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Supplementary note 1 - Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) studies were carried out to verify the nominal implantation fluence of
our experiments. An 860 keV helium ion beam was generated using a Cockcroft-Walton accelerator and then directed
onto the sample surface. The backscattered ions were detected by a silicon charged-particle radiation detector under
an angle of 165° to the ion beam direction. The semiconductor detector has an active area of 25 mm? and is located
at a distance of 88 mm. Figure S1 shows an RBS spectrum for Cr implantation at 25 eV with a fluence of 3 x 1015
cm~?2 on a Si/ta-C substrate. Fitting procedure using SIMNRA [1] gives Cr density of 3.03 £0.13 x 10'® em~2, which
agrees well with the given values in the Methods section. The test implantations are performed with a fluence of
3 x 10'® cm~? to achieve a high count rate in RBS in a reasonable acquisition time and to perform a better fit in
SIMNRA.
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Figure S1: RBS spectrum for Se implanted in ta-C on a Si substrate. The implantation was performed at 25 eV
with a fluence of 3 x 10*® ¢cm™2. Fit curve was done using SIMNRA.
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Supplementary note 2 - Spatial distribution of D peak

Figure S2 shows the 2D integrated micro-PL (p-PL) maps for D, X and X~ emissions. Compared to the excitonic
emission map of X and X, D emission is observed only in the implanted MoSe; ML area and does not come from
the hBN or Gr layer underneath. The emission is also not from localised sites, e.g. wrinkles, scratches or bubbles in
the ML, but rather the whole ML. The apparent difference between the bright and dark halves in the ML is likely
from inhomogeneous doping provided by the bottom Gr gate.
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Figure S2: pPL maps of Cr-implanted MoSe; ML. The PL intensity was integrated around (a) D, (b) X, and (c)
X~ emission. The integrated PL signal is summed over the energy range indicated in the shaded region in respective single
spectra in (d), (e), and (f).
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Supplementary note 3 - Polarization resolved PL

A linear polariser, a A/2-waveplate and a A/4-waveplate were inserted in the excitation path (before the beam-
splitter) to set the polarisation state of the laser beam from a diode laser (655 nm in wavelength and 4.59 pW in
power on the sample). On the detection path, a A\/4-waveplate, a A/2-waveplate and a linear polariser were placed
to set the detected polarisation state. D line shares polarisation properties with the X and X~ as shown in figure
S3. Excitation with circularly polarised light resulted in a low degree of circular dichroism for X and X~ emissions,
typical for MoSes [2-4]. The degree of dichroism, defined as Po = (I; —I_)/(I+ + I_) where I are PL intensity
detected in oy states, is similar for D compared with X and X~.
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Figure S3: Polarization-dependent PL of Cr-implanted MoSe. at 10 K. The sample is excited with left (o)
circularly polarised light, and PL is detected in left - red curve - and right (¢~) - dotted black curve - states. D, X~ and X
exhibit low circular dichroism Pc at below 0.05.
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Supplementary note 4 - Raman and PL spectroscopy studies of vacancies in MoSe, ML

According to MD simulation (table 1 in main text), we should exclude the Se vacancy as the signal’s origin.
Vacancy introduces a donor state at the Fermi level hybridised with the valence band and an acceptor state deep
in the bandgap [5-8]. An optical transition between the defect levels is not allowed (figure 7). The lowest allowed
energy optical transition is between the valence band state at the I'" point and the deep acceptor level. The existing
literature reports that vacancies form non-radiative recombination sites that quench PL [9, 10] or that they contribute
to sub-bandgap PL but only at low temperature [11-13], which is in contrast with our data (see RT PL from our
samples in figure S4b). In addition, the energy shift of the D line with the temperature [14] (figure 4c) is weaker than
that of X, unlike the fast change reported for vacancies in MoSey [11]. At sufficient density (around 8%), vacancies
can blueshift the PL and downshift the Raman lines [7]. In contrast, we did not see such changes in our Cr-implanted
MoSe; ML (figure S4).
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Figure S4: Optical spectroscopy of defected MoSe; ML. Room temperature Raman (a,c,e) and PL (b,d,f) spectra of
Cr-implanted MoSez ML (a,b), annealed ML (c,d) and Kr-implanted MLs (e,f), with a pristine ML’s spectrum for comparison.

Raman spectra are all normalised to Si signal at 520.5 cm™".

To ensure that one can exclude the role of vacancies in the D emission, room temperature Raman and PL spectra
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of MoSes; MLs with vacancies were compared to Cr-implanted MoSes. To create vacancies, one sample of MoSey was
annealed at 300 °C in low vacuum (5 x 10~2 mbar) for 2.5 hours [13]. Another two samples were implanted with
KrT, which, together with other noble gases, is commonly used for creating vacancies and their complexes in 2D
materials [12, 13, 15-22]. Ion implantation was done at 25 eV energy for introducing vacancies [23, 24|, with fluences
of 3 x 10 and 3 x 10'? cm ™2 at elevated temperature of 220 °C, after being pre-annealed for 30 minutes at the same
temperature in the implant chamber to remove volatile adsorbates. The higher fluence corresponds to the same Cr
fluence in the main experiment. The lower fluence is about 10 times higher than the upper limit of potential vacancies
density predicted for the Cr implanted sample by the atomistic MD simulation in the main text.

Figure S4 shows the room temperature Raman and PL spectra of MoSe; MLs before and after Cr implantation,
annealing and Kr implantation (as already described above or in the main text). Since slight variations in PL and
Raman spectra are possible from sample to sample, the spectra from the same ML before and after processing are
shown. Cr-implantation introduces a small upshift in the out-of-plane Raman vibrational mode A’ (figure S4a). The
upshift is expected for Cr atoms in the lattice because it stiffens the lattice bonds and increases the restoring force and
the A’ frequency. Annealing and Kr implantation downshift this Raman line (figures S4c and S4e). Such a downshift
has been reported before for MoSes MLs with vacancies [7, 25-27]. It was explained by the lattice bond loosening and
lowering the restoring force. PL emission of the Cr-implanted ML is 15 meV redshifted compared with the pristine
ML. Tt also shows an emission band around 120 meV below the free exciton line (figure S4b). This low-energy emission
is also observed at low temperatures. On the other hand, the annealed ML has a very slight blueshift (figure S4d),
consistent with several other reports [7, 25]. Kr-implanted MLs’ PL is heavily quenched (figure S4f). Some signal is
visible only when the excitation laser power is raised 15000 times (from 17 nW to 261 uW). The disagreement from
these experiments doesn’t favour vacancies being the origin of the D emission from the Cr-implanted ML.

Raman and PL spectra presented in this section were acquired under ambient conditions (room temperature and
pressure) using a confocal Raman microscope (Renishaw inVia) with 532nm excitation laser (Coherent Compass
315M 150SL). The laser power was set between 0.017 and 261 pW for sufficient signal intensity while preventing the
sample from heating during exposure. An objective lens (50x, NA = 0.75, Leica N-plan EPI) collected the Raman
signal, which was then dispersed by a 2400 1/mm grating on the CCD camera, giving a spectral resolution of 1 cm™!.
PL signal was dispersed with a 600 1/mm grating, yielding a resolution of 0.147 nm.
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Supplementary note 5 - MD simulation and TEM studies of Cr implantation in MoS,

To compare the types of defects obtained in the simulations to the available experimental data, we also modelled ion
implantation into ML MoS,. The results are presented in supplementary table S1. We note that interstitials cannot
exist in ML MoSy due to a smaller unit cell size than that of MoSes. Configurations predicted by the simulation were
observed in the atomic-resolution TEM characterisation of ML MoS; implanted with Cr under similar conditions [28].
It was noted that the relative abundance of defects, determined by the intensity-based atomic site assignment, was
heavily affected by the presence of carbon contamination on the ML surface. In addition to the poor resolution in the
experimental images, this renders accurate quantification of the elements difficult.

Table S1: Results of DFT MD simulations of 25 eV Cr ion irradiation on single layer MoS2. The probabilities
p of likely defect configurations to appear along with the formation energies E of these configurations are listed.

p Ey [eV]
adatom 0.12  -0.98
X-sub 0.12 -0.74
interstitial 0.00 0.93
Cr@Mo 0.41 3.06
Cr@Ss 0.12 2.87
Vs 0.13 6.53

passed through 0.10 0.00
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Supplementary note 6 - Unfolded band structures including implanted defects

The main text shows the dielectric functions of MoSe; MLs containing several Cr-implantation introduced defects.
In the following, their unfolded band structures are shown, which means that the band structures are shown in the first
Brillouin zone of the pristine unit cell to visualise better the perturbation that the defect introduces. The methodology
is briefly recapitulated in the method section of the main text.

Single atomic defects should show up as flat energy levels if the computational supercell is large enough for the
periodic images of the defect atom not to interact. It is not always the case here due to the computational resources
that such large supercell would require. Wherever a defect state crosses and interacts with a band of the host lattice,
a hybridisation of the bands is visible.
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Figure S5: DFT calculation for unfolded band structure of Cr-implanted MoSe>, ML with different Cr defect

configurations: (a) Cr@Mo, (b) Cr@Se, (c) interstitial Cr atom, (d) X-sub. Calculations were performed in 5x5 supercells

(with a reciprocal cutoff radius of 4.1 Bohr™! for (d), and 3.6 Bohr™' for its respective absorption spectrum in the main

text) [5]. The calculations include two spins, shown here in red and blue, without spin-orbit coupling. Defects (and bands)

in (a) and (d) are spin degenerate. Defect-induced states in (b) and (c) can be occupied by one electron. The influence of

the implanted defect is visible via the defect-induced states inside the bandgap. A thick symbol size (high unfolding weight)
means that the symmetry of this state corresponds to the one of the primitive cell (pristine material).



S-9

Supplementary note 7 - Charge carrier density conversion from gate voltage

The carrier concentration n is estimated by the simple parallel plate capacitor model [29, 30]. The bottom hBN
flake acts as a dielectric of the capacitor with dielectric constant engn ~ 3.4 [30-32]. Upon applying gate voltage Vg,
we have

Q A
Y eanen—
Vo — Vo) hBN€0

C =
with C the capacitance of the graphite/hBN/MoSe, stack, @ the charge on MoSe; ML at V, V, being the gate
voltage at charge neutrality point (taken to be at minimum trions PL intensity), €y the vacuum permittivity, A the
hBN flake’s area, and the flake’s thickness t = 20 nm. Rearranging the above equation gives the charge carrier density
n on the ML

_ _ (Vq — VO)
n—eA—€hBN€0 of

where e = -1.602 x 1071 C is the electron charge.
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