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Spatially Controlled Single Photon Emitters in hBN-Capped

WS, Domes

Salvatore Cianci, Elena Blundo, Federico Tuzi, Giorgio Pettinari,
Katarzyna Olkowska-Pucko, Eirini Parmenopoulou, Djero B. L. Peeters,
Antonio Miriametro, Takashi Taniguchi, Kenji Watanabe, Adam Babinski,

Maciej R. Molas, Marco Felici,* and Antonio Polimeni*

Monolayers (MLs) of transition-metal dichalcogenides host efficient
single-photon emitters (SPEs) usually associated to the presence of nanoscale
mechanical deformations or strain. Large-scale spatial control of strain would
enhance the scalability of such SPEs and allow for their incorporation into
photonic structures. Here, the formation of regular arrays of strained
hydrogen-filled one-layer-thick micro-domes obtained by H-ion irradiation and
lithography-based approaches is reported. Typically, the H, liquefaction for
temperatures T<32 K causes the disappearance of the domes preventing their
use as potential SPEs. Here, it is shown that the dome deflation can be
overcome by hBN heterostructuring, that is by depositing thin hBN flakes on
the domes. This leads to the preservation of the dome structure at all
temperatures, as found by micro-Raman and micro-photoluminescence (u-PL)

1. Introduction

Transition metal dichalcogenides (TMDCs)
in the monolayer (ML) form have been
extensively studied since the discovery of
the direct nature of their bandgap,™!
making them ideal candidates for flex-
ible opto-electronic devices.[*®! Indeed,
the 2D nature of these materials and
their exceptional robustness to mechani-
cal deformations!®'%l have opened an en-
tire field of research dedicated to the
study of the effects of lattice deformations
(strain) on the material electronic and opti-
cal properties.[”]

studies. Eventually, spatially controlled hBN-capped WS, domes show the
appearance, at 5 K, of intense emission lines originating from localized
excitons, which are shown to behave as quantum emitters here. The
electronic properties of the emitters are addressed by time-resolved p-PL
yielding time decays of 1-10 ns, and by magneto-u-PL measurements. The
latter provide an exciton magnetic moment a factor of two larger than the

value observed in planar strain-free MLs.

Strain gradients in TMDC MLs have
also been related to the appearance of
single-photon emitters (SPEs) at cryogenic
temperatures,!1826] greatly increasing the
potential of these materials for quantum
technologies. Indeed, layered materials are
advantageous from a production point of
view—since bulk crystals provide many ex-
foliable MLs—and by virtue of the high ex-
traction efficiency of the emitted photons,
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due to the lack of internal reflection. Even though the link be-
tween strain gradients and SPEs in TMDC:s is yet to be fully un-
derstood, in the last few years several different structures (e.g.,
etched holes,!"] nanorods,!?”-?] nanopillars,?>-*!] nanowires, %]
nanostars,**] etc.) have been used as stressors for TMDC MLs to
generate ordered arrays of SPEs. Moreover, by exploiting plas-
monic effects!?®313334] and optical cavities>>3®! in which these
2D systems can be easily integrated, it is possible to enhance
the emitter brightness by increasing their radiative recombina-
tion rate.

In order to advance the field of quantum nanotechnologies,
single-photon sources should be produced using manufactur-
ing methods that are cheap, scalable, reproducible, and prefer-
ably compatible with current photonic integration technologies.
In particular, among the numerous ways by which a strained
TMDC ML can be obtained, for example, deposition on dissimilar
substrates, bending, bulging, or indenting devices etc.,!'’] low-
energy hydrogen irradiation of bulk flakes has been proven to
be a reliable and efficient way to form strained, ML-thick, H,-
filled bubbles, hereafter called domes, on the surface of the irra-
diated flakes.” These domes feature radii ranging from tens of
nm to a few um and their size and position can be controlled
by the lithographic definition of H-opaque masks on the flake
surface, prior to the irradiation process, leading to the forma-
tion of um- (or even nm-) sized light emitters at room tempera-
ture (RT).’”] However, when brought to cryogenic temperatures,
the domes deflate due to the gas-to-liquid transition of molec-
ular hydrogen, taking place at a critical temperature T =~ 32 K
(the domes then reversibly re-inflate if the temperature is in-
creased above T).”l Here, we show how to prevent the deflation
of the domes via deposition (capping) of few-layer-thick hexago-
nal boron nitride (hBN) on top of the domes. The striking preser-
vation of the dome shape, and corresponding strain field, via
hBN capping is investigated by means of p-Raman spectroscopy
performed on MoS, domes and of micro-photoluminescence (p-
PL) spectroscopy performed on an ordered array of WS, domes.
Importantly, this phenomenon is here exploited to create site-
controlled SPEs, which appear at low temperature (=5 K) in
the spectra of the hBN-capped WS, domes. The single-photon
purity of these emitters was assessed by second-order auto-
correlation measurements, and the SPE electronic properties
were further investigated by time-resolved p-PL and magneto-
u-PL measurements. These latter showed an exciton gyromag-
netic factor much larger than that observed in strain-free WS,
MLs providing an enhanced response of the exciton to external
magnetic fields.

2. Results and Discussion

In this work, we will focus on MoS, and WS, crystals, even
though the dome formation was also demonstrated for several
other TMDC materials®*”! and for hBN.3®l Such a choice is mo-
tivated by the experimental probes used to determine the dome
strain, that is the particularly clear and intense Raman signal of
MoS, and the high PL efficiency of WS,.

WS, emitters were observed in regular arrays of domes
obtained by hydrogenating a WS, bulk flake patterned with
a lithographically-designed poly(methyl methacrylate) (PMMA)
mask, whose openings (diameter, 3 um) allow the space-
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controlled formation of hydrogen-filled domes. We point out that
PMMA self-cleans during the H-ion irradiation process, thus
leaving the so-formed domes isolated and free from neighboring
smaller domes or debris, a process that facilitates the subsequent
deposition of hBN. The patterned hydrogen irradiation proce-
dure was described in previous works!!**37] and more details are
provided in the Experimental Section. Figure 1a shows an atomic
force microscope (AFM) image of an ordered array of WS, domes
capped with few-layer-thick (%10 nm) hBN on a specific region
marked by a white dashed line. The AFM image shows an opti-
mal adherence of the hBN flake to the domes underneath, as well
as the dome robustness against the capping process. The struc-
tural effects of the capping of the TMDC domes can be readily
appreciated by looking at the optical microscope images of the
sample at RT and 5 K shown in Figure 1b,c, respectively. The lat-
ter clearly shows the dome deflation in the uncapped region on
the right top corner of the image, while the domes covered with
hBN unexpectedly retain their shape with minimal differences
in size.

In order to attain clues on this phenomenon and informa-
tion on the variations of the dome strain with temperature, a
bare MoS, dome (see AFM image in Figure 2a) was first stud-
ied by p-Raman measurements at different T, (see Experimen-
tal Section). The same study was then carried out after capping
the dome with hBN (see AFM image in Figure 2b). The corre-
sponding T-dependent p-Raman spectra are shown in Figure 2¢
(bare) and Figure 2d (capped). The spectra referring to all tem-
peratures can be found in Figure S1, Supporting Information.
In both cases, the u-Raman spectra were recorded on the cen-
ter of the dome, where the tensile strain is maximum and fea-
tures a biaxial character.['*3#39 The p-Raman spectra are charac-
terized by the peaks associated to the in-plane (E,,, Raman shift
<400 cm™') and out-of-plane (A, , Raman shift >400 cm™") nor-
mal modes of oscillation. Two contributions are present for each
mode, one due to the bulk MoS, flake underneath the dome and
the other associated to the ML-thick dome membrane. In the lat-
ter case, the Raman mode is found at lower frequency with re-
spect to the bulk one, due to the inherent tensile strain of the
domes.*!

An immediately recognizable difference between the two sets
of data regards the variation with T of the relative intensity of
the dome and bulk peaks. Specifically, the signal from the bare
MoS, dome exhibits a largely different intensity for different tem-
peratures. This can be ascribed to the dome progressive defla-
tion, which, in turn, affects the interference effect responsible for
the amplification of the Raman signal occurring when the dome
height matches about half the wavelength of the Raman signal
(~532/2 nm). Instead, the T-dependent spectra of the same dome
after being capped with hBN exhibit a remarkable stability of the
dome to bulk relative intensity even at the lowest temperature
considered, offering evidence of the fact that the capped dome
retains its shape, regardless of the hydrogen phase. Figure 2e
displays the results of the Lorentzian fits performed on each p-
Raman spectrum, plotting the shift of the E,, and A, peaks of
the dome as a function of temperature. The Raman shift values
were fitted with the formula

1+2/<e% —1)] (1)
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Figure 1. a) AFM image of an ordered array of WS, domes partially capped with a thin hBN flake (210 nm). The white dashed line marks the border
between the uncapped or bare, area (top-right) and the remaining area capped with hBN. b) Optical microscope image of the same area of panel (a),
taken at RT. ¢) Same as (b) but with the sample at 5 K. The domes in the capped area kept their shape, while those which were not capped with hBN
clearly deflated. The lower quality of the image at T =5 K is caused by the presence of the cryostat window.
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Figure 2. a) 3D AFM image of a bare MoS, dome. b) 3D AFM image of the same dome of panel (a) after the capping with hBN. Both images were
taken at RT. c) Stacked normalized p-Raman spectra at different temperatures of the bare MoS, dome. The peaks associated to the E,, (in-plane) and
Aqg (out-of-plane) modes of oscillation are visible for both the bulk material (indicated by a dashed arrow) and the dome membrane (indicated by a
solid arrow). d) Stacked normalized u-Raman spectra at different temperatures of the same MoS, dome of panel (c) after the capping with hBN. A laser
excitation wavelength equal to 532 nm and laser power equal to 30 uW were employed for the spectra of panels (c,d). ) Temperature dependence of
the Ey; (squares) and Ay, (circles) modes of the dome membrane before (olive, full) and after (red, empty) the hBN capping. The gray shaded area
highlights the T interval for which hydrogen condenses (<32 K). The evolution in temperature is fitted (solid lines) via Equation (1). For the bare dome,
the fit was performed for T= 150 — 300 K, where a well defined trend could be observed (the dashed lines are an extrapolation at lower temperatures).
f) Values of the biaxial strain versus T for the bare (olive full squares) and capped (red empty squares) MoS, dome obtained from Equation (2). In the
case of the capped dome the strain is kept constant even at the temperatures for which the hydrogen is no longer in the gas phase (gray shaded area).
The lines are guides to the eye.

where only the lower-order three-phonon processes of the anhar-  temperatures for which the hydrogen gas condenses (indicated in
monic Klemens model are taken into account via the parameter  the plots by a shaded gray area). Instead, the bare dome is charac-
Al**41] The frequency trends of the dome peaks show a strong  terized by a much more erratic change in the frequency position
difference between the bare and capped configurations, with the  of'its Raman peaks, reflecting the major structural changes it un-
latter featuring regular temperature shifts, even in the range of  dergoes at lower temperatures. For these reasons, only the peaks
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in the temperature range 150-300 K were fitted by Equation (1)
with the resulting fit being indicated by an olive solid line. The
line obtained from the fit is extended, for lower temperatures,
by an olive dashed line, which highlights the stark contrast be-
tween the expected evolution in temperature and the actual mea-
sured frequencies. The Raman mode frequency of the reference
unstrained ML, ®M%(T), can be obtained from the measured bulk
mode by just adding (subtracting) a small (1.5 cm™), rigid shift
to the By, (A,,) peak.l*”) Therefore, from the frequency position of
the Raman peaks associated to the bulk and to the dome modes
(the full set of data is shown in Supporting Figure S1, Supporting
Information), the information on the biaxial strain e at different
temperatures can be extracted quantitatively by applying the fol-
lowing formula:

wg:(T) — a)%‘z’:m(T)

1 1
SV P M T 2
2 ST e, @

where wﬁg(T) is the Raman shift of the in-plane mode of a strain-
free MoS, ML at temperature T, Yk, is the Griineisen parameter
equal to 0.84 + 0.111%%] (assumed constant at all temperatures!*))
and the total biaxial strain is divided by two to obtain the strain
exerted on just one direction (i.e., the radial or the circumfer-
ential one that are equivalent at the top of the domel*%)). The
strain values obtained with such a procedure are shown in Fig-
ure 2f. The evolution of the strain characterizing the bare dome
(denoted by olive full squares) with decreasing T indicates that
the dome membrane becomes progressively less stretched due
to the diminishing pressure of the hydrogen gas inside. When
the gas eventually condenses, for temperatures falling in the gray
shaded area, the dome collapses onto the bulk crystal, so that the
corresponding p-Raman signal disappears at T = 5 K (see the
bottom-most spectrum in Figure 2c). In the case of the capped
MoS, dome, instead, the values of strain show virtually no evolu-
tion for all temperatures, as displayed by the red empty squares.
The same strain evolution in temperature was observed for sev-
eral other bare and capped MoS, domes, see Figure S2, Support-
ing Information. This provides further confirmation that MoS,
domes can be rigidly and systematically kept in shape by the hBN
layer deposited atop. Even though the exact mechanism by which
the hBN thin flake causes such a phenomenon is still not fully un-
derstood, we envisage that the hBN high rigidity may play an im-
portant role. Additionally, it is noteworthy that at RT the capping
procedure reduces the membrane strain from e = 2% to about
1.7% (see Figure 2f). This indicates a likely elastic energy transfer
from the dome membrane to the capping hBN layer, which possi-
bly provides the energy necessary to maintain the dome structure
regardless of the inner hydrogen phase state. It is worth mention-
ing that hydrogen-filled strained domes made of hBN are also
known to deflate at low T,.33%3] This proves the unique effect
played by the capping process, during which the hBN flake adapts
to the sample morphology to minimize the total energy of the sys-
tem. In turn, the deflation of the dome underneath would imply a
strain transfer to the hBN capping layer and thus an energy cost.
The cost of keeping the dome in-shape is likely lower, leading to
this peculiar effect. We also verified that the same structural ef-
fect is obtained by capping with hBN flakes hBN domes instead
of TMDC domes.
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Figure 3. Stacked normalized p-PL spectra taken at different temperatures
on a WS, dome, before (olive dashed line) and after (red solid line) the
capping with few-layer-thick hBN. Excitation wavelength equal to 532 nm
and laser power equal to 44 uW. The free neutral exciton is indicated as
X, while recombination from charged excitons (trions) is indicated with
T. At T = 290 K, the X (and T) band of the capped dome is about 90
meV higher in energy than that of the bare dome indicating a sizable ten-
sile strain reduction ensuing the capping. At lower temperatures, for the
bare dome several bands contribute to the emission spectra likely origi-
nating from morphological defects associated to the progressively deflat-
ing membrane. On the contrary, the hBN-capped dome maintains a well-
defined lineshape at all temperatures (the T band label is omitted for clarity
purposes). The inset shows a 3D AFM map of the dome capped with hBN,
taken at RT.

The effects of hBN capping were also investigated by perform-
ing pu-PL measurements (see Experimental Section) both prior
to and after the capping procedure on the ordered array of WS,
domes displayed in Figure 1. For these domes, we also performed
Raman studies analogous to those performed on MoS, domes,
see Figure S3, Supporting Information. Usually, the PL emis-
sion spectra of TMDC MLs are characterized by the presence
of the band gap exciton peak,[**] whose recombination energy
is highly sensitive to the amount of strain experienced by the
ML.[Y74] For our system, the redshift of the exciton emission is
intimately related to the evolution of the strain tensor across the
dome surface.’7#] In particular, the biaxial strain values that can
be attained on top of the bare WS, domes are close to those nec-
essary (€ =~ 2.5%) to observe the direct-to-indirect band gap tran-
sition, as reported previously.*6+47]

Figure 3 illustrates the effects of hBN capping on the emis-
sion properties of a WS, dome belonging to the array shown in
Figure 1. The spectra were recorded on the top of the dome both
before (olive dashed lines) and after (red solid lines) the hBN cap-
ping. At 290 K, the first clear difference between the bare and
capped configuration is a reduction in strain following the cap-
ping procedure, as demonstrated by the blueshift of the neutral
exciton peak (labeled X) in the capped dome (the lower-energy
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bands, labeled T, can be attributed in both cases to charged exci-
ton species!***%)). This finding is in accordance with the p-Raman
results of the MoS, domes (see Figure 2 and related discussion).
However, in the patterned WS, dome, the ~90 meV blueshift of
the exciton energy at 290 K indicates a remarkable biaxial strain
reduction by about 1% after the hBN capping.[*®! This points to
an optimal adherence of the hBN layer over the dome surface
thanks to the lithographic isolation of the patterned WS, domes
that avoids the formation of satellite smaller domes around them
(as demonstrated by the AFM images of an uncapped region of
the sample shown in Figure S4, Supporting Information). This
isolation does not occur in the randomly formed MoS, domes
discussed previously (see AFM images in Figure 2a,b), where a
smaller strain reduction was indeed found. When cooling the
sample from RT, the changes in the bare dome morphology can
be seen in the evolution of the dome emission spectrum, char-
acterized by a broad lineshape with several contributing bands
and by an exciton peak showing an anomalously large “thermal”
blueshift of 250 meV. This value clearly contrasts the regular
blueshift observed for the exciton of the capped dome (85 meV)
when T decreases. Indeed, at 5.5 K the bare dome is completely
deflated, and the peak visible at ~2.1 eV comes from the WS, ML
laying on the WS, bulk, being decoupled from this latter by the
likely presence of condensed hydrogen. Lower-energy recombi-
nation bands ought to be ascribed to the morphologically disor-
dered structure (e.g., wrinkles) of the deflated ML. As a matter of
fact, the progressive decrease of tensile strain when the H, pres-
sure inside the dome decreases induces a blueshift of the exciton
energy that adds to the usual band gap increase with decreasing
T. For decreasing T, the regular blueshift of the X peak of the
capped dome (lower-energy bands are ascribable to charged ex-
citon species) leads thus to a peculiar trend in which the capped
dome exciton, compared to the bare one, is at higher energies
for high temperatures and lower energies for low temperatures.
A more detailed temperature study for this capped WS, dome
can be found in the Figure S5, Supporting Information. In the
same figure, it is also shown that the evolution in temperature of
the X energy of the capped dome overlaps that of an unstrained
WS, ML.

The hBN capping procedure—along with the high spatial con-
trol over the dome formation site—prompts the opportunity for
the creation of light sources in TMDC materials. Indeed, one of
the most striking features of the capping procedure is the appear-
ance, in the p-PL spectra of domes brought to low temperature,
of intense, relatively narrow (full-width at half-maximum = 1-5
meV) and spectrally isolated lines, whose quantum nature will be
shown next.

Previous studies already reported the appearance of SPEs in
WSe, and WSSe MLs at low temperature. In many cases, their
origin was ascribed to strain gradients, which are provided ei-
ther by the wrinkling caused by the deposition procedurel?>#!
or by nanostructured stressors, such as nanopillars, nanorods
etc.[27:293050] Eyen though the exact origin of these SPEs has not
been fully clarified, yet, it is strongly suggested that they could
stem from the interplay between dark states, strain gradients, and
defect-related levels.>'>%! In particular, darkish materials such as
WSe, and WS, are characterized by opposite spins in the bottom
conduction band (CB) and in the top valence band (VB), result-
ing in a dark ground state. Indeed, strain lowers the CBs and,
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when it reaches a suitable value, may bring the lowest energy CB
to become resonant with defect states, leading to a hybridization
between the two.>!] While dark strain-localized exciton states re-
main dark, hybridization with a point defect breaks the valley se-
lectivity and leads to efficient light emission.

In our system the strain gradient is naturally provided by the
dome morphology with an ensuing strain increase from the edge
to the top of the dome, where the strain is the largest.[?”:*] Based
on a theoretical ground, such a strain increases from the edge
toward the summit should lead to the formation of localized
states toward the dome apex, due to strain-induced quantum
confinement.[>*] However, in our system, by approaching the top
of the dome, the exciton recombination character changes from
direct to indirect, thus leading to a less intense emission.[*?] As
a matter of fact, we observe that the emitters appear almost ex-
clusively at the edge of slightly asymmetric domes, as depicted
in the optical images in the insets of Figure 4a,f. The images
show the point of the domes excited by the laser spot from which
the corresponding spectra displayed in the main panel originate.
Our result is the first experimental investigation of micron-sized
WS, domes, whose exciton character changes from direct to in-
direct from the edge toward the center. Some previous studies in-
vestigated instead TMDC nanodomes by near-field PL measure-
ments at room temperature.>! In that case, the presence of lo-
calized, deeply bound exciton states only in the dome periphery
was reported.[®®] Those nanodomes were created by deposition
of a TMD ML on an hBN substrate (and ensuing encapsulation
of contaminants), and the observation of SPEs at the dome pe-
riphery was explained in terms of atomic-scale wrinkling taking
place at the edge of the nanodomes, thus causing strain maxima
to be at the edges and not at the center, as theoretically supported
by the findings of ref. [56]. The system simulated in that theo-
retical work also differs remarkably from ours, since it focuses
on the study of a MoS, ML deposited over a MoS, ML. Indeed,
the theoretical framework described in that work®®l and used to
explain the near-field experiments®®! cannot be applied to our
domes, which are created by a bottom-up approach (hydrogen-
ion irradiation) resulting in well-clamped edges (with no wrin-
kling) and in a strain increase from the edges toward the center.
We rather believe that the more pronounced direct character of
the exciton at the edge of the domes along with the suitable strain
extent act as the driving force leading to the appearance of the
emitters therein.

The spectrum of Figure 4a features three distinct lines (labeled
with the letters a, #, and y), whose intensity for increasing laser
power is shown in Figure 4b. For each line, the emission inten-
sity displays the saturating behavior usually associated to discrete
defect states!*) and described by the equation

I=1I,[P/(P+Py)] 3)

where I, is the saturation intensity and Py is the laser power at
which the intensity is half of .

Time-resolved p-PL measurements (see Experimental Sec-
tion), performed by exciting the sample with a supercontinuum
laser spectrally filtered at 532 nm, were taken for all these emit-
ters in order to extract their decay time. In Figure 4c the PL de-
cay curves of the emitters a, #, and y are fitted with an exponen-
tial function, yielding time decay time values of (2.690 + 0.029),

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U017 SUOWILWIOD BAIIER.D) 8|qedt|dde auy Aq pausenob a8 Ssppie YO 8sn JO S3INJ 104 Akeid18UlUO 48] 1M UO (SUOTHPUOO-pUe-SULBY W00 AB | 1M AR1q 1 BUUO//:SHNY) SUOIIPUOD pue SWs | 843885 *[£202/70/0T] U0 Arigi8uliuO AB|IM ‘. IBPBZUSIS Ip 0INIS| |1 dNOYD dND Ad £56202202 WOPe/Z00T 0T/I0p/LLI00" A3 1M AReid 1 jBuluo//Sdny Wwo.j pepeojumod ‘0 ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

a) - c) 1F T T T T T
1.0} p 3 2
Z10° { 3
= =2 o 1 (ns) =
® 08t @ y o 2.69
= c £ !
5 D . 5 = — 658
. € 10°} 2 O oy
o = — 3.05
a 06+ -l L L L L L ! L L
I a o 40! 10° 10’ 2 4 6 8 10 12
-;72,’ Laser Power (uW) Time (ns)
S O04r 1 d L L B B e R e) T R S B i e
IS 4 1.00 FrsesitTe Sas x : ol
& 0.2t 1 o 08 - 1
B 1 ] N B e O CEPEpe
0.0 @ 25] ] I 1
! 8 (2) = (2) —_
185 190 195 2.00 205 ool , 9 (00=0248£0046 B . 9”0)=01151+0.033
Energy (eV) 20 1510 5 0 5 10 15 20 20 -15-10 -5 0 5 10 15 20
m T T T Time delay (1) (ns Time delay (1) (ns)
f) % 1.0r  §| Capped 19) ki h) 1F - ' - ' ™
: WS, Dome MNP
£ T=6.8K 1.00 P ot e 5
;0 5L ‘ﬁﬁ“- i = 0.75}. - .o © .-"' al 8
3 Al & 050} --ooee o R ] £ | tns)= M
9 | Aat] 2 025} @ i S 0.1 5 4.15 :
E mg . st — 00pld_. 87(0)=0:183+0.069 z L T
= 185 190 195 200 205 7201510 5 0 5 10 15 20 2 4 6 8 10 12

Energy (eV)

Time delay (z) (ns)

Time (ns)

Figure 4. a) Narrow lines (labeled a, f, and 7) in the p-PL spectrum of a capped dome at 6.8 K. The excitation wavelength is 532 nm and the laser power
is 200 nW. The right inset is an optical image, taken at 6.8 K, showing the dome’s area excited by the laser. The white dashed line highlights the dome
asymmetric profile. Scale bar 2 um. b) Saturation of the PL intensity (/) for increasing laser power (P) of all the three lines featured in panel (a), fitted
with Equation (3). c) Time-decay curves of the three emitters of panel (a) fitted with an exponential decay function. The decay times extracted from the
fits are equal to (2.690 + 0.029), (6.58 + 0.20), and (3.045 =+ 0.042) ns for the emitters « (green), B (red), and y (blue), respectively. d,e) Second-order
autocorrelation function g? (r) measured for emitter a (panel d) and § (panel e) whose values at zero-time delay are equal to 0.248 + 0.046 and 0.151
+ 0.033. f) p-PL spectrum of a different WS, dome capped with hBN at a temperature of 6.8 K. Laser power, 20 uW. The spectrally isolated emitter is
labeled §. The inset on the right shows an optical image of the dome and its area excited by the laser at 6.8 K. The white dashed line highlights the
dome’s asymmetric profile. Scalebar, 2 um. g) Second-order autocorrelation function g® (z) measured for emitter 5, whose g® (0) value is equal to
0.183 + 0.069. h) Time-decay curve of emitter & fitted with an exponential decay function. The extracted decay time of (4.148 + 0.055) ns.

(6.58 +0.20), and (3.045 + 0.042) ns, respectively. All the obtained
decay times are in accordance with those measured for local-
ized states in WSe, MLs.[18-20:28-30.333457] Tg determine whether
the studied lines originate from quantum emitters, the second-
order autocorrelation function g®(r) was measured for line a
(Figure 4d) and p (Figure 4e). The samples were excited with a
continuous-wave laser at 532 nm and the emission was filtered
by a monochromator in order to select a specific emitter (see de-
tails on our Hanbury—Brown and Twiss setup in the Experimen-
tal Section). The autocorrelation function was not measured for
line y due to its lower intensity and to the presence of nearby
smaller-intensity emissions that would have hindered the source
purity. All the measured emitters display the characteristic anti-
bunching dip at zero time delay, with values of g?(0) equal to
0.248 + 0.046 and 0.151 + 0.033 for the « and # emitters, re-
spectively. The spectrum of another capped WS, dome is shown
in Figure 4f, and it is characterized by the presence of a single,
isolated emitter (labeled 6) that is observed by exciting the dome
close to its edge. Figure 4g shows the second-order autocorrela-
tion function of this line, whose behavior as an SPE is confirmed
by a value of g?(0) equal to 0.183 + 0.069. The corresponding
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time-resolved p-PL measurement is displayed in Figure 4h, and
it shows a mono-exponential decay curve, whose fitting returns
a decay time of (4.148 + 0.055) ns. We point out that while most
of the research interest on TMDC-based SPEs has been focused
on WSe,, WS, has been the object of much fewer studies.[22958]
Our work presents, to our knowledge, the first non-electrical gen-
eration of WS, SPEs, with the highest purity to date and the first
measurement of the emitter decay time. We exclude that these
emitters may come from the hBN capping layer since, i) emitters
in hBN are typically created via electron irradiation, plasma treat-
ments, and/or high-T annealings;[**5% ii) emitters in hBN are
typically broader, are distributed over a larger energy range and
persist up to RT (unlike ours);**¢! iii) we do not observe SPEs in
the capped regions around the WS, domes, nor in hBN-capped
MoS, domes, nor in hBN domes.

SPEs in TMDC MLs can be also relevant for valley- and spin-
tronics applications. To this regard, the exciton gyromagnetic fac-
tor, g, is an important parameter determining the response of the
carrier states to magnetic fields. It also represents an insightful
quantity for understanding the properties of the band structure
levels involved in the exciton recombination. Therefore, the emit-
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Figure5. a) Helicity-resolved normalized p-magneto-PL spectra of the SPE
labeled a in Figure 4a. In order to compensate for slight changes in the
emission energy caused by a drift of the sample during the field sweep,
the spectra are shifted on the x-axis with respect to the mean value in en-
ergy of the two polarizations. A splitting of a less intense line is also visible
at higher energy. b) Zeeman splitting AE of the line of panel (a) as a func-
tion of the magnetic field. The linear fit, following Equation (4), gives a
value of the exciton g-factor equal to —8.034 + 0.054. c) In pink, we show
the histogram the g-factors obtained by performing fits analogous to that
of panel (b) on 18 narrow lines (see Figure S6, Supporting Information).
The histogram is characterized by a mean value of g = —8.20 + 0.51. In
purple, we show the histogram of the g-factors of the free exciton of un-
strained WS, MLs. The histogram was built from the values available in
the literaturel*7:62-%1 giving a mean value of g = —4.00 + 0.28. The in-
set shows the correspondence between the energy of the SPE and their
g-factor, showing no apparent correlation.

ters discussed above, as well as several others, were studied in
the presence of a magnetic field (B) parallel to the luminescence
wavevector (Faraday configuration) up to 12 T, at a temperature of
10 K (see Experimental Section). After being excited by a 515 nm
laser, the light emitted from the sample is analyzed in terms of 6*
and o~ polarizations. Figure 5a shows the magneto-u-PL spectra
of line a displayed in Figure 4a. The intensity factors next to each
spectrum show the increasing degree of circular polarization of
the emission with increasing B, reaching a value of 69% at 8 T,
which is consistent with the one obtained for similar emitters in
WSe,.[81] By fitting the spectra of the two circular polarizations
with a Lorentzian function we can extract the Zeeman splitting
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energy of the exciton AE(B) = E(c*) — E(c™), and from the rela-
tion

AE = guyB (4)

(where uy is the Bohr magneton) we can obtain the value of the
exciton g-factor (Figure 5b). Emitters « and g (for this latter, refer
to Figure S6(1), Supporting Information) have values of g equal
to —8.034 + 0.054 and —8.176 + 0.025, respectively. The values
of g related to several other narrow lines (see linear fits on the
Zeeman splittings in Figure S6, Supporting Information) were
collected in the pink histogram of Figure 5c, giving a mean value
of g = —8.20 + 0.51. The additional high-energy peak visible in
the spectra of Figure 5a was not included in this histogram since
it is the only outlier of the distribution, with a g equal to —5.39 +
0.13. This anomalous value of g requires further studies, since it
could be linked to an excitonic species different from that of the
other emitters.

Due to the lack of preceding results on the exciton g-factor of
WS, SPEs, we compare our results with those of free excitons in
strain-free WS, MLs reported in the literature;!*:62-%1 see the pur-
ple histogram in Figure 5c. A comparison between the two his-
tograms shows that the absolute value of g for our SPEs is about
twice that of the free exciton of unstrained WS, MLs. We also no-
tice that a similar finding was observed for analogous emitters in
strained WSe, MLs.[18-21:23497071] No correlation is observed be-
tween the energy of the emitters and the value of their g-factor,
as it can be seen from the inset of Figure 5c.

In the case of WSe, emitters, it was proposed that this large g
value is a consequence of the emitter radiative transition involv-
ing an electron in a defect state and a hole in the VB. While the
hybridized orbitals d,._, + id,, (I, = +2h) constituting the VB are
responsible for the intrinsic valley exciton gyromagnetic factor of
—4 (the CB d, orbitals do no contribute having I, = 0), the defect
state adds to the orbital component of g increasing its absolute
value.l”! Alternatively, the large gyromagnetic factor reported in
the histogram of Figure 5¢c would be compatible with the value
found for dark excitonic species (both neutral and charged) in
WS, 1021 WSe,,[72) and WSSel>%l MLs. In our case, the presence of
strain and ensuing microscopic disorder could favor dark states
state as the origin of the observed emission lines and new exper-
iments are planned to address this point.

3. Conclusions

By creation of hBN/dome heterostructures, we succeeded in pre-
venting the deflation of H,-filled, highly strained TMDC micro-
domes below the H, liquefaction temperature (=32 K). Opti-
cal microscopy, p-Raman, and p-PL measurements provided evi-
dence of such phenomenon. The strained configuration, kept in
place by the hBN layer, is crucial for the appearance of intense
narrow lines in the emission spectra of spatially controlled WS,
domes formed in the openings of a lithographically defined mask
and brought to 5 K. Second-order autocorrelation measurements
confirmed these lines as originating from SPEs. Magneto-u-PL
measurements on the SPEs provided a localized exciton g-factor
with a value of about —8. These results confirm the feasibility of
our method for the generation of ordered arrays of SPEs in WS,.
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Notably, this method does not require any etching procedure on
the substrate in order to create stressors and the TMDC MLis also
protected from possible sources of contamination since it is natu-
rally lifted up from the bulk crystal by the hydrogen gas pressure.
In addition, both our results and several recent reports?-!l seem
to suggest that the formation of TMDC-based SPEs is associated
with the presence of sharp strain gradients, such as those present,
for example, in proximity of the dome edges. Since the formation
of triangular and elliptical domes in predetermined patterns was
already achieved,”?! the freedom offered by our nanofabrication
method represents an invaluable asset for finding the dome opti-
mal shape and dimensions. Improvements on the emitter inten-
sity and lifetime (~1-10 ns as determined here by time-resolved
p-PL) can also be explored by deterministically integrating the
capped domes with photonic and plasmonic cavities.[?#3574 The
investigation of the coupling of our SPEs with these cavities will
be crucially important for unleashing the full potential of TMDC-
based SPEs for quantum technologies.

4. Experimental Section

Sample Preparation: The TMDC flakes were exfoliated from bulk crys-
tals (purchased from 2D semiconductors) via the scotch-tape method
and were then deposited on SiO,/Si substrates. In the case of the WS,
flakes the sample was covered with a litographically-patterned poly (methyl
methacrylate) (PMMA) mask, whose openings allow the formation of or-
dered arrays of hydrogen-filled domes. The patterned hydrogen irradia-
tion procedure was described in detail in previous works.['>1437] The Sj
substrate on which the flakes were deposited was mounted in a vacuum
chamber, connected to an electrical ground and heated to a temperature
of 150 °C. A Kaufman source irradiated the sample with low-energy (~20
eV) hydrogen ions, which penetrated into the top-most layers of the crys-
tal. In the case of the samples on which the H-opaque mask had been
deposited, only the regions that had been left exposed were interested by
this phenomenon. The accumulation of molecular hydrogen beneath the
first crystal layer led to the formation of spherical domes with footprint de-
pending on the diameter of the mask aperture. In previous works the poly-
mer used for the H-opaque masks was hydrogen silesquioxane (HSQ),
which needed to be removed by chemical etching after the hydrogenation
treatment.[3”] Instead, the PMMA mask used in this work was etched away
by the hydrogen ion beam itself, a self-cleaning process, which does not
affect the position and sizes of the formed domes. To cap the domes with
few-layer hBN, bulk hBN crystals were also exfoliated with the scotch-tape
method and few-nm-thick flakes were isolated on PDMS. These flakes were
then positioned over the domes via the dry viscoelastic method described
in ref. [75]. A wide range of hBN flakes were tested to cap the domes. For
relatively thick flakes (>20 nm), it is generally not possible to achieve a
good adherence with the domes due to the flake rigidity and consequent
capping of air during the deposition process. Good results are generally
achieved for thin flakes (<20 nm), provided that the deposition process is
performed slowly enough. The domes were observed to remain in shape
at low T irrespective of the hBN thickness.

Atomic Force Microscopy Measurements: AFM measurements were
performed using a Veeco Digital Instruments Dimension D3100 micro-
scope equipped with a Nanoscope llla controller, employing Tapping
Mode monolithic silicon probes with a nominal tip curvature radius of 5—-
10 nm and a force constant of 40 N m~'. All the scans were performed at
room temperature and at ambient conditions. All the data were analyzed
with the Gwyddion software.

p-Raman and u-PL Measurements: u-Raman spectroscopy on the
MoS, domes was performed by placing the sample on a x—y piezoelec-
tric stage in a closed-cycle He cryostat with variable temperature in or-
der to monitor the evolution of the dome strain, as the hydrogen gas de-
creases in volume and eventually condenses for temperatures below 32
K371 The excitation laser was provided by a single frequency Nd:YVO,
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lasers (DPSS series by Lasos) emitting at 532 nm. A 100x objective with
NA = 0.75 was employed to excite and collect the light in a backscattering
configuration. The laser light was filtered out by a very sharp long-pass Ra-
zor edge filter (Semrock). The Raman signal was spectrally dispersed by a
75 cm focal length ACTON SP750 monochromator equipped with a 1200
grooves mm~! grating and detected by a back-illuminated N,-cooled Si
CCD camera (100BRX by Princeton Instruments). The p-Raman spectral
resolution was 0.7 cm™'. The ordered arrays of WS, domes were studied
by means of p-PL spectroscopy, using the same setup just described for the
u-Raman experiments, with the exception of a 20 cm focal length Isoplane
160 monochromator, equipped with 150 and 300 grooves mm™" gratings.
A supercontinuum pulsed laser, with 50 ps pulse width and a maximum
repetition rate of 77.8 MHz, was used as a source for time-resolved p-PL
measurements, from which the emitter decay times were evaluated. The
laser emission was filtered by an acoustic-optic tunable filter tuned at 532
nm. The signal was time analyzed by a Si avalanche photodiode (APD)
with nominal 50 ps temporal resolution.

Second-Order Autocorrelation Measurements: The assessment of the
emitter single-photon purity was performed with a Hanbury Brown-
Twiss setup, which measured the second-order autocorrelation function
(g@ (7)) of the emitted light. The measurements were performed under
continuous-wave excitation via a 532 nm laser. The PL signal coming from
the sample was spectrally filtered with a 20 cm focal length Isoplane 160
monochromator, equipped with a 600 grooves mm~! grating. The filtered
signal was then divided by a 50/50 beam splitter and collected by two Si
avalanche photodiodes with 250 ps temporal resolution. The coincidence
counts were calculated by the PicoHarp 300 time-correlated single-photon
counting module with a maximum resolution of 4 ps.

1-PL Measurements Under Magnetic Field: Magneto-u-PL measure-
ments were performed at low temperature (<10 K) in a superconducting
magnet reaching up to 12 T. x—y-z piezoelectric stages were used to excite
the sample and collect the signal from the desired point of the sample.
A 515-nm-laser and a 100x microscope objective with NA = 0.82 were
used. The same objective was used to collect the luminescence. The cir-
cular polarization of the luminescence was analyzed using a quarter-wave
plate and a Wollaston prism steering the components of opposite linear
polarization (and thus of opposite elicity) to different lines of the liquid-
nitrogen-cooled Si-CCD (pylon by Princeton Instruments) employed. In
this manner, opposite circular polarization components could be acquired
simultaneously. A monochromator with 0.75 m focal length and a 600
grooves mm~! grating was used to disperse the PL signal. The field was
directed perpendicular to the sample surface (i.e., parallel to the emitted
photon wavevector, Faraday configuration).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supporting Figure 1. Raman spectra of a MoS, dome before and
after the capping with hBNN.
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Figure S1. Temperature-dependent py-Raman studies of a MoSy dome before and after capping
with few-layer hBN. a)-b) AFM 3D maps of the dome before a) and after b) the capping
procedure. c¢)-d) Stacked p-Raman spectra for all the temperatures considered of the MoSs
dome before and after hBN capping (laser excitation wavelength equal to 532 nm and laser
power equal to 30 £W.). The peaks refer to the Egy (in-plane) and A;, (out-of-plane) modes of
oscillation associated to the bulk crystal (dashed arrow) and to the dome membrane (full arrow).
e)-f) Evolution with temperature of the peaks of panels ¢) and d) extracted by performing
Lorentzian fits of the py-Raman spectra of the bare and capped dome. The trends are fitted

hw,

(0]
with w (T) =wo + A [1 +2/ <e 2%kpT — 1)] , where only the lower-order three-phonon processes

of the anharmonic Klemens model are taken into account via the parameter A.[%:2 The almost



parallel trends of the peaks associated to the bulk crystal and the capped dome of panel f) are
in contrast with the erratic behaviour of the bare dome peak of panel e), proving the effect of
hBN even for temperatures below the gas-to-liquid transition of Hy at 32 K (shaded gray area).



Supporting Figure 2. Statistics on the strain of bare and capped
MoS; domes.
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Figure S2. Biaxial strain vs temperature calculated from the Raman shifts of the Ea; peak
(in-plane mode of oscillation) of several MoSy domes. The value of strain is calculated using the

equation L .
1 [ WEy (T) - Wiy (T) 1
S (T)

(2.1)
7E2g

where wgi‘ (T') is the Raman shift of the in-plane mode of a strain-free MoSy ML at temperature

T — obtained by adding 1.5 cm™! to the bulk shift — VE,, 18 the Griineisen parameter equal to
0.84 4 0.118! (assumed constant at all temperatures!) and the total biaxial strain is divided by
2 to obtain the strain exerted on just one direction (i.e. the radial or the circumferential one
that are equivalent at the top of the dome). The left panel shows the evolution in temperature
of the strain of the bare domes, while the right panel that of the strain after the capping with
few-layer hBN. At RT the capping procedure leads to a reduction in strain, which is then kept

constant at all temperatures. The range of temperatures below the gas-to-liquid transition of
H, is indicated by the shaded gray area.



Supporting Figure 3. Raman spectra of bare and hBN-capped
WS, domes.
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Figure S3. Raman study of bare and hBN-capped WSy domes. a)-b) Stacked u-Raman spectra
at different temperatures of a bare a) and hBN-capped b) WSy dome. The laser excitation
wavelength is equal to 532 nm and the laser power is equal to 30 uW. The peaks refer to the
Eég (in-plane) and A, (out-of-plane) modes of oscillation associated to the bulk crystal (dashed
arrow) and to the dome membrane (full arrow). Next to each spectrum an intensity factor
indicates the ratio between the maximum intensity of the corresponding set of spectra and the
intensity for that specific temperature. While the bare WSs dome’s spectra show an erratic
behaviour both in lineshape and in intensity, the regularity of the capped dome’s spectra, on
the other hand, reflects the conservative effect of hBN. ¢) Optical images of the domes of panel
a) (left column) and panel b) (right column) at temperatures of 5 K and 295 K. The deflation,
at low T, undergone by the bare dome is in contrast with the minimal changes in volume
experienced by the hBN-capped dome. Scalebar, 2 um. d) Histogram collecting the differences
in Raman shift, at RT, between the peak associated to the bulk A;s mode of oscillation and
the one associated to the dome membrane. The peak values were extracted with Lorentzian fits
performed on the spectra of several bare (black bars) and hBN-capped (red bars) WSy domes.
Since strain is responsible for the softening of the Raman mode, the reduction from a mean



value of Abull-gbaredome — (6,07 £ 0.42) cm™! to a mean value of AUAJEPPeddome _ (4 g9
+ 0.21) cm~! indicates a reduction of strain experienced by the domes that were capped with
few-layer hBN. A more thorough quantitative estimation of strain is prevented both by the
clarity of the lines (especially for the Eég mode of oscillation) and by the fact that in the point
of maximum strain, i.e. the the center of the dome, the Raman signal experiences a significant
drop in intensity, so that the peaks that are visible in the previous spectra are most likely related
to the emission collected from the lateral portion of the domes, where the strain tensor has a

strong spatial dependency.



Supporting Figure 4. AFM images of patterned WS, domes.
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Figure S4. a) AFM image of bare WSy domes formed in the lithographically-defined openings
of a PMMA mask. b) Close-up of one of the domes from panel a) showing the nearly total
absence of satellite domes at its edge. The lack of smaller secondary domes is a consequence of
the application of the PMMA mask and leads to better results during the capping with few-layer
hBN. Some wrinkles that can be noticed in the images are likely due to small residuals of PDMS
following the capping with hBN applied to a nearby zone.



Supporting Figure 5. Evolution in temperature of the PL of a
capped WS, dome.
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Figure S5. a) p-photoluminescence (PL) of a WSy dome capped with few-layer hBN as a
function of temperature. Excitation wavelength equal to 532 nm and laser power equal to 4.4
uW. The exciton peak (X) is highlighted at 290 K and 5.5 K by a red square, with its evolution
at intermediate temperatures followed by a red line as a guide for the eye. The predominant
energy band at lower energy (labeled T) is likely due to charged exciton recombination.® 6 The
intensity factors next to each spectrum are the ratio between the maximum PL intensity at 117
K and the one of the corresponding spectrum. b) Energy of exciton X vs temperature extracted
from the spectra of panel a) via Voigt fits (red squares) compared with the evolution in energy of
the exciton peak of an unstrained WSy ML deposited on SiO2 (magenta circles). Apart from a
rigid shift caused by tensile strain, the two trends are almost identical, confirming the preserving
effect of hBN on the dome geometry and strained configuration.



Supporting Figure 6.

a_ T T T T T T T
) 0 L _
1k J
! '
3tk J
£
\_/_4 L n
L .
g -5+ g-factor: g
6| -8559+0.011
0 2 4 6 8101
Magnetlc Field, B (T)
d) i
S\ -
(&) i
E
W -7.72£0.22
< Or.8.95+0.24 )
6r-7.87+£022 . ]
0 2 46 8101
Magnetic Field, B (T)
g) 0 T T T T T T I-
-1 J
-3 i
£
N _4 |
Ll .
g -5} g-factor: g
| 82840032
0 2 46 8101
Magnetic Field, B (T)
j) 0 -I T T T T T I-
1k J
! '
3t i
S
v_4 L n
w .
g -5} g-factor: g
5| -8:515+0.034 1

0 2 4 6 8 10 12
Magnetic Field, B (T)

g—factor

g-factor: g
[ -7.947 £ 0.063

0 2 4 6 8 10 12
Magnetic Field, B (T)

e) —
~ i
[} i
E
LI<J1 -5t g-factor: g

| -8121£0.039
0 2 4 6 8 1012
Magnetic Field, B (T)
h) 0 T T T T T T T
-1
%-2
-3
S
~ -4
L :
g -5} g-factor:
6| ~7-160+0.032
6 8 10 12
Magnetlc Field, B (T)

k) —

%\ -
3 4

S

N—r 4 .

Ll

< -5t g-factor: g
_g| -8034%0.054 1

02 4 6 8101
Magnetic Field, B(T)

Figure S6.1 Figure continues in the next page.
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Figure S6.2 g-factors of the emitters appearing in the PL spectra of hBN-capped WSy domes
at 10 K. The difference in energy AFE between the o and o~ polarisation (Zeeman splitting)
of the emitters is plotted as a function of the applied out-of-plane magnetic field B. The linear
fits follow the equation AE = gup B, where up is the Bohr magneton and g is the value of the
exciton gyromagnetic factor. Panel d) shows three emitters in the same plot since their emission
energies are in a narrow spectral window and were extracted performing a multi-peak Lorentzian
fit. A more complete discussion on the distribution of the values of g, extracted from these fits,
can be found in the main text. All the points in the plots have an uncertainty of 0.26 meV.
Excitation wavelength, 515 nm. Laser powers between 1 yW and 15 uW.
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