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ABSTRACT

Two-dimensional (2D) van der Waals transition metal dichalcogenides (TMDs) are a new class of electronic materials offering tremendous
opportunities for advanced technologies and fundamental studies. Similar to conventional semiconductors, substitutional doping is
key to tailoring their electronic properties and enabling their device applications. Here, we review recent progress in doping methods
and understanding of doping effects in group 6 TMDs (MX2, M = Mo, W; X = S, Se, Te), which are the most widely studied model 2D
semiconductor system. Experimental and theoretical studies have shown that a number of different elements can substitute either M
or X atoms in these materials and act as n- or p-type dopants. This review will survey the impact of substitutional doping on the electrical
and optical properties of these materials, discuss open questions, and provide an outlook for further studies.

KEYWORDS

substitutional doping, transition metal dichalcogenide, two-dimensional semiconductor, acceptor, donor

1 Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs)
have generated immense interest in the past decade for their
rich physics and great potential for novel technological
applications [1-3]. Group 6 TMDs have a chemical formula of
MZX, where M represents transition metals (Mo or W) and X
represents chalcogens (S, Se, or Te). In the atomically thin
monolayer limit, they are direct gap semiconductors [4, 5] with
band gaps ranging from near-infrared to visible frequencies.
They exhibit considerable room temperature mobility [6, 7],
excellent gate electrostatics,and high immunity against short
channel effects [8, 9], demonstrating promise for novel electronic
applications [10-12]. 2D TMDs are also characterized by their
strong light-matter interaction, and their versatile exciton
physics makes them attractive for a range of photonic devices
such as photodetectors [13-15], light emitting diodes [16-18],
and optical modulators [19-21].

The ability to introduce impurity elements and to dope
semiconductors with desired carriers is an essential require-
ment for their practical device implementation. In the past
few years, synthesis of various impurity-doped 2D TMDs has
been demonstrated by different variations of chemical vapor
deposition (CVD) [22-24]. Substitutional impurity doping is
significantly more stable as compared to charge transfer doping
by surface adsorbates, which are prone to thermal desorption
[25-28], and is therefore key to device applications. The basic
principle of impurity doping in 2D TMDs is the same as that
of conventional compound semiconductors such as GaAs and
CdSe. Impurity atoms may substitute either M or X sites and
act as donors and acceptors depending on their relative

valency (Fig. 1(a)). For example, group 5 (e.g. Nb) and group 7
(e.g. Re) elements substituting M atoms are p- and n-type
dopants, respectively, and the same holds true for group 15
(e.g. N) and 17 (e.g. F) elements substituting X atoms. Density
functional theory (DFT) calculations show the expected trends
for the donor and acceptor energy levels (Fig. 1(b)) [29-33].
Theory [31-37] and experiments [38-42] show that TMDs can
host a large number of elements (Fig. 1(c)), and the prospects
of dopants such as Co, Fe, and Ni to introduce magnetism in
non-magnetic TMD hosts have also generated great interest in
recent years [34, 43-45].

As expected, doping of bulk TMDs is known to result in the
enhancement of carrier concentration [46-48]. In the monolayer
limit, however, the effect of doping is different from that in
the bulk, due to reduced screening of Coulomb interaction.
Carrier doping is often weak, requiring high impurity densities in
the alloying limit before significant conductivity enhancement
is observed. Thus, in order to realize the full potential of 2D
TMDs, not only the doping chemistry but also the physical
effects of impurities need to be thoroughly understood.

In this review article, we provide an overview of the recent
developments on substitutional doping of 2D group 6 TMDs
and their impact on the physical properties of the materials,
such as electrical conductivity and energy band structure. Non-
substitutional doping, which has been covered in reviews
elsewhere [49-51], will not be discussed here. We start by
reviewing the unique effects of monolayer dimensionality, and in
Sections 3 and 4, we highlight reports on metal- and chalcogen-
site doping including isoelectronic doping where band gap
modulation takes place. We will discuss open questions and
provide an outlook for future research in Section 5.
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Figure 1 Overview of substitutional doping in 2D group 6 TMDs. (a) Schematic top view (upper panel) and side view (lower panel) of the crystal structure of
substitutionally doped monolayer TMD. Blue, yellow, purple, and dark red spheres represent group 6 transition metal (M), chalcogen (X), metal atom (A)
substituting M (Awm), and non-metal atom (Z) substituting X (Zx), respectively. (b) Calculated donor and acceptor energy levels of various substitutional
impurities in monolayer MoS,. The values are extracted from the density of states plots reported in Refs. [29-33]. Doping densities used for the DFT
calculations are shown. The values indicate the impurity energy level with respect to the band edge. The horizontal gray dashed line denotes the Fermi
level Er of the undoped material. (c) 45 elements that can substitute M or X atoms in group 6 TMDs [31, 32, 34-42]. Elements shaded in light blue, green

and pink are p-type, isoelectronic, and n-type dopants, respectively.

2 Three-dimensional (3D) to 2D semiconductors

When a 3D bulk material is thinned down to the 2D regime,
the dielectric screening of Coulomb interaction is greatly
reduced. The dielectric constant of monolayer MoS; is 4-7.6
[52-54], distinctly lower than the typical values (11-16) of its
bulk counterpart [52-55]. As a result, exciton and exciton
complexes in 2D TMDs are much more strongly bound
compared to those in the bulk [56]. The ionization energy of
the dopants is similarly enhanced. The 2D hydrogen model,
which is used to describe exciton binding energies, captures
this trend [57]. This can be seen as a weak dependence of
dopant states to quantum confinement. Due to band gap
widening in reduced dimensions [58], the dopant states—with
their weak response to quantum confinement—move further
away from the band edges, resulting in increased dopant ioni-
zation energies [59, 60] (Fig. 2). For comparison, in bulk GaN, Si
atoms substituting Ga exhibit an ionization energies between
12 and 17 meV, and for O atoms substituting N, the ionization

2D

3D

Figure 2 Schematic highlighting the ionization energy of a donor in 2D (left)
and 3D (right) semiconductors. Donors require larger ionization energy in a
2D semiconductor than in its 3D counterpart due to the confinement-
induced larger band gap and reduced dielectric screening.

energy is 34 meV [61]. In bulk Si, the shallow dopants (e.g. As
and Sb) have ionization energies of 40-60 meV whereas deep
dopants such as In and T1 show ionization energies between 150
and 260 meV [62]. For 2D TMDs, the ionization energies are
significantly higher than in bulk semiconductors, in monolayer
MoS;, even shallow-level dopants (e.g. P, Cl, and Br) have ioniza-
tion energies ranging between 100 and 200 meV [37, 63]. Deep-
level dopants (e.g. Na, Nb and Re) in monolayer MoS; exhibit an
ionization energy of up to 530 meV, resulting in substantially
limited carrier activation at room temperature [64, 65].

Due to the high ionization energy of the dopants in 2D TMDs,
the thermal activation rate, which is the number of free carriers
per dopant atom at room temperature, is correspondingly small.
As a result, to achieve even moderate changes in conductivity, 2D
TMDs typically require high doping concen-trations (> 1%), far
above the typical ppm- and ppb-level doping used in silicon. For
1% Re-doped MoS$,, the activation rate is reported to be 0.18 [66].
For bulk TMDs on the other hand, the activation rate is several
times higher. For example, it is 0.60 for 1% Ta-doped WSe; [48].
These differences are summarized in Table 1. It should be noted
that the activation rates reported for 2D TMDs are nominal
values due to possible impurity band hopping transport [67].

Despite the low activation rate, doped 2D TMDs are
expected to be promising for high temperature applications.
Due to constant band edge electronic density of states N(E)
in 2D systems, the intrinsic carrier concentration is linear in
temperature i.e. ni20(T) oc T, in contrast to the 3D case where
#i3p(T) oc T%2 As a result, the intrinsic regime where m(T) >> Na
(where Ny is the dopant-derived carrier concentration) appears
at a higher temperature in 2D semiconductors compared to 3D
semiconductors. 2D TMDs are expected to remain extrinsic
(ni(T) << Na) beyond 1,000 K, distinctly higher than the upper
limit of 800 K for silicon [37].
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Table 1 Summary of the electronic properties of substitutionally doped 3D and 2D group 6 TMDs*
2D/3D  Host Dopant ];r(g;a;lst ny%aent De(:;]s)i ty Nc(rflrle_zofroé‘]g])); Activation rate R&s)i‘sg\r/li)ty (cﬁg})(ig%) Doping method ~ References
3D MoSe: — — — 0 6x 10'° — 5 50 CVT [48]
3D MoSe: Ta 5 P 1 6x 10" 0.4 2.5x 1072 4 CVT [48]
3D MoSe: Re 7 n 2 4.5 x 107 0.15 43x107? 4 CVT [48]
3D WSe, - — — 0 8.0 x 1016 - 780 99 CVT [48]
3D WSee Ta 5 P 0.5 1.6 x 10" 0.2 30.2 12.9 CVT (48]
3D WSe2 Ta 5 p 1 8.4 x 10" 0.6 11.7 6.3 CVT [48]
3D WSe Ta 5 P 2 2.5 % 10% 0.9 43 58 CVT (48]
3D WSe2 Ta 5 p 3 3.5 % 10% 0.8 3.2 5.6 CVT [48]
3D WSee Ta 5 P 5 6.6 x 10% 0.9 25 38 CVT (48]
2D MoS: — — — 0 1.5 x 10" — — 18.3 CVD [66]
2D MoS:  Re 7 n 1 2.1x 10" 0.18 — — CVD [66]
2D MoS: Mn 7 2 2.15 x 10" 0.09 — — CVD [69]
2D MoS; Fe 8 n 0.53 1.1 x 10" 1.80 10° 50 CVT [41]
2D WSe: — — — 0 — — 2x10%* — CVD [86]
2D WSe; A% 5 p 1 1.44 x 10'* 0.13 10%* — CVD [86]
2D MoS; Nb 5 p 4 — — 6.5x 1072 — MOCVD [67]
2D MoS: Nb 5 p 8 — — 6.5%x 107" — MOCVD [67]
2D MoS: Nb 5 P 11 - — 6.5x 107 — MOCVD [67]
2D MoS: Nb 5 p 19 4x 10" 1.81% 6.5x10™* 1.5 MOCVD [67]

*N: room-temperature carrier density at zero gate voltage. Activation rate: room-temperature carrier density divided by doping density. *: It should be
noted that nominal doping density is used to calculate this value. *: The values are extracted from the transfer curves in the references. The equation
N = eoxVin/doxe (where the eox and dox are the permittivity and thickness of the oxide layer in the FETs; Vi, is the threshold voltage; e = 1.602 x 107" C) is
used to extract the normal state carrier density, which is only applicable in the linear region of the transfer curve across the zero gate voltage.

3 Transition metal substitution

Unlike chalcogen substitution, which can be achieved by post-
growth treatment, substitutional metal dopants are typically
introduced during material growth. In this section, we will
discuss the effects of n-type (e.g. Re and Mn), p-type (e.g. V
and Nb), and isoelectronic (W or Mo) doping.

3.1 n-type doping
Re is one of the most commonly reported n-type dopants. CVD

growth of Re-doped monolayer MoS; is typically achieved
using ReOs and MoO:s as precursors [23, 66] but recently, Re
doping was achieved by metal-organic CVD (MOCVD) using
Rex(CO)1o [67] and liquid-phase CVD with NHsReOs, the ionic
analogue of rhenium oxide [24]. The Re atoms are clearly visible
in the Mo site from the high Z-contrast in atomic-resolution
scanning transmission electron microscope (STEM) images
(Fig. 3(a)). STEM imaging offers direct evidence of Re sub-
stitution and its random distribution in the host. The actual
doping density often ranges between 0.3% and 1% [23, 24, 66]
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Figure 3 n-type doping at metal sites. Structural, optical and electrical characterization of (a)-(c) Re-doped and (d)-(f) Mn-doped MoS.. (a) and (d) High
angle annular dark field (HAADF)-STEM images showing substitutional impurity atoms. (b) and (e) Room temperature PL spectra of pristine and doped
MoS:. (c) and (f) Transfer characteristics of FETs based on pristine and doped MoS.. (a) is reprinted with permission from Ref. [24], © American
Chemical Society 2020. (b) and (c) are reprinted with permission from Ref. [66], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (d) is
reprinted with permission from Ref. [69], © American Chemical Society 2015. (e) and (f) are reprinted with permission from Ref. [70], © WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim 2019.
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but can be as high as 10% [67]. According to DFT calculations,
Re forms a donor band ~ 0.1 eV below the conduction band
minimum (CBM) in MoS; at 1% doping [23]. At this doping
concentration, the Fermi level is found to be 0.1 eV below
the CBM, based on scanning tunnelling spectroscopy (STS) [66].
Moreover, the electronic band gap was found to be 1.7 eV,
significantly smaller than that of an undoped material, which
is attributed to the strain induced by Re substitution [66]. The
effect of Re doping on the optical properties of the host
material varies in the literature. Gao et al. [23] reported a blue
shift in photoluminescence (PL) peak energy with no quenching
at 0.3% doping, which was shown to be consistent with DFT
calculations that predicted an increase in the K-point gap at 1%
doping. Zhang et al. [66] on the other hand, reported a redshift
in PL with 400-fold quenching and attributed this to increased
free carrier concentration (Fig. 3(b)). At 1% doping, the transfer
characteristics of MoS. show significant negative shift of the
threshold voltage with reduced contact resistance [23, 66]
(Fig. 3(c)). The device was also shown to exhibit Ohmic
behaviour down to 10 K [23]. For MoSe, high Re doping—or
alloying—above 40% resulted in structural phase segregation,
with lower Re content regions (~ 23%) showing the 2H phase,
and regions richer in Re (> 40%) exhibiting the 1T’ phase [68].

Mn has also been explored as an n-dopant. Incorporation of
Mn into the lattice of MoS, by CVD requires careful optimiza-
tion of growth conditions. Use of graphene as the substrate [69]
and MnO./NaCl as dual additives [70] was reported to be critical
for efficient incorporation of Mn. Reported doping densities
range from 1.1% to 2.4% with most Mn atoms distributed
randomly and uniformly in the host, and with some Mn
segregation at domain boundaries [69] (Fig. 3(d)). Thermal
activation energy of Mn dopants in MoS: was extracted to be
120 meV from temperature-dependent conductivity measurements
[71]. According to electronic density of states (DOS) calculations,
an isolated Mn dopant is shown to form impurity states near
the CBM [72]. Similar to Re doping, there is some disparity in
the reported impact of Mn doping on the optical and electrical
properties of the host material. Zhang et al. [69] observed a
redshift in PL while Cai et al. [70] observed a blueshift with
increasing Mn content (Fig. 3(e)). The former group found an
order of magnitude lower device conductance for 1.1% Mn-
doped MoS:; in the normal state (i.e. Vas = 0, where Vs is the
gate voltage) compared to the pristine MoS. devices, whereas
the latter group did not observe any change in the normal
state device conductance at 2.4% doping (Fig. 3(f)). Further, a
unexpected p-type enhancement was reported for Mn:MoS;
by Huang et al. [71]. Although these findings appear to disagree,
these reports consistently show the absence of the total con-
ductance enhancement, indicating the large ionization energy of
the dopants. The reported difference in the conductivity is most
likely due to different impurity-mediated hopping parameters
rather than free carrier densities [67].

Substitutional Fe doping in MoS; has been achieved by
chemical vapor transport (CVT) [41] and CVD with solid
MoO:s/FeS; precursors [73]. Wang et al. [41] estimated the
ionization energy to be 68 meV from temperature-dependent
conductivity measurements. According to DFT calculations,
Fe introduces two impurity states near CBM, that are deeper
than that of Mn dopants [74]. Low temperature photocurrent
spectroscopy showed the emergence of a peak at 1.2 eV, which
can be attributed to the deep Fe level [41]. Li et al. [73]
reported a redshift and quenching in the PL of MoS; after
introducing 2% Fe doping, as quantified under STEM. In
contrast, a recent report by Fu et al. [44] showed the emergence
of a Fe-derived PL peak above the ground exciton peak in
their 0.3%-0.5% Fe-doped MoS. monolayer. The material was
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further found to exhibit room temperature ferromagnetism.
Hall measurements indicated that Fe-doped MoS:; is n-type, with
a higher carrier concentration but lower mobility compared to
pristine MoS; [41].

Higher valency elements such as Co and Cu can also
substitutionally dope TMDs but their effects are not widely
investigated. To date, high level (> 10%) Cu and Co doping
was achieved for WS, by CVT [75] and for MoS: by CVD,
respectively [76]. DFT calculations show that Cu impurity
states span over a range of ~ 1 eV in the band gap of WS, [77].
For Co-doped MoS;, the impurity states also span over a
similarly wide range, but their average energy is closer to the
CBM. It was inferred that impurity bands gradually shift
from the CBM to the valence band maximum (VBM) with in-
creasing valency from Mn to Cu such that Cu may also act as a
p-type dopant [78]. Bilayer Co.Mo.-.S; field-effect transistors
(FETs) showed n-type characteristics but with no clear evidence
of Co-induced carrier doping [76]. Cu-doped WS, FETs showed
n-type characteristics with 1-3 orders of magnitude lower contact
resistance and 5-7 times higher electron mobility as compared
to their pristine counterpart. However, the carrier doping was
non-degenerate, despite the high Cu content [75].

Since native defects such as chalcogen vacancies are
believed to render TMDs n-type, identifying the effect of
nominally n-type impurities is challenging, especially given
the low activation rate of these dopants. The problem is also
complicated by the possible change in the native defect density
in modified growth conditions and the physical interaction
between the impurities and the native defects [66].

3.2 p-type doping

Nb is a common p-type dopant for TMDs [23, 79, 80]. Nb-doped
WS; and MoS: have been grown by powder CVD using NbCls
[23, 80], Nb metal [81] and Nb.Os [79] as the Nb source, by
CVT using Nb metal [82], and by MOCVD using NbCl; [67],
with achieved doping densities between 1% and 19% [23, 67,
80, 81]. Qin et al. [83] showed that the doping density in their
Nb-doped WS, grown using liquid phase mixtures decreases
from the center to the edge region of the triangular crystals by
as much as 50% [84] (Fig. 4(a)). Such a spatial variation was
also observed in V-doped WS; [85]. Nb dopants introduce an
acceptor state in Mo$S; above a doping density of 8% [29, 32, 79].
Similarly, DFT calculations show that 6.25% doping of Nb in
WS: does not introduce midgap states but brings the Fermi
energy below the VBM to maintain the charge neutrality of
the system [23]. Experiments have shown that the PL peak
redshifts and broadens with increasing Nb content (Fig. 4(b))
but the spectral shapes and peak energies vary among the
reports [80, 81, 83]. Jin et al. [80] and Suh et al. [82] observed
enhanced electrical conductivity and concluded that the
p-type doping is degenerate at Nb content of 1.4% and 0.5%,
respectively, based on suppressed gate modulation. Other
groups observed reduced normal state conductance [79, 83].
Qin et al. [83] observed a progressive positive shift of the FET
threshold voltage and the emergence of a hole branch at Nb
content of > 2.5% (Fig. 4(c)).

V has also been shown to act as a p-type dopant. A series of
V-doped WSe, monolayers with doping concentrations ranging
from 0.5% to 20% were synthesized by CVD using NH:HW 12040/
NH4VOs as metal precursors [86]. The liquid precursors
allowed direct growth of V-doped WSe, with good spatial
uniformity and reasonable control of doping densities (Fig. 4(d)).
With the same W liquid precursor and VO[SO4], Zhang et al.
[85] reported the growth of V-doped WS, monolayers with V
densities ranging from 0.4% to 12% with minimal dopant
aggregation. V introduces an acceptor state situated approximately

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 4 p-type doping at metal sites. Structural, optical and electrical characterization of (a)-(c) Nb-doped WS; and (d)-(f) V-doped W(S)Se:. (a) and
(d) HAADF-STEM images showing substitutional impurity atoms. (b) and (e) Room temperature PL spectra of pristine and doped WS; with increasing
doping concentrations (top to bottom). (c) and (f) Transfer characteristics of FETs based on pristine and doped WS, and WSe.. (a)-(c) are reprinted with
permission from Ref. [83], © American Chemical Society 2019. (d) and (f) are reprinted with permission from Ref. [86], © Yun, S. J. et al. 2020. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) is reprinted with permission from Ref. [85], © Zhang, F. et al. 2020. arXiv.org e-Print archive.

0.14 eV above the VBM as measured by STS over individual
dopants in WSe, [87]. Similar to the case of Nb doping, V
doping results in red-shifted and quenched PL [85, 86] (Fig. 4(e)).
V-doped WSe; FETs exhibit increasing hole current with
increasing V content, and above 10% dopant concentration, gate
modulation is significantly suppressed, suggesting degenerate
doping [86] (Fig. 4(f)). Similarly, increasing V-doping in WS,
monolayers shifts the threshold voltage of the electron branch
to more positive gate voltages, accompanied by the gradual
emergence of a hole branch, eventually transforming the typically
unipolar n-type WS; to an ambipolar material at high doping
density of 8% [85].

Y and Zr are potential p-type dopants according to DFT
calculations. However, no experimental studies have so far
been reported. In contrast to Nb, Y and Zr impurity states in
MoS: are less hybridized with the valence band states and are
predicted to form deep acceptor states [32].

An unexpected p-type dopant is Zn. Zn-doped monolayer
MoS: films have been grown by CVD using MoOs/ZnS solid
precursors. The doping concentration extracted from X-ray
photoelectron spectroscopy (XPS) was 1%-2%. According to
DFT calculations, Zn introduces several states above the VBM
and lowers the Fermi level. Zn-doped MoS; FET devices showed
reduced n-type character and the emergence of a hole-like
branch after sulfur annealing, which is expected to suppress
the n-doping arising from sulfur vacancies [39].

3.3 Isoelectronic doping

In conventional compound semiconductors, isoelectronic
doping can be employed to suppress native defects such
as dislocations, which is the case for In-doped GaAs and
Te-doped Sb.Se; [88-91]. The faster migration of In compared
to Ga makes In adatoms occupy normally vacant Ga sites during
growth, thus reducing the vacancy defect density [92]. The
defect-suppressing effect with isoelectronic doping in TMDs is
similar to that in conventional semiconductors. Doping MoSe:
with W in alloying concentrations of up to 18% modifies the

TSINGHUA
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host band structure and also makes initially deep defect
levels of selenium vacancy (Vs.) shallower with respect to the
CBM [93, 94] (Figs. 5(a) and 5(b)). Introducing 2% W in
MoSe: resulted in Vse reduction by 38%, and a further
increase in W content up to 18% resulted in a total Vs.
reduction of 50% relative to undoped MoSe: [93]. According to
free energy calculations, Vs. are predicted to form preferably
around W dopants in Moi-xW.Se: alloys where these defect
states are promoted closer to the CBM of the alloy. With
increasing number of W as nearest neighbours around Vs, the
energy difference between the defect states and the CBM can
be systematically reduced [94] (Fig. 5(b)), promoting initially
deep defect levels to shallower positions in the band gap. The
reduced defect density and shallower defect levels manifest
as enhanced PL intensity and quenched defect emission [93].
Despite the same valency, W doping renders naturally n-type
MoSe, more p-type (Fig. 5(c)) in character [95]. This is
attributed to the larger electron affinity of W compared to
Mo as reflected in the enhanced local density of states near the
VBM at the W sites. Unlike conventional semiconductors where
alloying results in continuous tuning of the band gap known
as the bowing effect [96-98], the band gap of Mo:-xW.Se: alloys
is expected to remain unchanged for W content up to 25%
(Figs. 5(d) and 5(e)) [99].

In contrast to the case of Moi--W.Se, a study on Mo doping
of WS; did not find suppression of sulfur vacancy (Vs) defects.
However, similar to W in MoSez, Vs defects have a higher
affinity towards Mo in WS host. This affinity between Mo and
S vacancies manifests in the splitting of partially-filled defect
bands related to Vs due to symmetry breaking when Mo is in the
vicinity. According to DFT calculations, the Mo dopant splits
the originally degenerate bands into two levels that are 0.15 eV
apart in the band gap [100]. Band gap modulation and carrier
doping effects of Moi-.W.S alloy system remain unexplored.

Cr can occupy different sites in the TMD lattice; M-site sub-
stitution is not necessarily the lowest energy configuration [101].
Unlike Mo and W isoelectronic doping where the alloy lattice

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2021, 14(6): 1668-1681

(@ ‘wnmo A

== WSe,

—V;,

05
v Mo, W, Se,

doas ¥ Vaas>C

YT TV VY

-1.0 -0.5 0.0 0.5 10

Energy (eV)

2.0

Figure 5

1673

Ves (V)
(d) (e)
3 &
< x=1 c 20
E g
2 2
& x=0.8 ® -
o o b=0.25+0.03 eV
= o
£ |x=08, ~
| 1]
o 3
9 lee c
Q |x= 03
2 ok
] @
é x=0 E
s L
z L. , . . .
20 18 0.0 05 10
Energy (eV) W composition x

Isoelectronic doping at metal sites. (a) HAADF-STEM images of W-doped MoSe: (left panel) and Mo-doped WS; (right panel). (b) Electronic

DOS of (i) MoSe», (ii) WSe», and (iii) Moo7sWo2sSe2 with (solid line) and without (dashed line) Se vacancies Vs.. (c) Transfer curves of FETs based on
MoSe: and Mo1-xW.Se; with different W content. (d) PL spectra for Mo1-+W.S, monolayer for x = 1, 0.8, 0.6, 0.3 and 0. (e) Plot of PL peak position versus
W composition (x). Error bars represent standard deviation of PL peak position in five-times repeatedly synthesized Mo1-xWS2. The left panel of (a) is
reprinted with permission from Ref. [95], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016; the right panel of (a) is reprinted with permission
from Ref. [100], © American Chemical Society 2017. (b) is reprinted with permission from Ref. [94], © American Physical Society 2015. (c) is reprinted
with permission from Ref. [95], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (d) and (e) are reprinted with permission from Ref. [99],

© Macmillan Publishers Limited 2015.

structure remains hexagonal for all compositions, Cr is reported
to induce structural disorder in MoS; at 8.6% doping [102].
This is consistent with the fact that chromium sulfides (CrSoos-
CrSi5) exist in the trigonal, monoclinic or rhombohedral
crystal system [103, 104]. In contrast to the p-type enhancement
in MoSe: by W, the lighter Cr was reported to promote n-type
doping in Mo$S: [71]. This n-type enhancement is in line with
the first-principles studies that predicted substitutional Cr in
WSe: to be n-type dopants [105].

4 Chalcogen site substitution

Substitution of chalcogen with impurities can be more con-
veniently achieved than metal site doping by post-growth
processes because chalcogen atoms are exposed at the outer
surface of TMDs [49]. Moreover, substitution of the outer chal-
cogen sites leaves the transition-metal layer nearly undisturbed,
ensuring minimal scattering for bands edge charge carriers [37].
According to theoretical predictions, non-metal groups 15, 16
and 17 elements can replace the chalcogen atoms to form a
stable ternary TMD phase. Among these groups, pnictogen
and halogen elements are identified as suitable p-type and
n-type dopants for group 6 TMDs, respectively. N- [106], P- [107]
and Cl- [108] doped TMDs have been synthesized via various
methods. These doped materials demonstrated tuneable electron
densities and showed great potential for low contact resistance
transistors [108], high rectification ratio p-n diodes [107], and
high responsivity photodetectors [109]. Isoelectronic doping
with chalcogen elements does not induce mid-gap states but can
continuously shift the band edge states and can correspondingly
modulate the bandgap of the doped (or alloyed) material [32].
A variety of ternary alloys MoS:-«Sex [110], WS,-Sex [111],
WSe,-.Te, [112], and MoS.<Ox [113] have been synthesized by
direct CVD and post-growth treatment, and they are found to

exhibit continuously tuneable bandgaps and structural phases.

41 n-type doping

According to DFT calculations, the formation of pnictogen
and halogen dopants in a X-rich (M-poor) environment is
energetically unfavourable compared to that in a Mo-rich (X-poor)
environment [32]. Typical CVD growth conditions involve a
high chalcogen vapor pressure to avoid chalcogen vacancy
defects, which is therefore not suitable for the direct synthesis
of pnictogen- and halogen-doped TMDs. Nevertheless, a few
groups succeeded in the direct growth of Cl-doped MoS:
by using Cl-rich substrates in CVD, and N-doped MoS: by
sulfurizing N-rich Mo-based compounds [109, 114]. Alternatively,
TMDs with chalcogen vacancies can be intentionally prepared to
facilitate the substitution process in a post-synthesis treatment.
This is an energetically favourable route to realizing pnictogen
and halogen doping and is widely reported. Commonly used
post-treatment methods include dopant-rich solvent soaking,
gas annealing, and plasma treatment [106-108, 115].

Halogen doping has so far mainly been conducted with CL.
Yang et al. [108] developed a facile way to Cl-dope few-layer (3.5-
5 nm) mechanically exfoliated WS;and Mo$;, which involves
soaking the flakes in undiluted 1,2-dichloroethane (DCE) at
room temperature for more than 12 h (Fig. 6(a)). A ~ 0.3 eV
blue shift of the core level binding energies of WS, was
observed after DCE treatment, indicating n-type doping. The
observed negative threshold voltage shift for WS, FETs after
DCE treatment further supported the n-doping effect (Fig. 6(b)).
Doping also resulted in a significant reduction of the contact
resistance Rc of WS, and MoS: FET devices from ~ 100 and
~ 6 to 0.7 and 0.5 kQ-um, respectively. Moreover, a considerable
room temperature FET mobility of 60 cm*/(V-s) was achieved
in the treated WS, device. Based on the sheet resistance and
carrier mobility of the doped MS;, the Cl doping density in
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WS: and MoS; after DCE treatment was estimated to be 6.0 x
10" and 9.2 x 10" cm™, respectively. It is worth noting that
the doping density is still lower than the typical sulfur vacancy
density in these materials [113], suggesting that the defects are
not fully passivated.

Li et al. [109] demonstrated direct growth of single-layer
Cl-doped MoS:; using Cl-rich substrates, which was prepared
by heating a SiO./Si wafer coated with gold chloride hydrate
(Fig. 6(c)). Similar to DCE-treated MS; [108], a small negative
shift of the threshold voltage was observed in Cl-doped MoS.
FETs compared to the undoped control devices, indicating
successful n-type doping (Fig. 6(d)). Interestingly, the visible
light photodetectors made with Cl-doped MoS: were found
to exhibit high responsivity of 99.9 A/W, which is more than
an order of magnitude larger than that of undoped MoS.. This
enhancement was attributed to passivation of substrate-induced
electron trap states near the conduction band of MoS; by extra
carriers introduced by Cl doping. It is worth noting, however,
that no clear signature of carrier doping was observed in the
PL spectrum of Cl-doped material [109].

While Cl doping was shown to be feasible for MS,, alternative
n-type dopants such as F, Br and I remain experimentally
unexplored. It is, however, worth noting that iodine and bromine
are commonly used as a transport agent for the CVT growth
of bulk TMD crystals. It is thus possible that synthetic TMD
crystals are unintentionally doped with these elements. Early
studies showed that iodine was found in HfS; crystals at density
of 10" atoms/cm’® when 5 mg/cm® iodine was used during
CVT growth [116]. This density translates to 10® atoms/cm’ in
2D TMDs. It remains to be addressed whether halogen doping
at such low densities has impact on the electrical and optical
properties of TMDs.

42 p-type doping

Pnictogens, while being typical n-type dopants for Si, act as
p-type dopants in group 6 TMDs. Pnictogen doping in TMDs
has been achieved with N and P, mostly using post-growth
treatments including NH; plasma treatment [117], N, plasma
treatment [106], annealing in NH; [115], and PH; plasma
treatment [107]. Alternative bottom-up approaches including
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sulfurization of WO:N, film [114], and sintering Mo-S-N
compounds [118] have also been demonstrated.

Azcatl et al. [106] reported that N-doping of MoS. can be
achieved by treating mechanically exfoliated few-layer MoS, with
a remote N plasma situated 30 cm from the sample (Fig. 7(a)).
N substitution on chalcogen sites was evidenced by the
emergence of the N-Mo peak in XPS. It is noteworthy that N-Mo
bonds showed good thermal stability and survived even after
500 °C thermal annealing in ultrahigh vacuum. This observation
strongly indicates that the N atoms are chemically bonded in
the lattice of MoS,, and are not physisorbed on the surface.
The N density in few-layer MoS. could be controlled from
1.16 x 10" to 1.25 x 10" atoms/cm” by increasing the N plasma
exposure time from 2 to 60 min. The threshold voltage of
the transfer curve of the MoS. FETs showed a positive shift of
around 20 V after N plasma treatment, suggesting the expected
p-type doping effect of N, although the device remained still
dominantly n-type (Fig. 7(b)). The hole density of N-doped
MoS; was estimated to range from 2.5 x 10" to 1.5 x 10" cm™,
higher than that of undoped Mo$S; (~ 1.5 x 10'® cm™). The same
research group also reported that N-doping can be achieved
in few-layer WSe: by similar N, plasma treatment [119]. Yang
et al. [115] reported synthesis of N-doped MoS. by 900 °C
thermal annealing of commercial MoS; under NH; atmosphere,
and showed its enhanced hydrogen evolution reaction activity
compared to undoped MoS..
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Cao et al. [114] reported the growth of N-doped WS: by
sulfurizing atomic layer deposition grown WOxN, films in a
sulfur vapor environment at 950 °C (Fig. 7(c)). The presence of
nitrogen was verified by the N1s XPS feature in the sulfurized
film and its doping density was calculated to be 4.5%. Notably,
N-doped few-layer WS, exhibited typical p-type transfer
curves (Fig. 7(d)), in contrast to N-doped few-layer MoS, which
remained predominantly n-type. The optimized N-doped WS,
device with Pt contacts demonstrated a room temperature
field-effect hole mobility of 18.8 cm?/(Vs). This mobility is of
the same order of magnitude as the electron mobility of the
undoped material [114], suggesting limited detrimental impact
on carrier transport even in the high impurity density regime.
DFT calculations showed that the ionization energy of N-derived
acceptor states is 0.28 and 0.01 eV for monolayer and five-
layer WS; (Figs. 7(e) and 7(f)). Thus, for sufficiently thick WS,
N acts as a good p-type dopant at room temperature.

P is an alternative p-type dopant for TMDs. Due to the
widespread use of P doping in Si manufacturing, P doping is a
mature technology. Plasma immersion ion implantation (PIII) is
a complementary-metal-oxide-semiconductor (CMOS) compatible
technology which uses a PH; gas source to introduce P in Si.
Nipane et al. [107] demonstrated both degenerate and non-
degenerate p-type doping in exfoliated few-layer MoS; using
the PIII method with a PHs gas source. Field-effect hole
mobilities of 8.4 and 137.7 cm?/(V-s), and hole densities of 2.4 x
10" and 1.3 x 10" cm™, were achieved in the degenerately
and non-degenerately doped FET devices, respectively. Using
area-selective P doping in exfoliated few-layer MoS, Nipane et
al. [107] further fabricated lateral p-n homojunctions. The p-n
homojunctions exhibited gate-tunable rectification ratios up
to 2 x 10" and considerable stability at 300 °C and after 7 days
aging. XPS characterizations and DFT simulations showed that
p-type doping primarily results from both the substitution
and surface adsorption of P. However, plasma immersion has
the detrimental effects of etching the top few layers of TMDs
in the reactive plasma. Thus, minimizing this etching effect
is key to making this technology practical for 2D TMDs. It
is worth noting that unlike the case for metal site doping,
the bonding configuration of group 15 and 17 dopants still
remains elusive. Thus, direct, atomically-resolved microscopic
characterization is needed for the detailed analysis of their
bonding state.

4.3 Isoelectronic doping

There are two types of substitution geometries for the chalcogen
site isoelectronic doping: single site substitution and double
site substitution. This means that the group 16 elements (O, S,
Se or Te) randomly replace either one or two chalcogen atoms
in the unit cell of the host MX; lattice, forming a ternary alloy
MX;-#Zs. Due to the similar electronegativity of S, Se, and Te,
and similar trigonal prismatic geometries of TMDs, the band
structure of MX, ,Z, alloy is similar to that of its constituents,
MX, and MZ.. The exception is alloying with MO,, where
the metal coordination can be locally octahedral. The bandgap
of MX,-,Z, can be continuously tuned from the bandgap of
MX; to that of MZ, by increasing n from 0 to 2, making it
possible to continuously modify the electronic and optical
properties of these materials [101].

Significant efforts have been devoted to the synthesis of 2D
monolayer MS,.Se, alloys by direct growth and post-growth
treatments. CVD-growth of monolayer MoS;-Se. alloys was first
reported in 2014 [110]. Both single- and double-Se substitution
sites were found to be randomly and uniformly distributed in the
hostlattice for a 12% Se-doped MoS. monolayer (Fig. 8(a)).
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CVD-growth of monolayer MoS;-.Se, and WS,-.Se, alloys
with a series of doping or alloying densities was subsequently
reported [110, 120, 121]. PL characterization showed that
all the monolayer MoS:-.Se, and WS;-.Se, alloys are direct
bandgap semiconductors with a continuously tuneable optical
bandgap of 1.55-1.85 and 1.6-2.0 eV, respectively (Fig. 8(b)).
FETs made with WS;-,Se, alloys showed a transition from n-
type to p-type character when n was increased from 0 to 2
(Fig. 8(c)). The origin of this carrier doping effect is unclear and
the apparent doping may be affected by extrinsic effects such as
metal contacts, but the trend is consistent with the n- and p-type
character of the constituents WS, and WSe.. Furthermore,
the bandgap tunability of WS,-.Se, alloys can be exploited for
versatile band alignment engineering of WS,-WS;-.Se, monolayer
lateral heterojunctions. Such a heterojunction has been realized
by controlling WS,/WSe; ratios in physical vapour deposition
(PVD) [111].

Li et al. [112] reported direct growth of Se-substituted
MoTe; alloys by CVD. Pure CVD-grown MoTe; and MoSe; are in
Ta and 2H structural phases with metallic and semiconducting
electronic band structures, respectively. Increasing the Se content
in MoTe; resulted in Ts-1T°-2H phase transitions. Interestingly,
the superconducting transition temperature of MoTe; is found
to increase from 0.1 to 3.6 K with increasing Se content as the
structural phase changed from T4 to 1T A superconductor-
to-insulator transition was observed by further increasing the
Se content above a critical value. This tunability makes these
alloys attractive for the study of disorder-driven quantum phase
transitions [122].

Despite the isovalency, oxygen doping of TMDs is distinct
from other chalcogen isoelectronic doping in that oxygen is
strongly electronegative and MO. compounds are structurally
and electronically different from group 6 TMDs. Nevertheless,
at low concentrations, it is possible to introduce O at the
chalcogen sites in monolayer TMDs without disrupting the
hexagonal lattice [113, 123-125]. It is important to understand
the role of oxygen substitutional doping because TMD
monolayers are prone to spontaneous oxidation in ambient
conditions, especially in the presence of pre-existing defects such
as grain boundaries [113, 123]. Petd et al. [113] systematically
investigated the basal plane oxygen substitution of freshly
exfoliated monolayer MoS. on Au (111) using the scanning
tunnelling microscopy (STM). They found that the basal plane
of MoS: was oxidized at room temperature under ambient
condition with a slow reaction rate of 1 atom/(min-um?). After a
month of ambient exposure, the oxygen substitution density
increased from 10'-10" to 3 x 102-2 x 10" cm™ (Fig. 8(d)).
Oxygen substitution is expected to play an important role in
passivating the mid-gap states introduced by S vacancies in
MoS: (Fig. 8(e)) [113]. Barja et al. [123] identified oxygen sub-
stitution in molecular beam epitaxy (MBE)-grown monolayer
MoSe; and CVD-grown monolayer WS using STM, and
investigated its effect on their bandgap with STS. There were
no noticeable deep mid-gap states at substitutional oxygen
sites for both MoSez and WS: (Figs. 8(f) and 8(g)), supporting
the theoretical predictions on the vacancy passivation effect of
oxygen substitution in the basal plane of TMDs [124-127]. It
has also been suggested that basal plane oxygen substitution
density exceeding 28% leads to formation of mid-gap states in
MoS; [127]. In contrast, oxygen termination of zigzag metal
edges of WS,, which are metallic in character [128] results in
small gap opening [129].

Oxygen plasma treatment is another approach for incor-
porating oxygen in a TMD lattice [130-132]. However, the
observed carrier doping effects are so far inconsistent [130, 132].
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This may be due to unintentional etching and uncontrolled
surface adsorption effects. Substitutional doping by oxygen
plasma treatment is yet to be verified.

5 Conclusion and outlook

Substitutional doping of 2D group 6 TMDs is a promising
route to unlocking the full potential of these emerging
materials for device applications. The wide variety of chemical
elements that can be readily incorporated into the lattice of
TMDs highlights the versatility of this system and presents
vast opportunities for electronic structure engineering and
fundamental studies (Table 2). The current research, however, is
still at an early stage and a number of open questions remain.
In terms of doping techniques, a precise control of doping
densities, especially in the low-density limits (< 10" cm™), is
an immediate goal. The widely-used powder CVD method is
highly versatile for bottom-up growth of doped materials, but
its controllability and scalability are limited for practical use.
In this respect, MOCVD [67] has shown promising results
albeit for a limited number of dopants. For chalcogen site
substitution, post-growth treatment is promising but density
control is still a challenge. Successful development of a precise
doping technique is contingent on the ability to identify and
quantify impurities. Due to the atomically-thin body of the
material, impurity atoms in ppm concentrations cannot be
detected by common techniques such as XPS. Advanced

TSINGHUA
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techniques such as atomic resolution, aberration-corrected
STEM imaging and electron energy loss spectroscopy may
become essential for identifying individual impurity species,
their bonding configuration, and the local strain environment
in the host material [133-135]. High spatial resolution charac-
terization techniques such as nano-angle-resolved photoemission
spectroscopy [136], STS [137], and nano-optical [138-141]
techniques are also crucial for investigating the local electronic
structure around individual dopant impurities.

Studies to date showed that the impact of doping on the
electrical properties of 2D TMDs is often unpredictable. For
example, Mn, which is expected to be an n-type dopant, has so
far shown contradicting results with no clear sign of carrier
density enhancement [69-71]. The complexity of the problem
is multifold. The large ionization energy of impurities in a 2D
host often limits carrier doping. High impurity density leads to
competing effects of hopping conduction [67] and scattering-
limited band transport [41, 71, 86]. There are also indirect
effects such as changes in intrinsic defect density and types.
Since the physical properties of TMDs are strongly influenced
by chalcogen vacancies that are present in high concentrations
(10”to 10" cm™) [142, 143], intentionally introduced impurities
may indirectly modulate the carrier density of the host
material by altering the stability of such vacancy defects [66, 93].
Nevertheless, systems such as V-doped WSe: and V-doped
WS; have so far shown a clear sign of expected hole doping,
indicating sufficiently small impurity ionization energy [44, 86],
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Table2 Summary of experimental reports on substitutionally doped 2D group 6 TMDs?

Doping sites Dopants Host Observed doping Doping density (%) Doping method References
MoS: n 1 CVD with solid oxide [66]
MoS: n 0.3 CVD with solid oxide [23]
Re MoS: n 0.3 CVD with liquid precursor [24]
MoS: — 9 MOCVD [67]
WS, n 10 CVD with molten oxide [154]
MoS: n 2 CVD with solid oxide [69]
Mn MoS: n 1.80 CVD with molten oxide [70]
MoS; — CVD with metal [71]
MoS, 0.53 CVT [41]
Fe MoS: — 0.3-0.5 CVD with solid oxide [44]
MoS; — 2 CVD with metal and metal sulfide [73]
Co MoS: n 16.00 CVD with solid oxide [76]
MoS: p 1 CVD with solid precursor [34]
Cu MoS: n 11.76 CVT [75]
M-dopant MoS: p 4-19 MOCVD [67]
Mo, p 0.5 CVT (2]
MoS: p 0.8 CVD with molten oxide [79]
Nb WS, p 1.40 CVD with molten oxide [80]
WS, p 6.70 CVD with solid oxide [23]
WSe> p 1.50 CVD with solid oxide [155]
WSe: p 2-29 CVD with liquid precursor [83]
WSe> p 0.1-10 CVD with liquid precursor [86]
v WS2 p 04,2,8 CVD with liquid precursor [85]
WSe» — 3 MBE [87]
Zn MoS: p 1-2 CVD with solid oxide [39]
Sb MoS: — 9 CVD with solid oxide [42]
W MoSe: p 2,7,18 CVD with solid oxide [93, 95]
Mo WS, — — CVD with solid oxide [100]
Cr MoS: n — CVD with metal [71]
al MoS,, WS n — DCE soaking [108]
MoS: n — CVD with HAuCly [109]
MoS; p 1-8 N Plasma treatment [106]
N WSe> p — N Plasma treatment [119]
WS, p 4.5 Sulfurization of WON,, film [109]
MoS: — 0.2-0.6 NH; annealing [115]
P MoS: p — PH; plasma treatment [107]
X-dopant MoS: — 0-100 CVD with solid oxide [110, 120]
Se WS, p 0-100 PVD [111, 121]
MoTe: — 0-65 CVD with solid oxide [112]
MoS,, WS, — — Spontaneous oxidation [123]
MoS:, MoSe: — 0.3-8.7 Spontaneous oxidation [113]
(0] MoS: 13 O; plasma treatment [130]
MoS: 15.6 O: plasma treatment [132]
MoS: — — O; plasma treatment [131]

*CVD with solid oxide: metal oxides are used precursors; CVD with liquid precursor: water dissolvable metal compounds are used as precursors; CVD

with molten oxide: mixtures of salt and metal oxide are used as precursors.

unlike the case of Nb-doped MoS. monolayer where p-type
conduction enhancement is often marginal [79], unless an
alloying impurity density is reached [67]. Identifying the suitable
elements for versatile carrier modulation for different host
material remains a crucial task.

Substitutional doping is not only important for carrier
modulation but for a variety of novel functionalities. While

the large ionization energy of impurities is detrimental for
carrier doping, it can be advantageous for quantum photonics
applications. Impurity bound excitons are known to serve
as single photon light sources in conventional quantum wells
such as N-doped ZnSe [144]. Bound exciton complexes in
TMDs are expected to be strongly bound to impurities and
offer opportunities for quantum photonic applications [145, 146].
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Defect complexes such as RemoVs in Re:MoS; are also predicted to
act as a two-level quantum system, allowing single photon
emission [147]. Furthermore, magnetically doped 2D TMDs
have become a fertile ground for fundamental discoveries
in recent years [44, 68, 86, 148, 149] and hold promise for
spintronics [38, 72, 150-153]. A continued collective effort to
develop doping techniques and access impurity-induced physical
phenomena is therefore key to enabling novel technologies
based on 2D materials.
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