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S emiconducting transition metal dichalcogenides (TMDs)
are van der Waals materials consisting of transition metal
atoms (Mo, W), each covalently bonded to two chalcogen
atoms (S, Se, Te) to form a hexagonal crystal structure.' ™
Two-dimensional (2D) semiconducting monolayer TMDs
have direct bandgaps, which makes them promising in
electronics and optoelectronics, including applications such
as excitonic transistors,”* photovoltaic devices,”” and quantum
emitters.” '’ Monolayer tungsten diselenide (1L WSe,) has
been of particular interest as a host for quantum emitters due
to its spin-forbidden dark exciton ground state,''~"” which
hybridizes with defect states under tensile strain'*~"" to give
rise to bright single photon emitters." >’ Excitement in
quantum information and communications has arisen from the
discovery of WSe,-based quantum emitters, which can be
integrated with more conventional optoelectronic devices.”' ™

Straining techniques for the creation of WSe,-based
quantum emitters have focused primarily on the formation of
static tensile strain via the transfer of 1L WSe, to prefabricated
nanopillars®*~** or plasmonic nanoparticles*”** or creation of
localized strain using atomic force microscopy (AFM)
indentation techniques.””*® However, such structures are
complex to scale and can be challenging to integrate into
optoelectronic systems.”** In addition, dynamically control-
lable strain can be essential in understanding the impact of
strain on coupling and hybridization of dark excitons and
localized defect excitons forming bright single photon
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emitters.”” Studies of 1L WSe, membranes suspended over
an air cavity with a back-gate bias voltage have shown that
tensile strain results in the formation of hybridized states in
which the CB minima in 1L WSe, are brought into energetic
resonance with defect level states, giving rise to increased
photoluminescence (PL) intensity.'” However, sharp localized
emitters formed as a result of energy alignment and coupling
between dark excitons and sub-bandgap defect states were not
observed even at strain values as high as 1% tensile strain,
which were reached only at back-gate bias voltage magnitudes
over 200 V."’

In this study, we have devised and implemented electrostatic
straining of suspended 1L WSe,, focusing on strain values
(0.2—0.4% strain) sufficient for single photon emission, which
are achievable at low gate bias voltages (|Vg| < 30V) via small
cavity diameters (1.65—2 pm), both of which should facilitate
integration with future optoelectronic devices and systems.
The application of a negative back-gate bias voltage and the
corresponding creation of tensile strain in monolayer WSe,
results in improved single photon purity through a
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combination of classical light background reduction due to
exciton dissociation,”” carrier depletion,”* and improved
hybridization of the dark exciton and localized defect states.'’
We achieved an improvement in single photon purity from
g?(0) =0.55 + 0.04 at V, = 0 V to g/(0) = 0.40 + 0.05 at V,
= =30V, the latter clearly indicating single photon emission.

To create strain-tunable WSe, monolayers using electrostatic
deflection, a monolayer of WSe, (1L WSe,) is suspended over
a substrate patterned with a hexagonal array of cavities (see
Figure S1 for device fabrication process), with strain fields
being generated by applying a bias voltage between the
suspended 1L WSe, and a Si back gate. Here, the 1L WSe, is
connected to a grounded top electrode (S0 nm Au) and the
bias voltage is applied to the bottom electrode (Si substrate),
inducing an electrostatic attractive force between the two
surfaces, which then results in the downward deflection of the
1L WSe, (see Figure la). Figure 1b shows an optical image of
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Figure 1. Monolayer WSe, (1L WSe,) on cavity-patterned substrate
and electrostatic straining approach. a) Schematic diagram of a 1L
WSe, suspended over a substrate patterned with cavity arrays and the
electrostatic straining approach. The inset shows the circumferential
strain geometry of WSe, monolayer deflection over a single cavity. r:
cavity radius, z,: monolayer deflection, d: cavity depth, F,,: upward
force due to strain, and F,: downward force due to electrostatic
interactions. b) Optical image of 1L WSe, suspended over cavity-
patterned substrate.

1L WSe, suspended over a cavity-patterned substrate. Multiple
cavities are covered with 1L (magenta area) and 2L (blue area)
WSe,, showing their clear suspension over the cavities.

To demonstrate the actual electrostatic deflection of a 1L
WSe, membrane suspended over a cavity, bias voltages ranging
from Vg =0to 15 V were applied to the Si back gate, and the
corresponding monolayer deflection was measured using
tapping mode AFM. All the experiments were carried out
with air as the ambient at a temperature of T = 298 K. Figure
2a shows AFM topographic images of a 1L WSe, suspended
over a patterned substrate measured at applied voltages V, = 0,
5,10, and 15 V. The 1L WSe, (enclosed by dashed black lines)
experienced a clear and increasing downward deflection at
applied bias voltages of V, = 10 V and V, = 1S V, as shown by
the presence of depressed (dark blue) regions in the AFM
topographic images (see Figure 2a). The height profiles
corresponding to the deflection geometry of the suspended 1L
WSe, at three different cavity sites are depicted in Figure 2b.
When the applied voltage was increased initially from V, =0V
to V, = § V, no significant monolayer deflection was observed.
The absence of deflection at V, = 5 V can be ascribed primarily
to the air pressure build-up below the suspended monolayer
WSe,, suppressing the initial deflection of WSe,. However,
when the applied voltage was further increased to Vg=10V,an

average deflection of 30 & 12 nm was present. The monolayer
reached an average deflection of 52 + 9 nm at V, = 15 V.
Based on Equation S1, this corresponds to a 0.26 + 0.09%
increase in the tensile strain of the 1L WSe,. Figure 2¢ shows
the theoretical (magenta curve) and experimental (black
circles) deflection of 1L WSe, suspended over a cavity
deduced from the plots in Figure S2 and S3, confirming the
good agreement between measured deflection as a function of
bias voltage and that predicted by Equation S2. Note that an
initial strain of ~ 0.2% at 0 V is present due to the initial 30—
40 nm monolayer sagging (see Figure S4) before back-gate
bias application.

The application of uniform biaxial tensile strain to
monolayer WSe, lowers the energy of the CB minima at the
K and K’ valleys in the Brillouin zone, yielding a redshift of
exciton states of approximately 95 meV/% strain, which is
typically observed in their PL emission spectra measured at T
=100 K.'”*® Figures 3a and b show the photoluminescence
(PL) intensity spectra and the corresponding PL intensity
contour map as functions of energy and applied voltage (see
Figure 3c) for the 1L WSe, suspended over a single cavity with
the laser excitation spot centered on the cavity, measured at T
= 100 K for both positive and negative bias voltages. Three
major exciton emission peaks are observed, including neutral
exciton (X°) at 1.72 eV, charged trion (X~) at 1.70 eV, and
dark exciton (D°) at 1.64—1.67 V. These energy values agree
well with the values reported in the literature for strained 1L
WSe,.' "% At Vg = 0V, the negatively charged trion peak
(X7) was observed at 1.70 eV, as the 1L WSe, is almost charge
neutral, with fluctuations in carrier density facilitating the
transfer of excess electrons to WSe, at low temperatures.””*’
Due to the small cavity dimensions used in this study, changes
in strain and carrier concentration can occur simultaneously
even at low bias voltages (IV,] < 30 V). Therefore, when [V,| >
5V is applied to the silicon back gate, dark excitons (D°) start
to dominate the PL emission spectra while the trion peak (X™)
is suppressed at 0.02—0.22% tensile strain, suggesting that the
strain effect is dominant in this voltage regime. The
suppression of the X~ peak and the appearance of D° peak
in this strain regime were also observed in previous reports'’
and can be attributed to the more effective funneling of dark
excitons, which have longer lifetimes, to regions of localized
strain as compared with charged trions.""*'

While the application of tensile strain through electrostatic
biasing changes the band structure of 1L WSe,, shifting the
energy levels of both spin-allowed bright neutral excitons (X°)
and spin-forbidden dark excitons (D°), dark excitons are more
strongly influenced by changes in crystal lattice structure due
to their strong phonon coupling through lattice vibrations,
which results in a larger shift in their energy levels with
strain.*”** Significant redshifts of the D° emission peak were
observed at increasing applied voltages for both voltage
polarities (see Figures 3a and b). We measured the D° energy
shifts relative to the D° peak energy at Vg =0V as a function of
applied voltage, as depicted in Figures 3d and e. When the
applied voltage is increased from V, =0 V to V, =30 V, a 21
meV shift of the D° peak was observed, corresponding to a
0.22% increase in the tensile strain of 1L WSe, On the other
hand, when the applied voltage is decreased from V, = 0 V to
Vg = =30 V, a 14 meV shift of the D° peak was observed,
corresponding to a 0.15% increase in the tensile strain. Similar
D energy shifts were also observed at different cavity sites (see
Figure SS).
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Figure 2. Electrostatic deflection of suspended 1L WSe, at room temperature (T = 298 K). a) AFM topographic images measured using tapping
mode at different applied voltages: V, = 0, 5, 10, and 15 V, showing monolayer deflection at increasing applied voltage. The 1L WSe, is enclosed in

g

a dashed black curve, while the boundary region of 2L WSe, is indicated by a dashed blue curve. b) Height profiles of 1L WSe, at three different
cavity sites, revealing significant deflection as the applied voltage increases. The dashed gray curve shows the cavity depth profile, showing a cavity
depth of 170 nm. c) Comparison between calculated (magenta curve) and experimental (black circles) monolayer deflection, showing the

monolayer starts deflecting between V, = 5 and 10 V.
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Figure 3. Control of dark excitons at T = 100 K. a, b)
Photoluminescence (PL) intensity spectra as a function of applied
voltage and the corresponding PL intensity contour map (c) of 1L
WSe, suspended over a single cavity site measured at T = 100 K for
different applied voltages: positive bias (a) and negative bias (b).
Three major exciton emission peaks are observed — neutral exciton
(X°) at 1.72 eV, charged trion (X~) at 1.70 €V, and dark exciton (D°)
at 1.64—167 eV. d, e) Measured dark exciton (D°) energy shift
relative to the D° peak energy at V, = 0V as the applied voltage is
changed for both positive (d) and negative (e) voltage polarities. The
estimated tensile strain value is indicated at each applied voltage,
assuming a redshift of exciton states at 95 meV/% strain at T = 100 K
and a 0% strain at V, = 0 V.

We also observed a small asymmetry in the PL intensity at
different voltage polarities, as illustrated in the PL intensity
contour plot in Figure 3c, where electron accumulation
(positive bias) and depletion (negative bias) are expected.
This may arise due to the difference in the carrier density in
WSe, for different voltage polarities, wherein a small oscillator
strength difference of excitons is observed for n-doped
(electron accumulation) WSe, monolayers “**> Therefore,
with the significant redshifts of D° emission peak energy as

the tensile strain increases with the change in applied voltage
for both polarities and evident changes in PL intensity between
positive and negative applied voltages as a result of difference
in carrier concentrations, we propose that significant changes
in strain and carrier concentration can occur simultaneously
even at low bias voltages (lVgl <30V).

To understand the origin of localized emitters associated
with single photon emission in strained 1L WSe,, we examine
the photoluminescence behavior of dark excitons and localized
defect excitons at T = 4 K. For strained 1L WSe, under optical
excitation, excitons are generated within the area of the
excitation spot. Dark excitons, which have long diffusion
lengths and recombination lifetimes, are coupled and
hybridized with localized emitters that are in energetic
resonance with sub-bandgap defect states under tensile strain,
allowing the radiative recombination of localized defect
excitons.*® Figures 4a and b show the photoluminescence
intensity spectra and corresponding contour map of PL
intensity as functions of energy and applied voltage (see
Figure 4c) for 1L WSe, suspended over a single cavity site
measured at different applied voltages at T = 4 K. Several sharp
localized emission peaks with linewidths of 0.9 to 1 meV,
sufﬁcient?f narrow to be associated with single photon
emission,””** are clearly visible. When the applied voltage is
changed from V, =0 Vto V, = + 20 V in 5 V increments, the
sharp localized emission peaks show minimal energy shift as
the bias voltage magnitude and thus tensile strain increase,
consistent with localized defect states in WSe, that are
commonly unaffected by the strained lattice environment.">"*
These sharp localized emission peaks are observed at two
energies, 1.65—1.67 eV and 1.57—1.59 eV (white arrows in the
contour map, labeled Defect 1 and Defect 2, respectively),
corresponding to energies of defect states consisting of a single
Se vacancy in monolayer WSe, '*'” It is noteworthy that sharp
localized emitters are observed even at V, = 0 V due to the
initial strain in the 1L WSe,, which is estimated to be ~ 0.2%
tensile strain.
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Figure 4. Sharp localized emitter peaks and classical light background
suppression at T = 4 K. a, b) PL intensity spectra and (c) the
corresponding PL intensity contour map of 1L WSe, suspended over
a single cavity site measured at T = 4 K for different applied voltages:
positive bias (a) and negative bias (b). d) PL intensity spectra of a
single emitter on a different site measured at different applied
voltages, showing a clear classical light background suppression at
nonzero back-gate bias. e) Emitter peak intensity and background
intensity of the chosen single emitter as a function of applied voltage.
f) FWHM emitter linewidth of a single emitter as a function of
applied voltage.

Since electrostatic gating simultaneously controls tensile
strain and carrier behavior in 1L WSe,, we observed
pronounced suppression of the classical light background for
both positive and negative voltages (see Figure S6). Figure 4d
shows the photoluminescence intensity spectra of a single
emitter on a different cavity site measured at different applied
voltages, showing a significant 40 to 50% reduction in the
classical light background, which overlaps in energy with the
sharp localized emitters, as the applied voltage is changed from
Vg =0V to V, = £20 V. This can be attributed to the
dissociation of weakly bound exciton states, which typically
contribute to a broad background of classical light that
overlaps in energy with the localized emitters and thereby
decreases the single photon purity.’”*’ At negative back-gate
bias, a slightly stronger background suppression is observed
due to carrier depletion. We also observed significant evidence
of the formation of hybridized states, including single emitter
intensity increase (see Figure 4e) and emitter linewidth
decrease (see Figure 4f) as the applied voltage is changed in
both voltage polarities. A two-fold increase in single emitter
intensity was observed when the applied voltage was changed
from V, = 0 V to V, = £ 20 V (see Figure 4e), which we
attribute to the increase in tensile strain with applied voltage,
which improves the energy alignment of the dark exciton
ground state and localized defect states. It should be noted that
the emitter intensity increase was calculated relative to the
background intensity, and while most emitters showed an
increase in emitter intensity at increasing tensile strain, spectral
wandering,31 intensity fluctuation,' and emitter blinking50 are
still observed in different sites (see Figure S6). Moreover, a
decrease in FWHM emitter linewidth from 2.22 meV (Vg =0
V) to 1.34 meV (Vg =20 V) (see Figure 4f) was observed as
the bias voltage was changed, which can be ascribed to the
improved hybridization, wherein dark excitons occupy discrete
defect energy levels, resulting in strong spatial confinement of

localized excitons with highly localized emission spectra.'®

Combining these two phenomena with classical light back-
ground reduction due to exciton dissociation and carrier
depletion as the applied voltage is changed can be beneficial for
designing a pathway to improve the single photon purity of the
localized emitters through an electrostatic straining ap-
proach.”

Finally, we demonstrate improvement of single photon
purity as a result of classical light background suppression and
improved energy alignment between dark excitons and
localized defect excitons at increasing tensile strain induced
by the applied back-gate bias voltage. Figure 5a shows the
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Figure 5. Improvement of single photon purity with applied bias
voltage. a) 3D AFM topographic image of 1L WSe, on a single cavity.
The green area denotes the laser excitation spot, illuminating 60—70%
of the cavity. b) PL intensity spectra of a single emitter measured at V,
=0Vand Vg = =30V on a cavity site shown in (a). c) PL saturation
behavior of a single emitter as a function of laser excitation power. d)
PL lifetime of a single emitter. e) Second-order photon correlation at
Ve=0Vand V,=-30V (f), showing improvement in single photon
purity. Note that the second-order correlation measurements are
performed at T = 4 K, where the localized emitters show
characteristics of single photon emitters (see Figure S7).

AFM topographic image of a WSe, monolayer suspended over
a single cavity. The PL intensity spectra of a single isolated
emitter are shown in Figure Sb, revealing a clear background
reduction when the applied voltage is changed from V, =0V
to V, = =30 V. As shown in Figure 4e, negative bias voltage,
corresponding to the depletion of mobile electrons from the
WSe, monolayer, yields stronger background suppression’*
and is therefore chosen for these measurements. Several key
characteristics of single photon emitters are observed,
including narrow emission peak linewidth (0.9 meV) (see
Figure Sb), PL intensity saturation behavior at 5 yW excitation
power (see Figure Sc), and a long component of emitter
lifetime of 7, = 2.6 ns (see Figure 5d), all of which are
consistent with the properties previously regorted for single
photon emitters based on strained 1L WSe,."”**

At V, =0V, second-order photon correlation measurements
yield g(gz)(O) = 0.55 + 0.04 (see Figure Se), which is indicative
of the presence of a low-purity single-photon emitter that is
contaminated with a high classical light background. It should
be noted that finding an isolated emitter with a good single
photon purity, g?(0) < 0.5, is often challenging due to the
classical light background that overlaps in energy with the
localized emitters.''> When the applied voltage is changed to
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V, = =30V, ag?(0) = 040 + 0.05 was achieved (see Figure
ng), consistent with the observation of significant background
suppression and improved intensity and linewidth for localized
emission peaks for nonzero back-gate bias voltage, as shown in
Figure 4. The improvement in antibunching behavior can be
attributed to the classical light background suppression due to
exciton dissociation and free carrier depletion, as well as the
increase in tensile strain that improves the energy alignment of
dark excitons and localized defect states. By applying a negative
gate bias, charge depletion reduces the interaction between
excitons and free carriers, which results in nonradiative decay
suppression, improving the antibunching behavior of WSe,-
based quantum emitters.”*

In summary, we have devised and characterized an
electrostatic approach for dynamically controlling tensile strain
in 1L WSe, suspended over micron-scale cavities with a silicon
substrate acting as a back gate. Our results demonstrate (1)
dynamic control of strain and dark exciton emission energy as
the tensile strain increases with a change in applied back-gate
voltage and (2) modulation of single photon emission through
classical light background suppression and hybridization of
dark exciton and localized defect states at nonzero back-gate
bias, which combine to improve the antibunching behavior of
single photon emitters. Changing the a}))plied voltage from V, =
0V to V, = =30 V improved the g?(0) value from 0.55 +
0.04 to 0.40 + 0.05, wherein the latter meets the accepted
criterion for single photon emission of g®(0) < 0.5.2%#7#5315>
This improvement in single photon purity is attributed to
better hybridization with defect states, exciton dissociation,
and carrier depletion at negative back-gate bias.”> While
exciton dissociation occurs for both voltage polarities, carrier
depletion significantly improved the antibunching behavior.
Although the purity of the observed single photon emitters
from strained 1L WSe, on micron-scale cavities is thus inferior
to that of nanopillars®®** or nanoindentations® due to a
smaller strain gradient that promotes less efficient funneling of
localized excitons,” our electrostatic straining approach can be
implemented in nanoscale-sized cavities to create larger strain
gradients and thereby, potentially yield higher-purity single
photon emitters, offering outstanding potential toward more
practical and scalable devices that can be readily integrated
with various optoelectronic systems. When combined with
precise defect engineering techniques,'”'>'® the developed
electrostatic straining approach could be a significant advance
toward full control and manipulation of quantum emission
based on strained 1L WSe,. It can also be implemented toward
the creation of dynamically controllable strain in other 2D
materials such as monolayer hexagonal boron nitride (hBN),
to investigate the nature and behavior of single photon
emission at room temperature.””>* This can be beneficial in
practical optoelectronic applications such as integrating 2D
quantum emitters in optical cavities and waveguides.

B METHODS

Detailed methods
Information.

3990 are described in the Supporting
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