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Supplementary Note 1: Optical spectroscopy of He-ion bombarded hBN
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Supplementary Figure 1. Photoluminescence of He-ion bombarded hBN. Two exemplary
spectra taken from a spatially resolved low-temperature (10 K) u-PL mapping on He-ion bombarded

hBN with doses of o = 2.2 - 10'? ions cm™2 (red) and o = 2.2 - 10! ions em =2 (black).

Recently, quantum emission from optically active defects in hBN crystals has been demon-
strated. [1] In order to rule out any defect emission contribution to the defect emission from
the hBN crystals, we irradiate large areas (>400pm?) of exfoliated and deterministically
transferred hBN flakes on the same SiO,/Si substrates that are used for all experiments of
this work. Two spectra taken from low temperature (10 K) spatially resolved p-PL mappings
recorded for He-ion doses of o = 2.2 - 10'? ions ecm™2 (red) and o = 2.2 - 10 ions cm™2
(black) are shown in Supplementary Figure 1. Besides background noise from the CCD chip

used for integration in our experiments, our data shows no indication of quantum emission

from hBN induced by the He-ions in all bombarded areas.



Supplementary Note 2: Dose dependent spectra of non-encapsulated MoS,
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Supplementary Figure 2. He-ion dose dependent photoluminescence spectra of MoS,

in different dielectric environments. a, Dose dependent photoluminescence of MoSy on

A

SiO2/Si. The spectrum reveals emission from the neutral exciton %X fs, and charged exciton ~ X7,

and from the L-peak and furthermore dose dependent emission from the Lp peak. (Data are
adapted from Ref. [2]) b, Dose dependent photoluminescence of MoSs on hBN reveals spectrally
more narrow free exciton emission and similar to a emission from the L-peak and dose dependent
defect emission from the Lp-peak ¢, Dose dependent photoluminescence of a hBN/MoSs/hBN van
der Waals heterostructure. Besides spectrally narrow free exciton emission the spectrum also reveals

spectrally sharp emission.

Since the photo-physical properties of single-layer MoS, strongly depend on the dielectric
environment, especially on the encapsulation and passivation of the surface of the crystal,[3-

6] we spectroscopically investigate the He-ion dose dependence of single-layer MoSs in differ-
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ent dielectric environments. Supplementary Figure 2 shows typical low-temperature (10 K)
u-PL spectra of single-layer MoS, on SiO/Si, MoS, /hBN and fully hBN encapsulated MoSs.
The He-ion dose is varied between o ~ 102 ions em ™2 and o ~ 10' jons cm~2. All spectra
reveal emission from the neutral and charged exciton with much narrower linewidths on hBN
substrates due to a reduced inhomogeneous linewidth. [4-7] Moreover, all spectra exhibit
typically observed broad low-energy emission from the L-peak in addition to a superimposed
emission from the L peak [2| that increases with increased o. This emission is detuned by
AFE ~ 190 meV from the neutral exciton and spectrally narrows for fully hBN encapsulated
MoS,. Remarkably, only sandwiched MoS, reveals very sharp emission. The overall PL
emission in all three sample geometries quenches for o > 10'* ions ecm™2 which is likely due

to high defect densities.



Supplementary Note 3: Spatially localized defect emission in vdW het-

erostructures
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Supplementary Figure 3. Spatially localized photoluminescence in hBN/MoS;/hBN.
a, Typical photoluminescence spectrum that features emission from different single defect emitters.
b, Corresponding spatially integrated PL mapping of the red coloured line in a. The spatial position
from which the spectrum is taken from is highlighted by the black arrow. The photoluminescence

is spatially localized within the focal spot diameter of the confocal microscope.

To spatially correlate the spectrally sharp emission, we perform spatially resolved u-PL
mappings. Supplementary Figure 3a shows a typical photoluminescence spectrum at 10 K.
The spectrum reveals various single defect emitters. The corresponding spatially integrated
PL mapping for the red coloured emitter is shown in Supplementary Figure 3b. The arrow
highlights the spatial position from which the spectrum is taken from. The emission is
spatially localized with a spatial extent that is limited by the focal spot diameter (~ 1.2 ym)

of our confocal microscope.



Supplementary Note 4: Averaged photoluminescence spectrum of He-ion

bombarded hBN/MoS,/hBN
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Supplementary Figure 4. Averaged photoluminescence spectrum of defective, and
hBN encapsulated MoS;. The spatially averaged photoluminescence spectrum shows emission
from neutral and charged exciton and also significant contribution from the L-peak and from the

defect X p-peak. The neutral exciton is set to zero detuning AFE.

Supplementary Figure 4a shows an averaged PL spectrum with the neutral exciton set to
zero detuning AFE. Here, we average over all spectra that reveal emission from the neutral
exciton and emission from localized emitters. In each spectrum the emission energy of the
neutral exciton is used as a reference in order to properly sum up all spectra. The averaged
spectrum shows emission from the neutral and charged exciton, a significant contribution
from the L-peak at lower energies and also a significant contribution from the most prominent
defect peak Xp at AE ~ 190 meV. The spectrum has similarities with a photoluminescence
spectrum of He-ion bombarded MoS, on SiO, as reported recently [2] and also shown in

Supplementary Figure 2a.



Supplementary Note 5: Spectral occurence of single defect emission
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Supplementary Figure 5. Photoluminescence of He-ion bombarded hBIN. Histogram of
the energy detuning AFE}, of single defect emission Xy, for three samples. Data are obtained from

low-temperature (10 K) spatially resolved pu-PL spectroscopy.

To verify the reproducability of spectral occurence of single defect emission, we repeated
experiments on two additional helium ion bombarded heterostacks. To this end, perform
low-temperature (10 K) spatially resolved p-PL spectroscopy on three nominally identical
heterostacks. Emission statistics for all three measured samples are presented in Supplemen-
tary Figure 5. All histograms qualitatively reveal the same distribution, showing clustering

at AE ~ 190meV and a broader emission band for < AE ~ 190 meV.



Supplementary Note 6: Dose dependent occurence of single defect emitters
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Supplementary Figure 6. Dose dependent occurence of single defect emission. The
dose dependent number of emitters shows a maximum at a dose of o ~ 2-102cm™2 with a steep

decrease for o > 7-103cm—2.

Instead of creating defects with a fixed helium ion dose, we continuously vary the ion dose
over two orders of magnitude from o = 2.2-102cm™2 to 0 = 1.4-10**cm =2 by adjusting the
dwell time accordingly. Here, large fields of 4 x 8 pm are exposed for each dose in order to
create reliable statistics. The creation efficiency of single defect emitters has a maximum at

~ 2-102cm™? corresponding to ~ 3.5 emitters pm 2.



Supplementary Note 7: Photoluminescence excitation spectroscopy
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Supplementary Figure 7. Photoluminescence excitation spectroscopy of single defect
emitters in a helium ion bombarded hBN/MoS;/hBN van der Waals heterostructure.
a, The false colour plot shows emission from °X f}g and localized emission X, for excitation energet-
ically above " X{.. b, Differential reflectivity AR/R of the heterostructure reveals the X3. and X
as highlighted by the dashed lines. Photoluminescence intensity of X as a function of the laser
excitation energy. The intensity enhancement of single defect emission and background coincides

well when the laser is tuned on resonance with X{‘S and X ﬁ.

Similar to the PLE measurements shown in Fig. 2. in the main manuscript, we performed
additional measurements by scanning our excitation laser across excitonic resonances ener-
getically above the °X7% (cf. Supplementary Figure 7a). By measuring differential reflectivity
AR/R using a broadband supercontinuum source, we observe several excitonic resonances
as shown in Supplementary Figure 7b. The plot reveals absorption from the spin-orbit

split °X P at an energy F(°XE) = 2.1eV and an additional resonance close to the °X7 at
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E(°X3) = 2.12eV which is ascribed to originate from the X3! as identified recently.|8] The
hBN environment enhances optical quality and therefore allows us to observe higher excited

Rydberg states.
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Supplementary Note 8: He-ion exposed hBN prior to stacking of MoS,
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Supplementary Figure 8. Spatially resolved photoluminescence of bombarded hBN
with pristine MoSs and hBN stacked on top. a, HIM image of the bottom hBN flake. The
highlighted He-ion exposed area is treated with a dose of ¢ = 2.2-10?cm~2. b, Optical microscope
image of the hBN/MoSy/hBN van der Waals heterostructure. ¢, Spatially resolved and spectrally
integrated (1.6 — 2.0eV) u-PL mapping of the highlighted area in b. d, Representative spectra of

three different positions taken from the PL mapping in c.

In order to rule out any correlation of exposure induced photoluminesce with defects
created in hBN through He-ion exposure we investigate van der Waals heterostructures where
the bottom hBN flake is treated with He-ions. Supplementary Figure 8a depicts a HIM image
of a hBN flake on a SiO, substrate. The highlighted area of the flake is exposed with He-ions
with a dose of ¢ = 2.2 - 10"2cm~2. This dose has shown to result in a high density of single
defect emitters (cf. Supplementary Figure 6). After the bombardment a single layer of MoS,
is stacked onto the partially bombareded b-hBN and is in a subsequent step fully enapsulated
with the t-hBN crystal. A spatially resolved and spectrally integrated p-PL mapping of
the highlighted area in fig 8b is presented in Supplementary Figure 8c. Representative
spectra from three different positions as highlighted in Supplementary Figure 8c are shown
in Supplementary Figure 8d. Here, the spectra reveal luminescence from the neutral and
charged exciton as well as the L-peak, signified by the broad luminescence background

at lower energies. Importantly, unlike bombarded and encapsulated MoS, as presented in
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the main manuscript, the spectra from bombarded hBN do not feature any single defect
emitters. We therefore can unambiguously exclude He-bombardment induced defects in

hBN as a source of single defect emission.
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Supplementary Note 9: Evolution of defect states from ab-initio computations
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Supplementary Figure 9. Energy difference of ingap defect states for differ-

ently charged molybdenum-vacancies. Ab-initio computed energy differences AEPFT =
E(CBM)PET — E(state)P'T are shown for a neutral V), and for a single, double and triple
charged molybdenum-vacancy (V]&[_O, VA24; and V]\?}_o) Energy differences are shown for the e-p, e-pd
and ap-pd for both, spin down and spin up states. The experimentally obtained lowest emission

energy of AEr ~ 0.2¢eV is highlighted with a dashed line.

EPFT a9 taken

Supplementary Figure 9 presents the DF'T calculated energy differences A
from the DOS shown in Fig. 1f-i in the main manuscript. In particular, energy differences
between the conduction band minimum (CBM) and the e-p, e-pd and a;-pd spin up and
spin down states are shown for a neutral VY, and for a single, double and triple charged
molybdenum-vacancy (V,;., Vi and V7). Moreover, we highlight the experimentally
observed highest energy detuning AE, ~ 0.2eV in order to directly compare with theory.
We find best agreement with the e-pd spin down state (AEPFT ~ 0.22eV) of the V). that

also is the lowest unoccupied state for this charging configuration.
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Supplementary Note 10: Activation energy of a single defect emitter
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Supplementary Figure 10. Activation energy of a single defect emitter. Temperature
dependent intensity of a single defect emitter X plotted in an Arrhenius representation. The
black solid line is a fit with Eq. 1 to the data. The emitter exhibits an activation energy of
(17.18 £ 2.05) meV.

From the temperature dependent data shown in Fig. 4a in the main manuscript, we
also investigate the temperature dependent intensity of a single defect emitter X. The
corresponding data is presented in Supplementary Figure 10 in an Arrhenius plot. The data

is fitted by

Iy
= Ea )
1+C-exp(—14)

I(T)

(1)

with the emission intensity at 0K, a fitting constant C' and the activation energy F4.
From the fit, we obtain an activation energy of (17.18 £ 2.05) meV. The activation energy
is lower compared to the thermal activation energy kg1 ~ 25meV at room temperature.

This explains why emission is absent at elevated temperatures.
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Supplementary Figure 11. Dipolar emission characteristics of a single defect emitter.
a, Polar plot of the emission polarization characteristics of a single defect emitter for excitation
with a fixed linear polarization (blue). Data are fitted with cos? 6. b, Corresponding spectra for

co- (black) and cross-linearly (red) detection polarization as highlighted by the arrows in a.

Supplementary Note 11: Emission polarization of a single defect emitter

To further support the interpretation that localized emission originates from a single
dipole, we perform polarization resolved PL spectroscopy on a typical emitter at AE ~
170meV. We excite with a fixed linear excitation polarization and probe the emission
polarization by rotating an analyzer in the detection path. The corresponding emission
characteristic is shown in Supplementary Figure 11a. Two spectra for emission co- and cross-
linearly aligned with the emission polarization are shown in Supplementary Figure 11b. This
single photoluminescence line X, exhibits a dipolar emission pattern, while the °X{! emits
isotropically. In turn, the former observation provides direct evidence that the luminescence

X, indeed originates from a single dipole. [9]
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Supplementary Note 12: Defect emitter lineshape

To describe the defect emitter spectrum we utilize the independent boson model that
has been succcessfully applied to describe the lineshape of quantum dot states [10-12] and
defect-bound excitons [13]. The Hamiltonian for localized excitons of energy E coupled to

lattice vibrations reads
H=EX'X + Z hwqagaq + XTX Z gfl((a]; +a_q), (2)
q q

where the interaction part represents lattice deformations due to the presence of an exciton.

The exciton-phonon matrix elements
g3 =D 0" (1) 950k +an) — g0 (k - q.)] )
Kk

contain the exciton wave function ¢(k) with qe/n been the electron/hole momentum. For a

localized s-exciton we obtain
C v
X 9q 9q

Jq = - 4
d [1+ <aB|2h>2]2 [1+ <aB|ze>2r W

where ag is the 2D exciton bohr radius. The carrier-phonon matrix elements ¢/? are treated
in deformation potential approximation [14, 15] and we account for the coupling with LA
and TA phonon modes, which are found to be the dominant source of phonon dephasing in
the system. For deformation potential coupling with acoustic phonons of dispersion wq = v5q

the carrier-phonon matrix element is given by

hw
c/v _ Dc/v q 5
94 50294 (5)
with sound velocity v, 2D mass density p, and deformation potentials D*? taken from
DFT/DFPT calculations [15, 16]. Here, A is the crystal area.
The spectral properties are obtained from the optical response to a classical electric field
E(t), which drives a polarization of the medium. In response to a weak optical (test) field,

the linear optical susceptibility is given by:

X(w) = : (6)
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Supplementary Figure 12. Comparison between measured and calculated emission
spectra for various Bohr radii. The result for ag = 2nm corresponds to the spectrum at

10K in Fig. 3 of the main text.

considering the polarization P in direction of the external field. To obtain the frequency-
dependent response of the medium, we use the Fourier transform of the polarization P(t),

which can be written for a delta-like excitation as [10]
P(t) = —iO(t) exp [—it(E — ivaq) + R(t) — R(0) — tR'(0)]. (7)

The polarization decays due to radiative recombination with a rate v,,q as well as excitations

into phonon sidebands described by the complex function

Ny+1

X (4+iwq—ph)t (—iwg—vpn)t
e + - e 8
Z| q‘ { W "’VV n)? <Wq_27ph)2 ®)

where Ngq = 1/(exp|fiwq/kpT] — 1) is the phonon occupation, g the exciton-phonon ma-
trix elements, ~,, the phonon lifetime and w, the acoustic phonon dispersion assumed in
equilibrium at lattice temperature 7. Absorption spectra that are obtained from solving
Eqs. (6)-(8) posses a Lorentz-broadend zero-phonon line as well as phonon sidebands due to
multi-phonon processes. The latter give rise to the observed asymmetric lineshape at low
temperature, where only phonon emission processes dominate.

Emission spectra are obtained as a mirror image of the absorption spectra reflected across
the zero-phonon line [17]. At low temperature best agreement between calculated and mea-

sured photoluminescence spectra is obtained for a Bohr radius of 2nm, see Supplementary
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Figure 12. In order to obtain this agreement, it was necessary to reduce the exciton-phonon
coupling strength by a factor of 3.75 compared to the bare monolayer. This results in a

Huang-Rhys factor
¥ |2
Z g
S — ‘ q2| (9)
w
q q

of 0.75, which is consistent with the phonon coupling that we have obtained from the analysis
of the temperature dependent peak position (cf. main text). For the phonon lifetime 1/,
we used a value of 40 ps according to Ref. [18]. From the fit we obtain a value for the
radiative linewidth of 0.5meV. Using this parameters, all spectra in Fig. 3 of the main
text are then well described by changing the temperature according to the experimental

condition.
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