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P H Y S I C S

Carbon doping of WS2 monolayers: Bandgap reduction 
and p-type doping transport
Fu Zhang1,2*, Yanfu Lu1*, Daniel S. Schulman1*, Tianyi Zhang1,2, Kazunori Fujisawa2,3, 
Zhong Lin2,3, Yu Lei1, Ana Laura Elias2,3, Saptarshi Das2,4†, Susan B. Sinnott1,2,5†, 
Mauricio Terrones1,2,3,5†

Chemical doping constitutes an effective route to alter the electronic, chemical, and optical properties of two- 
dimensional transition metal dichalcogenides (2D-TMDs). We used a plasma-assisted method to introduce 
carbon- hydrogen (CH) units into WS2 monolayers. We found CH-groups to be the most stable dopant to introduce 
carbon into WS2, which led to a reduction of the optical bandgap from 1.98 to 1.83 eV, as revealed by photolu-
minescence spectroscopy. Aberration corrected high-resolution scanning transmission electron microscopy 
(AC-HRSTEM) observations in conjunction with first-principle calculations confirm that CH-groups incorporate 
into S vacancies within WS2. According to our electronic transport measurements, undoped WS2 exhibits a 
unipolar n-type conduction. Nevertheless, the CH-WS2 monolayers show the emergence of a p-branch and grad-
ually become entirely p-type, as the carbon doping level increases. Therefore, CH-groups embedded into the WS2 
lattice tailor its electronic and optical characteristics. This route could be used to dope other 2D-TMDs for more 
efficient electronic devices.

INTRODUCTION
Semiconducting transition metal dichalcogenides (TMDs) are an 
emerging group of atomically thin two-dimensional (2D) materials 
having attractive electronic (1), magnetic (2), and optical properties 
(3). A lot of research has been directed to the exploration of their 
applications for tunable electronics and catalysts. Unlike other 
engineering methods such as chemical functionalization (4), which 
mainly relies on the electron transfer between TMDs and adsorbed 
organic species, substitutional doping is able to controllably tailor 
both the material’s bandgap and crystalline structure, as demonstrated 
theoretically (5) and experimentally (6, 7). The tunable bandgaps can 
excite cutoff detection wavelengths in a wide range including both 
the visible light and near-infrared regions, which makes doped TMDs 
suitable for applications in optoelectronics, such as photo-sensors 
(7). New functionalities, including emerging spin-orbit anisotropies, 
thermal transport anisotropies (8), and the rising of magnetic order 
(9), have also been explored for doped TMDs. The approach used to 
dope TMDs is highly dependent on the elements that could be intro-
duced into the crystalline lattice. For example, niobium and tantalum 
can substitute the metal cation in TMDs to achieve a p-type elec-
tronic behavior (10, 11). In addition, chalcogen doping could achieve 
stable and controllable tailoring of TMDs. A p-type doping behavior 
can also be obtained or enhanced by introducing substitutional 
phosphorus in MoS2-based field-effect transistors (FETs) (12), as 
well as through oxygen molecule physisorption (13). In a recent 

report, covalent nitrogen doping resulted in variations of the MoS2 
electronic structure (14).

Carbon has been commonly used as an acceptor anion dopant for 
bulk semiconductors such as GaAs (15) and its alloys (e.g., AlGaAs 
and InGaAs) (16), using liquid carbon tetrachloride (CCl4) as a source, 
due to its low activation energy, low diffusivity, high solid solubility, 
and attractive electrical and optical properties. Previous work has been 
reported on the incorporation of carbon into several TMDs. For 
example, rather severe reactions between carbon precursors and 
MoS2 have been reported by high-temperature (or long period) treat-
ments of MoS2 in a carbon-rich environment [C2H2 (17) or degreasing 
cotton (18)]. Those reported mixed phases of TMDs and transition 
metal carbides can be used for electro- or photocatalysis applications 
(17, 18). On the other hand, MoS2 can be directly converted into 
molybdenum carbide via high-temperature annealing in a methane 
environment, thus providing a low resistance and small Schottky 
barrier height for the Mo2C/MoS2 hybrid structures (19). Theoretical 
simulations have predicted that tunability of the electronic structure 
of the MoS2 can be achieved through substitutional carbon doping, 
which will have a profound effect on their optical and electronic 
properties (20, 21).

In this study, we demonstrate a plasma-assisted strategy to incor-
porate carbon species as substitutional dopants within the lattice of 
WS2 monolayers, which leads to significant changes in the optical 
bandgap and progressively transforms the electronic transport 
characteristics of WS2 monolayers. In this context, plasma treat-
ments have been demonstrated as an efficient way to incorporate 
foreign atoms, such as hydrogen (22, 23), nitrogen (14), fluorine 
(24), and phosphorus (12) in MoS2, via anion substitutional doping. 
On the basis of that strategy, we have now developed a plasma- 
assisted approach to effectively introduce substitutional carbon atoms 
within WS2 monolayers. These carbon- doped WS2 monolayers ex-
hibit tunable optical and electronic properties, as revealed by both 
experimental measurements and theoretical simulations. In addi-
tion, first-principle calculations also indicate the most energetically 
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favorable configurations of carbon-hydrogen species present within 
the WS2 lattice, along with their corresponding contribution to the 
electronic structure of the system. Aberration- corrected high-resolution 
scanning transmission electron microscopy (STEM) (AC-HRSTEM) 
is used to identify the presence of substitutional carbon within the 
WS2 lattice. Electrical characterization of these doped TMD layers 
confirm that carbon can act as a p-type dopant in WS2.

RESULTS
Monolayers of WS2 were synthesized by atmospheric pressure 
chemical vapor deposition (CVD) using precursors in a powder form 
(see Materials and Methods for details). Carbon doping (schemati-
cally shown in Fig. 1A) was achieved through an inductively coupled 
plasma-enhanced CVD (PECVD) process, in which the plasma was 
generated by radio frequency (13.56 MHz) at a power of 50 to 70 W. 
The dopant precursor used was methane (CH4), and the carrier gas 
was a mixture of Ar/H2 (85%/15%). There is no significant structural 
degradation of the WS2 samples after the PECVD process, as demon-
strated by a representative scanning electron microscopy (SEM) 
micrograph depicted in Fig. 1B. Control experiments in which the 
pristine WS2 samples were heated up at 400°C with or without the 
presence of Ar/H2 plasma (in the absence of CH4) were also carried 
out, and those samples were studied and compared against the syn-
thesized carbon-doped WS2. The advantage of the plasma-assisted 
route is that it leads to the decomposition of CH4 into reactive 
radicals (possibly carbon and hydrocarbons) at a temperature much 
lower than the decomposition temperature (14, 21, 22, 25).

The optical properties of pristine (undoped) and carbon-doped 
WS2 monolayers were studied by photoluminescence (PL) and 
Raman spectroscopies (Fig. 1, C and D). For pristine monolayers of 
WS2, a single PL peak at 1.98 eV was detected [corresponding to the 
A exciton (26); see Fig. 1C]. PL spectra of control pristine samples 
heat-treated at 400°C under an Ar/H2 atmosphere (in the absence of 
plasma) were obtained, and the spectra were similar to that of pris-

tine WS2, with a slight decrease in intensity (see fig. S1). When WS2 
was treated only with Ar/H2 plasma at 400°C, a slight red shift in the 
PL was observed, and the PL intensity decreased significantly (fig. S1). 
This decrease in the PL constitutes an indirect evidence of the pres-
ence of defects (such as sulfur vacancies) within the WS2 lattice 
caused by the plasma bombardment, which could assist carbon 
doping. WS2 samples treated with plasma with a different CH4 flow 
(2, 3.5, and 5 sccm; Ar/H2 as carrier gas at a flow of 100 sccm) exhibit 
significant changes in their PL spectra, as seen in Fig. 1C. The PL 
intensity decreased progressively as the CH4 gas flow increased. 
Moreover, the PL peak shifted progressively toward lower energy 
values, and it broadened as new emissions were detected. For the 
WS2 sample treated under a CH4 flow of 5 sccm, the center of the PL 
emission was located at 1.83 eV, which represents a shift of 150 meV, 
when compared to the pristine WS2. Note that the enhancement of 
full width at half maximum of PL spectra observed after introducing 
carbon atoms is possibly due to the generation of additional sulfur 
vacancies and more random doping of carbon-hydrogen units 
within WS2 during the PECVD process. The uniformity of the 
modulated PL emission was probed by PL mappings, which show a 
uniform intensity throughout the carbon-doped WS2 monolayer 
(see fig. S2, A and B).

Representative Raman spectra of the pristine and carbon-doped 
samples are shown in Fig. 1D. Besides the two first-order characteristic 
Raman signatures of pristine WS2 monolayers, the E′() and A1′() 
located at 355 and 417 cm−1, respectively, a high-intensity second- 
order double-resonance peak involving two longitudinal acoustic 
phonons [2LA(M) mode] was detected when exciting the samples 
with a 514-nm laser (27). Such a double-resonance process was pro-
gressively suppressed when increasing the CH4 flow, as observed in 
the spectra obtained from all the carbon-doped samples (see Fig. 1D). 
We believe that carbon dopants induced changes in the WS2 elec-
tronic structure, which drive the system out of resonance for both 
the electron-phonon– and hole-phonon–mediated processes (27). 
In particular, one LA phonon and one defect elastic scattering are 

Fig. 1. Doping schematics and optical properties. (A) Schematics of the plasma-assisted doping experiment. (B) SEM image of the carbon-doped monolayer WS2. 
(C) PL and (D) Raman spectra of the undoped and carbon-doped monolayered WS2 islands, with different methane flow rates during the plasma treatment (2, 3.5, and 5 
sccm, respectively) obtained with a laser excitation of 488 and 514 nm, respectively. a.u., normalized Raman intensity shown in arbitrary units.
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involved in the double resonance process that give rise to the LA(M) 
and the LA(K) modes at 176 and 188 cm−1, respectively (28). Both 
defect-activated modes are present in the doped samples, which 
provides further evidence of lattice deformation induced by either 
vacancies or dopants (28). It is noteworthy that samples treated in 
the presence of 8 sccm of CH4 (the highest flow used in this study) 
preserve the characteristic Raman signature of WS2 and exhibit 
the highest intensity for the LA(M) and LA(K) bands among all 
the samples. Moreover, the PL on this heavily doped sample is 
quenched (fig. S2, C and D).

The chemical bonding environment of carbon in monolayer WS2 
was also investigated by x-ray photoelectron spectroscopy (XPS; 
see fig. S3). Survey scans and high-resolution C1s and W4f spectra 
were obtained from pristine and carbon-doped WS2 monolayers. 
The high-resolution scans were used to estimate the total atomic 
percentage of carbon in the samples, and it was found to increase 
from 1.98 atomic % (at %) to c.a. 5.33 at % for the carbon-doped 
WS2 sample (@ 5 sccm, defined as plasma treated at methane 
flow rate of 5 sccm). Assuming that undoped WS2 has only adven-
titious carbon, we estimate the carbon atomic percentage incor-
porated in the WS2 sample to be c.a. 3.3 at %. As the carbon content 
of the doped samples increases, we also observe a reduction in both 
the oxygen content and sulfur/tungsten ratio (composition table 
is shown in fig. S3). The carbon incorporation also reduces the 
energy of the valence band maximum (VBM) to the Fermi level, as 
indicated in fig. S4. The red shifts in the A excitonic transition 
observed in the ultraviolet-visible (UV-vis) spectra (fig. S5) further 
support the bandgap reduction due to carbon doping.

Density functional theory (DFT) calculations were performed 
to further investigate the bonding environment of the carbon dopants, 
the associated electronic structure of the carbon-doped WS2 systems, 
and the mechanism responsible for the changes observed in the 
optical bandgap. Besides the plasma-induced defects, CVD-grown 
pristine WS2 samples can naturally have sulfur monovacancies (VS) 
and divacancies (VS2) (29). To introduce carbon in WS2 monolayers, 
we removed S atoms from the WS2 surface to make the VS concen-

tration 2.67 at % in the lattice. Since the defect concentration asso-
ciated with divacancies (VS2) and trivacancies [removal of one 
metal atom and three adjacent sulfur atoms (VWS3)] has been docu-
mented to be much lower than that of single sulfur vacancies (VS) 
(30), we only considered the VS case for our DFT calculations. 
Assuming that carbon and hydrocarbon radicals are present during 
the WS2 plasma treatment, carbon atoms, CH or CH2 molecules 
are introduced into the WS2 in the VS positions. The first set of 
DFT calculations compared the doped WS2 while varying the 
horizontal location of carbon dopants against the total energy of 
the pristine WS2. When the carbon dopants (−CH2) in WS2 were at 
least 7.5 Å away from each other, the calculated energy difference 
compared to that of pristine WS2 increased by 0.090 eV/atom, 
which we define as cohesive energy. When two carbon atoms 
were second nearest neighbors, the cohesive energy increased by 
0.100 eV/atom. Such a low energy difference leads to the conclu-
sion that there is no coupling between two carbon atoms within 
the WS2 lattice, and our theoretical calculations do not reflect a 
tendency to carbon atom aggregation.

To verify the most stable vertical location of the carbon species 
within the WS2 lattice, three separate models were built, as depicted 
in Fig. 2, which correspond to placing the carbon at the sulfur posi-
tion ( position), placing it at the preferred W─C bond length in bulk 
tungsten carbide of 2.12 Å ( position) and placing the carbon at a 
vertical location that is intermediate between  and  ( position). 
All the proposed structures were allowed to relax, and the position of 
the carbon-hydrogen species did not significantly change after relax-
ation (less than 0.02 Å). The electronic configuration of the carbon 
dopants may vary considerably from a single carbon atom, a −CH 
group, or a −CH2 group. The cohesive energy of the systems for each 
type of carbon dopant in every vertical position (, , or ) is provided 
in Table 1. Our results indicate that the lowest cohesive energy results 
when the CH species are located in the  position of the WS2 fol-
lowed closely by WS2 with CH2 species introduced in the  and  
positions. Therefore, our calculations predict that single carbon atoms 
are not the most stable form of carbon doping for this TMD system. 

Fig. 2. Simulations of possible doping positions and band structures. Side (A) and top (B) views of , , and  doping positions for the proposed carbon species: C, CH, 
and CH2. (C and D) Band structure and DOS of (C) WS2 with 2.67 at % monovacancies and (D) CH-doped WS2 with the dopant at the  position. In the DOS, the p orbitals 
of the carbon atom and the tungsten atom, the d orbital of the tungsten atom, and total DOS are illustrated in different colors.
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In addition, we calculated the local strain at the dopant locations, 
which was found to be the smallest for CH-doped WS2 (table S1).

The calculated bandgap of pristine WS2 was 1.791 eV, as obtained 
using the local density approximation (LDA), which is well known 
to underestimate the bandgap in semiconductors (fig. S6A). The 
calculated band structure of the WS2 with monovacancies is illus-
trated in Fig. 2C, which indicates that an intermediate energy state 
was formed at 0.520 eV below the conduction band. Thus, VS be-
haves like an n-type dopant in agreement with a previous report (31). 
Figure 2D exhibits the band structure of carbon-doped WS2 with 
the CH dopant occupying the  position. Carbon-doped WS2 
was predicted to have a direct bandgap in which the energy 
decreased by 0.217 eV relative to pristine WS2. Moreover, the den-
sity of states (DOS) further indicates that the acceptor level rose 
above the original valence band for carbon- doped WS2, so that extra 
holes moved up to higher energy levels, thus shrinking the bandgap. 
In this instance, the doping group CH acted as a p-type dopant. The 
d orbital of W and p orbital of C dominated the contribution of the 
energy level of the top valence band, indicating an emerging bond 
between W and C to be the main reason for the bandgap reduction. 
The DOS of the other two cases with low cohesive energy (CH2@ 
and CH2@) are depicted in fig. S6 (B and C). Conversely, the donor 
level descended below the original conduction band so the doping 
atoms acted as n-type dopants. On the basis of the DOS, the inter-
mediate state emerged primarily from the d orbital of the W atom. 
H atoms provide more electrons to the carbon when the carbon atom 
is located on the surface ( position). Since a scattered doping con-
figuration is predicted to be more stable than an aggregated doping 
configuration, we expect carbon to be incorporated within the WS2 
lattice without the carbide formation at the WS2 surface. This was 
further experimentally confirmed by using several techniques, as will 
be described below.

High-angle annular dark-field (ADF) (HAADF)–STEM imaging 
was used to confirm the presence of carbon dopants at the VS sites 
(shown in Fig. 3 and fig. S7). The experimental atomic-resolution 
HAADF-STEM image of a carbon-doped WS2 monolayer [shown 
in large area in Fig. 3A, VS in Fig. 3D, and carbon doping (@ 5 sccm) 
in Fig. 3E] reveals the existence of VS in the hexagonal lattice due to 
the growth process and/or postgrowth plasma treatment. A portion 
of sulfur monovacancies were occupied by one CH unit (CH@VS, 
consistent with simulations). According to our STEM simulations, 
a slight yet clear intensity contrast difference can be generated after 
a CH unit occupies a VS because of the Z-contrast imaging mecha-
nism of STEM (32) (Fig. 3, F to H; see also simulation details in 
Materials and Methods). The intensity profiles in Fig. 3 (B and C) and 

fig. S7 depict the contrast difference between the VS and CH@VS and 
are in good agreement with simulations. As the samples were transferred 
using a polymer film as a support layer, some areas had contamina-
tion, and the intensity profile line scan and analyses avoid the con-
taminated polymer residue regions (which can be easily distinguished 

Table 1. Relative cohesive energies of defective, doped WS2 systems. 
The reference cohesive energy state is that of the pristine WS2, and the , 
, and  doping positions for the proposed carbon species (C, CH, and CH2) 
are schematically shown in Fig. 2. 

Premade 
vacancy type

Type of 
doping 
group

Cohesive energy comparison (eV/atom)

Doped C position

  

Monovacancy
C 0.185 0.124 0.134

CH 0.119 0.088 0.146

CH2 0.090 0.090 0.196

Fig. 3. TEM evidence of carbon doping in WS2. Comparison between simulated 
and experimental HAADF-STEM images (the case of sulfur vacancies and a CH dopant 
occupying a sulfur vacancy) is shown. Experimental atomic-resolution HAADF-STEM 
image of the carbon-doped monolayer WS2 (A) shows an area with both sulfur 
vacancies (VS; yellow circles) and the CH dopant occupied sulfur monovacancies 
(CH@VS; blue circles) in the carbon-doped monolayer WS2. (B) and (D) show a sulfur 
monovacancy and its corresponding intensity line profiles, and (C) and (E) show 
the CH@VS and its corresponding intensity line profiles. (F and G) Simulated 
HAADF-STEM image of the carbon-doped monolayer WS2 with (F) VS and (G) a CH@VS 
in the hexagonal lattice. (H) Intensity line profile of the STEM image simulations 
with VS and CH@VS in the doped monolayer WS2.
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from the background) to preserve atomic cleanness of the selected ex-
perimental image areas. When comparing these experimental images 
and our STEM image calculation results (Fig. 3H), there is a slight 
difference in the intensity (for both W and S) that originates from 
aberrations and astigmatism in TEM; such mismatch between STEM 
simulation and experimental direct measurements is inherent to the 
thermal and beam-induced vibration of the atoms, and it is therefore 
unavoidable.

Pristine and WS2 monolayers with varying levels of carbon doping 
treated under CH4 flows of 2.5, 5, and 8 sccm, i.e., lightly, medium, 
and heavily doped, respectively, were integrated in back-gated FETs 
to investigate their transport characteristics. Figure 4A depicts a SEM 
image of a FET device, with a 50-nm Al2O3 gate dielectric, a channel 
length of 1 m, and a channel width equal to the width of the trian-
gular flake (~50 to 100 m). Drain currents (IDS) versus back gate 
voltages (VBG) at a drain voltage (VDS) of 1 V are shown in Fig. 4 
(B to E) for all 10 pristine, 13 lightly doped, 13 medium-doped, and 
10 heavily doped WS2 devices, respectively. The mobility cannot 
properly be extracted since most of the devices do not consistently 
reach the full ON state, i.e., there is no linear region of the IDS versus 
VBG. However, the electron mobility is estimated to be between ~0.1 
and 1 cm2/V•s from the few that exhibit a linear behavior.

The pristine WS2 devices exhibited unipolar n-type behavior with 
an ON/OFF ratio of >106 for the n-branch (VBG > 0), indicating that 
the metal Fermi level (EF) pins closer to the WS2 conduction band 
(EC) than the valence band (EV), thus resulting in a smaller electron 
Schottky barrier height (SB-n) than hole Schottky barrier height 
(SB-p) (33). Note that green dashed lines in Fig. 4 (B to E) denote the 
approximate gate leakage current. For the pristine samples in Fig. 4B, 
the current seen at VBG < −5 is not the true device current and thus 
is not an indication of hole conduction. However, a low current 
p-branch corresponding to hole conduction begins to emerge as the 
carbon doping is gradually introduced, as observed in the lightly and 
medium-doped devices shown in Fig. 4 (C and D, respectively). For 
the medium-doped samples shown in Fig. 4D, significant device- to-
device variation (due to variation of plasma power) is observed, but 
many devices have nearly symmetric n- and p-branches. The ambi-
polar characteristics thus indicate that as the degree of doping increases, 
the tunnel barrier height for the holes, and thus SB-p, decreases, as 

shown schematically in fig. S8. This arises from one or a combination 
of two mechanisms. The sum of the electron and hole Schottky barriers 
equals the bandgap (SB-n + SB-p = EG). As EG decreases, either 
SB-n, SB-p, or both can decrease. Moreover, the energy level at 
which the metal Fermi level pins relative to the WS2 conduction and 
valence band can change. For a given EG, a decrease in SB-p will 
accompany an increase in SB-n and a reduction in the n-branch current. 
The emergence of the p-branch when comparing the pristine, lightly 
doped, and medium-doped devices is difficult to attribute to either 
single mechanism. Any changes in SB-n that affect the n-branch ON 
current are easily obscured upon variation in the subthreshold slope 
(SS), which is heavily affected by the interface quality and, potentially, 
the doping procedure.

The heavily carbon-doped devices exhibit an entirely p-type current 
when compared to lower-doped samples. At VBG = 0 V, the devices 
are now in the ON state since the doping has now pushed the Fermi 
level close to the valence band. This heavy doping accompanied by the 
realignment of the metal-WS2 Fermi level pinning results in a signifi-
cantly decreased SB-p. The hole injection is no longer blocked by a 
large Schottky tunnel barrier. This is evident in the linear IDS versus 
VDS characteristics shown in fig. S9. Although the currents are rela-
tively large, ~1 A/m, at VBG = −12 V, the device cannot be turned 
off at positive VBG. This indicates that the CH4 plasma treatment 
using the 8 sccm CH4 flow rate decreased the WS2/Al2O3 coupling, 
slowing the band movement because of the creation of interface trap 
states. This degradation only appears at the highest doping level. The 
samples treated with the 2.5 sccm CH4 flow rate have shown an 
improved SS when compared to the pristine samples, possibly due to 
an annealing effect occurring during the 400°C doping treatment. A 
true post-growth substitutional doping scheme such as the novel carbon 
doping route presented here is required to achieve n+/p/n+ and p+/n/
p+ doping profiles required for CMOS circuits. A traditional surface 
electrostatic doping approach would be insufficient.

DISCUSSION
In this study, we have successfully incorporated carbon-hydrogen 
groups within sulfur monovacancies of WS2 following a novel plasma- 
assisted approach. This two-step strategy does not involve high 

Fig. 4. FET characteristics of pristine and carbon-doped monolayer WS2. (A) False-colored SEM image of a representative FET with a channel length (LCh) of 1 m with 
40-nm Ni/30-nm Au contacts on a 50-nm atomic layer deposition (ALD) Al2O3/Pt/TiN/Si substrate. (B to E) Drain voltage (IDS) versus back gate voltage (VBG) with a drain 
voltage (VD) of 1 V for FETs fabricated with (B) pristine, (C) lightly doped (2.5 sccm), (D) medium-doped (5 sccm), and (E) heavily doped (8 sccm) WS2, respectively. Each 
curve corresponds to a different device. The green dashed line indicates the gate leakage current level, and any drain current below this level is not the true IDS. The 
pristine, lightly, and medium-doped samples (B to D) are primarily n type, indicating that the contact Fermi level pinning is preventing hole injection into the channel. 
The medium- doped samples (D) begin to show some ambipolar p-type conduction. The heavily doped device (E) reveals p-type behavior and enhanced hole injection 
from the contacts.
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temperatures for the doping step (only 400°C). Moreover, we have 
demonstrated that the carbon-doped monolayers of WS2 exhibit 
optical and electronic properties that could be tuned depending on 
the carbon content. The PL measurements indicated that the bandgap 
could be reduced by 150 meV, when compared to that of the pris-
tine WS2 monolayer. In addition, AC-HRSTEM imaging and DFT 
calculations confirmed the presence of covalently bonded carbon- 
hydrogen groups within the WS2 lattice. Furthermore, we per-
formed a detailed electrical characterization, which indicates that the 
carbon-hydrogen groups within WS2 lead to a p-type doping con-
ductor. Complementary metal-oxide semiconductor (CMOS) 
devices are engineered to be unipolar and require n- and p-type carrier 
transport for the N-MOS (n-type MOS) and P-MOS (p-type MOS)  
transistors using n+/p/n+ and p+/n/p+ substitutional doping 
schemes, respectively. Therefore, the demonstrated substitutional 
p-doping presented here constitutes a significant step toward CMOS 
logic circuits based on TMD materials. In summary, we have identified 
novel structure-property correlations and compositional recipes for 
designing 2D TMD-based materials, which will have a significant 
impact for novel applications, especially energy-efficient photo-
electric devices and FET devices.

MATERIALS AND METHODS
Atmospheric pressure CVD synthesis of monolayer WS2
Pristine monolayer WS2 samples were synthesized by atmospheric 
pressure CVD (34). A quartz tube furnace with ultrahigh purity argon 
as the carrier gas was used as the reaction chamber. Mixed powders 
of WO3 and NaBr (5 mg:1 mg) were loaded inside an aluminum 
boat, and air plasma–cleaned Si/SiO2 wafers were placed on top of 
the boat facing down. Sulfur powders (300 mg) were located upstream 
and were vaporized at 250°C during the experiments. In a typical 
15-min synthesis, WO3 and NaBr powders along with the growth 
substrate were heated up to 825°C, while the sulfur was simulta-
neously heated up by a heating tape. The furnace was allowed to cool 
to room temperature naturally.

Plasma-assisted carbon doping of monolayer WS2
As-grown WS2 monolayers were placed at the hot zone of a home-
built inductively coupled PECVD system. The plasma was generated 
by applying radio frequency (13.56 MHz) to a mixture of CH4 and 
Ar/H2. At around 1 torr, the system was ramped up to 400°C in 
15 min, and the experiment was carried out for 10 min. The flow of 
Ar/H2 was 200 sccm during the treatment, and the flow of CH4 varied 
from 2 to 8 sccm, to achieve samples with various doping levels. It is 
noteworthy that the decision of using methane (CH4) over ethane 
(C2H6), ethylene (C2H4), acetylene (C2H2), or other hydrocarbons 
is due to the simplification of the active hydrocarbon plasma species 
present in the chamber only to CHx-, which act as anion substitu-
tions for S within the WS2 lattice. The other listed options for hydro-
carbon gases may generate plasma species containing more than 
one carbon atom, which would have complicated the kinetics of the 
process and our DFT modeling.

Materials characterization
SEM was carried out using a Zeiss Merlin field-emission scanning 
electron microscope at an accelerating voltage of 5 kV. A Renishaw 
inVia microscope with a Coherent Innova 70C argon-krypton laser 
with photon wavelengths of 488 and 514 nm was used for acquiring 

the Raman and PL spectra using a backscattering configuration with 
a grating (1800 line/mm). XPS experiments were performed using a 
Physical Electronics VersaProbe II instrument with monochromated 
Al-K x-ray source. The binding energy axis was calibrated using 
sputter-cleaned Cu foil (Cu 2p3/2 = 932.7 eV and Cu 2p3/2 = 75.1 eV). 
Peaks were charge referenced to the CHx band in the C 1s spectra at 
284.8 eV. Measurements were made at a takeoff angle of 45° with 
respect to the sample surface plane. Atomic quantification was per-
formed using instrumental relative sensitivity factors that account 
for the x-ray cross section and inelastic mean free path of the elec-
trons. Aberration-corrected STEM imaging and microscopy were 
performed with a FEI Titan3 G2 60-300 microscope, operated at 
80 kV with double spherical aberration correction, offering subang-
strom imaging resolution. A HAADF detector with a collection 
angle of 42 to 244 mrad, a camera length of 115 mm, a beam current 
of 45 pA, and a beam convergence of 30 mrad was used for STEM 
image acquisition. For the HAADF-STEM images, a Gaussian blur 
filter (r = 2.00) was applied (ImageJ program) to eliminate noise and 
enhance the visibility of structural details, while the line profiles of 
ADF intensity were captured by analyzing the raw STEM images.

STEM simulations
Atomic-resolution STEM image simulations were conducted by 
using the QSTEM package (35). The applied parameters, acceleration 
voltage, convergence angle and inner/outer angle for the HAADF 
detector, and spherical aberration (C3 and C5) were all adjusted 
according to the experimental conditions.

DFT calculations
Before building the whole supercell, the monolayer of WS2 was fully 
relaxed so that it could reach the minimum energy state. To construct 
a model with an appropriate concentration of vacancies or dopants, 
the three-atom model was expanded to a 5 × 5 supercell horizontally. 
The DFT calculations used the plane-wave basis and projector 
augmented wave (PAW) method (36) within the Vienna Ab initio 
Simulation Package (37). Convergence tests indicate that energies 
were converged to within 1 meV/atom with a 680-eV cutoff energy, 
20 Å of vacuum in the direction perpendicular to the interface, and 
a 13 × 13 × 1 k-point mesh. In the study of vertical position of 
carbon-hydrogen species within the WS2, separate models were built 
because only three local energy minimum states were found corre-
sponding to the , , and  positions. To monitor the local energy 
minimum states, carbon-hydrogen species were not moved over 
0.15 Å compared to their initial positions during the relaxation of 
each calculation when each possible position was at least 0.3 Å apart. 
Band structure calculations were performed using the LDA (38). This 
choice of functional was used because the calculated bandgap of pure 
WS2 using LDA was 1.791 eV, as shown in fig. S6, which is closer to 
the PL measurement than the results obtained using the generalized 
gradient approximation (39) and hybrid functional (40). Although 
the LDA underestimates the bandgap in semiconductors and insu-
lators compared with experimental results, the results are reasonably 
accurate since the inaccuracy comes from systematic error instead 
of any physical error. The band structure and DOS also revealed the 
change of each band, each orbital of elements, and types of doping.

Device fabrication and test
The back-gated WS2 FETs were fabricated by first transferring the 
undoped and carbon-doped WS2 from the growth substrate onto a 
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Si p++/TiN/Pt substrate with a 50-nm Al2O3 gate dielectric grown 
via ALD using a poly(methyl methacrylate) (PMMA)–assisted 
transfer process. The source and drain regions were patterned using 
electron beam lithography with a bilayer copolymer PMMA process and 
developed in a 1:1 methyl isobutyl ketone: isopropyl alcohol (IPA) solu-
tion. Electron beam evaporation was used to deposit the 40-nm Ni/30-nm 
Au contacts, followed by a lift-off procedure in acetone and IPA. The 
devices were measured after sitting in high vacuum (<10−5 torr) for 
>8 hours to eliminate any transient effects due to adsorbed species.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaav5003/DC1
Fig. S1. PL responses of reference samples.
Fig. S2. PL mapping of carbon-doped WS2, Raman and PL of heavily carbon-doped WS2.
Fig. S3. XPS analyses of the carbon-doped WS2.
Fig. S4. VBM spectra of the carbon-doped WS2.
Fig. S5. UV-vis spectra of the carbon-doped WS2.
Fig. S6. Complementary band structures and DOS of monolayer pristine WS2 and carbon-
doped WS2.
Fig. S7. Experimental STEM examples and identification of sulfur monovacancies and carbon 
dopant in pristine and carbon-doped WS2 monolayers.
Fig. S8. Band diagram showing the change in Fermi level pinning.
Fig. S9. Transfer and output characteristics of a carbon-doped WS2–based FET (@8 sccm CH4).
Table S1. Local strain of WS2 with premade single vacancies and different ligands on C atoms 
and dopant positions.
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