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Abstract

Dopants in two-dimensional dichalcogenides have a significant role in affecting electronic, mechanical,
and interfacial properties. Controllable doping is desired for the intentional modification of such
properties to enhance performance, however unwanted defects and impurity dopants also have a
detrimental impact, as often found for chemical vapor deposition (CVD) grown films. The reliable
identification, and subsequent characterization, of dopants is therefore of significant importance. Here,
we show that Cr and V impurity atoms are found in CVD grown MoS: monolayer 2D crystals as single
atom substitutional dopants in place of Mo. We attribute these impurities to trace elements present in the

MoO; CVD precursor. Simultaneous annular dark field scanning transmission electron microscopy (ADF-



STEM) and electron energy loss spectroscopy (EELS) is used to map the location of metal atom
substitutions of Cr and V in MoS> monolayers with single atom precision. The Cr and V are stable under
electron irradiation at 60 to 80 kV, when incorporated into line defects, and when heated to elevated
temperatures. The combined ADF-STEM and EELS differentiates these Cr and V dopants from other
similar contrast defect structures, such as 28S self-interstitials at the Mo site, preventing misidentification.
Density functional theory calculations reveal that the presence of Cr or V causes changes to the density
of states, indicating doping of the MoS, material. These transferred precursor impurities could help

explain the presence of trapped charges in CVD prepared MoS,.
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The direct band gap monolayer MoS: is one of a family of layered metal dichalcogenides' that show
promise in applications including catalysis, transistors, and optoelectronics.?”’ Scalable synthesis of these
materials is currently an active area of research, focusing primarily on either liquid exfoliation®® or
chemical vapor deposition (CVD) techniques.'®!* However, impurities in any source material are likely
to have a significant role in the properties of any synthesized MoS.. The role of impurities and dopants
are especially significant for these layered materials as not only do they provide a means for tuning the
carrier concentration and mobility,'*!® but also have implications for interface properties. This latter effect
is due to monolayer materials essentially being “all-surface” structures, and thus any lattice dopants will
be part of a potential interface. The consequences of this are important for heterostructures, low Schottky
barrier metal contacts, and catalysis. Variability in device performance for mechanically exfoliated MoS:
has been experimentally observed as both large spatial variations in contact resistance!” and as unexpected

Ohmic contacts with high work function materials,'*!8-2!

effects which have recently been attributed to
intrinsic defects and impurities.?? Further, the performance of CVD MoS,, grown using the common

MoOs sulfurization technique, in electronic and optical devices has demonstrated some variability in the



literature. This includes the reporting of the presence of defect induced charge trap states, reducing
electronic device performance.?3-26
The importance of understanding these dopants and impurities has motivated the exploration atomic

27-29

level defects and doping of MoSzusing both theory t,30-33

and experimen with the imaging of two-
dimensional materials and the characterization of their associated structural defects developing into a
significant area of research.’®3” These experiments are valuable both for aiding the understanding of

40,41

potential materials applications, ranging from optoelectronics*** to water desalination,***' and as model

systems for understanding defect behavior in general . *3-8

Aberration corrected transmission electron microscopy (AC-TEM) and scanning TEM (AC-STEM) are
essential techniques in this field, due to their ability to image at the single atom level and to induce
controlled defect formation in-situ.**° Utilizing annular dark-field (ADF) imaging in a STEM provides
imaging intensities proportional to atomic number (Z contrast imaging), allowing for the straight forward
discrimination of different element sites in two-dimensional materials.’!-* This can be combined with
electron energy loss spectroscopy (EELS) to confirm an elements identification.>*>> This can allow the
reliable imaging of single atom dopant structures, revealing the bonding configurations that dopants
undergo, such as substitutions?’ or surface bonded structures (e.g. top or bridge sites).?®

In this work we demonstrate that the definitive elemental identification of single atom Cr and V metal
substitutions in MoS> monolayers achieved through the combination of both ADF-STEM imaging and
EELS spatial mapping. We perform this investigation on our CVD synthesized MoS> monolayers,*® and
find that Cr and V substitutions exist throughout. ADF-STEM imaging and single-atom EELS mapping
are employed to confirm Cr and V atoms may occupy the Mo site as substitutional dopants. We show that
the Cr and V atoms exhibit similar ADF contrast to two sulfurs, and demonstrate the utility of EELS
mapping to ensure correct elemental identification. We use the combination of ADF-STEM imaging and

EELS mapping to characterize the stability of these dopants to elevated temperature and during defect

formation.



Results and Discussion

ADF-STEM imaging of the CVD prepared monolayer MoS: (Figure la) revealed a significant
concentration (~ 0.01 - 0.1 atoms nm2) of low contrast atoms situated on the Mo site spread across the
sample (Figures 1b and c). These are distinct from low contrast atoms located on the S site, which can be
attributed to S vacancy formation under electron beam irradiation (80 kV accelerating voltage). ADF
intensity line profiles across these low contrast defect sites (Figure 1d) show an intensity comparable to
that of 2 S atoms, which would intuitively suggest that these defects are 2S self-interstitials, but does not

discount them being a heavier atomic element.
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Figure 1. ADF-STEM characterization of CVD grown MoS; at room temperature. (a) Large area ADF-STEM
image of monolayer MoS.. Low contrast intensities situated at Mo atomic sites are indicated with yellow arrows.
Scale bar is 2 nm. (b,c) High magnification images of the left and right boxed areas in (a), respectively. Scale bars
are 0.5 nm. (d) ADF intensity line profiles taken from the two dopant sites in (e) and (f). Dopant sites are indicated

with arrows, and profiles were measured between the pointers shown. Beam accelerating voltage at 80 kV.



To confirm the identity of the dopant elements we recorded atomic resolution EELS maps with
simultaneous ADF-STEM imaging of the MoS, monolayer. For these experiments the sample was heated
in-situ to 300 °C in order to prevent contamination build-up during the relatively long simultaneous ADF-
STEM imaging and EELS mapping acquisitions. A lower accelerating voltage of 60 kV was employed to
minimize beam damage. Both Figure la and Figure 2a show similar defect configurations and
distributions at room and elevated temperatures, suggesting that heating does not influence the presence
or distribution of the substitutions. ADF-STEM imaging with atomic level EELS mapping revealed these
low contrast defects to be single atom substitutions of Cr (38/43 instances, Figures 2b-d), or V (5/43
instances, Figures 2e-g), denoted Cr@Mo and V@Mo after refs. [3,58,599]. Evidence for other metal
adatom configurations, such as Cr+S@2S or Cr+tMo@Mo, were not found. The EELS mapping agrees
with the ADF-STEM images, where Cr (Z = 24) shows lower contrast than Mo (Z = 42). The similarity
in atomic number between V (Z = 23) and Cr, and thus the similarity in contrast, emphasizes the value of

EELS identification as a complement to ADF-STEM imaging.

> h
. 4
o o
- s
. v s > S
- - ¢ e - Q
» . g [ & 11
. » . 3 r WA
» - . S . ol | u"\ﬁ‘JM
WL ' 1y
. » * e ;H!!‘M‘M‘!"X"I'hw}l\;ﬂﬂ
$ . ; .
.o, .: 500 550 600
- -~ 5 Energy (eV)

Figure 2. ADF-STEM with simultaneous EELS mapping of single atom Cr and V substitution sites (Cr@Mo
and V@Mo). (a) ADF-STEM image of MoS; at 300 °C with low contrast single atoms situated at some Mo sites
(arrows), in agreement with room temperature experiments. Scale bar corresponds to 1 nm. (b) ADF-STEM image

indicating the region for EELS mapping. Scale bar corresponds to 0.5 nm. (c) Magnified ADF-STEM image from



the region indicated with the box in b. (d) Overlay of the integrated EELS intensity (between 570—-590 ¢V) onto the
ADF-STEM image acquired at the same time, showing a Cr@Mo substitution in the dopant region. Higher red
intensity corresponds to greater integrated EELS intensity in the region 570-590 eV for the scanned pixel. (e) ADF-
STEM image indicating the region for EELS mapping. Scale bar corresponds to 0.5 nm. (f) Magnified ADF-STEM
image from the boxed region in e. (g) Overlay of the integrated EELS intensity (between 505-525 eV) onto the
ADF-STEM image acquired at the same time, showing a V@Mo substitution in the dopant region. (h) EELS spectra
showing the Cr L3, and V L edges extracted from the EELS maps in (d) and (g), respectively. Beam accelerating

voltage at 60 kV.

We note that the ADF-STEM images of Cr@Mo give similar contrast to images of 2S self-interstitials
on the Mo site, 2S@Mo, recently reported in the literature of ADF-STEM investigations of M0S,.>!** We
have performed image simulations of Cr@Mo and 2S@Mo in monolayer MoS,, as well as for a single S
vacancy to provide a known reference. A render of the input atomic model (perspective view) for these
simulations is shown in Figure 3a, with the three defects indicated with arrows. ADF intensity line profiles
of these three defects were acquired from the ADF image simulation (Figure 3b), and were compared with
line profiles extracted from an experimental ADF image (Figure 3c), as shown in Figure 3d. The
experimental ADF image in Figure 3¢ shows both a Cr@Mo substitution (red arrow), as confirmed by
ADF-STEM imaging with simultaneous EELS mapping (Figures 3e-g), and an S vacancy (white arrow).
The calculated and experimentally measured S vacancy intensity profiles (Figure 3d black line and scatter
plots, respectively) were used to calibrate the relative contrast and brightness between the two, as well as
to verify the simulation parameters (see methods). This allows us to compare the simulated and
experimentally measured ADF profiles for Cr@Mo, and also to compare with the simulated 2S@Mo.
From Figure 3d it can be seen that the experimentally measured ADF profile of Cr@Mo (red scatter plot)
agrees strongly with the simulated Cr@Mo profile (red line plot). However, there is also a close match
between the Cr@Mo profile and the 2S@Mo simulation (blue line plot), although the Cr does exhibit

marginally lower intensity than the 2S due to the lower Z (Z=24 vs. Z=16 x 2 =32). This marginal



difference can be observed in the experimental intensity profile, with the lower intensity for Cr compared
to 2S in good agreement with the predicted simulation. The combination of EELS and ADF agreement
allow us to be confident of the chemical identity of the substitution. However, the similar intensities of
Cr@Mo and 2S@Mo in the ADF images demonstrates that intensity profile analysis from ADF-STEM
imaging alone has the potential for ambiguity, and in isolation could lead to misidentification of dopant

and defect structures.
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Figure 3. Distinguishing Cr@Mo and 2S@Mo by Z contrast in ADF-STEM and AC-TEM. (a) Perspective
view of the MoS, atomic model used for simulations, with an S vacancy (black arrow), Cr@Mo (red arrow), and
2S@Mo (blue arrow) indicated. (b) Simulated ADF image of the model in (a). (¢c) Experimental ADF-STEM image
of MoS: (300 °C). White arrow indicates an S vacancy, red arrow a Cr@Mo. (d) Intensity line profiles between the
respectively colored pointers in the simulated (line plot), and experimental (scatter plot) ADF images (b and c). (e)
ADF-STEM image (300 °C) of a Cr dopant taken with simultaneous EELS map of the Cr@Mo shown in (c). (f)
Overlap of EELS signal (570-590 eV) from EELS map onto the ADF-STEM image. (g) EELS signal from the
dopant region. (h) Simulated TEM image of (a). (i) Experimental TEM image of MoS, (room temperature). Black
arrow indicates an S vacancy. (j) Intensity line profiles taken between the appropriately colored pointers in the
simulated (line plot), and experimental (scatter plot) TEM images (h and i). Beam accelerating voltage at 60 kV for

ADF-STEM and 80 kV for TEM.



Our CVD grown monolayer MoS; has been characterized in previous work by AC-TEM,*” however no
evidence of Cr dopants was detected. We attribute this to the lower sensitivity of phase contrast high
resolution TEM imaging to small differences in atomic number, making the identification of defect and
dopant sites more ambiguous to element composition. This is demonstrated in Figures 3h-j. A TEM image
simulation of the model shown in Figure 3a is shown in Figure 3h, with an experimental TEM image
shown in Figure 3i. Single S vacancies can be reliably identified using TEM from a combination of their
weak contrast and that they are continually created during imaging at 80 kV accelerating voltage.”” An S
vacancy is identified in Figure 3i and used as calibration for the image simulation parameters and
brightness/contrast, demonstrating good agreement with the intensity line profile shown in Figure 3j.
From the intensity profiles we see that in AC-TEM a Cr@Mo site has comparable intensity to an S
vacancy, so would appear indistinguishable from an S@Mo antisite. While such features are apparent in
our experimental TEM data (see Figure S1), it is not possible to discriminate between the S@Mo and

Cr@Mo from phase contrast AC-TEM imaging alone.

During imaging, line defects form in MoS; due to the sputtering of S atoms by electron beam
irradiation.’> The vacancy production rate is higher at 80 kV than 60 kV. The single S vacancies migrate
and aggregate with time to form line defects consisting of a chain of single S vacancies.” We found that
the Cr@Mo substitutions were also incorporated into these S vacancy lines (SVL), as shown in Figures 4
and 5. Figure 4 shows a time series of room temperature ADF-STEM images acquired at 80 kV of a region
containing a impurity atom in a Mo site. As time progresses, more S vacancies are produced, but the
location of the substitutional atom remains constant over the 5 minute period.

This stability is maintained under elevated temperature, with Figure 5 showing ADF-STEM data
acquired at 300 °C. Figure 5a shows a 2SVL (perspective model Figure 5d) containing a Cr@Mo
substitution within the SVL, as confirmed by an ADF-STEM imaging with simultaneous EELS mapping

over the indicated area (Figures 5b and c). The S vacancies can be identified within the SVL, with the



single S atoms indicated with white arrows in Figure 5a. These show “type 1 SVL behaviour,” where
the S atoms lie along a common straight line with the neighboring Mo atoms within the SVL, as opposed
to the higher strain, corrugated “type 2” case. Introduction of a Cr@Mo substitution into the Mo-S line of
the SVL (Figures 5e and f) does not disturb this type 1 behavior, as can be seen in the high resolution
ADF image in Figure 5g. The single S atoms (white arrows) can be seen to occupy equivalent positions

to that expected for Mo, suggesting that the Cr@Mo defect is well incorporated into the defective lattice,

likely due to the equivalent valence electron configurations of Mo and Cr.

Figure 4. Room temperature stability of substitutional metal atom. Time series of ADF-STEM images at room
temperature of a substitutional metal atom at the Mo site (¢ = 0s, 1m16s, 1m40s, 2m18s, 2m43s, 3m16s, 4m35s,

5m03s, and 5m35s, respectively). Beam accelerating voltage at 80 kV. Scale bar corresponds to 1 nm.
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Figure 5. Inclusion of Cr substitutions in S vacancy line (SVL) defects. (a) ADF-STEM image of a 2SVL defect,
with both a Cr@Mo in the bulk lattice and one imbedded in the line center (yellow arrows). White arrows indicate
single S atoms within the SVL. (b) ADF-STEM image and (c) EELS map (570-590 eV) of the boxed region in (a).
(d) Atomic model of (a). (¢) ADF-STEM image of a different 2SVL with a Cr@Mo incorporated. (f) ADF and
EELS map (570-590 eV) of the boxed region in (e). (g) High resolution ADF-STEM image of the boxed region in
(e). White arrows indicate single S atoms either side of the Cr@Mo. Images acquired at 60 kV accelerating voltage

and at 300 °C.

The metal substitutions were observed to be stable over time at high temperature of 300 °C, only moving
when a large number of S atoms are sputtered in their vicinity. Their stability is illustrated in the ADF-
STEM time series in Figure 6, showing three substitutions close to one another. Despite the formation of

a SVL over the course of imaging the substitutions remain in the same positions with respect to one

10



another, with the left most substitution finally ejected from the lattice in Figure 6d after 5Sm11s. Increasing
the temperature further, to 800 °C, we found that the metal substitutional dopants remained stable (Figures
6e-g). This indicates that dopants incorporated into the MoS; lattice during growth temperatures of 700-

800 °C will remain incorporated in the lattice.
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Figure 6. High temperature stability of metal substitutional atoms in MoS,. (a-d) ADF-STEM time series of
three immobile substitutions at 300 °C. Substitution sites indicated with yellow arrows (¢ =0s, 57s, 3ml4s, and
Smll1s, respectively). A SVL forms from (b) to (d), indicated by the green line annotation. The left most substitution
is ejected in (d). Scale bar 1 nm. (e-f) ADF-STEM time series of images of a metal substitutional dopant remaining

fixed at 800 °C (¢ = 0s, 1m20s, and 1m47s, respectively). Scale bar 0.5 nm. Beam accelerating voltage at 60 kV.

Density functional theory (DFT) calculations were employed in order to confirm the energetic
favorability of substitutional defects, the charge state of the dopant, and the potential change to the
electronic properties of the MoS; incurred through the single atom doping. Formation energies for both

Cr (Figures 7a and b) and V (Figures 7c and d) substitutions for Mo were calculated for a selection of
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charge states under both Mo-rich (high S vacancy concentration) and S-rich local environments. For
Cr@Mo, these yield formation energies of 0.75 eV (Mo rich) and -1.85 eV (S rich). The calculations
reveal that the Cr dopant must be an electronically neutral defect, as this is the only stable configuration.
Cr possesses the same number of valence electrons as Mo, and so can be expected to form similar chemical
bonds with the neighboring S atoms and thus remain electronically neutral. This contrasts with V dopants,
which are found to also exhibit stable 1- charge states, suggesting that they may act as a deep single donor
in monolayer MoS;, with a (0/-) transition level at 0.54 eV above the valence band maximum (VBM).
The difference in formation energies is found to be 0.19 eV, with the formation energy of V@Mo
corresponding to 0.35 eV (Mo-rich) and 0.04 eV (V-rich). From the formation energy curves in Figures
7¢ and d, the corresponding Fermi energy is 0.69 eV above valance band maximum (VBM) for Mo-rich
condition and 0.91 eV above VBM for S-rich condition. Therefore, our observed V@Mo in experiment
is expected to be 1-charged state from our calculation. The electronic density of states (DOS) of Cr@Mo
and V@Mo were calculated for the charge neutral states, and also the 1- charge state for the case of V,
shown in Figure 7e-h. The charge neutral Cr@Mo, Figure 7f, shows a new low energy peak in the DOS
compared to that of pristine MoS», Figure 7e, indicating doping of the MoS; by the presence of the Cr.
Neutral V@Mo exhibits a local magnetic moment of 1 pug generated by the V dopant and its bonding with
its neighbor S atoms, yielding a state in the band gap, in agreement with previous calculations.”® However,
the DOS for 1- charged V shows no moment due to the filling of the unpaired valence electrons. The DOS
of the 1- charged V@Mo, Figure 7h, also shows new low energy peak compared to pristine MoS> DOS,

confirming it can dope the material.

12



a Mo-rich S-rich
5 2 = 2 = Z
= g eI E 2+ .7 D 2
2+ .7 S. 2- 8 2N
o N - ~ -
& 37 S0 S 0=~ Tugr
C L // \\ e // \\\ /’/ \\
[ e e -+ e S ~
e #ETRGd ™ S SwZ
S 2- T e
© =t e - o SRS
I ] B Loamil i
£ [ . 4
L {1 - o =
™
" CrMOO Jd o
s e o e N [ o N B o e B o
0 0.5 1.0 15 0 0.5 1.0 1.5
Erermi-Evem (€V) Erermi-Evem (8V)
Mo-rich d S-rich
4 > 1 -
s B S > - \:</,
E b | 2~f/ . L
) 2+ -7 s _ 5%
5 2 RSN i -1 S5
c 7 Skias 4 -~ Y
o S J _ - q
=4 T e o 2 e PT N 2s
8 AT 3 e Vit
o > 0 SR
£ 1 VMo s 1
& 0 3
Vo' i 1-
4 Mo 4 VMo
-1+ A A e e e e
0 0.5 1.0 1.5 0 0.5 1.0 1.5
Erermi-Evem Eremi-Evem

, DOS(AU)

DOS (AV)

; DOS of perfect MoS,

E-Ep (eV)
DOS of Cry,”

|

i | M
100 {| : 1,4
Ao AN VIV WaA
. Wiy V”"M“f'”?? obed U W

A M A A A
A Cl o VW
L {U ! d \ [

-200

\
DOS (AU.) Q
g 8

1 2 3 4
EE¢ (0V)

DOS of Vo

1y
°

A
|

\ | M
. s u”-\‘m.\

1 T
\'W,M,"/\[\r»ﬁf‘“v,vw :
0 ! g
;\NN‘ %M\/‘v" mj\"\”;
100 141/

f‘v\/\/“w
I [ VY
| W

-200 i
-2 -1 ] 1 2 3 4
E-Eg (eV)
DOS of Vpy,
200 H

, DOS(AU)

o T PP g
My W-u\,,.%(}‘;—<>€ [ WV WS
l WYY A\ MW
00 W\ uw\m«\r A : V\ m mJ‘ ¥ “ﬁ’v/fv : J\ﬂ
! ! WYy
~200
h £ (; ) 2 3 L

E-E¢ (oV)

Figure 7. Density functional theory (DFT) calculated formation energies and electronic density of states

(DOS) of Cr@Mo and V@Mo. (a,b) Formation energies for an isolated Cr@Mo (or Crwm,) substitution in MoS..

(c,d) Formation energies for isolated V@Mo. Formation energies for various charge states as a function of the

Fermi level inside the band gap are shown. Stable charge states are shown as solid lines. VBM = valence band

maximum. (e-h) Electronic density of states calculated by DFT for (e) pristine MoS,, (f) neutral Cr and (g) V

substituted MoS,, and (h) 1- charged V substituted MoS,. Fermi level is set to zero and indicated by the dashed

line.

The evidence suggests that the Cr (and V) substitutions form during CVD growth. The presence of

dopants in samples imaged at room temperature strongly supports their intrinsic existence. The metal

atoms are in the form of Mo substitutions, rather than as adatoms positioned on the MoS; surface (such

as Cr+Mo@Mo),*® which are more likely to be included during the material growth at high temperature

during the synthesis and hard to create at room temperature. The formation of Cr@Mo post-growth would
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require the ejection of Mo atoms prior to Cr addition and evidence for Mo ejection would be expected,
however no Mo vacancies were apparent in the ADF-STEM or TEM data when imaging under the same
conditions. Electron beam induced damage under these imaging conditions was limited to sputtering of S
atoms. The source of the Cr and V is most likely from the MoO3 precursor used in the CVD synthesis,
which has been shown in the literature to contain significant trace levels of Cr and V impurities by mass
spectroscopy,®® and atomic absorption spectroscopy.®!
Conclusion

The presence of single atom substitutions of Cr and V for Mo in CVD monolayer MoS: has been
experimentally demonstrated by a combination of ADF-STEM and EELS mapping. The substitutions
were found to exhibit contrast similar to that expected from a 2S@Mo antisite from ADF-STEM image
simulations, highlighting the importance of EELS mapping for the confident identification and delineation
between various different possible dopants and self-interstitials. Imaging of Cr@Mo in S vacancy line
defects and time-series images at temperatures up to 800 °C confirm that the Cr@Mo substitution is a
stable dopant configuration. This information may help in the understanding of the n-type doping
commonly seen in TMD materials, which leads to trion emission in the photoluminescence spectra, and
the presence of scattering centers in CVD grown TMD monolayers. We hope these results will also be
useful in understanding the role of metal dopants in MoS, for work exploring the use of Cr addition as a

means of improving the antiwear properties of MoS; solid lubricants.®>

Methods
Sample synthesis and transfer:

Growth of MoS; monolayers on to Si/SiO: substrates was achieved using a hydrogen-free atmospheric
pressure CVD method, using sulfur (99.5%, Sigma-Aldrich) and MoOs3 (99.5%, Sigma-Aldrich) precursor
powders. The MoOs3 precursor was initially loaded in a 1 cm diameter tube, which was in turn placed
inside a larger diameter 1 in. tube of the CVD furnace. This was in order to prevent cross-contamination

of S and MoOs prior to MoS: formation on the target substrate, with the S kept separate in the larger

14



diameter outer tube. Complete details of the dual-tube process, along with schematics, are presented in a
previous work.>® Two furnaces were used to control the temperature of each precursor and the substrate,
with heating temperatures of S at 180 °C, MoOs3 at 300 °C, and the substrate at 800 °C. Ar was used as a
carrier gas. The S was left to vaporize for an initial 15 min, before the second furnace was increased to
800 °C at 40 °C/min and left for 15 min under Ar flow of 150 sccm. Ar flow was then reduced to 10 sccm
for 25 min, followed by a fast cooling process (sample removal). S temperature was kept at 180 °C
throughout.

Transfer of the MoS; was achieved by a commonly used PMMA scaffold technique. A8 950k PMMA
was spin-coated (4,500 rpm for 60 s) on to the exposed MoS; surface. This was suspended in a 1 mol/L
KOH solution to etch away the SiO: beneath the MoS;, detaching the MoS2/PMMA film from the
substrate. This was then washing in fresh DI water several times, and the film subsequently transferred
from the water to a TEM grid — a supported 200 nm thick Si3zNy film perforated by an array of 2 um
diameter viewing holes (Agar Scientific Y5358). This was air dried overnight, then baked at 180 °C for
15 min to ensure strong and even adhesion of the film to the grid. The PMMA was then removed by
submerging in acetone for 8 h. A similar process is used to transfer the MoS> onto DENS heating holder
chips, which contain suspended Si3N4 membranes with windows cut out by FIB.

Imaging and image processing:

Room temperature ADF-STEM imaging was performed on an aberration corrected JEOL ARM300CF
STEM equipped with a JEOL ETA corrector®® operated at an accelerating voltage of 80 kV (Figures 1
and 4), and 60 kV (Figures 6e-g) housed in the electron Physical Sciences Imaging Centre (ePSIC) at
Diamond Light Source. Dwell times of 5 —20 uS and a pixel size of 0.006 nm px™' were used for imaging.
Conditions for 60 kV were a CL aperture of 30 um, convergence semi-angle of 31.5 mrad, beam current
of 44 pA, and inner acquisition angle of 49.5 — 198 mrad. For 80 kV a CL aperture of 30 um, convergence
semi-angle of 24.6 mrad, beam current of 23 pA, and inner acquisition angle of 39 — 156 mrad.

High temperature ADF-STEM imaging at 800 °C (Figures 6e-g) was performed using a commercially

available in situ heating holder from DENS Solutions (SH30-4M-FS) within the JEOL ARM300 STEM.
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In the DENS Solutions holder, heating the sample was achieved by passing a current through a platinum
resistive coil imbedded in the TEM chip (DENS Solutions DENS-C-30). The resistance of the platinum
coil is monitored in a four-point configuration, and the temperature is calculated using the Callendar—Van
Dusen equation (with calibration constants provided by the manufacturer). Slits were produced into the
SizN4 membranes using focused ion beam milling.

ADF-STEM imaging and EELS at 300 °C temperature (Figures 2, 3c, 3e, 3f, 5, and 6a-d) were
conducted on an aberration corrected JEOL-2100F based at AIST, equipped with a DELTA corrector at
60 kV along with a JEOL heating holder for the in-sifu temperature control. A convergence semi-angle
of 35 mrad and inner acquisition semi-angle of 79 mrad were used. The beam current was approximately
10 pA. A dwell time of ~30 - 40 uS was used, with a pixel size of ~0.005 to 0.013 nm px"!. Total dose per
image was therefore ~10% e nm=.

AC-TEM (Figure 31) was performed on a JEOL 2200MCO at Oxford, with a CEOS corrector at 80 kV
at room temperature. Beam current density under imaging conditions was ~10° e nm™ s™! with typical
exposure times of 1 — 3 seconds.

(S)TEM images in Figures 1, 2, 3 and 6 were subjected to a Gaussian smooth. An intensity and position
preserving Savitsky-Golay spatial filter was used to smooth the images in Figures 5a and e, to preserve
the relatively weak S signal in the SVL.

EELS data was processed using the Cornell Spectrum Imager plugin for Image].®* An exponential was
fitted along the region 50-100 eV before the peaks of interest for background subtraction. No further (e.g.
Hartree-Slater) subtraction was performed. The EELS mapping images correspond to the relative
integrated EELS intensity; this area is integrated between the stated energies (typically integrated between
505-525 eV for V and 570-590 eV for Cr L peaks). This integrated intensity is acquired after background

subtraction.

Image simulations:
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Both TEM and ADF image simulations were performed using JEMS software.> TEM simulations were
done in the HR-TEM multi-slice portion of the package, using 80 kV accelerating voltage, 6 nm defocus
spread, 3 nm defocus, and Cs =35 um. ADF simulations were performed using the HAADF image
simulation component, with 4 nm defocus, 5.3 nm defocus spread, 60 kV accelerating voltage,
Cc = 1.2 mm, energy spread of 0.80 eV, Cs=2 pm, 0 nm twofold astigmatism, 37 nm (57°) threefold
astigmatism, 30 nm coma (115°), 35 mrad half convergence angle, and using Weickenmeier-Kohn atomic
form factors with core and phonon absorption with 600 K frozen phonons. Brightness and contrast of the
simulated images were adjusted such that the intensities of known atomic columns (1xMo, 2xS, and 1xS)

were in agreement with experiment (Figure 3d, black plot).

Density functional theory

DFT calculations are carried out to calculate formation energies of the charged dopants Cr@Mo and
V@Mo. The calculations are performed within the generalized gradient approximation (GGA) of the
Perdew—Burke—Ernzerhof (PBE) functional® using Vienna ab initio simulation package (VASP) code.®’
In the calculation, the basis set contains plane waves up to an energy cutoff of 350 eV, and the structure
is relaxed until the force on each atom is smaller than 0.02 eV/A. The 2 x 2 x 1 grid for k-point is used
for the supercell calculations. The in-plane lattice constant of the monolayer MoS is calculated to be a =
3.191 A and we used this lattice constant as a basic unit length in all directions for the supercell
calculations. The formation energies of the charged defects in neutral and charged states are calculated.

The formula of the formation energy is:

defect t t
Eform = EtoetZelc - Efoetgzec + Upmo — Ux + CI(E%X{“ + EFermi) + Ecorr (1)
where ngt];el“ is the total energy of a monolayer MoS; containing Cr (or V) dopants in the a(6 x 6 x 6)

tpoeg;e” is the total energy of a perfect MoS supercell without a defect. pm, is the chemical

supercell and E
potential of the Mo and px is the chemical potential of the X = Cr, V. These chemical potentials are

determined separately in the Mo-rich and the S-rich conditions. In the Mo-rich condition, pwmo is

determined by calculation of the total energy of bulk (bcc) Mo. In the S-rich condition, pm, 1s determined
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from pmos2, i.e. total energy of the primitive MoS2 monolayer and ps that determined by total energy of
the S orthorhombic crystal. To determine chemical potential of a Cr and V, chemical potentials of all the
experimentally known stable binary phases of Cr (or V) and S are calculated because it is hard to directly
discern present stable binary phase in the experiments.®®%’ Chemical potentials of the CrS, Cr7Ss, CrsSe,
Cr3S4, Cr2S3, and CrsSg (VS4, ViS4, VsSg, VsS4, and V3S for the V-S binary phase) are calculated and the
lowest value of pcr (1v) that can be considered as the most stable phases is selected among each cases. ¢

is the charge state of the defect, Egg;{e“ is the valence band maximum (VBM) of a monolayer MoS;

without a defect, and Erermi is the Fermi level with the reference to the Ef,’;lr\{ed. Ecorr 1s the energy
correction term including the potential alignment and the compensation to the artificial electrostatic
energy induced by image charges in supercells for charged defects. The detail explanation of the

calculation of Ecorr is described in somewhere.”%”!
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