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Abstract. Understanding the physical properties and controlling the generation
of intrinsic and extrinsic defects is central to the technological adoption of 2D
materials in devices. Here we identify a charged carbon-hydrogen complex at
a chalcogen site (CHX) as a common, charged impurity in synthetically grown
transition metal dichalcogenides (TMDs). This conclusion is drawn by comparing
high resolution scanning probe microscopy measurements of nominally undoped
and intentionally carbon doped TMD samples. While CH impurity densities in
undoped CVD-grown WS2 and MOCVD-grown WSe2 can range anywhere from
parts per million to parts per thousand, CH densities in the percentage levels
were selectively generated by a post-synthetic methane plasma treatment. Our
study indicates that methane plasma treatment is a selective and clean method
for the controlled introduction of a charged carbon-hydrogen complex at a surface
chalcogen site, a defect that is commonly present in synthetic TMDs.
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Introduction

Chemical doping is a vital technology to tune the transport and optoelectronic
properties of semiconductors through band-gap engineering. In bulk materials,
dopants are often introduced to create shallow defect states close to the band edges in
order to generate mobile charge carriers. In contrast, dopants in two-dimensional (2D)
materials such as transition metal dichalcogenides (TMDs) exhibit significantly more
localized wavefunctions and higher binding energies deeper in the band gap [1–3].
This poses severe limitations to transferring the concept of chemical doping to
low-dimensional material systems, but offers exciting possibilities to create surface-
bound atomic quantum systems by chemical design rules [4, 5]. For both classical
optoelectronic and quantum photonic applications, it is desirable to suppress the
intrinsic disorder in 2D semiconductors to an absolute minimum. In particular,
avoiding or passivating any deleterious defects that act as charge traps [6, 7], add
to charge scattering [8] and recombination [9, 10], and cause decoherence effects by
fluctuating magnetic fields [11] is an essential step for their technological adoption.
[12–14] Hence, a detailed understanding of types and properties of impurities present
in synthetically grown 2D materials is essential.

Previously we used a combination of different high-resolution scanning probe
methods and ab initio calculations to identify common impurity defects in chemical
vapor deposition (CVD)-grown tungsten disulfide (WS2) such as oxygen substituting
for sulfur (OS), and chromium or molybdenum substituting for tungsten (CrW
or MoW). [15–17] Importantly, we established the correlation between the atomic
structure and electronic properties of these defects. However, one defect that we
commonly observed in our samples, we were previously not able to identify. [7,15] This
defect is also consistently observed in other STM studies on a variety of TMDs and
either left unidentified [18,19] or the assignment was ambiguous. [13,20,21] This defect
is known to be negatively charged [7, 15, 19]. Charged defects can be detrimental to
intrinsic 2D material functionality, for instance by acting as strong scattering centers
limiting charge carrier mobility [6, 10, 22], or modifying luminescence by enhancing
charge recombination [23] and shortening exciton lifetimes. [24,25] We recently found
that the negative charge trapped at the defect site gives rise to a series of hydrogenic
bound and resonant states originating from hole localization in different valleys. [7]
These hydrogenic states can be observed in scanning tunneling spectroscopy (STS) but
are, to a large degree, independent of the chemical origin of the defect, thus obscuring
the chemical identification by its electronic fingerprint.

Here we unambiguously identify this common charged impurity defect as a carbon-
hydrogen complex at a chalcogen site (CHX) by comparing nominally undoped with
intentionally carbon doped TMD samples. By a post-growth plasma-assisted process
we could increase the CH impurity density by two orders of magnitude into the
atomic percentage levels. In addition we confirm the assignment with atomically-
resolved topographic and electronic structure measurements and ab-initio modeling.
Our atomically-resolved scanning probe measurements demonstrate that the plasma
treatment is selective, clean, and allows a high level of defect density control. The
negative charge localization at CH impurities suggests that this defect can significantly
affect the optoelectronic properties of TMDs. The detailed understanding of defect
electronic properties, along with the controlled generation can be utilized to tailor
TMD functionality by synthetic means.
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Results and Discussion

Three TMD samples were examined in this study: undoped tungsten diselenide
(WSe2), undoped tungsten disulfide (WS2), and carbon doped WS2. Monolayer
islands of WS2 and WSe2 on graphene on silicon carbide (SiC) substrates were
prepared by chemical vapor deposition (CVD) [26,27] and metalorganic chemical vapor
deposition (MOCVD) [21,28] respectively. Figures 1(a) and (b) show typical scanning
tunneling microscopy (STM) overview images of as-grown WSe2 and WS2 respectively,
where a variety of intrinsic point defects can be observed. We have previously identified
common defects in CVD-grown WS2 to be oxygen at top and bottom chalcogen sites
and chromium and molybdenum at tungsten sites. [15–17] Due to their very similar
topography and local density of states as measured by CO-tip noncontact atomic force
microscopy (nc-AFM) and scanning tunneling microscopy/spectroscopy (STM/STS)
respectively, we identify OSe top and bottom, CrW and MoW also in WSe2.

In all samples we observe a negatively charged defect, which we tentatively refer
to as“nCD”, that is imaged as a ∼2 nm dark depression at positive biases [as seen
in figure 2(a)] and a protrusion at negative biases. This contrast inversion is due to
strong upwards band bending in the proximity of the negatively charged defect [7,15].
The negative charge arises from the filling of a partially occupied valence band from
the underlying graphene/SiC substrate, which acts as a Fermi sea [7,29]. Atomically-
resolved CO-tip nc-AFM imaging [15, 30] indicates that this defect is located at a
chalcogen site [see figure 2(b)]. The defect appears as a small repulsive feature,
indicating that it is either smaller than a sulfur atom or resides closer to the tungsten
plane. Conversely, figure 2(e) shows that the defect is either larger than or further away
from the tungsten plane than a top oxygen substitution that was measured in the same
image. Previously, we used density functional theory (DFT) to narrow down possible
impurity candidates that are consistent with the experimentally observed atomic and
electronic structure of nCD. Two possibilities remained: a carbon-hydrogen (CH)
group or a nitrogen atom at a chalcogen site. [15]

To pinpoint the identity of the defect, we intentionally carbon doped WS2 samples
with an inductively coupled methane plasma-enhanced CVD process. [31] Previous
results indicated that methane plasma treatment results in CH substituting for sulfur.
[31] Figure 1(c) shows an overview image of a CH-doped sample using a 1 sccm flow
of methane. A significant increase in nCD defect density is observed. The measured
defect density of 0.6% is in excellent agreement with the expected value derived by
linear extrapolation from higher methane flow rates. (Previously we observed that a
5 sccm flow rate resulted in a 3.3% carbon atomic percentage incorporation). The CH
defect density is approximately two orders of magnitude higher than in the nominally
undoped reference sample where we count 59 ppm. However, the nCD density between
different undoped samples was found to strongly fluctuate from low parts per million
to as much as parts per thousand levels (see supplementary material).

To confirm that the nCD defects in the intentionally doped sample are equivalent
to the nCD defects on the pristine samples we compared their atomic contrast
measured with CO-tip nc-AFM. As well, STS measurements [figure 3(a)] of the
nCD defect in the undoped (blue) and doped (purple) sample show nearly identical
resonances. The spectral features are rigidly shifted, which we attribute to the different
Fermi level alignment of the substrates (see supplementary material). The resonance
energies also strongly shift depending on the local environment as is observed in a
selection of five different CHS dopants that are in close proximity to other negatively
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charged defects, shown in figure 3(b). The energetic shift of up to ∼ 150 meV suggests
a strong susceptibility to electrostatic gating effects [32]. When separated closer than
∼ 1 nm the STS features start to change indicating the formation of hybrid defect
states. This is in agreement with previous photoluminescence studies that showed
that increasing CH doping resulted in the detection of new emission states. [31]

The identification of the CHS impurity and the negative charge state is also
confirmed by DFT calculations. Previously, [31] CH was found to be the most
stable hydrocarbon substitution at a sulfur site, energetically more favorable than
other conceivable fragments of the methane plasma such as CH3, CH2, or C. Our
DFT calculations predict the binding energy of a CH impurity formed at a S site
in the presence of free CH radicals and S vacancies to be -0.55 eV. Sulfur vacancies
can be expected to be introduced during the plasma treatment because of the high
temperature applied and admixed hydrogen to the plasma. The large energy gain
results from the high reactivity of CH radicals and S vacancies. This confirms that
CH incorporation in WS2 (and similarly in other TMDs) is a likely high-temperature
process amid hydrocarbon containing environments.

In figure 4 the calculated band structure of pristine monolayer WS2 [4(a)] and
WS2 containing a CHS [4(b)] impurity is shown. The impurity introduces a defect
state overlapping with occupied WS2 states and depletes one electron from the WS2

valence band, lowering the Fermi level of the isolated WS2 slab, which is consistent
with the previous calculation [31]. Upon electrical contact with the graphene
substrate, this partially-occupied band will be filled, resulting in a negative charge
localized at the defect site, consistent with experimental observations. The carbon
|j = 3/2, l = 1,mj = ±1/2〉 ≡ ψC1 and hydrogen |j = 1/2, l = 0,mj = ±1/2〉 ≡ ψH

orbital contribution to the electronic states that arise due to the CHS defect are
indicated with purple circles in figure 4(b). We find two defect states close to
the band edges with significant contributions of ψC1 and ψH states. These states
exhibit bonding and anti-bonding character, in the occupied and unoccupied spectrum,
respectively [see figures 4(c-f)]. Figures 4(c) and (e) display side projections of the
electron density and figures 4(d) and (f) show a top view of the orbital isosurfaces.
These bands contain not only CH contribution, but also WS2 contribution, showing
strong hybridization between CH and WS2 upon the formation of CHS. The carbon
|j = 3/2, l = 1,mj = ±3/2〉 ≡ ψC2 contribution can be found mainly in the valence
band edge of the WS2, resulting from the formation of C-W bonds (see supplementary
information).

In addition to the electronic properties, the calculated relaxed geometry was
used to determine the structural changes of the WS2 lattice upon incorporation of a
CH impurity. The sulfur atom directly beneath the carbon atom moves away from
the impurity by 118 pm, while the neighboring sulfur atoms in the top plane move
closer. The three bonded tungsten atoms relax towards the sulfur atom below (see
supplementary information). Using the relaxed geometry, we simulated the CO-tip
nc-AFM image contrast, [33] shown in figure 2(c). In experiment, we observe a subtle
protrusion at the position of the defect, in excellent agreement with the simulated
image. This further confirms the identification of CHS. Both the experimental
and simulated images show a slight reduction of the sulfur-sulfur distances for the
neighboring in-plane sulfur atoms (see supplementary information). This observed
shortening is a convolution of the actual lattice contraction due to the defect and the
effect of bending of the CO molecule at the tip apex. [34]



Intentional carbon doping reveals CH as an abundant charged impurity in nominally undoped synthetic WS2 and WSe25

Summary

In this work we use a combination of STM/STS, nc-AFM, ab initio DFT calculations,
and targeted synthesis to unambiguously identify a carbon-hydrogen (CH) complex at
a chalcogen site as a common, charged impurity in CVD-grown WS2 and MOCVD-
grown WSe2. Even in nominally undoped samples we observed a wide range of
CH impurity densities from < 1010 cm−2 to mid 1012 cm−2 suggesting that carbon
impurity defects in synthetic TMDs can be a considerable issue. Using a methane
plasma treatment we could controllably increase the CHS density by two orders
of magnitude to the atomic percentage range. The selectivity, cleanliness, and
density control of post-synthetic TMD doping shown here demonstrates the promising
prospects of tailoring TMD properties by surface chemistry.

Methods

Sample Preparation

WSe2 growth: Metalorganic chemical vapor deposition (MOCVD) synthesis of
tungsten diselenide (WSe2) was performed in a custom-built, vertical, cold-wall,
gas-source CVD reactor. Tungsten hexacarbonyl [W(CO)6, 99.99%, Sigma-Aldrich]
and hydrogen selenide (H2Se, 99.99%, Matheson) were used as metal and chalcogen
precursors respectively in a hydrogen gas atmosphere, as previously reported.
[21, 35, 36] A multistep growth method (nucleation, ripening, and lateral growth)
was employed to synthesize WSe2 on epitaxial graphene (EG) where the growth
temperature and pressure were kept at constant 800◦C and 700 Torr, respectively. [36]
W(CO)6 was kept in a stainless-steel bubbler where the bubbler temperature and
pressure were always maintained at constant 30◦C and 725 Torr. During the growth,
W(CO)6 flow rate was varied from 1.2x10−3 sccm to 2.7x10−4 sccm at the different
growth stages while the H2Se flow rate was always kept at constant 7 sccm. The
precursors were introduced from separate gas lines to prevent the intermixing before
reaching the reactor inlet.

WS2 Growth: Monolayer islands of tungsten disulfide (WS2) were grown
on graphene/SiC substrates with an ambient pressure CVD approach. [37–39] A
graphene/SiC substrate with 10 mg of WO3 powder on top was placed at the center of
a quartz tube, and 400 mg of sulfur powder was placed upstream. During synthesis, the
furnace was heated to 900 ◦C and the sulfur powder was heated to 250 ◦C separately
using a heating belt. Argon gas flow of 100 sccm was used as carrier gas throughout
the process. The growth time was 60 min.

Carbon doping: An inductively coupled plasma-enhanced CVD system was used
to carry out the post-growth CH doping. [31] The as-grown WS2/graphene/SiC was
first placed at the hot zone of the furnace. Flows of 200 sccm of Ar/H2 and 1 sccm
of CH4 were then introduced into the system, while radio frequency (13.56 MHz)
was applied in order to generate the CH4/Ar/H2 plasma. During the treatment,
the furnace temperature was increased incrementally to 400 ◦C and held for 15
minutes. Carbon doping was confirmed with Raman spectroscopy (see supplementary
information).

After ex-situ growth, samples were transferred to ultrahigh vacuum
(< 2x10−10 mbar) and annealed at 200◦C to remove adsorbates.
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Scanning Probe Microscopy (SPM) Measurements

All SPM measurements were acquired with a Createc GmbH scanning probe
microscope operating under ultrahigh vacuum (p < 2x10−10 mbar) at liquid helium
temperatures (T < 7 K). Measurements were taken with a focused ion beam cut
platinum-iridium terminated quartz crystal cantilever (qPlus based) sensor [40]. Tip
apexes were prepared by indentations into a gold substrate and verified as metallic
on the Au(111) surface. Typical qPlus sensor parameters were a resonance frequency
of f0 = 30 kHz, spring constant of k ∼ 1800 N/m, quality factor of Q > 20,000, and
an oscillation amplitude of A = 1 Å. All noncontact atomic force microscopy (nc-
AFM) images were obtained with a carbon monoxide (CO) functionalized tip [41] in
constant height mode at zero bias. Scanning tunneling microscopy (STM) topographic
measurements were taken in constant current mode with the bias applied to the
sample. Scanning tunneling spectroscopic (STS) measurements were recorded using
a lock-in amplifier with a resonance frequency of 683 Hz and a modulation amplitude
between 2 and 10 mV.

Density Functional Theory

We performed first-principles density-functional theory (DFT) calculations using
quantum espresso package [42, 43]. We used the PBE generalized gradient
approximation for exchange and correlation [44] with scalar and fully relativistic
optimized norm-conserving Vanderbilt (ONCV) pseudopotentials from Pseudo Dojo
library [45]. Spin-orbit coupling (SOC) is treated self-consistently for electronic
structure calculations on top of the PBE geometry. We used the optimized lattice
parameter of monolayer WS2 of 3.192 Å with PBE and constructed 5 × 5 supercell
to simulate an isolated CHS defect with ∼ 15 Å vacuum between adjacent slabs.
We used a 100 Ry planewave cutoff energy and a gamma-centered 4 × 4 k-grid with
Methfessel-Paxton smearing with a broadening of 0.02 Ry [46]. We investigated the
energetics of CHS by calculating the binding energy (Eb) of CHS. Here we define
Eb = E[CHS] − E[CH] − E[VacS], where E[CHS], E[CH], and E[VacS] are total
energies of CHS, isolated CH molecule, and S vacancy without SOC, respectively.
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Figure 1. (a-c) Structural model of WSe2 on graphene with one CHSe defect
(a), WS2 with one CHS defect and methane-plasma treated WS2 with many
CHS defects. (d) STM topographic overview image (VB = 1.2 V, It = 100 pA) of
undoped MOCVD WSe2 showing a variety of point defects, including negatively
charged defects (nCDs) that are observed as dark depressions (orange circle). (e)
STM topography (VB = 0.7 V, It = 100 pA) of undoped CVD-grown WS2. (f)
STM topography (VB = 1.4 V, It = 100 pA) of methane plasma treated, CVD-
grown WS2. An increased concentration of dark defects is observed in the carbon
doped sample. Here we identify these dark defects as CH substituting for a
chalcogen atom. The defect densities are indicated in the top right corner.
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Figure 2. (a) STM (Vb = 1.2 V, It = 100 pA) image of an isolated CH in
sulfur site defect (CHS) in CH-doped WS2. (b) CO-tip nc-AFM image of the
same CHS defect as in (a). Sulfur atoms in the upper S layer are imaged as
bright protrusions. (c) Simulated nc-AFM image of CHS using the calculated
DFT geometry and the probe particle method [33]. (d) STM (Vb = 1.2 V, It =
100 pA) and (e) nc-AFM images of two CHS (orange circles), an OS top (green
circle) and OS bottom (blue circle) defect in CH-doped WS2. (f) Top and side
view of the DFT calculated structural model of CHS.

Figure 3. (a) Scanning tunneling spectroscopy (STS) of a CHS defect in
undoped WSe2 (yellow), undoped WS2 (blue), and CH-doped WS2 (purple). The
spectral features of the carbon impurity in both the doped and undoped WS2
samples are very similar, but shifted in energy. (b) STS of several CH impurities
in doped WS2 (see STM inset) show a significant upwards shift of spectral features
in proximity to other negatively charged defects.



Intentional carbon doping reveals CH as an abundant charged impurity in nominally undoped synthetic WS2 and WSe210

Figure 4. DFT band structure of (a) pristine WS2 and (b) a CH substituting
sulfur in WS2. The zero in energy represents Fermi level. The purple circles
indicate |ψC1〉 + |ψH〉 contribution that form an anti-bonding (c anf d) and
bonding (e and f) states at positive and negative energies, respectively. The
size of circles is proportional to the weight of the |ψC1〉 + |ψH〉. (c) and (e)
show side projections of the electron density at the axis through the central CHS

defect of the antibonding (c) and bonding (e) orbitals respectively. (d) and (f)
show isosurfaces of the antibonding and bonding orbitals respectively from a top
projection with a isovalue of 2x10−3 e-/Bohr3.




