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Recent Advances in Doping of Molybdenum Disulfide:
Industrial Applications and Future Prospects
Viet Phuong Pham and Geun Young Yeom*
uniformity and quality of the materials. A
recent study on the wafer-scale growth of
trilayer MoS2 showed high quality and uniformity, similar to geological MoS2 layers,
and it is considered a significant effort for
applications to various devices.[30,31]
Doping of 2D materials is one of the
important parameters for correcting and
enhancing the electrical performance of
devices. Various doping strategies have
been widely demonstrated for modifying
new electronic materials such as organic
semiconductors,[32] carbon nanotubes
(CNTs),[33] graphene,[33,34] etc., and several doping techniques have been so far
employed for the modification of TMDs. Here, we present a
brief review for various doping issues on MoS2 with various
doping classification strategies. In addition, a wide-range of
emerging applications are also addressed.
Like graphene, MoS2 and related dichalcogenides are 2D materials bonded by van der Waals forces together as stacked layers.
Contrary to graphene, which does not have a bandgap energy,
MoS2 has an indirect bandgap for bulk MoS2 but the bandgap
changes gradually to direct bandgap as the layer number of MoS2
is decreased to one monolayer (1L). Recently, 1L-MoS2 is gradually getting much more attention from the research community
due to its high mobility and on/off ratios of 1L-MoS2 FETs. As we
can easily recognize from Figure 1, since the beginning of the
21st century, the interest of the 2D-material research community
in MoS2 materials, which is apparent in the number of annual
publications on MoS2, has dramatically increased.
Table 1a shows the current 2D library for the graphene family
(graphene, h-BN, BCN, flourographene, and graphene oxide), 2D
chalcogenides, and 2D oxides.[35] Table 1b shows the basic properties of 2D materials such as optical property, electrical property,
mechanical property, and thermal property for graphene, MoS2
(bulk and 1L), WSe2 (bulk and 1L), h-BN, and phosphorene.[36]
This table can be used for selecting materials and designing
devices for various flexible nanoelectronics. Here, h-BN is an
ideal dielectric layer for enhancing the charge transport due to its
smooth surface. Graphene is a material with the highest device
mobility, the highest Young’s modulus, and the highest thermal
conductivity among the investigated TMD materials. Other TMDs
such as phosphorene, WSe2, and MoS2 also show excellent properties for digital electronics. Moreover, 1L-TMDs with a direct
bandgap could be used for various optoelectronic devices.[37–41]
Controlled doping of few-layer MoS2 has been well explored
in the community and is also the primary focus of this review.
The study of doping-based 2D layered materials, especially represented by doping-based MoS2, is one of the most interesting

Owing to their excellent physical properties, atomically thin layers of molybdenum disulfide (MoS2) have recently attracted much attention due to their
nonzero-gap property, exceptionally high electrical conductivity, good thermal
stability, and excellent mechanical strength, etc. MoS2-based devices exhibit
great potential for applications in optoelectronics and energy harvesting. Here,
a comprehensive review of various doping strategies is presented, including
wet doping and dry doping of atomically crystalline MoS2 thin layers, and the
progress made so far for their doping-based prospective applications is also discussed. Finally, several significant research issues for the prospects of dopedMoS2 in industry, as a guide for 2D material community, are also provided.

1. Introduction
Molybdenite monolayers (1Ls) were studied in 1923 by Dickinson et al.,[1] and 1L-MoS2 was first investigated by Joensen in
1986.[2] In 2000, Mak and Lee revealed the first characteristics
of 1L-MoS2 by Raman spectroscopy, atomic force microscopy
(AFM), optical microscopy (OM), absorption, photoluminescence
(PL), and photoconductivity.[3,4] 1L-MoS2 has attracted immense
attention since then. Layered transition-metal dichalcogenides
(TMDs) e.g., WSe2, MoS2 represent a new branch of 2D materials, with to their impressive optical and electrical characteristics.[3–6] Different to graphene, TMDs show widening bandgaps,
therefore, they can be applied to various devices such as fieldeffect transistors (FET),[5] semiconductor integrated circuits,[7]
chemical and photosensors,[8–16] diodes and transistors,[17,18]
energy harvesting devices,[19] fast photonic devices,[20] and valleytronic devices.[21–23] However, several significant challenges
remainto be solved for commercial applications. For example,
material production is generally limited by Scotch-tape-based
exfoliation,[24] and high resistances at the metal/semiconductor
contact interfaces cause low performance of the devices.[25]
Recently, significant advances have been made for large
area MoS2 growth by chemical vapor deposition (CVD),[26–29]
however, further investigations are required for optimization of
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2. Doping Strategies
Doping of semiconductors is a process that involves local
manipulation of its conductivity and charge density, and it is
considered as one of the key technologies in electronic devices.
Here, various doping strategies for MoS2 are summarized. The
dopants can donate electrons to the host semiconductor (e.g.,
MoS2) at ambient environment (called n-type dopant or donor),
or they can accept additional electrons from the host semiconductor to form covalent bonds, leaving holes on the host
semiconductor (called p-type dopant or acceptor) (Figure 2a). In
addition, Dolui et al. illustrated that, when MoS2 was formed
on insulating substrate such as SiO2, localized energy states
on the insulating substrate caused by defects or impurities in
the insulating substrate or at the conducting channel interface
could change the effective Fermi level of the system, as shown
in Figure 2b.[40] The alignment of the gap states of the insulating substrate relative to the valence and conduction bands
of MoS2 could also change the MoS2 as n-type (Figure 2b2)
or p-type (Figure 2b3). Therefore, in addition to intentional
doping, the trap states of the substrate need to be also considered for doping of MoS2.
Generally, doping in 2D semiconductors is divided into two
doping types: surface charge transfer doping type and substitutional doping type.[41–44] In the case of surface charge transfer
doping, doping is obtained by electron exchange between MoS2
and the material adsorbed on the MoS2 surface (dopants).
Generally, by the surface charge transfer doping, the MoS2
structure is not damaged and the doping can be reversed by
adsorbing different dopant material on MoS2 surface. However, in the case of substitutional doping, Mo or S atoms in the
MoS2 honeycomb network are substituted with other atoms with

Figure 1. Publications on MoS2 from 2000 to 2015. Source: ISI Web of
Science (search: Topic = MoS2).
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“hot” issues that has been rapidly expanding and growing and
it could lead to the fabrication of ultramodern nano-devices
based on variously doped 2D materials.
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different valence electrons. By the substitution of different atoms,
the sp2 honeycomb structure can be disrupted. In addition,
unintentional dopants on the MoS2 surface such as residues and/or ambient gas molecules in air could induce weak
additional doping in addition to the insulating substrate effect
as mentioned above. Molecular dopants have a highest occupied
molecular orbital (HOMO) energy level (low energy level) and a
lowest unoccupied molecular orbital (LUMO) energy level (high
energy level) and, for surface charge transfer doping, depending
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Table 1. a) Library of current 2D materials. Blue: stable in ambient conditions. Green: probably stable in ambient conditions. Pink: unstable in ambient
conditions but stable in inert gas environment conditions. Gray: 3D compounds that can be formed 1L 2D compounds by exfoliation. Reproduced with
permission.[35] Copyright 2013, Nature Publishing Group. b) Characteristics of 2D materials. Reproduced with permission.[36] Copyright 2014, Nature
Publishing Group.

b) 2D Materiala)

Optical

Electrical

Mechanical

Thermal

Bandgap
[eV]

Band Type

Device Mobility
[cm2 V−1 s−1]

νsat
[cm s−1]

Young’s Modulus
[GPa]

Fracture strain Theoretical
(Measured)a) [%]

Κa,c)
[W m−1 K−1]

Graphene

0

D

103–5 × 104

1–5 × 107

1000

27–38 (25)

600–5000

−8

1L MoS2

1.8

D

10–130

4 × 106

270

25–33 (23)

40

NA

Bulk MoS2

1.2

I

30–500

3 × 106

240

NA

50 (//), 4 (⊥)

1.9 (//)

1L WSe2

1.7

D

140–250

4 × 106

195

26–37 (NA)

NA

NA

Bulk WSe2

1.2

I

500

NA

75–100

NA

9.7 (//), 2 (⊥)

11 (//)

5.9

D

NA

NA

220–880

24 (3–4)

250–360 (//), 2 (⊥)

−2.7

0.3–2b)

D

50–1000

NA

35–165

24–32

10–35 (//)

NA

h-BN
Phophorene

CTEa,c)
[×10−6 K−1]

a)

h-BN: hexagonal boron nitride; 2D: two dimensional; NA: not available; b)The precise value for the bandgap, which is maximum for a monolayer, is a matter of ongoing
research; c)The // symbol signifies the in-plane direction; ⊥ signifies the out-of-plane direction.

on the relative energy alignment of the density of states for
HOMO/LUMO of the dopants with the Fermi level of MoS2, the
charge transfer direction changes. That is, when the Fermi level
of MoS2 is located below the HOMO level of the dopant, then,
electron transfer occurs from the dopant to MoS2, therefore,
the dopant acts as a donor. However, when the Fermi level of
MoS2 is located above LUMO level, electron transfer occurs from
MoS2 to the dopant, therefore, the dopant acts as an acceptor.
Therefore, MoS2 can be doped as n-type or p-type depending on
various doping strategies. Doping with p-type dopants moves the
Dirac point of MoS2 higher than the Fermi level, while doping
with n-type dopants moves the Dirac point lower than the Fermi
level. In general, surface charge transfer dopants can be easily
removed by the desorption of the dopants from MoS2 surface
while substitutional dopant remains in the MoS2 structure due to
the strong chemical bonding with Mo or S, which could be more
applicable for device application due to stability and reliability.
Here, the three mainstream methods employed for triangular doped 1L MoS2 are described; namely: i) the dry doping
strategy on MoS2, ii) the wet doping strategy on MoS2, and
9026
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iii) industrial applications of doped MoS2 as described in the
cartoon of Figure 3.

2.1. Wet Doping
2.1.1. Chemical Doping
Chemical doping of MoS2 based on solution-doped processing
has been well described in the literature.[41,45–60] In the 2D material community, new doping chemicals on atomically MoS2
thin layers are under investigation in addition to some popular
doping species such as AuCl3 (p-type),[46,47] and benzyl viologen
(BV) (n-type).[45,46,48] For example, some new doping species
under investigation are as follows: (2-Fc-DMBI)2 (n-type),[41]
2-Fc-DMBI-H (n-type),[41] tris(4-bromophenyl)ammoniumyl
hexachloroantimonate) (p-type),[41] 7,7,8,8-tetracyanoquinodimethane (TCNQ) (p-type),[49] 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano quinodimethane (F4-TCNQ) (p-type),[49] nicotinamide
adenine dinucleotide (NADH) (n-type),[49] 1,2 dichloroethane
(DCE) (n-type),[51] polyethylene imine (PEI) (p-type),[52] Au
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Li et al.[46] used AuCl3 and BV as p- and
n-type dopants to successfully fabricate
ultrathin MoS2 p–n homogeneous junctions
with a 3 nm film of MoS2 experimentally,
with a chemical doping depth around 1.5 nm
as shown in Figure 4a–g. Figure 4a–d show
the fabrication sequences for a MoS2 vertical p–n junction. A multilayer (ML) MoS2
flake (≈11 nm thick) was achieved by Scotch
tape-based exfoliation and a back-gate FET
was fabricated using the MoS2 flake as the
channel. The bottom surface of MoS2 was
doped by an n-type BV dopant, and the top
surface of MoS2 was doped by an n-type AuCl3
dopant. The top electrode, deposited by Cr/Pd
(5/50 nm), and the bottom electrode, deposited by Cr/Pd/Cr (5/50/5 nm), were in contact with the top and bottom MoS2 surfaces,
respectively, for the formation of symmetrical
Ohmic contact. The optical microscopy (OM)
and atomic force microscopy (AFM) images
obviously showed the stacked structure composed of bottom electrode/MoS2/top electrode (Figure 4e–g). In another report, Choi et
al. investigated a method to fabricate a lateral
MoS2 p–n junction by stacking a h-BN layer
partially as a mask for AuCl3-doping of MoS2
Figure 2. a) Schematic band diagram for n-type doping and p-type doping. b) The band
surface in order to improve the photodiagram for MoS2 transferred on a SiO2 substrate (b1), and on SiO2 substrates with defects
including a defect-induced donor (b2) or acceptor (b3) level. The blue dotted line is the Fermi response of MoS2 through chemical doping
[47]
level, the green thick line is the donor level, and the thick red line is the acceptor level in SiO2. by AuCl3 as shown in Figure 4h–l.
[
45
]
[
40
]
Dhakal et al. and Kiriya et al.[48] carried
Reproduced with permission. Copyright 2013, American Physical Society.
out deeper investigations on n-type chemical
dopant BV as shown in Figure 5. Dhakal et al. presented the phonanoparticles (Au NPs) (p-type),[54–58] Ag NPs (p-type),[57]ptoluminescence (PL) and Raman results for BV-doped MoS2 film,
toluene sulfonic acid (PTSA) (n-type).[59] and tetrathiafulvalene
(TTF) (n-type),[60] tetracyanoethylene (TCNE) (p-type).[60]
revealing the strongly dependence on the thickness of MoS2 layer.
The decrease of the peaks caused by A and B excitons (big and
small peaks in PL at ≈630 nm and ≈769 nm in Figure 5a, respectively, and the peaks in Figure 5c–f) is observed by the quenching
of the neutral exciton peak and the enhancement of a trion peak
(located near exciton peak A; not shown in the figure), as the
excess electrons transferred into the MoS2 layer by the charge
transfer of n-type BV dopant (Figure 5a–f)[45] is dependent on the
MoS2 thickness. Also, a less significant decrease of the exciton
peaks was observed with the increase of MoS2 layers. The results
from Dhakal et al. showed the red shift of exciton peak A in the PL
for doped MoS2 layers, indicating that the BV treatment resulted
in successful n-type dopant on 1L and ML MoS2 layers.[45] Further
investigation on the stability of BV-doped MoS2 by Kiriya et al.
showed that BV is a highly air and vacuum stable dopant that can
be used to various optoelectronic and electronic devices based on
n-type doped MoS2 as shown in Figure 5g–k.[48]
To tune the PL properties of 1L MoS2, several chemical
dopants such as F4-TCNQ and TCNQ as p-type chemical
dopants and NADH as an n-type dopant are used.[49] The
PL intensity of 1L-MoS2 was dramatically increased by the
doping with the p-type dopants with high electron affinity but
was reduced by doping with the n-type dopant (Figure 6).[49]
Figure 3. A schematic diagram which describes a triangular MoS2 1L
Mouri et al. suggested that electron transfer to and from
structure with: i) dry doping strategy on MoS2, ii) wet doping strategy on
1L-MoS2 by the dopant adsorption could be obtained through
MoS2, and iii) industrial applications from doped MoS2.
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Figure 4. a–d) are the fabrication of vertical BV- and AuCl3-doped MoS2 p–n junction in a ML MoS2. e–g) OM, AFM height, and AFM images of a
vertical p–n homogeneous junction included of a ML MoS2 flake. a–g) Reproduced with permission.[46] Copyright 2015, Nature Publishing Group.
h–j) Fabrication of the lateral MoS2 p–n diode. k,l) AFM images for a MoS2 before (k) and after (l) AuCl3 doping. h–l) Reproduced with permission.[47]
Copyright 2014, American Chemical Society.

the solution-based doping technique, which provided a strong
advantage in changing the optical and electrical characteristics
of TMDs without changing the device structure.[49]
In Figure 7, Tarasov et al.[41] studied the surface charge
transfer doping of wafer-scale 3L-MoS2 using molecular
dopant solutions of (2-Fc-DMBI)2 (called N1) and 2-Fc-DMBIH (called N2) as n-type dopants, and tris(4-bromophenyl)ammoniumyl hexachloroantimonate (called P1) as a p-type
dopant.[41] Ultraviolet photoelectron spectroscopy (UPS), AFM
data, and X-ray photoelectron spectroscopy (XPS) revealed that
the N1 (dimer) shows a stronger n-type doping effect than the
N2 (monomer) as a dopant for organic semiconductors, consistent with the previous studies by Naab et al.[53] As shown in
Figure 7b,c, when MoS2 FETs were fabricated with doped and
undoped MoS2, for n-type-doped MoS2 with N1, the threshold
voltage (Vth) shifted to negative values indicating n-type doping
and, for p-type-doped MoS2 with P1, the Vth shifted to positive values indicating p-type doping. The drain current Id was
increased significantly for N1 doping, however, for P1 doping,
the Id was decreased slightly due to neutralization of n-type
pristine MoS2 (pristine MoS2 was adventitiously n-type doped).
That is, doping with P1 neutralized electrons in n-type pristine
MoS2 layer resulted in weaker n-doped intrinsic MoS2 layers,
rather than p-doped MoS2 layers. Energy band structure of
the MoS2 in Figure 7d showed that the work function of MoS2
decreased after n-type doping (left) and increased for the p-type
doping (right) compared to pristine MoS2 (center) about ±1 eV.
Yang et al. reported a chloride molecular doping procedure
to reduce the contact resistance (Rc) of TMDs, in addition to
high dopant concentration for high-performance TMD FETs
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(Figure 8a,b).[50] By using DCE as the n-type doping reagent,
Yang et al. demonstrated a doping concentration >2 × 1019 cm−3
in a ML MoS2. They believed that the doping mechanism could
involve the occupation of sulfur vacancies by chlorine atoms
rather than the surface adhesion of chloride molecules. The
chloride doping also reduced the Rc value to about 0.5 kΩ μm,
which is about ten times lower than that without doping.[51]
In another report, Du et al. also investigated doping of ML
MoS2 FETs by using PEI as a p-type dopant to decrease the sheet
resistance (Rs) and Rc as shown in Figure 8c–g.[52] The Rc value
(4.57 kΩ µm) in Du et al.[52] was higher than the one in Yang et
al.[51] (0.5 kΩ µm). These studies effectively changed the Rs and
Rc of the MoS2 layer and adjusted the Vth of the MoS2 FETs.
Wet doping of noble metal (Au or Ag) nanoparticles (NPs)
in MoS2 has also been investigated. Shi et al., Sreeprasad et
al., and Chao et al. studied doping of Au NPs using AuCl3 dissolved in water on CVD-MoS2 and chemical exfoliation MoS2
thin layers.[56–58] Figure 9a,b show the AFM images of MoS2
on sapphire substrates before and after doping of Au NPs with
the AuCl3 solution for 20 s, followed by deionized (DI) water
rinse.[56] A significant p-doping effect of the MoS2 was observed
by the Au NP doping without degrading the electrical characteristics of MoS2. Figure 9c shows a mechanistic representation of the functionalization process for Au (or Ag) NPs on
MoS2, where hydroxyl amine reduces Au3+ (Ag+) to Au0 (Ag0)
(HAuCl4 + NH2OH → Au + 4HCl + NO).[56] The defects in
MoS2 including the edges of MoS2 layer occupy some of the
unbound sulfur, and which can bond with Au and Ag. These
sites with Au and Ag act as seed sites for metal growth nucleation and, bigger nanostructures are formed by Au0 (Ag0)
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Figure 5. a) PL integrated intensity mapping of A and B exciton peaks in intrinsic and doped MoS2 layers at various thicknesses. b) Raman mapping
of A1g peak. c) A and B excitons of 1L MoS2 before and after doping. d) The redshifts of A and B bands in 1L MoS2. e,f) FTIR spectra of intrinsic and
doped 2L and 4L MoS2. a–f) Reproduced with permission.[45] Copyright 2014, The Royal Society of Chemistry. g) Redox reactions of BV molecule.
h) Schematic of BV-doped MoS2. i) Band diagram of MoS2 before and after BV doping. j) Schematic of back-gated MoS2 device after BV doping.
k) Raman spectra of a trilayer MoS2 before and after BV doping. g–k) Reproduced with permission.[48] Copyright 2014, American Chemical Society.

crystal-incorporation during the subsequent growth.[57] The
morphologies of Au (Ag)-doped MoS2 and Au (Ag)-MoS2 NP
hybrids are shown in Figure 9d–g for better understanding of
the wet chemical adsorption and growth of Au and Ag by chemical reduction on MoS2 surface.[57]
Most recently, as a new dopant for MoS2, Andleeb et al. used
PTSA as an n-type dopant to change the electrical properties
of mechanically exfoliated MoS2 layer (Figure 10).[59] Through
PTSA treatment, the mobility was enhanced to 84 cm2 V−1 s−1
after 30 min reaction with PTSA. This result is better than
the mobility of pristine ML MoS2 (22.4 cm2 V−1 s−1) and was
achieved without degrading the MoS2 device characteristics
(Figure 10d).[59]
In addition, in 2013, Dey et al. introduced two new dopants
on ML MoS2 called TTF (tetrathiafulvalene, formula C6H4S4)
as an n-type dopant, and TCNE (tetracyanoethylene, formula
C6N4) as a p-type dopant, as shown in Figure 11.[60] They
studied the interactions between ML MoS2 with TTF and TCNE
and the results showed that the charge-transfer interaction of
ML MoS2 was observed only with TTF (that is, with electron
donation) not with TCNE (that is, with electron extraction).
They found that the degree of surface charge transfer to ML
MoS2 from TTF was high and it was believed to be related to
the p-type nature of ML MoS2 material.

Adv. Mater. 2016, 28, 9024–9059

2.1.2. DNA Doping
DNA doping is an exotic doping technique for TMDs which
combines biomedical technology and nanotechnology.[61–64] In
2014, Park et al. presented synthesis techniques of artificialDNA and M–DNA (metal–DNA is the DNA modified by metal
ions; Zn2+, Ni2+, Co2+, or Cu2+) and their doping of MoS2. Investigation of DNA-based doping of MoS2 using the artificial-DNA
(n-type) and M–DNA (p-type) showed a nondegenerate doping
phenomenon on MoS2 films (Figure 12).[61] It is thought that
the PO4− sites in DNA backbones hold hole carriers at the DNAMoS2 interface region, thereby inducing n-type doping of MoS2
layers. On the contrary, since M–DNA with metal ions have
positive dipole moments for reducing the electrons in MoS2
(or WSe2), consequently, M–DNA induces p-doping of MoS2
films. The low level of n-doping achieved by DNA on MoS2
films (≈6.4 × 1010) was confirmed by Raman spectroscopy and
electrical characteristics (ID–VG) measurement.[61] The p-doping
concentrations for M–DNA were between 2.3 × 1010 and 5.5 ×
1010 cm−2 on MoS2. In addition, Raman mapping images confirmed that the n-type doping and p-type doping were uniformly distributed across the MoS2 area. Both n-type and p-type
doping levels adjusted MoS2 device characteristics (Vth, current
on/off ratios, charge mobility, and photoresponsivity) in the
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devices with extremely smaller and more
complex structures.
The detection of DNA or doping of MoS2
with DNA has well illustrated by Loan
et al.[64] Here, moisture has a significant
effect on MoS2, therefore, the detection
of DNA can be controversial. Loan et al.
revealed a novel way to avoid the effect of
moisture by using a graphene layer on MoS2
as the passivation layer for preventing the
reaction between MoS2 and the moisture and
also as the layer to host DNA on the surface
as the biocompatible layer.[64] Consequently,
the graphene/MoS2 heterostructure strategy
significantly enhanced the doping effect on
MoS2; the selective detection limits of hybridized DNA towards protein; heavy-metal contaminants in H2O, bacterial counts etc. could
be achieved.
2.1.3. Ionic-Liquid Doping (NH4+, BF4−)
Figure 6. a) PL spectra of 1L-MoS2 before and after the doping with as p-type dopants. b) PL
spectra of 1L-MoS2 before/after doping with NADH as an n-type dopant. c) Schematic diagram
of the relative potentials for 1L-MoS2, TCNQ, F4TCNQ, and NADH. Reproduced with permission.[49] Copyright 2013, American Chemical Society.

nondegenerate state. The authors believe that this interdisciplinary research between DNA biotechnology and TMD-based
2D nanotechnology could produce future 2D semiconductor

FETs based on electric double layers (EDL)
which use ionic liquids as gate dielectrics
have been investigated as devices where the
electrical properties of the semiconducting
MoS2 channel layer is controlled by electrostatic induced carrier doping.[65,66] Dolui et al. showed a schematic for such a
MoS2 device (Figure 13a,b).[67] The application of a gate bias

Figure 7. a) Molecules used for doing wafer scale trilayer MoS2: (2-Fc-DMBI)2 (namely N1), 2-Fc-DMBI-H (namely N2) as n-type dopants, and
Tris(4-bromophenyl)ammoniumyl hexachloroantimonate (namely P1) as p-type dopant. b,c) MoS2 FET device characteristics before and after doping
with N1 (b) and P1 (c). After doping, the threshold voltage (Vth) shifted to negative values for N1 indicating n-type doping and shifted to positive values
for P1 indicating p-type doping. The drain current Id was increased significantly for n-type doping while it was decreased slightly for p-type doping
due to neutralization of adventitiously n-type-doped pristine MoS2. d) Molecular surface doping mechanism on MoS2. AFM images of pristine MoS2
(e), after N1 doping (f), and after P1 doping (g). Reproduced with permission.[41]
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Figure 8. a) Transfer length method (TLM) resistances of Cl-doped WS2 and MoS2. b) Output characteristics of the 100 nm Lch MoS2 FETs with (w/)
without (w/o) the Cl doping. a,b) Reproduced with permission.[50] Copyright 2014, American Chemical Society. c) Molecular structure of PEI and MoS2
FETs TLM structure with channel length 0.5, 1, 2, and 3 µm. d,e) Comparison of Rs (d) and Rc (e) before and after PEI doping as a function of back-gate
bias voltage. f) Transfer characteristics of the MoS2 FET (channel length L = 3 µm) with/without PEI doping (at VDS = 2 V). g) Output characteristics
of the same MoS2 FET with/without PEI doping. c–g) Reproduced with permission.[52] Copyright 2013, IEEE Electron Device Society.

Figure 9. a) AFM image of MoS2 flake layers grown on sapphire substrate. The inset shows a non-continuous MoS2 layer with triangular shapes.
b) AFM image after the decoration with Au NPs. a,b) Reproduced with permission.[56] Copyright 2013, Nature Publishing Group. c) Schematic of Au
NPs on MoS2 via chemical reduction strategy. d) Transmission electron microscopy (TEM) image of MoS2 before doping. e) Scanning electron microscopy (SEM) image of Au–MoS2 NP hybrid. f,g) SEM images of Ag–MoS2 hybrids formed by chemical reduction. c–g) Reproduced with permission.[57]
Copyright 2013, American Chemical Society.
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Figure 10. a) Raman spectra of ML MoS2 before/after various PTSA doping time. b) IDS (drain–source current) measured as a function of Vg (backgate voltage) for ML MoS2 before and after various PTSA doping time. c) Vth (Threshold voltage) of ML MoS2 measured as a function of PTSA doping
time. d) Field-effect mobility and carrier density (Vg = 0 V) of ML MoS2 measured as a function of PTSA doping time. Reproduced with permission.[59]
Copyright 2015, The National Institute for Materials Science (NIMS).

Figure 11. a) Isosurfaces of charge density for HOMO-1 (1), HOMO (2), and LUMO+1 (3) for a fixed TTF concentration on MoS2. b) UV–vis absorption
spectra for various concentrations of ML MoS2 (dispersed in ethanol) interacted with a fixed TTF dopant (5 mM). (Inset: the spectra of pristine ML MoS2
and pristine TTF). c) UV–vis absorption spectra for various concentration of interacted TTF with a fixed concentration of ML MoS2 (0.7 mM). (Inset:
variation of the 580 nm band with TTF concentration). d) Raman spectra of ML MoS2 before/after a 10−2 M TTF doping. Reproduced with permission.[60]
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Figure 12. a–d) Schematic diagrams of DNA and M–DNA double cross-over lattice fabrication by the free-solution-annealing method and the Raman
spectra of DNA and M–DNA. a,b) Schematic diagrams of DNA and M–DNA DX structure fabrication. c,d) Doping mechanism of TMD films by DNA
or M–DNA. c) Schematic diagrams of DNA-deposited TMD sample showing n-type doping of TMD films by DNA. d) Schematic diagrams of M–DNAdeposited TMD sample showing p-type doping of TMD films by M–DNA. e) Schematic diagram showing the operation of DNA- or M–DNA-doped
MoS2 photodetector, and the energy-band diagram of Ti–MoS2–Ti junctions under illumination. f) ID–VG characteristics of Cu2+–DNA-doped MoS2
photodetector before/after exposure to light. g) Photoresponsivity and h) detectivity of MoS2 photodetector as a function of VGS–Vth (in off-state).
Reproduced with permission.[61] Copyright 2014, The American Chemical Society.

voltage forms an EDL in the ionic liquid between the gate electrode and MoS2, and the charge accumulation of the EDL on
the MoS2 surface changes the doping state of MoS2 surface.
The large charge accumulation could lead the phase transition
of the MoS2 layer. Such a transition between metal and superconductor has been observed for KTaO3[68] and the transition
between metal and insulator for VO2.[65]
Different ionic liquids are experimentally available. Dolui
et al. used NH4+ and BF4− as an n-type cation and a p-type
anion, respectively, and placed them on the 5 × 5 MoS2 super
cell (Figure 13c–f).[67] This corresponds to a contaminant density of ≈1014 cm−2. When adsorbing onto the MoS2 surface,
the ions take (give) one electron from (to) the ML MoS2. Dolui
et al. found that NH4+ is adsorbed favorably on the sulfur site
and releases one electron to MoS2 conduction band (n-type),
while BF4− is favorably adsorbed on Mo site and one electron
is transferred to the molecule and the Fermi level is located
below the MoS2 valence band (p-type). Also, in the liquid
gated transistor, by varying the polarity of the gate bias, MoS2
could be varied from n-type channel to p-type channel. Obviously, this EDL doping effect can be more effective for a few
MoS2 layer channel compared to the thick bulk MoS2 channel
layer. That is, the EDL gating becomes less efficient when the
MoS2 gate layer changes from 1L- to bulk MoS2.[69] Dolui et al.
also demonstrated that the effective gate doping of 1L-MoS2
using the EDL is due to the fact that more carriers, available from a large variety of ionic complexes, are more easily
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accumulated on the MoS2 surface than on the solid state gate
environment, without disordering the MoS2 structure like
substitutional doping.[67] Pu et al.[70] also revealed the operation of highly flexible MoS2 TFT using an ionic-liquid-gated
dielectric material.

2.1.4. Intercalation-Based Doping
Intercalation-based doping is a technique to intercalate the
chemical species as dopants to enhance the electrical and
optical characteristics in host 2D materials, e.g., graphene,
CNTs, TMDs, or their hybrid materials. Here, MoS2 or hybrid
MoS2-based material is doped by intercalation and overlapping
with dopants. In addition, this intercalation strategy is integrated with a hydrothermal-vapor process, which is known as
one of the wet doping methods used to manufacture various
chemicals and materials at >100 °C and >1 atm.
Phosphorus-Intercalation Doping: In 2014, Ye et al. reported
the tuning in the electrical transport characteristics of MoS2
through intercalating phosphorous between MoS2 nanosheets
using a hydrothermal method. Mixtures of ammonium molybdate ((NH4)6Mo7O24·4H2O), sulfur powders, red phosphorus
powders, and hydrazine monohydrate (N2H4·HO, 85%) were
added to DI water. These materials were sonicated and afterwards, kept at 180 °C in an oven at atmospheric pressure for
a hydrothermal reaction. Raman data and HRTEM results
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Oxygen-Intercalation
Doping: In
2015,
Guo et al. reported ML oxygen-intercalated
MoS2 ultrathin nanosheets on graphene as a
catalyst for HER, prepared by a hydrothermal
method.[74] For the preparation of O-MoS2/G,
GO was mixed with a sodium dodecyl sulfonate solution and added to a mixture of
Na2MoO42H2O and thiourea (C2H5NS). The
final mixture was maintained at 180 °C in
an autoclave and the reaction products were
finally collected by ethanol washing and
vacuum drying (60 °C) after centrifugation.
Through the incorporation of oxygen into
MoS2, abundant edge sites were created in
the MoS2 and the conductivity was improved.
Due to oxygen doping by intercalation
(Figure 15), the nanosheet (O-MoS2/G) exhibited high activity with large current density
(at η = 300 mV, >60 mA cm−2), an extremely
low onset overpotential (120 mV), and small
Tafel slope (>50 mV decade−1), in addition to
high cyclic stability.[74] This oxygen-intercalated
MoS2 hybrid catalyst for HER might be further developed for economical H2 production.
Lithium-Intercalation Doping: A new kind
Figure 13. a,b) Schematic diagrams of the MoS2 FET with EDL at gate voltage VG = 0 and VG = v. of lithium-ion battery was developed by
The solid red and purple circles indicate differently charged ions in the liquid electrolyte (cation Xiong et al.[75] by intercalation doping of
and anion). c–f) The optimized schematics of NH4+ (cation) (c,d) and BF4− (anion) (e,f) adsorbed Li in MoS2. For chemical intercalation of
on ML MoS2. Reproduced with permission.[67] Copyright 2013, American Physical Society.
Li, the MoS2 samples were immersed into
1.6 M n-butyl lithium (Fisher Scientific) for
2 h. By electrochemically inserting a foreign species (Li+ ions)
indicated that the as-synthesized MoS2 were ML nanosheets,
but the stacking of interlayer spacing for the MoS2 (002) plane
into the interlayer spacing, they successfully tuned the physical
and chemical properties of nanoscale MoS2. These results prowas enlarged with the intercalation of P atoms (Figure 14a,b).[71]
In addition, theoretical calculations using density functional
vided possible explanations for cycling capacity loss in MoS2
theory (DFT) demonstrated that dopant P atoms tend to
films and yielded insights proving the performance of MoS2occupy the space of interlayers of MoS2 instead of lattice sites
based energy storage devices. In addition, through the intercalation doping of Li, the electronic properties of the material was
(Figure 14c).[71] The conductivity type of MoS2 was gradusignificantly improved. Through Li intercalation, the optical
ally varied from p-type MoS2 become n-type MoS2 by intercatransmission of a MoS2 flake (≈4 nm thick) was improved
lating P atoms, e.g., by increasing the content of intercalated
P. Therefore, this P-doping strategy could be used for tuning
to 90% and the electrical conductivity of all MoS2 flakes
the electrical transport characteristics of MoS2 systems, and,
(≈2–50 nm thick) was increased more than 102 times.[75] The Li
in addition, can help to design electrical and optoelectronic
intercalation in MoS2 was tuned for thermal conductivity and
devices based on layered metal dichalcogenides.
for the Seebeck coefficient of LixMoS2 as well.[75]
Amorphous Co-Intercalation Doping: Similarly, in a recent
report in 2015, Zhang et al. demonstrated amorphous Co
doping of MoS2 coated on metallic CoS2 nanocubes as a novel
2.1.5. Nitrogen Self-Doping
electrocatalyst for hydrogen evolution reaction (HER) using a
hydrothermal method (Figure 14d).[72] The hydrothermal reacZhou et al. reported nitrogen self-doped MoS2 nanobelts for
tion for the one-step synthesis of Co-doped MoS2 nanoarrays
HER manufactured by sulfuration and nitridation of MoO3
involves the precipitation of CoCl2 and (NH4)6Mo7O24 on a Ti
nanobelts.[76] As shown in Figure 16, after the MoO3 nanobelts
substrate and sulfidation using thiourea (CS(NH2)2) as the
were fabricated with a hydrothermal method (the addition of
Mo nanopowder in a H2O2 solution and heating to 200 °C for
sulfur source. As a result, the HER electrocatalyst composed
of amorphous Co-doped MoS2/CoS2 exhibited excellent results
one day in an autoclave to obtain MoO3 nanobelts), MoO3 nanosuch as low onset potential (44 mV), small overpotential (110.5
belts were dispersed in ethanol with cyanamide and heated at
mV), and current density (10 mA cm−2). These results from
450 °C to form porous MoO2 core@Mo2N shell nanobelts. The
Zhang et al. were better than the results from Kumar et al.[73]
MoO2 nanobelts@N self-doped MoS2 nanosheets were fabri(onset potential and overpotential of 60 mV and 160 mV, respeccated by mixing the obtained MoO2@Mo2N and thioacetamide
tively), obtained through carbon intercalation with MoS2 for
(C2H5NS) in a DI water and heating at 200 °C for one day in an
HER electrocatalysts.
autoclave for obtaining MoO2@N-doped MoS2. Electrochemical
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studies showed that, compared to a commercial Pt/C catalyst, the porous MoO2 core@
Mo2N shell nanobelts exhibited much better
HER activity and electrochemical durability.
The DFT simulation proposed that the
enhanced electronic conductivity was related
to the high electronic state density around
N and Mo atoms resulting from nitrogen
doping of the ML MoS2.

2.1.6. Sol–Gel Doping (Thiourea, ATO)
While various approaches have developed
for fabrication of 2D MoS2, none has mentioned the controllable method of nitrogen
doping into MoS2 nanosheets. The nitrogen
self-doped MoS2 produced by separate nitridation and sulphuration processes reported
by Zhou et al.[76] shows outstanding performance as a catalyst for HER. However,
a multi-step complicated process has been
used. Recently, Qin et al. reported a more
intriguing synthesis method for nitrogendoped MoS2 nanosheets which is tunable, in
situ, and high concentration nitrogen-doping
using a convenient sol–gel process that is
more efficient and scalable.[77] Qin et al. synthesized MoS2 nanosheets using a sol–gel
approach with MoCl5 and thiourea (CH4N2S)
as starting materials. The MoS2 nanosheets
synthesized had a porous structure with overlapped nanosheets. By adjusting the molar
ratio of MoCl5 and thiourea to 1:6 (MS1-6),
1:12 (MS1-12), and 1:24 (MS1-24), different
N doping concentrations ranging from 5.8 to
7.6 at% were obtained (Figure 17a).[77] X-ray
1
diffraction
(XRD) results showed that the
Figure 14. a) EDX spectra of P-doped MoS2. b) Peak fitting on asymmetric E2g peak of samples. The red and green lines are the fitting curves. After P-intercalation, the newly fitted peak resulting doped nanosheets had an widened
around 370 cm−1 is denoted by EP. c) Electronic charge density difference profiles of P-interca- interlayer distance, as well as high surface
lated MoS2. Mo (purple), S (yellow), and P (red). a–c) Reproduced with permission.[71] Copy- area. In addition, XPS and TEM and micro
right 2014, American Chemical Society. d) Fabrication of the one-step hydrothermal synthesis
energy-dispersive X-ray spectroscopy (EDS)
process of amorphous Co-doped MoS2 coated on CoS2 nanocubes. d) Reproduced with permisalso showed that the nanosheets contained
[72]
sion. Copyright 2015, The Royal Society of Chemistry.
Mo–N bonds, indicating successful nitrogen
doping as shown in Figure 17b,c.[77] MoS2
nanosheets fabricated with this method (MS1-6, MS1-12, and
MS1-24) showed similar structure and morphology but different doping levels of nitrogen depending on the ratio of
MoCl5 and thiourea.
In 2015, Rai et al. presented a new type of air-stable sol–gel
doping method on ML-MoS2 FET devices utilizing a high-k dielectric material such as amorphous titanium suboxide (ATO) as
an n-type charge transfer dopant (Figure 18).[78] ATO thin films
were deposited on top of the MoS2 FET device by spin-coating
an ATO sol–gel precursor solution (85 mg mL−1) followed by a
short baking step in air. The thickness of the deposited ATO
films was ≈40 nm with a roughness of ≈0.5 nm. By using this
Figure 15. Structural models of oxygen-intercalation-doped MoS2 and
sol–gel doping technique on MoS2 FET, Rai et al. obtained the
pristine MoS2. Enlarged interlayer spacing is obtained for oxygen-incorlowest Rc value (≈180 Ω µm) for 1L-MoS2. For the FET, a high
porated MoS2. Reproduced with permission.[74] Copyright 2015, Elsevier.
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Figure 16. a) Cartoon showing the synthesis method of MoO2@N-doped MoS2 nanobelts. b–f) SEM images of MoO3 nanobelts (b), MoO2@Mo2N
nanobelts (c), and MoO2 nanobelts@N-doped MoS2 nanosheets (d,e). f) XPS wide-scan spectra. g–i) XPS narrow-scan spectra of Mo3d (g), S2p (h),
and N1s (i) for MoO3 nanobelts (1), MoO2@Mo2N nanobelts (2), and MoO2@N-doped MoS2 (3). Reproduced with permission.[76] Copyright 2014,
The Royal Society of Chemistry.

Figure 17. a) Concentrations of Mo, S and N in MS1-6, MS1-12, and MS1-24 measured by XPS. MoCl5:thiourea = 1:6 for MS1-6, 1:12 for MS1-12, and
1:14 for MS1-24). b) XPS N 1s and Mo 3p narrow-scan data of MS1-6. c) TEM and micro EDS images of MS1-6 and EDS mapping of Mo, S and N.
Reproduced with permission.[77] Copyright 2014, Nature Publishing Group.
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Figure 18. a) Optical image of an ATO sol–gel precursor solution before spin coating (a yellow orange colored solution; titanium isopropoxide (R =
CH(CH3)2)). b) Schematic of chemical steps of ATO formation from the precursor; titanium isopropoxide. c) Schematic of back-gated 1L MoS2 FET
after ATO encapsulation for doping. d,e) Raman spectra (d) and PL spectra (e) of 1L MoS2 before/after ATO encapsulation for doping. Reproduced
with permission.[78] Copyright 2015, American Chemical Society.

ON-current, a high field-effect mobility, and a high intrinsic
mobility (the highest mobility values reported on 1L-MoS2)
were also achieved after ATO encapsulation.[78] When perfectly
stoichiometric TiO2 was used instead of ATO on 1L-MoS2, no
doping effect similar to that of ATO was observed. The authors
believe that the oxygen vacancy in ATO plays an important role
in doping the TMD devices.[78]

2.1.7. Self-Assembly Monolayer (SAM) Doping (APTES, OTS)
Self-assembly monolayer (SAM) doping of 2D TMDs such as
MoS2 or WSe2 with 3-aminopropyltriethoxysilane (APTES)
(n-type) or octadecyltrichlorosilane (OTS) (p-type) has been successfully carried out by Kang et al. for high-performance MoS2and WSe2-based photodetector and transistor devices.[79,80] OTS
dopants have a functional group (–CH3) with a positive pole,
therefore, p-type doping is obtained by reducing electrons in
MoS2. On the contrary, APTES dopants have an amine (–NH2)
functional group with a negative pole, therefore, n-type doping
is obtained by increasing electrons in MoS2. In Figure 19, Kang
et al. depicted the SAM-doping process flow of APTES (OTS)
on MoS2 (WSe2) layers.[79] For forming APTES (OTS) SAM
on devices, after fabricating MoS2 (WSe2) devices, the TMD
devices were soaked in a solution of APTES in toluene (OTS in
hexane) (top right of figure). Next, they were washed in toluene,
acetone, and DI water (right-bottom figure) and were followed
by vacuum baking at 120 °C for 20 min. The SAM-doped TMD
transistors and photodetectors exhibited high air stability and
high mobility. The SAM-doped photodetectors also exhibited
high responsivity, which was much higher than those obtained
in previous studies.[81,82]
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2.1.8. Aromatic Molecule Doping
In 2015, Su et al. reported new p-type aromatic molecule
doping of 1L-MoS2 for high efficient LEDs through PL enhancement.[83] In this study, p-type aromatic molecule dopants were
spin-coated onto the ML MoS2 immediately after exfoliation.
The aromatic molecules for p-type doping included salicylic
acid, aniline, phenol, methyl salicylate, nitrobenzene (dissolved
in ethanol), melamine, and benzoic acid (dissolved in distilled
water).[83] As shown in Figure 20a–h, compared to pristine
1L-MoS2, small particles with different shapes were covered on
the surfaces of aromatic-molecule-doped MoS2 samples, indicating aromatic doping of the MoS2 surface. With these new
doping species, the PL intensity of 1L-MoS2 (Figure 20i–l) could
be improved ≈9 times especially when salicylic acid was used as
a p-type aromatic molecule dopant.

2.1.9. CVD Graphene and Graphene Quantum Dots
(GQDs) Doping
Graphene morphologies, e.g., CVD graphene or graphene
quantum dots (GQDs), have showed the p-type and n-type
doping effect on MoS2, respectively.[84,85] For instance, CVD
graphene on MoS2 can actually cause the p-doping effect on
MoS2 by taking electrons from MoS2 surface as demonstrated
by the Raman blue shift because CVD graphene itself is doped
as p-type in ambient during the transfer process by absorbed
oxygen/moisture and/or by impurities on the surface.[84]
In 2015, Li et al. revealed a new doping method using GQDs
(n-type dopant) for 1L-MoS2 as described in Figure 21.[85]
GQDs are carbon fragments (diameter < 100 nm) and similar
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Figure 19. a) Process flow for APTES (OTS) doping of MoS2 (WSe2) layers. b) Laser irradiation on photodetector FETs based on OTS-doped WSe2 and
APTES-doped MoS2. Reproduced with permission.[79]

to quasi 0-D materials. They possess novel physical and
chemical properties such as flexible chemical modification,
low cytotoxicity, high water solubility, and stable long-life PL.
Therefore, they are promising doping candidates for optoelectronic, sensor, and biological imaging applications. By depositing a GQD solution onto the 1L-MoS2 to form a GQDs/MoS2
heterostructure coupled by van der Waals forces, an effective
charge transfer at the interface under photoexcitation could be
obtained and the doping carrier density of about 6.5 × 1013 cm−2
could be achieved, indicating the effective n-type doping
of MoS2. Additionally, GQDs exhibited nontoxic and flexible optical modifications. Therefore, this exotic 0D/2D heterostructure could be compatible with medical and biological
sensing applications.

2.1.10. Alkanethiol Molecule Doping
In 2015, Cho et al. suggested a new method for tailoring
the physical and electrical properties of MoS2 FET devices
through the passivation of sulfur vacancy sites on MoS2 surfaces with sulfur containing alkanethiol (HS(CH2)n−1CH3)
molecules that act as various p-type dopants (e.g., hexadecanethiol, ethanol, octanethiol) (Figure 22).[86] Alkanethiols
are some of the most commonly studied thiol (–SH) molecules in molecular-based electronic devices.[87] The alkanethiol doping effects determined via device characteristics,
Raman, and PL spectra of MoS2 revealed that the thiol (–SH)
end groups in alkanethiol molecules are bonded with sulfur
vacancy sites, and induce the changes of the physical characteristics as well as the electrical characteristics of the MoS2
by blue-shifting the Raman spectrum peaks, by shifting PL
spectra, and by decreasing the source–drain current of MoS2
FET dramatically.[86]
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2.2. Dry Doping
2.2.1. Plasma Doping (O2, SF6, CHF3, CF4, Ar)
Recently, plasma-assisted doping techniques[88–102] have
emerged as new doping techniques on TMD materials such
as MoS2 and WSe2 for tuning novel nanoelectronics, optoelectronics, or biosensing devices with significantly enhanced
functionalities. In these plasma doping techniques, the top
surfaces of MoS2 are treated with energetic plasmas generated
in a reactive ion etcher (RIE) with O2,[88–94,96–100,102] SF6,[88,92–94]
CHF3,[88–95] CF4,[88,91–94] or Ar.[101,102] These reactive species in
plasma can be effective dopants for 2D materials.
Wi et al. reported a plasma-assisted doping process (e.g.,
plasma generated with O2, SF6, CF4, and CHF3, but mostly
with CHF3) to form p–n junctions in MoS2 in order to enhance
their photovoltaic (PV) properties (Figure 23a–d).[88] The radiofrequency (RF) power for plasma generation, the operating
pressure, the gas flow rate, and the treatment time were 100 W,
10 mTorr, 10 sccm, and 1 min, respectively. Figure 23a shows
the optical images of MoS2 surfaces that were treated with
CHF3 plasma and Figure 23b shows the top-view optical
image of a PV device structure composed of vertically stacked
Au/CHF3-plasma-treated MoS2/untreated (pristine) MoS2/
ITO used to measure the PV performance parameters. Using
plasma doping, the highest external quantum efficiency (EQE)
among all the PV devices based on 2D materials reported to
date was obtained in addition to a high short circuit current
(Jsc) and high photoconversion efficiency (PCE). XPS spectra
for the CHF3-plasma-treated MoS2 surface in Figure 23c show
that the Mo peaks (3d5/2 and 3d3/2) are wider and shift to the
lower binding energies in comparison with the untreated
MoS2 surface, indicating a p-doping effect in MoS2. Figure 23d
shows the band diagram for the CHF3 plasma-doped MoS2 PV
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Figure 20. a–h) AFM images of 1L MoS2 doped with various aromatic molecules (b–h) in addition to pristine MoS2 (a). i,j) Raman spectra of 1L
MoS2 doped with the various aromatic molecules. k,l) PL spectra of 1L MoS2 doped with various aromatic molecules. Reproduced with permission.[83]
Copyright 2015, Elsevier.

device with vertical Au/plasma-doped MoS2/undoped MoS2/
ITO, which has a p–n junction (plasma-doped p-type MoS2/
undoped or n-type doped MoS2) with a potential difference
Δϕ in = ϕ p-MoS2 − ϕ n-MoS2 ≈ 0.7 eV , is believed to be due to the
p-doping effect of CHF3 plasma treatment.
In another report, Chen et al. performed plasma doping (O2,
CHF3) on MoS2 transistors to investigate the plasma doping
effect on MoS2 characteristics as shown in Figure 23e–g.[89]
Figure 23h,i illustrate a surface charge transfer (SCT)-like
mechanism through the accumulation of F or O atomic
dopants within the top few MoS2 layers, which causes p-doping
in MoS2 layers. Consequently, the excess electrons thermodynamically move to the surface dopants from the valence band
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of MoS2 layers, and leave a hole-accumulated space-charge layer
(tsc) with upward bending of the band edge.[89] They observed
that at for the same set of plasma doping conditions (that is,
gas flow rate, chamber pressure, RF power, and process time),
O2 plasma induced much weaker p-doping of the MoS2 surface than F-containing plasmas, due to their differences in
electronegativity.
For tuning the electrical properties of 1L-MoS2, O2 plasma
doping was introduced by Islam et al.[90] in 2014, as illustrated in Figure 24, to engineer defects on MoS2. To check for
possible changes in the surface morphology of the plasma
exposed MoS2 flake, SEM images of the 1L-MoS2 were obtained
before and after plasma exposure (Figure 24c,d). In Figure 24e,
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Figure 21. a) Cartoon showing charge transfer to 1L-MoS2 from GQDs under optical excitation. b) OM images of 1L-MoS2 and GQD/MoS2.
c) TEM image of GQDs (size is about 5 nm). d) Raman data of MoS2 and GQD/MoS2. Different frequency differences between E12g and A1g for
pristine and GQD/MoS2 is caused by the doping of GQD/MoS2, that is, by differences in charge concentration. e) PL data of GQDs. Reproduced
with permission.[85]

Islam et al. also suggested a structural model for the tuning of
MoS2 electrical properties by plasma treatment; here, during
the plasma treatment, S atom is preferentially removed from
the MoS2 surface by the high energy ion bombardment from
the plasma and S lattice vacancies are formed. Due to the
oxygen atom in the plasma, the S lattice vacancies are filled by
O by the oxidation of Mo and forms MoO3. MoO3 is an insulating material because its bandgap energy is 3.2–3.8 eV. Also,
MoO3 in MoS2 creates distortion in the MoS2 lattice and these
distortions increase with plasma treatment time. The MoO3 in
MoS2 increases resistance and decreases the carrier mobility
of MoS2. Therefore, the MoS2 device properties such as resistance and on-current fabricated with the oxygen plasma doping
can be tuned to 104 times by changing the plasma exposure
time. Kim et al. used O2 plasma doping of 1L-MoS2 to enhance
PL emission and absorption and they observed red shifts of
≈20 nm in PL peaks by the O2 plasma doping caused by the
defect states formed by the O2 plasma.[100]
Similarly, Wi et al.,[92] Chen et al.,[91,93] andLiang et al.[94] investigated the doping of MoS2 surfaces with various plasma species
(O2, SF6, CF4, CHF3) using an RIE tool (gas flow 10 sccm, pressure 10 mTorr, RF power 100 W and doping time 1 min). They
evaluated the effects on the properties of MoS2 devices such
as PV, non-volatile multi-bit data storage memory, p–n junctions, diodes, or back-gate FET, as described in Figure 25. The
plasma-treated MoS2 devices exhibited improved device properties due to the plasma induced doping effect on the MoS2 surface. In addition, O2 plasma doping enhanced and altered the
properties of 1L-MoS2 by creating and manipulating defects on
the MoS2 surface, enhancing,[88,89,91–97,99,100,102,103] or quenching
PL,[98,101] or tailoring the electrical properties of 1L-MoS2.[90,103]
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More details on these studies will be presented in the application section.
In 2015, Tao et al. performed a plasma treatment method
to control edge and surface sites for enhancing HER properties. By using Ar and O2 plasma treatment, a huge number of
physical and chemical defects were generated during plasmabased doping. The process modified the electronic characteristics and increased the active sites on MoS2 thin films (Table 2
and Figure 26).[102] By controlling the plasma doping time, the
electrocatalytic characteristics for HER could be significantly
enhanced by surface modification of MoS2 using the plasma
treatment.

2.2.2. Thermal Doping (Se, Cs2CO3, P, PSG, Re, Co, Ni, Fe, Nb,
Au, Mn)
Thermal doping is one of the most effective strategies for
doping of 2D TMDs and is generally carried out by “vapor deposition or diffusion of doping materials” in a (vacuum) furnace,
mostly during the growth of MoS2 for substitutional doping
or by vapor deposition on the MoS2 surface for surface charge
transfer doping. Substitutional doping during MoS2 growth
can be achieved by vapor deposition of Se and/or MoSe2 for Se
dopant,[104–109] by the controlled thermal/optical annealing activation process after depositing phosphorus silicate glass (PSG)
for phosphor doping and transferring MoS2,[110] by chemical
vapor transport (CVT) approach using Br2, I2, etc. as transportation agents for dopants such as Re,[111–115] or Co,[116] Fe,[117] or
Nb,[118,119] or Au,[111] by chemical vapor deposition (CVD) using
chlorides such as ReCl2 and NbCl5 for the doping of Re[120] and
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Figure 22. a) MoS2 FET schematic after the alkanethiol molecule doping. b) Raman spectra of MoS2 flakes before and after the hexadecanethiol treatment. c–f) Raman mapping of the E12g mode and A1g mode of MoS2 flakes before and after the hexadecanethiol, ethanol, and octanethiol doping.
Reproduced with permission.[86] Copyright 2015, American Chemical Society.

Figure 23. a) OM image of 20 µm diameter MoS2 stamp surface followed by CHF3 plasma doping. b) An ITO/pristine MoS2/CHF3-plasma-treated
MoS2/Au vertically stacked structure as a PV device before SF6 etching (scale bar: 10 µm). c) XPS Mo (3d5/2 and 3d3/2) narrow-scan spectra of pristine and plasma-doped MoS2. Plasma doping decreases the electron binding energy in MoS2 and causes p-type doping. d) Band diagram of a CHF3
plasma-doped MoS2 device. a–d) Reproduced with permission.[88] Copyright 2014, American Chemical Society. e,f) Schematic illustration (e) and AFM
image (f) of a plasma-doped MoS2 FET. g) SEM image of plasma-induced sub-10 nm pitch roughness features in top MoS2 layers. h,i) Band diagrams
of plasma-doped MoS2 layers before (h) and after (i) the surface charge transfer (SCT) process. e–i) Reproduced with permission.[89] Copyright 2014,
The American Institute of Physics.
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Figure 24. a) ID and VDS curves for the 1L-MoS2 device at various O2 plasma treatment time. b) Device resistance with increasing O2 plasma treatment time. c,d) SEM image of 1L-MoS2 flake before (c) and after (d) 6s plasma exposure. e) Change of 1L-MoS2 structural distortion with O2 plasma
treatment time by forming MoO3; the defects modify electrical properties via defect engineering. Reproduced with permission.[90] Copyright 2014, The
Royal Society of Chemistry.

Nb,[121] by diffusion of a ML (Mo/Nb/Mo or transition metal
(Fe, Co, Ni, Cu)/Mo) for Nb[122] and transition metals (TMs).[123]
during sulfurization, or by metal organic power (Mn2(CO)10)
vaporization for Mn dopant.[124] Surface charge transfer doping
of the MoS2 surface could be performed by thermally evaporating doping materials on the MoS2 surface, by evaporating
Cs2CO3-powder (n-type) using a Knudsen cell,[81] or by evaporating Au (p-type) for Au doping.[125]
Se doping methods involving CVD and physical vapor deposition (PVD) during the growth of MoS2 in a furnace have
been well investigated in recent studies.[104–109] For instance,
Gong et al. presented a novel method in preparing Se-doped
1L-MoS2 with controllable composition by changing Se concentration as illustrated in Figure 27 to tune the bandgap from 1.6
to 1.85 eV.[105] As shown in Figure 27, Se-doped MoS2(1−x)Se2x
films are formed on the SiO2 wafer surface through reaction of
a sublimated mixture composed of sulfur and selenium powders with evaporated MoO3.[105] This approach demonstrated
9042
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the excellent transport properties of Se-doped MoS2, which is
homogeneous at nanoscale and could be applied for other 2D
materials as well.
Park et al. presented an n-doping process with three-steps
consisting of: i) PSG deposition (and surface dopant control
by phosphor out diffusion between 500 and 900 °C) and MoS2
transfer on PSG, ii) thermal activation at 500 °C, and iii) optical
activation using a laser with wavelengths of 520, 655, and 785 nm
(due to the different light-absorption properties of MoS2 at different wavelengths) for phosphor-doped MoS2 (Figure 28).[110]
This method showed a wide-range n-doping concentration control and it could be a promising method for the integration of
2D semiconductor devices. In fact, as the device is shrunk to
nano size, it is more difficult to precisely control the concentration of the dopant in 2D materials and a small variation of
dopant concentration can results in large changes in electrical
properties of 2D materials such as Rs and bandgap energy as
reported by Eshun et al.[126] In addition, when 2D devices are
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Figure 25. a–c) Photovoltaic devices based on vertically stacked graphene/MoS2/metal heterostructures: a) illustration of a graphene (Gr)/n-type
MoS2(nM)/plasma-doped p-type MoS2(pM)/Au heterostructure; b) top-view optical micrograph of an as-fabricated Gr/nM/pM/Au heterostructure
(the scale bar is 10 µm); c) band diagrams of an undoped Gr/nM/Au heterostructures (upper) and a plasma-doped Gr/nM/pM/Au heterostructure
(bottom). a–c) Reproduced with permission.[92] Copyright 2014, The American Institute of Physics. d) OM image of MoS2 FET with an O2-plasmatreated MoS2 channel. d) Reproduced with permission.[91] Copyright 2014, American Chemical Society. e,f) OM images of pristine MoS2 (e) and MoS2
(f) diodes fabricated with MoS2 partially treated with CF4 plasma and partially untreated. g) Side view of the back-gated MoS2 diode in (f). h–j) XPS
narrow-scan peaks of plasma-treated and untreated (pristine) MoS2 flakes of Mo (3d5/2 and 3d3/2) (h), F (1s and KLL) (i), and O1s (j). e–j) Reproduced
with permission.[93] Copyright 2013, The American Institute of Physics.

the Nb-doped MoS2 growth is shown in Figure 29. The demonstration of Co-doped MoS2 by the CVT method was reported
in 1985 by Behal et al. using Br2 as the transport agent for Co
enrichment at the edge planes in MoS2.[115] Recently, Lin et al.
successfully investigated the substitution of Mo or S atoms
with Re and Au dopant atoms (Figure 30).[111]
The insertion of Co, Ni, or Fe at the edges of MoS2 layers
results in quite strong interaction causing the electron transport
to Mo and S from Co, Ni and Fe. To investigate the role of the MoS2 edges, HREM obserTable 2. Binding energies eV and composition of the characteristic peaks found in XPS
vations have obtained for hexagonal MoS2
spectra for pristine MoS2, Ar-MoS2 and O2-MoS2. Reproduced with permission.[102] Copyright
2015, The Royal Society of Chemistry.
crystals, MoS2 crystal edges, Ni- and Fe-doped
MoS2 (Figure 31a,b),[127] and TEM-XPS-Raman
a)
a)
Peak
Pristine
Ar plasma
O2 plasma
observations were performed for pristine MoS2
nanofilm and Fe- and Ni-doped MoS2 nanoPosition
% Area
Position
% Area
Position
% Area
fi
lms (Figure 31c,d),[123] and OM images were
229.6
56.0
229.4
37.7
229.5
11.7
Mo
Mo4+3d5/2
obtained for undoped and Fe-doped MoS2
232.7
43.6
232.5
24.9
232.6
7.6
Mo4+3d3/2
(Figure 31e,f).[117] Using properly Fe-doped
–
233
11.8
231.7
29.8
–
Mo5+3d5/2
MoS2, Wang et al. showed that the mobility
through undoped and doped MoS2 is 79 and
–
236
9.9
234.8
32.2
–
Mo5+3d3/2
49 cm2 V−1 s−1 at 300 K, respectively.[117] Lower
6+
231.6
5.6
231.6
8.6
233
17.1
Mo 3d5/2
mobility for doped MoS2 is related to the
234.1
4.1
234.5
7.1
236
12.7
Mo6+3d3/2
increased carrier concentration by Fe doping.
S
162.5
72
162.2
67.9
162.4
35.4
S2− 2P3/2
In 1972, Title et al. grew Nb-doped MoS2
2− 2P
163.7
28
163.4
32.1
163.6
17.8
S
via a CVT method using Br2 as a transport
1/2
agent. They observed holes in MoS2 which
–
–
–
–
168.6
28.2
S6+ 2P1/2
are formed when Nb is substituted for Mo by
–
–
–
–
169.8
18.6
S6+ 2P1/2
using electron paramagnetic resonance (EPR)
a)“–”means that the species specified is not detected in the spectrum for the sample concerned.
spectrum. Their observations indicate that Nb

fabricated with a doping process, the electrical properties could
be significantly varied among the fabricated 2D devices if the
doping concentration is not precisely controlled.
The CVT method is a very simple and convenient one step
process for combining MoS2 synthesis and substitutional
doping[111–119,124] for dopants such as Re (n-type),[111–115] Co,[116]
Fe (n-type),[117] Nb (p-type),[118,119] and Au (p-type).[111] The schematic diagram for CVT using I2 as a transport agent used for
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Figure 26. a) The process of plasma treatment of MoS2 thin films. b–d) SEM images of pristine, Ar-plasma-treated, and O2-plasma-treated MoS2 thin
films, respectively. Reproduced with permission.[102] Copyright 2015, The Royal Society of Chemistry.

doping results in p-type doping of MoS2.[118] Demonstrations in
theory and simulation of Nb-doped MoS2 were also presented by
Ivanovskaya et al.[128] and Chanana et al.[129]
Laskar et al. also carried out Nb doping by the diffusion of a
ML composed of Mo/Nb/Mo during MoS2 growth by sulfurization as shown in Figure 32a.[122] A similar doping method
for TM involving Cu, Co, Ni, Fe, with the diffusion from a ML
composed of TM/Mo during the sulfurization of Mo, was also
investigated by Wang et al.[123] as shown in Figure 32b. The
Hall mobility, contact and Rs of Nb-doped MoS2 were measured
after Nb doping of CVD-grown ML MoS2. A low Hall mobility
of 8.5 cm2 V−1 s−1, Rs of 1.9 kΩ sq−1, and Rc of 0.6 Ωmm were
observed. This was the first presentation of substitutional
doping (p-type) on large scale CVD MoS2. The simple deposition technique could also be employed to directly pattern areas
with p-type MoS2, thus providing flexibility in device design.
Doping of the MoS2 surface was also achieved by thermally
evaporating doping materials on the MoS2 surface by surface
charge transfer. In 2014, Bhanu et al. reported an Au nanostructure doping process on exfoliated MoS2 layers by thermal
evaporation.[125] AFM and SEM images confirmed the formation as well as the size and height of Au nanostructures generated by controlling the thickness of deposited 2 nm Au.[125] The
PL results showed the drastic PL quenching of MoS2 irrespective of the number of MoS2 layers (2L to 4L).[125] In addition,
the work function of Au-doped MoS2 reached a very high value
(≈5.1 eV) as an electron transfer to Au from MoS2 led to p-type
doping and PL quenching.[125] Similarly, Lin et al. synthesized
Cs2CO3-doped MoS2 single-crystal for FET devices by thermally
9044
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evaporating Cs2CO3 on MoS2 surfaces.[81] The performance was
also significantly improved after Cs2CO3 decoration (n-type)
with good air stability.

2.3. Possible Doping Elements (by DFT Calculation/Experiment)
Possible doping elements to MoS2 were also investigated by
DFT calculation/experiment. These potential doping elements
are shown in Figure 33.

2.3.1. Transition-Metal Elements (Y, Zr, Rh, Ru, Pd, Ag, Cd, Cu, Sc,
Ti, V, Cr, Mn, Zn)
Transition-metal-based doping elements for MoS2 including Y,
Zr, Rh, Ru, Pd, Ag, and Cd,[67] Cu,[123,130] Sc, Ti, V, Cr, Mn, and
Zn,[130] are located in Groups IIIB to IB of Figure 33.
DFT simulations by Dolui et al.[67] showed that the substitution of a surface Mo atom with transition metal element
such as Y, Zr, Rh, Ru, Pd, Ag, and Cd atoms results in n-type
(Pd, Ag, Cd) or p-type (Nb, Zr, Y) doping for MoS2. This is
because the substitution adds or withdraws one electron from
Mo site. The transition metal element is generally substituted
not at the S site but at the Mo site. When the element has
more d-level electrons than Mo, then an electron is donated
by forming donor states (among the transition elements, Re
has the smallest energy for activation). However, when the
element has fewer d-level electrons than Mo, then an electron
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Figure 27. Controlled synthesis of MoS2(1−x)Se2x layers by a CVD method
with S/Se powders. The Mo source MoO3 is located in the middle of the
tube and S/Se powders are located at the lower temperature zone. Reproduced with permission.[105] Copyright 2014, American Chemical Society.

is withdrawn by forming acceptor states with low activation
energies.
In the case of MoS2 edge sites, transition metals can be also
doped on S sites in addition to Mo sites. In Wang et al.[123] transition metals (Cu, Co, Ni, Fe) doped at Mo- and S-edge sites
are well illustrated. In the case of pristine MoS2 for HER, Moedge is as an active site for HER while S-edge is a passive site.
However, by simulations, Wang et al. predicted that the S-edge
can be also active for HER when incorporated with transition
metals (Cu, Co, Ni, Fe). Through DFT calculations, they predicted that the theoretical trends in the hydrogen adsorption
free energy, ΔGH, should be Cu-doped MoS2 > pristine MoS2
and predicted the effect of doping in TMD atoms for HER
activity as well.[123] Using vertically standing, edge-terminated
MoS2 nanofilms, Cu substitutional doping was also carried out
experimentally by Wang et al. The results showed that after Cu
doping, the activities of Mo- and S-edges were increased by
at least two-fold compared to the pristine Mo-edge activity for
HER (Figure 34a).
Yun et al. analyzed the dopants of Cu, Sc, Ti, V, Cr, Mn,
and Zn in term of magnetism on 1L-MoS2 (Figure 34b,c).[130]
According to DFT calculations, as shown in Figure 34b, the
intrinsic 1L-MoS2 exhibits the formation enthalpy ΔH (the
internal energy) of −0.97 eV atom−1 (as a horizontal dotted line).
Bulk MoS2 has ΔH of about −0.96 eV atom−1, which is the same
as the intrinsic 1L-MoS2. Experimentally obtained ΔH (−0.94 eV
atom−1) is also similar.[131] However, after doping with TM, ΔH
gradually decreases as the 3d TM concentration is reduced (the

REVIEW

smaller value of ΔH (<0) implies more stable formation). Yun
et al. also confirmed the superior magnetism value of Cu
dopant compared with the other TM elements (Sc, Ti, V, Cr,
Mn, and Zn) because the Cu dopants induced the highest lattice distortion or strain on 1L-MoS2 (Figure 34c).[130]

2.3.2. Alkali-Metal Elements (K, Li)
Possible alkali-metal-based doping elements on MoS2 including
K[132] and Li[133–137] are shown in Group IA of Figure 33.
Fang et al. reported the first degenerate n-doping technique by surface charge transfer using K dopant by vaporization on the MoS2 surface in a vacuum using an alkali-metal
dispenser (Figure 35a).[132] Figure 35b shows the transfer
properties for a 3L-MoS2 back-gated device without/with K
doping. Without K doping, the device exhibited typical device
characteristics, however, with the K doping, due to the heavy
n-type doping of MoS2, IDS became weakly dependent on gate
voltage. Figure 35c,d show the XPS narrow-scan peaks of S
2p and Mo 3d without/with K doping. After the K doping,
the S 2p and Mo 3d peaks were upshifted to higher binding
energies owing to the shift to the conduction band of Fermi
level by n-type doping effect.[132] Other doped materials,
such as doped graphite, also showed upshift of the binding
energies.[138,139]
Another alkali metal dopant on MoS2, Li dopant, was first
demonstrated in 2003 by Jaglicic et al.[133] and Mihailovic
et al.[134] through electrochemical doping and the magnetic
properties of Li-doped MoS2 nanotubes were investigated. Lidoped MoS2 showed the magnetic performance 100 times
higher than Li metal.
Later on, in 2013, Miwa et al. examined the intercalation of
Li in the interface of MoS2 and graphene (intercalation and
adsorption) using DFT calculation. The intercalated Li was
more stable compared with Li adsorbed on top surface of MoS2
layer. This Li intercalation also increased the storage capacity
of Li without decreasing mobility.[135] Therefore, Li-intercalated doping at MoS2/graphene interfaces could be a potential

Figure 28. Cartoon showing three-step (n-type) PSG-doping process on MoS2 through thermal activation. Reproduced with permission.[110] Copyright
2015, American Chemical Society.
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He et al. carried out the DFT simulations to
investigate the stable configuration, electronic
structure, as well as magnetic effect of C-, H-,
B-, O-, N-adsorbed 1L-MoS2, using a model
comprised of a 4 × 4 MoS2 supercells (16 Mo,
32 S) and an adatom (Figure 36).[141] To find
the most stable configuration, four different
positions labeled as M (above the middle of
Mo-S bond), C (above the middle of the MoS2
hexagon ring), TM (top position of Mo atom),
and TS (top position of S atom) in Figure 36a
were evaluated for C-, H-, B-, O-, N-adsorbed
1L-MoS2 in Figure 36b–e, respectively.[141] The
results showed that all these atoms can be
adsorbed on the surface of MoS2 surface. Especially, the top position of S atom is favorably
adsorbed by H, N, and O while the top position
of Mo atom is favorably adsorbed by B and C.
N-type doping is obtained by H atom adsorbed
on the MoS2 surface while p-type doping is
obtained by the N atom adsorbed on the MoS2
Figure 29. Schematics of the three-zone furnace setup for CVT using I2 as a transporting agent surface. The total density of states (DOS) and
used for the Nb-doped MoS2 growth. The sources and the wafers were sealed in a tube at the projected DOS (PDOS) of C-, H-, B-, O-,
10−6 Torr. Te top panel shows the corresponding temperature profile along the horizontal quartz N-adsorbed 1L-MoS2 as the most stable contube. Reproduced with permission.[119] Copyright 2014, American Chemical Society.
figurations are shown in Figure 36f.[141] The
electronic structure of the pristine 1L-MoS2
was also calculated and it was found to be a bandgap of ≈1.71 eV
option for future Li-batteries based on MoS2. Using DFT calwhich is similar to the previous reports.[143,144]
culation, Esfahani et al. also proved that for Li-surface-doped
MoS2: i) the Li surface diffusion barrier is small at 0.24 eV only,
Komsa et al. evaluated the use of P and As dopants on MoS2
ii) the energy required to pass through the pure 1L-MoS2 layer
as well as other nonmetallic elements located in group VA of
Figure 33 through DFT calculation in the process of investiis ≈2eV, and iii) they showed that the distorted structure of Ligating S vacancies in MoS2 as substitutional elements to S.[142]
doped MoS2 is stable up to ≈500 K.[136]
The substitution of P and As into S vacancies resulted in defect
band states at the gap middle.[142] A similar investigation by Dolui
et al.[67] using DFT calculation showed that the replacement of an
2.3.3. Nonmetal Elements (C, H, B, N, O, P, As)
S atom with N, P, and As (group V elements in the periodic table)
causes p-type doping in MoS2; especially among various nonNonmetal-based doping elements on MoS2 including C, H and
B,[140,141] N,[140–142] O,[141,142] P and As,[142] are located in Group
metallic dopants, calculated as the best p-type dopants because the
impurity band state is close to the valence band maximum (VBM).
IA, IIA–VIIA of Figure 33.

Figure 30. a) Large-area ADF (annual dark field) image of clean 1L-MoS2 doped with Re. The inset shows the Mo site substituted by Re dopant. The
red and blue balls are two overlapping S atoms and Mo atom, respectively. b) Large area ADF image of 1L-MoS2 doped with Au. The insets show Au
adatoms on: i) Mo, ii) S, and iii) hollow center sites, respectively. Reproduced with permission.[111]
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Figure 31. a,b) HREM images of a Fe- and Ni-doped MoS2 crystal with MoS2 stacks. Reproduced with permission.[127] Copyright 1998, Elsevier
Ltd. c,d) TEM images Fe-doped MoS2 nanofilm (c), and Ni-doped MoS2 nanofilm (d). The insets in (c,d) are the relevant edge structures of
Fe- and Ni–doped MoS2 surface. Reproduced with permission.[123] Copyright 2015, Springer and Tsinghua University Press. e,f ) OM images of
undoped (e) and Fe-doped (f ) MoS2 samples under 30× magnification. e,f ) Reproduced with permission.[117] Copyright 2014, The Japan Society
of Applied Physics.

2.3.4. Halogen Elements (F, Cl, Br, I)
Dolui et al.[67] also investigated the substitution of a S atom
with one of the elements in the halogen group (F, Cl, Br, I)
which are located in Group VIIA of Figure 33 using DFT

calculation. These halogens acted as n-type dopants in MoS2
devices because they have one more p electron compared with
S. The DOSs for halogen group atoms are shown in Figure 37.
All the halogen atoms showed the almost same electronic
structure. 1L-MoS2 doped with Cl has an occupied defect
level ≈0.4 eV below the conduction band
minimum (CBM). With Br and F doping,
it shows para-magnetic, with a magnetic
moment ≈1 µB. When F is substituted for S,
the spin-splitting is higher than Cl, and lower
than Br. Finally, when I is substituted for S,
the defect level is still formed ≈0.3 eV below
the CBM (Figure 37d).[67]

3. Industrial Applications of
Doped MoS2

Figure 32. a,b) Schematics of Nb-doping (a) and transition metal (TM) doping (b) by diffusion
of ML Mo/Nb/Mo and TM/Mo during the growth of MoS2 by sulfurization. a) Reproduced with
permission.[122] Copyright 2014, The American Institute of Physics. b) Reproduced with permission.[123] Copyright 2015, Springer and Tsinghua University Press.
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Due to the optical and electrical performance of TMDs, graphene-like 2D materials
including MoS2 have attracted increasing
interest. As one of the most investigated
TMDs, MoS2 has found applications in many
related areas. However, due to limitations in
intrinsic structures depending on 2D materials, a single 2D material cannot satisfy all
the basic properties and functional performance requirements in practical applications.
For instance, graphene exhibits outstanding
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Figure 33. Periodic table of possible doping elements on MoS2.

electrical performance, however, it fails in switch control due
to its band structure with no gap. On the contrary, MoS2 has
a variable bandgap modulated by the number of layers, but its
electron mobility is incomparable to that of graphene, making
it ineligible for use as transparent electrodes. Therefore, the
fabrication of MoS2-based heterostructure devices requires
doping-assisted MoS2 materials to take advantages of the superior MoS2 material characteristics.
This part will be focused on the practical applications of
doped-MoS2 structures both in 2D and 3D areas, including in
photodetectors, transistors, thin-film photovoltaic devices, p–n

junctions, non-volatile multi-bit data storage memory, ultrasensitive sensors, and photocatalysts. In addition, a brief classification of all doping species on MoS2 and their industrial applications are summarized in Table 3 as a guide for the research
community.

3.1. Photodetectors
In 2014, Zhang et al. investigated the graphene/MoS2-stacked
photodetector having comb-shaped source and drain electrodes

Figure 34. a) Relevant edge structures of Cu-doped MoS2 surface. a) is reproduced with permission.[123] Copyright 2015, Springer and Tsinghua University Press. b) ΔH of the 1L-MoS2 doped with 3d TM for various TM concentrations. c) Local magnetic moments of the interstitial magnetic moment
(bottom), S (lower middle), Mo (upper middle), and 3d TM (top) of 1L-MoS2 doped with 3d TM for various TM concentrations. b,c) Reproduced with
permission.[130] Copyright 2014, The Royal Society of Chemistry.
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Figure 35. a) The schematic of K doping of the entire channel for MoS2 device. b) The electrical characteristics with/without K doping. c,d) XPS narrow-scan data of MoS2 with/without K
doping of Mo 3d3/2 and 3d5/2 (c), S 2p1/2 and 2p3/2 (d). a–d) Reproduced with permission.[132]
Copyright 2013, The American Chemical Society.

(Ti/Au) and, by using this structure, very
high photoresponsivity of 107 A W−1 could be
obtained without degradation its characteristic.[84] An advantage of the photodetecting
structure was that the entire surface area can
be used as a junction, therefore, pairs of electron and hole generated by light irradiation
can be separated at the interface.[84]
Also in 2014, Park et al. reported the
electrical characteristics of DNA and M–
DNA-doped MoS2 photodetector devices
(Figure 12).[61] Figure 12e shows a schematic
of the doped-MoS2 photodetector, along with
the corresponding energy band structure of
DNA and M–DNA-doped devices under negative VGS (VGS (voltage difference between
source and gate) < Vth (threshold V), off-state)
and positive VDS bias condition. The photocurrent was only observed in the negative
VGS region (off-state) owing to the low dark
current level under 10−5 A µm−1, as seen in
Figure 12f, which presents the ID–VG (draincurrent–gate-voltage) characteristics of Cu2+–
DNA-doped devices before and after exposure to light. In the off state, the absence of
electron paths in MoS2 (low electron current)
and the high hole barrier height (low hole
current) reduced the dark current level to the
order of 10−6 A µm−1. In Figure 12g, M–DNAdoped devices show higher photoresponsivity

Figure 36. a) The 4 × 4 supercell of 1L-MoS2 adsorbed with X atom (X = H, C, B, O, and N). Spin-resolved charge density isosurface of H-, C-, B-, and
N-doped 1L-MoS2 are shown in (b–e). f) The total DOS and projected DOS of H-, C-, B-, O-, and N-doped 1L-MoS2. The lines of red, green, and blue
are representing orbitals of s, p, and d, respectively. Reproduced with permission.[141] Copyright 2010, The American Institute of Physics.
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DNA (n-type) and M–DNA (p-type),[61] ATO (n-type),[77] OTS
(p-type) and APTES (n-type),[79] O2 plasma (n-type),[88] alkanethiols (p-type),[86] and CHF3 plasma (p-type).[95] Significantly,
the recent discoveries regarding the high potential of the newest
doping techniques such as plasma doping,[88–102] and DNA
doping,[61] would surely be of great interest to the 2D material
community. To date, there are three main research focuses in
developing next-generation 2D FET devices: i) ultrahigh on/off
current ratio, ii) widening of bandgap, and iii) high mobility.
Through interdisciplinary convergence of research between
emerging nanotechnologies (e.g., DNA doping) and new TMDbased 2D device technologies, layered semiconductor devices
(e.g., transistors with doped TMDs) could be integrated successfully in the future, with extremely smaller, thinner, more
complicated structures and with higher performance.

3.3. Non-Volatile Multi-Bit Data Storage Memory

Figure 37. a–d) DOSs for a 5 × 5 supercell of MoS2 with S substituted by
F (a), Cl (b), Br (c), and I (d). Positive DOS is majority spins while negative DOS is minority spins. The blue dotted line is the Fermi level. Reproduced with permission.[67] Copyright 2013, American Physical Society.

values than DNA-doped samples due to higher photocurrents
resulting from doping differences. The photoresponsivity measured in M–DNA devices strongly doped by Co2+- and Cu2+-DNA
was much higher than those in Zn2+– and Ni2+–DNA-doped
devices. As the VGS increased to Vth, the weakened conductivity
of the whole channel reduced the photoresponsivity. A similar
trend was observed in detectivity (D*), as shown in Figure 12h,
and the highest value (maximum D* ≈ 1.79 × 105 Jones) was
obtained in the Cu2+– DNA-doped device. This was because the
detectivity is expressed by the ratio of IPhoto/IDark, and the IDark
was changed by different doping types (n-type for DNA and
p-type for M–DNA) not by the variation of the injection barrier
height.
In 2015, Kang et al. investigated the SAM doping effect on
the performance on photodetector based on MoS2 using APTES
as the dopant.[79] A structure of APTES-doped MoS2 photodetector is showed in Figure 19.[79] For the APTES-doped MoS2
photodetectors, the photoresponsivity was improved by a factor
of 26 (from 219 to 5.75 × 103 A W−1) and it was higher than
the value previously reported by Choi et al. (5.07 A W−1).[47] The
high detectivity of APTES/MoS2 photodetector was related to
the higher photocurrent while maintaining the dark current
after the doping.

3.2. Field-Effect Transistors
As presented in the doping strategy, many dopants have
been investigated on MoS2 for MoS2 FET device applications
including (2-Fc-DMBI)2 (n-type), 2-Fc-DMBI-H (n-type), and
tris(4-bromophenyl)
ammoniumyl
hexachloroantimonate
(p-type),[41] TCNQ (p-type), F4-TCNQ (p-type) and NADH
(n-type),[49] DCE (n-type),[51] PEI (p-type),[52] Au NPs (p-type),[56]
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Chen et al. demonstrated the effect of plasma doping of MoS2
layers and discovered the exciting phenomenon for ML MoS2
FETs after the plasma doping with reactive gases such as O2,
CF4, and CHF3.[91] Non-volatile memory FETs fabricated with
O2-plasma-treated MoS2 are shown in Figure 38.[91] Here, the
plasma doping induced ripples on the MoS2 surface layers and
the top plasma-doped MoS2 layers were partially separated from
the MoS2 underlayers. These separated top MoS2 layers acted as
charge-trap sites in the FET channel which interfaces with the
FET channel.[91] Figure 38a shows the SEM image of plasmatreated MoS2 surface and Figure 38b shows the cross-sectional
strucutre of MoS2 memory treated with an O2 plasma. Figure 38c
illustrates the possible band structure (i.e., DOS) and the erase/
write mechanism of a plasma-treated MoS2 memory FET.[91] The
plasma-treated MoS2 layers possess many trapping states in the
energy bandgap of MoS2 due to the reaction with the plasma
while the untreated MoS2 underlayers have a typical bandgap.
These trapping sites in the bandgap are a mixture of acceptortype and donor-type, therefore, the plasma-treated MoS2 layers
can act as the ambipolar charge-trap layers and could possess an
“erase” (or “write”) state for multibit data storage for the MoS2
memory FETs with a applied positive (negative) VG pulse.[91]

3.4. Thin-Film Photovoltaics and p–n Junctions
Wi et al. reported a plasma-assisted doping process (e.g., O2,
SF6, CHF3) on MoS2 layers used to fabricate ultrathin-film
photovoltaic (PV) devices for enhancement of the photovoltage
and for the decrease of reverse dark current as shown in
Figure 39.[88] Plasma-doped MoS2 PV devices showed the high
performances such as high photocurrent density (20.9 mA cm−2
under AM1.5G) and high external quantum efficiency in addition to a good power-conversion efficiency (2.8%) as illustrated
in Wi et al.[88] The high performance of these plasma-doped
MoS2 PV devices is similar to one of the other TMD PV
devices.[113] In other words, this work revealed a new plasma
assisted doping technique which can provide unique optoelectronic properties of TMD nanomaterials by tailoring the band
structure of 2D materials.
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Doping Type

Doping Strategy

Applications with Doped MoS2

Ref.

BV

Dopants

n

Wet chemical

Back-gate FET

[45,46,48]

AuCl3

p

Wet chemical

Back-gate FET

[46,47]

F4-TCNQ

p

Wet chemical

FET

[49]

TCNQ

p

Wet chemical

FET

[49]

NADH

n

Wet chemical

FET

[49]

DCE

n

Wet chemical

Back-gate FET

[50,51]

PEI

p

Wet chemical

FET

[52]

(2-Fc-DMBI)2

n

Wet chemical

Back-gate FET

[41]

2-Fc-DMBI-H

n

Wet chemical

Back-gate FET

[41]

Tris(4-bromophenyl)

p

Wet chemical

Back-gate FET

[41]

Au NPs

p

Wet chemical

Electric double-layer transistor

[55]

p

Wet chemical

FET

[56]

p

Wet chemical

Biosensor

[57]

Ag NPs

p

Wet chemical

NA

[58]

PTSA

n

Wet chemical

NA

[59]

TTF

n

Wet chemical

NA

[60]

TCNE

p (in literature)

Wet chemical

NA

[60]

DNA

n

Wet chemical

Back-gate Transistor, photodetector

[61]

M–DNA

p

Wet chemical

Back-gate Transistor, photodetector

[61]

NH+4

n

Ionic liquid

Metal-superconductor, metal-insulator transistor

[67]

BF−4

p

Ionic liquid

Metal-superconductor, metal-insulator transistor

[67]

Oxygen

n

Intercalation

Photocatalyst for HER

[74]

Nitrogen

n

Self-dope

Photocatalyst for HER

[76]

Thiourea

n

Sol–gel

NA

[77]

ATO

n

Sol–gel

FET

[78]

OTS

p

Self-assembly monolayer dope

Transistor, photodetector

[79]

APTES

n

Self-assembly monolayer dope

Transistor, photodetector

[79]

Salicylic acid

p

Aromatic molecule dope

NA

[83]

Aniline

p

Aromatic molecule dope

NA

[83]

Phenol

p

Aromatic molecule dope

NA

[83]

Methyl salicylate

p

Aromatic molecule dope

NA

[83]

Nitrobenzene

p

Aromatic molecule dope

NA

[83]

Melamine

p

Aromatic molecule dope

NA

[83]

Benzoic acid

p

Aromatic molecule dope

NA

[83]

CVD Graphene

p

Wet chemical

photodetector

[84]

Graphene QDs

n

Wet chemical

NA

[85]

Hexadecanethiol

p

Alkanethiol molecule dope

FET

[86]

Ethanol

p

Alkanethiol molecule dope

FET

[86]

Octanethiol

p

Alkanethiol molecule dope

FET

[86]

SF6

p

Energetic plasma in RIE

p–n unction, PV devices

[88,92–94]

CF4

p

Energetic plasma in RIE

p–n unction, PV devices

[88,91,94]

CHF3

p

Energetic plasma in RIE

p–n unction, PV devices

[88–94]

p

Energetic plasma in RIE

FET devices

[95]

n

Energetic plasma in RIE

p–n junction, PV devices

[88,89,91–94,98–100]

n

Energetic plasma in RIE

FET

[90]

n

Energetic plasma in RIE

Photocatalyst for HER

[102]

O2
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Table 3. A brief classification of all doping species on MoS2 and their industrial applications. Note that “NA” means “not applicable”.
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Table 3. Continued.
Doping Type

Doping Strategy

Applications with Doped MoS2

Ref.

Ar

Dopants

n

Energetic plasma in RIE

Photocatalyst for HER

[102]

Se

n

Thermal annealing by CVD

NA

[104–106]

n

Physical vapor deposition

NA

[107]

W

n

Thermal annealing by CVD

NA

[106]

Cs2CO3

n

Thermal evaporated annealing in Knudsen

FET

[81]

P

n

Thermal evaporated annealing in Knudsen cell

NA

[71]

PSG

n

Hydrothermal annealing

Back-gate Transistor

[110]

Re

p

Thermal annealing by CVT

NA

[111–115,120]

Au

p

Thermal annealing by CVT

NA

[111,125]

Co

n

Hydrothermal

HER electrocatalysts

[116]

n

Thermal annealing by CVT

NA

[116–118]

Ni

NA

Thermal annealing by CVT

NA

[117,118]

Fe

n

Thermal annealing by CVT

NA

[117–119]

Nb

p

Thermal annealing by CVT

FET

[119]

Y

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Zr

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Rb

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Ru

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Pd

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Ag

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Cd

NA

Dry transition metal dope (DFT simulation)

NA

[67]

Cu

NA

Dry transition metal dope (DFT simulation)

NA

[117]

K

n

Dry alkali metal dope

Top-gate FET

[131]

Li

p

Wet dope

Li-ion battery

[75]

p

Dry alkali metal dope

Li-ion battery

[134]

C

NA

Dry nonmetal dope

NA

[140,141]

H

n

Dry nonmetal dope

NA

[140,141]

B

NA

Dry nonmetal dope

NA

[140,141]

N

p

Dry nonmetal dope

NA

[140–142]

As

NA

Dry nonmetal dope

NA

[144]

F

n

Dry halogen dope

NA

[67]

Cl

n

Dry halogen dope

NA

[67]

Br

n

Dry halogen dope

NA

[67]

I

n

Dry halogen dope

NA

[67]

NA

NA

NO2 gas sensing

[145]

Si, defect, Fe

In another report, also based on plasma doping (SF6, CF4,
CHF3 gas), Wi et al. demonstrated a high blue-near ultraviolet
photodiode response of plasma-doped PV devices (vertically
stacked graphene (Gr)/n-type MoS2 (nM)/plasma-doped p-type
MoS2 (pM)/Au heterostructure) (here, nM: pristine undoped
MoS2, pM: doped MoS2) as showed in Figure 25a–c.[92]
Plasma doping at the interface of the PV device (Gr/pM/nM/
Au) greatly enhanced the quantum efficiency at the near UV
region possibly due to the low recombination center density at the junction of graphene/MoS2. Plasma doping also
enhanced the work function of MoS2 (up to ϕ p-MoS2 ≈ 5.1–
5.3 eV) compared with other alternatives such as pristine
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MoS2 (ϕ n-MoS2 ≈ 4.6 eV), Au (ϕ Au ≈ 5.1 eV), and graphene
(ϕ Graphene ≈ 4.3 eV).[92]
Chemically doped vertical p–n junction and p–n diode devices
with AuCl3 and BV dopants were presented by Li et al.[46] and
Choi et al.[47] as in Figure 4. In the case of Li et al.,[46] vertical
p–n junctions were fabricated by chemically doping of MoS2
with AuCl3 and BV. Unlike the unsal unipolar MoS2, the MoS2
p–n junction exhibited ambipolar carrier transport and, for
MoS2 thicker than 8 nm, the current was rectified by the modulation of potential barrier and, for MoS2 thinner than 8 nm,
the reverse current was rectified by tunnelling. The thinnest
thickness of the fabricated vertical p–n homogeneous junction
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Figure 38. a) SEM image of MoS2 surface treated with an oxygen plasma. Roughness with nanoscale features can be seen. b) Cross-sectional structure
of MoS2 memory FET treated with an oxygen plasma. A few top MoS2 layers were roughened by the O2 plasma treatment. Part of the top roughened
layers was mechanically separated and acted as a charge trapping layer by being electrically insulated from the MoS2 underlayers. Also, the small gap
formed by the mechanical separation between the top roughened MoS2 layers and the MoS2 underlayers can act as a tunneling barrier. c) Possible write/
erase mechanism of MoS2 memory FETs treated with the oxygen plasma. Reproduced with permission.[91] Copyright 2014, American Chemical Society.

was 3 nm and, here, the thickness of doping depth was ≈1.5 nm.
This ultrathin MoS2 p–n junction would be promising for 2D
devices with high flexibility, high transparency, and high electronic and optoelectronic performance. In the case of Choi
et al.,[47] a lateral homogeneous p–n junction in MoS2 with
electrodes (Cr/Au and Pd) was fabricated through a partially
stacked h-BN mask for partial p-type AuCl3 doping (Figure 4).
The fabricated lateral MoS2 p–n junction exhbitied a high
photoresponse (≈5 × 1010 Jones of specific detectivity which
is higher than 1.79 × 105 Jones by Park et al.,[61] ≈7000% of
maximum external quantum efficiency, and ≈103 of high

on/off ratio). The high photoresponse property was due to the
formation of an ideal junction by the doping.
For plasma doping of the p–n junctions fabricated with MoS2
flakes, Chen et al. used plasma species such as SF6, CHF3, CF4,
and O2 to induce p-type doping (Figure 25e–j).[93] SF6 plasmadoped MoS2 diodes exhibited higher long-term stability and
higher forward/reserve current ratios (e.g., for SF6: IF/IR > 104)
at ambient conditions compared with MoS2 diodes treated with
different plasma species. The effect of plasma recipes in terms
of their resulting rectification degrees of diodes was in the
order of SF6 > CHF3 > CF4 > O2.[93]

Figure 39. Fabrication process of PV devices with plasma-doped MoS2 photoactive layers. a) Formation of pristine MoS2 ingot stamp. b) Plasma treatment of a few top MoS2 stamp layers. c) Exfoliation and transfer of top plasma-treated MoS2 layers with untreated MoS2 underlayers. d) Deposition of
ITO on untreated MoS2. e) PV property measurement. Reproduced with permission.[88] Copyright 2014, The American Chemical Society.
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Figure 40. a) DOS of NO2 with pristine-, defect-, Fe and Si-MoS2. a) is reproduced with permission.[145] Copyright 2014, Sumy State University. b) 3D
schematic of the MoS2 gas-sensing device for NO2 and NH3. c) Comparison of the NO2 and NH3 sensitivities at different gas concentrations and
operating temperatures. d) Comparison of gas sensitivity and carrier type in as-grown (on sapphire substrate) and transferred (on SiO2/p+ Si substrate)
MoS2. b–d) Reproduced with permission.[146] Copyright 2015, Nature Publishing Group.

3.5. Ultrasensitive Sensors
2D TMD layers show promising properties for various sensors. Investigations were performed by Shakil and Cho[145,146]
with Fe (or Si, defect)-doped MoS2 for gas sensors (NO2, NH3)
(Figure 40) and by Chao et al.[58] with Au-NP-doped MoS2 for
biosensors (Figure 41).
Using DFT calculation, Shakil et al. proved that the adsorption of NO2 on Fe-doped MoS2 or Si-doped MoS2 can yield
excellent NO2 gas sensors[145] through the investigation of the
DOS after the adsorption of NO2 (Figure 40a) and through the
investigation of electron density, respectively. Cho et al. investigated NO2 and NH3 gas sensing using naturally oxygen-doped
MoS2 (Figure 40b–d).[146] Here, NO2 is an acceptor (p-dopant)
and NH3 is a donor (n-dopant). During the desorption process,
thermal energy (heating) enhanced the rate of desorption of
NO2 molecules from MoS2 film compared with NH3. Also, the
NH3 sensitivities were lower than those of NO2 because of the
smaller charge transfer of NH3 compared to NO2. Figure 40d
shows a comparison of gas sensitivity and carrier type in asgrown (pristine on sapphire substrate) MoS2 and transferred
(on SiO2 substrate; naturally oxygen p-type doped from SiO2
surface) MoS2. The overall gas sensitivities were increased
after the transfer of the MoS2 nanofilm onto the new SiO2/
p+ Si substrate. This finding indicates that the interface states
between MoS2 and the substrate greatly affect the efficiency of
the charge transfer process that occurs due to gas adsorption.
In 2015, Chao et al. fabricated a new biosensor using Au-NPdoped MoS2 nanosheets which showed high performances in
9054
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sensitivity, reproducibility, conductivity, stability, and biocompatibility for sensing hydrogen peroxide (H2O2) and nitric oxide (NO)
(Figure 41).[58] Due to the high electrocatalytic ability, the biosensor electrode composed of hemoglobin (Hb)-AuNPs@MoS2/
(glass carbon electrode) GCE exhibited high selectivity and high
sensitivity in sensing H2O2 and NO. Under optimal conditions,
the current response of the biosensor electrodes was linear for a
certain concentration range of NO (10–300 µM, detection limit of
4 µM) and H2O2 (10–1100 µM, detection limit of µM). The experimental results suggested that Au-NP-doped MoS2 nanocomposites can be promising candidates as an electrochemical sensor
platform for biological molecule sensors and chemical sensors.
3.6. Photocatalyst for HER
Hydrogen is one of the best well-known promising candidates for
green fuel. Currently, the most difficult problems for hydrogen
as the fuel are transportation/storage and mass production.
Here, the mechanism of H2 gas mass-production is the HER
(2H+ + e− → H2). However, for mass production, a novel high
performance photocatalyst for HER needs to be developed.
The manufacture of photocatalysts based on doped MoS2 has
been broadly explored in previous studies.[74,76,77,83,102,111,123]
Various dopants (e.g., O2, N, Ar, Fe, Co, Ni, Cu) on MoS2 have
been used to enhance the sensitivity of the electrodes for HER,
combined with bacterial decontamination, and Li-ion batteries
fabricated with MoS2 nanosheets. In addition, doping enhances
the electronic conductivity of the doped-MoS2 heterostructures
while increasing active sites to HER.
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Figure 41. Fabrication process of a biosensor based on Hb-AuNPs@MoS2/glassy carbon electrode (GCE) structure. Hb is deposited on AuNPs@MoS2
nanocomposite modified GCE electrochemically. Hb-AuNPs@MoS2/GCE is electrocatalytically reduced with the addition of H2O2 or NO. Reproduced
with permission.[58] Copyright 2015, IOP Publishing.

Significant electrocatalytic activity improvement of TMDs for
HER is also reported by using plasma doping techniques (O2,
Ar gas). This method unlocks the possibility for H2 production
by water splitting and other reactions using non-noble TMD
materials such as MoS2.[100]

3.7. Li-Ion Batteries
In 2015, a new kind of Li-ion battery was developed by Xiong
et al.[75] They successfully tuned the electronic properties of
nanoscale MoS2 by electrochemically inserting a foreign species
(Li+ ions) into the interlayer spacing. Through Li intercalation,
high optical transmission (≈90%) was obtained for a MoS2 flake
(≈4 nm thick) and higher electrical conductivity (≈102 times) was
obtained for all MoS2 flakes (≈2–50 nm thick).[75] Interestingly, this
study also showed that Li-ion intercalation could tune the thermal
conductivity and Seebeck coefficient of LixMoS2 as well.[75]

4. Conclusions and Perspectives on Doped MoS2
The issues discussed above indicate that doping is indeed a very
important in applying MoS2 to various electronic and optoelectronic devices. While graphene is a semimetal with ultrahigh
mobility and h-BN is an ideal insulator, MoS2 and other TMDs
are semiconductors with different bandgap energies. Through
the doping of MoS2, MoS2 can be applied to broad range
of nanoelectronic devices with significantly high performances.
Figure 42 shows field-effect mobility versus current on/off
ratio and the field-effect mobility versus bandgap energy for

Adv. Mater. 2016, 28, 9024–9059

1L-MoS2 (red star)[147] and the comparison with other suitable
materials including traditional semiconductors and novel flexible materials such as graphene (including its bilayer),[148] ML
semiconductors (10 nm thick), black phosphorus (P),[149] singlewall nanotubes (SWNTs),[150] ML TMDs, three organic semiconductors,[151] and several traditional semiconductors,[152] for
electronic and optoelectronic applications.[147–152] For practical
applications of MoS2, an on/off ratio on the order of 104–1010
is desirable.[147,153,154] Each material class has its individual
strengths and weaknesses and the best material for a given
application depends on the specifications. The particular advantages of doped 1L-MoS2 include chemical stability, planar geometry, high bandgap, very high on/off ratio, competitive mobility,
flexibility, and transparency. Doping-based MoS2 in combination with other 2D materials, i.e., graphene and insulating
layered materials (e.g., h-BN) continues to unlocking huge
prospects and potential for maximizing electronic and optoelectronic heterostructures.[35] Together with recent developments
in large-scale production techniques,[26,29,30] doped MoS2 could
potentially be incorporated in roll-to-roll processes to fabricate
inexpensive, flexible, and transparent 2D devices.
The doping of 1L and ML MoS2 opens the opportunities in
investigating their fundamental physics and chemistry of MoS2
and in investigating for various practical applications from the
cataysis for HER and energy storage to optoelectronics. Scalable
exfoliation into single or ML MoS2 using chemical materials
could be used for large area MoS2 synthesis with controlled
functionalities, even though various CVD methods are investigated in growing uniform ML MoS2 at large scales. Currently, as a new synthesis method, an atomic layer deposition
(ALD) method plus direct doping of MoS2 films during growth
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Figure 42. a,b) Schematic diagram of field-effect mobility versus current on/off ratio (a) and field-effect mobility versus electronic bandgap (b) for
1L-MoS2 (red star) compared with other materials for various optoelectronic and electric applications. Graphene (including its bilayer), SWNTs, ML
(10 nm thick) black phosphorus (P), ML TMDs, three organic semiconductors,and several traditional semiconductors are compared. For practical
applications, an on/off ratio on the order of 104–107 is desirable. Reproduced with permission.[147] Copyright 2015, American Chemical Society.

processing is emerging and inprogress for the large scale synthesis of 1L-MoS2 and for mass-production. Also, the controlling of the MoS2 doping for the construction of p–n junction
heterostructures is also significant in various electronics.
The surface chemistry of doped 1L-MoS2 has proven to be crucial for some processes such as energy storage, water-splitting,
and HER. For their practical applications, serveral chalenges are
remaining to be resolved. Some of those are: i) the conductivity
and cycling stability need to be enhanced for energy storage electrodes. ii) The density of active sites needs be improved to make
the entire MoS2 surface active for catalyst in addition to MoS2
edges. iii) In addition, well designed doped-MoS2 heterostrutures need to be formed to improve device properties.
From a different perspective, plasma doping is emerging as
a promising option for layer-by-layer stacking of heterostructural hybrid materials by controlling the plasma species, plasma
doping concentration, plasma power, and treatment time. This
is accomplished without damage from ion bombardment or the
formation of defects or disorders on the MoS2 structure using
low energy radical doping and has been applied successfully
for graphene doping with plasma,[155] by using cyclic trapped
plasma doping.[156–158] Moreover, the plasma-assisted doping
technique is a very easy scale-up and mass-production technique. When plasma parameters are well controlled, plasma
doping could be a promising new technique for tuning the
exotic electrical properties of MoS2, intercalated with layer-bylayer heterostructural hybrid materials (e.g., h-BN, graphene,
other TMDs, CNTs, meta-based nanowires (Ag, Cu, Au, Si),
block copolymer) for next-generation devices such as HER, PV
for fuel cells and solar cells, photodetectors, TFTs, FETs, organic
light-emitting diodes (OLEDs), p–n junctions, non-volatile
multi-bit data-storage memory, energy storage and conversion,
and ultrasensitive chemical sensors in the near future. Some of
the most exciting applications of plasma doping of MoS2 could
be related to multi-bit memory,[91] memristor devices,[159] and
biosensors.[160] One other exciting aspect of plasma dopingassisted hybrid MoS2/other 2D materials is that it can be further applied in medical and biological sensors such as toxic gas
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sensing in pollutants-contained environments with harmful
dust and smoke, or industrial gas (this work is ongoing).
From the perspective of energy storage, it was also reported
that Li-doping of MoS2 enhanced the performance of Li-ion
batteries,[133–136] This doping approach could open up broader
paths in the functionalization of hybrid materials such as MoS2/
CNTs hybrids for rechargeable batteries,[161,162] MoS2/graphene
hybrids for DSSC, memory, FET, sensor, supercapacitor, or new
MoS2/rGO paper[163] through various metal and nonmetal element doping.In energy conversion, the first experimental study
on the piezoelectricity of 1L-MoS2 in addition to large mechanical stretchablity and flexibility showed its potential applications
as wearable and implantable devices with energy conversion
capacity.[19,164] The integration of a doped MoS2 together with
other 2D materials such as graphene and other TMDs and the
fabrication of various functional devices for logic computation,
memory, sensing, energy storage, commumication, etc. on the
same flexible substrate may allow us to construct a flexible and
thin self-powered nanosystem that can be operated self-sustainably without external power by energy harvesting from the environment, particularly in the situation where no other external
energy sources are not available readily.[19]
For next-generation OLED devices, MoS2 was applied sucessfully as a hole injection layer (HILs) in an OLED device on
ITO glass to improve device characteristics such as stability,
bandgap engineering, and work-function increase.[165] Its performance could even be higher upgraded by using presented
doping techniques on TMDs materials, e.g., doped MoS2, WS2,
TaS2 on strectchable substrates, e.g., poly(dimethylsiloxane)
(PDMS), that could lead to the prospect potential of dopingbased liquid-exfoliated TMD nanosheets for use as HILs to
forming a new generation of stretchable OLEDs.
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