under high perpendicular mag-
netic fields. We observed that several PL peaks have valley g-factors
close to —4, which is an unusual result for localized excitons in ML
WSe,. These PL peaks were associated with localized bright excitons
by point defects. In addition, we observed that some PL peaks have
shown higher g-factor values of ~—7 and ~—12, which were associ-
ated with strain localized dark excitons hybridized with defects. These
defects are probably related to point defects in WSe, such as Se
vacancy. They may also contribute to the localization of excitons in
WSe,. However, further research would be necessary to fully under-
stand the nature of these defects and their relation to sharp emission
peaks. Our findings suggest that heterostructures composed of exfoli-
ated ML TMDs and flakes of Ga,O; are, indeed, promising systems for
opto-electronics and also for the generation of quantum dot-like emit-
ters for quantum information technology.

See the supplementary material for details of sample preparation,
experimental methods, and complementary PL results.

This work was supported by “Fundagao de Amparo a Pesquisa
do Estado de Sao Paulo” (FAPESP) (Grant Nos. 22/08329-0 and 23/
11265-7). This work was also supported under the framework of
international cooperation program managed by the National
Research Foundation of Korea (No. 2022K2A9A1A06093582). C.S.
B. and C. Cavalini acknowledge the financial support of the
“Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior”

ARTICLE pubs.aip.org/aip/apl

(CAPES) fellowships. M.B.A., Y.G.G., CR, and F.F.C. acknowledge the
financial support of the “Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico” (CNPQ) fellowships. The authors also would
like to acknowledge the Brazilian Synchrotron Light Laboratory
(LNLS) for the LAM facilities in experiments involving 2D sample
preparations (Proposal No. 20221762). 1D.B. acknowledges the
financial support from the Brazilian Nanocarbon Institute of Science
and Technology (INCT/Nanocarbono) and CNPq (Grant Nos.
306170/2023-0 and 408144/2022-0) Y.G.G. acknowledges the
“Financiadora de Estudos e Projetos” (FINEP).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Camila Cavalini: Data curation (equal); Investigation (equal); Writing
- review & editing (equal). Cesar Rabahi: Data curation (equal);
Investigation (equal). Caique S. de Brito: Formal analysis (equal);
Writing - review & editing (equal). Eunji Lee: Data curation (equal);
Investigation (equal). José R. Toledo: Writing — review & editing
(equal). Felipe F. Cazetta: Data curation (equal). Raphael B.
Fernandes de Oliveira: Data curation (equal). Marcelo B. Andrade:
Data curation (equal); Writing — review & editing (equal). Mohamed
Heninni: Formal analysis (equal); Writing — review & editing (equal).
Yuhao Zhang: Formal analysis (equal); Writing — review & editing
(equal). Jeongyong Kim: Formal analysis (equal); Writing - review &
editing (equal). Ingrid D. Barcelos: Data curation (equal); Formal
analysis (equal); Funding acquisition (equal); Supervision (equal);
Writing - review & editing (equal). Yara Galvao Gobato:
Conceptualization (equal); Formal analysis (equal); Funding acquisi-
tion (equal); Methodology (equal); Supervision (equal); Writing - orig-
inal draft (equal); Writing — review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES

TA. J. Green, J. Speck, G. Xing, P. Moens, F. Allerstam, K. Gumaelius, T. Neyer, A.
Arias-Purdue, V. Mehrotra, A. Kuramata, K. Sasaki, S. Watanabe, K. Koshi, J.
Blevins, O. Bierwagen, S. Krishnamoorthy, K. Leedy, A. R. Arehart, A. T. Neal, S.
Mou, S. A. Ringel, A. Kumar, A. Sharma, K. Ghosh, U. Singisetti, W. Li, K. Chabak,
K. Liddy, A. Islam, S. Rajan, S. Graham, S. Choi, Z. Cheng, and M. Higashiwaki,
“B-Gallium oxide power electronics,” APL Mater. 10, 29201 (2022).

2F. Zhou, H. Gong, M. Xiao, Y. Ma, Z. Wang, X. Yu, L. Li, L. Fu, H. H. Tan, Y.
Yang, F. F. Ren, S. Gu, Y. Zheng, H. Lu, R. Zhang, Y. Zhang, and J. Ye, “An
avalanche-and-surge robust ultrawide-bandgap heterojunction for power elec-
tronics,” Nat. Commun. 14, 4459 (2023).

33. Pearton, S. Oh, S. Kim, J. Kim, and F. Ren, “Exfoliated and bulk f-gallium
oxide electronic and photonic devices,” Sci. Talks 1, 100001 (2022).

“M. Higashiwaki, K. Sasaki, H. Murakami, Y. Kumagai, A. Koukitu, A.
Kuramata, T. Masui, and S. Yamakoshi, “Recent progress in Ga,0O3 power devi-
ces,” Semicond. Sci. Technol. 31, 034001 (2016).

5Y. Zhang, Q. Su, J. Zhu, S. Koirala, S. J. Koester, and X. Wang, “Thickness-
dependent thermal conductivity of mechanically exfoliated f-Ga,O5 thin
films,” Appl. Phys. Lett. 116, 202101 (2020).

Appl. Phys. Lett. 124, 142104 (2024); doi: 10.1063/5.0203628
Published under an exclusive license by AIP Publishing

124, 142104-5

00:L¥:61 ¥20Z IMdY 0



Applied Physics Letters

8g. Rafique, L. Han, and H. Zhao, “(Invited) Ultrawide bandgap f-Ga,O; thin
films: Growths, properties and devices,” ECS Trans. 80, 203 (2017).

7]. Montes, C. Yang, H. Fu, T.-H. Yang, K. Fu, H. Chen, J. Zhou, X. Huang, and
Y. Zhao, “Demonstration of mechanically exfoliated ;-Ga,05/GaN p-n hetero-
junction,” Appl. Phys. Lett. 114, 162103 (2019).

85, K. Barman and M. N. Huda, “Mechanism behind the easy exfoliation of
Ga,O; ultra-thin film along (100) surface,” Phys. Status Solidi RRL 13,
1800554 (2019).

9Y. Kwon, G. Lee, S. Oh, J. Kim, S. J. Pearton, and F. Ren, “Tuning the thickness
of exfoliated quasi-two-dimensional -Ga,0O; flakes by plasma etching,” Appl.
Phys. Lett. 110, 131901 (2017).

19y, Kim, J. Kim, S. Oh, and M. A. Mastro, “Exfoliated f-Ga,O3 nano-belt field-
effect transistors for air-stable high power and high temperature electronics,”
Phys. Chem. Chem. Phys. 18, 15760-15764 (2016).

"W. Choi, J. Ahn, K. T. Kim, H. J. Jin, S. Hong, D. K. Hwang, and S. Im,
“Ambipolar channel p-TMD/n-Ga,05 junction field effect transistors and high
speed photo-sensing in TMD channel,” Adv. Mater. 33, 2103079 (2021).

2X. Yan, L. S. Esqueda, J. Ma, J. Tice, and H. Wang, “High breakdown electric
field in f-Ga,Os/graphene vertical barristor heterostructure,” Appl. Phys. Lett.
112, 032101 (2018).

M. Sharma, A. Singh, A. Kapoor, A. Singh, B. R. Tak, S. Kaushik, S.
Bhattacharya, and R. Singh, “Ultraflexible and transparent MoS,/f-Ga,05
heterojunction-based photodiode with enhanced photoresponse by piezo-
phototronic effect,” ACS Appl. Electron. Mater. 5, 2296-2308 (2023).

%X, Zhou, J. Zhang, L. Shang, Y. Li, L. Zhu, J. Chu, and Z. Hu, “A WSe,/f}-Ga,0;
2D/3D heterojunction for self-powered solar-blind communication,” Appl.
Phys. Lett. 122, 263509 (2023).

"®M. Wurdack, T. Yun, E. Estrecho, N. Syed, S. Bhattacharyya, M. Pieczarka, A.
Zavabeti, S. Y. Chen, B. Haas, J. Miiller, M. N. Lockrey, Q. Bao, C. Schneider, Y.
Lu, M. S. Fuhrer, A. G. Truscott, T. Daeneke, and E. A. Ostrovskaya, “Ultrathin
Ga, 05 glass: A large-scale passivation and protection material for monolayer
WS,,” Adv. Mater. 33, 2005732 (2021).

'8S. 1. Azzam, K. Parto, and G. Moody, “Prospects and challenges of quantum
emitters in 2D materials,” Appl. Phys. Lett. 118, 240502 (2021).

7K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. C. Neto, “2D materials
and van der Waals heterostructures,” Science 353, aac9439 (2016).

BA. K. Geim and I. V. Grigorieva, “Van der Waals heterostructures,” Nature 499,
419-425 (2013).

'2A. Arora, “Magneto-optics of layered two-dimensional semiconductors and
heterostructures: Progress and prospects,” J. Appl. Phys. 129, 120902
(2021).

205, Shree, 1. Paradisanos, X. Marie, C. Robert, and B. Urbaszek, “Guide to
optical spectroscopy of layered semiconductors,” Nat. Rev. Phys. 3(1), 39-54
(2020).

2IE, S. Covre, P. E. Faria, V. O. Gordo, C. S. de Brito, Y. V. Zhumagulov, M. D.
Teodoro, O. D. Couto, L. Misoguti, S. Pratavieira, M. B. Andrade, P. C.
Christianen, J. Fabian, F. Withers, and Y. G. Gobato, “Revealing the impact of
strain in the optical properties of bubbles in monolayer MoSe,,” Nanoscale 14,
5758-5768 (2022).

22M. He, P. Rivera, D. V. Tuan, N. P. Wilson, M. Yang, T. Taniguchi, K.
Watanabe, J. Yan, D. G. Mandrus, H. Yu, H. Dery, W. Yao, and X. Xu, “Valley
phonons and exciton complexes in a monolayer semiconductor,” Nat.
Commun. 11, 618 (2020).

25p E.F. Junior, K. Zollner, T. Wozniak, M. Kurpas, M. Gmitra, and J. Fabian,
“First-principles insights into the spin-valley physics of strained transition
metal dichalcogenides monolayers,” New J. Phys. 24, 083004 (2022).

247, Wang, K. F. Mak, and J. Shan, “Strongly interaction-enhanced valley
magnetic response in monolayer WSe,,” Phys. Rev. Lett. 120, 066402
(2018).

2H. H. Fang, B. Han, C. Robert, M. A. Semina, D. Lagarde, E. Courtade, T.
Taniguchi, K. Watanabe, T. Amand, B. Urbaszek, M. M. Glazov, and X. Marie,
“Control of the exciton radiative lifetime in van der Waals heterostructures,”
Phys. Rev. Lett. 123, 067401 (2019).

26D, Nutting, G. A. Prando, M. Severijnen, I. D. Barcelos, S. Guo, P. C.
Christianen, U. Zeitler, Y. G. Gobato, and F. Withers, “Electrical and optical
properties of transition metal dichalcogenides on talc dielectrics,” Nanoscale
13, 15853-15858 (2021).

ARTICLE pubs.aip.org/aip/apl

27E. J. R. Costa, T. G.-L. Brito, I. D. Barcelos, and L. F. Zagonel, “Impacts of
dielectric screening on the luminescence of monolayer WSe,,” Nanotechnology
34, 385703 (2023).

28G. A. Prando, M. E. Severijnen, 1. D. Barcelos, U. Zeitler, P. C. Christianen, F.
Withers, and Y. G. Gobato, “Revealing excitonic complexes in monolayer WS,
on talc dielectric,” Phys. Rev. Appl. 16, 064055 (2021).

29] Kim, M. A. Mastro, M. J. Tadjer, and J. Kim, “Heterostructure WSe,-Ga,O5
junction field-effect transistor for low-dimensional high-power electronics,”
ACS Appl. Mater. Interfaces 10, 29724-29729 (2018).

30C. Palacios-Berraquero, D. M. Kara, A. R. Montblanch, M. Barbone, P.
Latawiec, D. Yoon, A. K. Ott, M. Loncar, A. C. Ferrari, and M. Atatiire, “Large-
scale quantum-emitter arrays in atomically thin semiconductors,” Nat.
Commun. 8, 15093 (2017).

1S. M. de Vasconcellos, D. Wigger, U. Wurstbauer, A. W. Holleitner, R.
Bratschitsch, and T. Kuhn, “Single-photon emitters in layered van der Waals
materials,” Phys. Status Solidi B 259, 2100566 (2022).

32Y. J. Zheng, Y. Chen, Y. L. Huang, P. K. Gogoi, M. Y. Li, L. J. Li, P. E.
Trevisanutto, Q. Wang, S. J. Pennycook, A. T. Wee, and S. Y. Quek,
“Point defects and localized excitons in 2D WSe,,” ACS Nano 13, 6050-6059
(2019).

33A. N. Abramov, L. Y. Chestnov, E. . Alimova, T. Ivanova, L. S. Mukhin, D. N.
Krizhanovskii, I. A. Shelykh, I. V. Iorsh, and V. Kravtsov, “Photoluminescence
imaging of single photon emitters within nanoscale strain profiles in monolayer
WSe,,” Nat. Commun. 14, 5737 (2023).

34K. Parto, S. I Azzam, K. Banerjee, and G. Moody, “Defect and strain engineer-
ing of monolayer WSe, enables site-controlled single-photon emission up to
150 K,” Nat. Commun. 12(12), 3585 (2021).

33C. 8. de Brito, C. R. Rabahi, M. D. Teodoro, D. F. Franco, M. Nalin, 1. D.
Barcelos, and Y. G. Gobato, “Strain engineering of quantum confinement in
WSe, on nano-roughness glass substrates,” Appl. Phys. Lett. 121, 070601
(2022).

36A. Hétger, T. Amit, J. Klein, K. Barthelmi, T. Pelini, A. Delnomme, S. Rey, M.
Potemski, C. Faugeras, G. Cohen, D. Hernangémez-Pérez, T. Taniguchi, K.
Watanabe, C. Kastl, J. J. Finley, S. Refaely-Abramson, A. W. Holleitner, and A.
V. Stier, “Spin-defect characteristics of single sulfur vacancies in monolayer
MoS,,” npj 2D Mater. Appl. 7, 30 (2023).

37]. Joshi, T. Zhou, S. Krylyuk, A. V. Davydov, I. Zuti, and P. M. Vora,
“Localized excitons in NBSe,-MOSe, heterostructures,” ACS Nano 14, 8528-
8538 (2020).

38p, H. Lépez, S. Heeg, C. Schattauer, S. Kovalchuk, A. Kumar, D. J. Bock, J. N.
Kirchhof, B. Hofer, K. Greben, D. Yagodkin, L. Linhart, F. Libisch, and K. L.
Bolotin, “Strain control of hybridization between dark and localized excitons in
a 2D semiconductor,” Nat. Commun. 13, 7691 (2022).

39L. Linhart, M. Paur, V. Smejkal, J. Burgdérfer, T. Mueller, and F. Libisch,
“Localized intervalley defect excitons as single-photon emitters in WSe,,” Phys.
Rev. Lett. 123, 146401 (2019).

“OM. D. McCluskey, “Point defects in Ga,O3,” J. Appl. Phys. 127, 101101 (2020).

“1Q. D. Ho, T. Frauenheim, and P. Dedk, “Origin of photoluminescence in
f-Ga,03,” Phys. Rev. B 97, 115163 (2018).

“2Y. G. Gobato, C. S. de Brito, A. Chaves, M. A. Prosnikov, T. Wozniak, S. Guo,
I. D. Barcelos, M. V. Milosevi¢, F. Withers, and P. C. Christianen, “Distinctive
g-factor of Moiré-confined excitons in van der Waals heterostructures,” Nano
Lett. 22, 8641-8646 (2022).

“3T. Wozniak, P. E. F. Junior, G. Seifert, A. Chaves, and J. Kunstmann, “Exciton
g factors of van der Waals heterostructures from first-principles calculations,”
Phys. Rev. B 101, 235408 (2020).

“4A. Branny, G. Wang, S. Kumar, C. Robert, B. Lassagne, X. Marie, B. D.
Gerardot, and B. Urbaszek, “Discrete quantum dot like emitters in monolayer
MoSe,: Spatial mapping, magneto-optics, and charge tuning,” Appl. Phys. Lett.
108, 39 (2016).

“5A. Srivastava, M. Sidler, A. V. Allain, D. S. Lembke, A. Kis, and A. Imamoglu,
“Optically active quantum dots in monolayer WSe,,” Nat. Nanotechnol. 10,
491-496 (2015).

“6]. Dang, S. Sun, X. Xie, Y. Yu, K. Peng, C. Qian, S. Wu, F. Song, J. Yang, S.
Xiao, L. Yang, Y. Wang, M. A. Rafig, C. Wang, and X. Xu, “Identifying defect-
related quantum emitters in monolayer WSe,,” npj 2D Mater. Appl. 4, 2
(2020).

Appl. Phys. Lett. 124, 142104 (2024); doi: 10.1063/5.0203628

Published under an exclusive license by AIP Publishing

124, 142104-6

00:L¥:61 ¥20Z IMdY 0



Applied Physics Letters

“7Y. M. He, G. Clark, J. R. Schaibley, Y. He, M. C. Chen, Y. J. Wei, X.
Ding, Q. Zhang, W. Yao, X. Xu, C. Y. Lu, and J. W. Pan, “Single quantum
emitters in monolayer semiconductors,” Nat. Nanotechnol. 10, 497-502
(2015).

“8D. Gammon, E. S. Snow, B. V. Shanabrook, D. S. Katzer, and D. Park, “Fine
structure splitting in the optical spectra of single GaAs quantum dots,” Phys.
Rev. Lett. 76, 3005 (1996).

ARTICLE pubs.aip.org/aip/apl

“9M. Koperski, K. Nogajewski, A. Arora, V. Cherkez, P. Mallet, J. Y. Veuillen, J.
Marcus, P. Kossacki, and M. Potemski, “Single photon emitters in exfoliated
WSe, structures,” Nat. Nanotechnol. 10(6), 503-506 (2015).

50T, P. Darlington, C. Carmesin, M. Florian, E. Yanev, O. Ajayi, J. Ardelean, D.
A. Rhodes, A. Ghiotto, A. Krayev, K. Watanabe et al., “Imaging strain-localized
excitons in nanoscale bubbles of monolayer WSe, at room temperature,” Nat.
Nanotechnol. 15, 854-860 (2020).

Appl. Phys. Lett. 124, 142104 (2024); doi: 10.1063/5.0203628
Published under an exclusive license by AIP Publishing

124, 142104-7

00:L¥:61 ¥20Z IMdY 0



