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ection and transport engineering in
two-dimensional transition metal dichalcogenides

José Ramón Durán Retamal, Dharmaraj Periyanagounder, Jr-Jian Ke,
Meng-Lin Tsai and Jr-Hau He *

Ever since two dimensional-transition (2D) metal dichalcogenides (TMDs) were discovered, their fascinating

electronic properties have attracted a great deal of attention for harnessing them as critical components in

novel electronic devices. 2D-TMDs endowed with an atomically thin structure, dangling bond-free nature,

electrostatic integrity, and tunable wide band gaps enable low power consumption, low leakage, ambipolar

transport, high mobility, superconductivity, robustness against short channel effects and tunneling in highly

scaled devices. However, the progress of 2D-TMDs has been hampered by severe charge transport issues

arising from undesired phenomena occurring at the surfaces and interfaces. Therefore, this review provides

three distinct engineering strategies embodied with distinct innovative approaches to optimize both carrier

injection and transport. First, contact engineering involves 2D-metal contacts and tunneling interlayers to

overcome metal-induced interface states and the Fermi level pinning effect caused by low vacancy energy

formation. Second, dielectric engineering covers high-k dielectrics, ionic liquids or 2D-insulators to screen

scattering centers caused by carrier traps, imperfections and rough substrates, to finely tune the Fermi level

across the band gap, and to provide dangling bond-free media. Third, material engineering focuses on

charge transfer via substitutional, chemical and plasma doping to precisely modulate the carrier

concentration and to passivate defects while preserving material integrity. Finally, we provide an outlook of

the conceptual and technical achievements in 2D-TMDs to give a prospective view of the future

development of highly scaled nanoelectronic devices.
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1. Introduction

SinceMoore's law was proposed in 1965 and with the advance of
conventional Si technology, the semiconductor industry has
Dharmaraj Periyanagounder is
working as a visiting student in
the Electrical Engineering
Department at the Computer,
Electrical and Mathematical
Sciences and Engineering
(CEMSE) Division of the King
Abdullah University of Science
and Technology (KAUST).
Dharma's research interests are
the device physics of 2D mate-
rials and their heterostructures
for technologically useful elec-

tronic, optoelectronic and thermoelectric applications. He is now
extensively involved in the micro/nanofabrication of 2D material-
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been consistently and prosperously developed over the past
half-century. However, as Si technology is approaching the
fundamental size scaling limit in the sub 10 nm regime, the
material roughness and the short channel effects (SCEs)
dominate the carrier transport, which could infer the end of
Moore's law. Moreover, it is crucial to reduce the power
consumption without sacricing device performance.1,2 Indeed,
there exists a theoretical Boltzmann limit for subthreshold
swing (SS, the gure-of-merit that determines the switching
characteristics of FETs) of 60 mV dec�1 at 300 K that can be
overcome by tunneling transistors and negative capacitance
transistors.3–6 Therefore, the major challenge of the semi-
conductor industry in the following years is to nd novel sub-
nanometer materials and transistor geometries that enable
high performance and low power consumption devices. Toward
this challenge, the superior electronic properties including the
excellent electrostatic integrity, tunable bandgaps, high
electron/hole mobility, and gate-tunable superconductivity of
novel two dimensional-transition metal dichalcogenides (2D-
TMDs) have enabled the development of nanoscale devices
Jr-Jian Ke received his B.S. (2007)
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siung, Kaohsiung, Taiwan, and
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with exceptional transport properties, thus holding promise for
the next-generation of semiconductor materials towards their
applicability in diverse applications such as transistors, digital
circuits, optoelectronic systems and chemical sensors.7–15 As
charge carriers are strongly conned in atomically thin layers,
the critical issues associated with SCEs can be completely
eliminated, thereby broadening the range of applications
toward highly energy efficient devices.12,16,17 Furthermore, the
gate controllable atomically thin TMD channel enables a high
electric eld at the tunnel junction to strongly increase the on-
current and to reduce the subthermionic SS down to 3.9 mV
dec�1, which provides a signicant breakthrough for applica-
tions in the future semiconductor industry.18,19

Despite the growing interest in 2D-TMD materials, there are
several bottlenecks that block the progress as well as the inte-
gration of TMDs with modern semiconductor technology.20–22

Specically, and as prescribed by the international technology
roadmap for semiconductors (ITRS), the primary step toward
highly efficient electronic devices is that the metal electrode/
TMD contact resistance (RC) should be as low as �100 U mm.23

This is not the case for most 2D-TMD based devices fabricated
so far due to their detrimental interface states.22,24 In addition,
owing to the nature of the metal/TMD chemical bond, the
contact geometry plays a key role in determining RC. On the
other hand, the carrier transport efficiency, mainly limited by
carrier traps and phonon-scattering centers, can be notoriously
affected by impurities or imperfections along the channel owing
to the high surface-to-volume ratio of 2D-TMDs, hence
becoming a cornerstone toward high mobility devices.25–31 In
this regard, strategies engineering the surrounding gate
dielectric as well as functionalizing the surface play a starring
role in boosting the performance.20,32 Consequently, it is of
paramount importance to deeply scrutinize not only the
fundamental limitations of the current transport but also the
strategies to overcome such limitations in order to precisely
control the electronic properties of 2D-TMDs toward high
Dr. Jr-Hau He is an Associate
Professor of Electrical Engi-
neering program at King Abdul-
lah University of Science &
Technology (KAUST). His break-
through research in 2D
materials/electronics and pho-
toelectrochemical water split-
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magazines such as Nature,
Nature Materials, IEEE SPEC-
TRUM, EE Times, Semi-

conductor Today, Materials Today, Chemical & Engineering News,
and Nano Today. He participates actively in activities and services
in scientic professional societies. He is a Fellow of RSC and SPIE,
and a senior member of IEEE and OSA.
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performance electronic devices beyond scaling and physical
limits.

Accordingly, we summarize recent advances and challenges
encountered in the development of 2D-TMD based electronic
devices. First, we provide insight on factors inuencing the
carrier injection such as the Fermi level pinning (FLP) or the
Schottky barrier (SB), and accordingly how to precisely estimate
RC. Second, based on the scattering limited mobility edge
concept, we discern the current transport mechanism along the
channel and emphasize the carrier-density-dependent metal-to-
insulator (MIT) transition as well as the ballistic transport of
highly scaled devices. Third, we review how several strategies
involving surface and interface chemistry can synergistically
improve both carrier injection and current transport, high-
lighting the importance of doping and phase transformation.
Finally, we provide an outlook of the major achievements and
give a perspective of future research directions for developing
high performance 2D-TMD based electronic devices.

2. Contact resistance and current
transport in 2D-TMDs

To discuss the electronic properties of 2D-TMDs, we rst
discuss the theoretical framework, current transport mecha-
nism and experimental accuracy to understand how the proc-
essability, low dimensionality and novel properties of 2D-TMDs
limit the carrier injection due to high contact resistance and
Fig. 1 2H-semiconducting bandgaps (electron affinity and ionization po
lines). Band alignment between the electron affinity and ionization poten
the work function of materials with metallic behavior: 1T- and 1T0-phase
graphene, and 2H- and 1T-phases of 2D-metals MX2 (M: Ta, V, Nb, and Ti;
comparison with surface charge transfer by chemical dopants.33,172 Re
Association for the Advancement of Science.

This journal is © The Royal Society of Chemistry 2018
deviate the ideal phonon-limited mobility carrier transport due
to scattering centers and imperfections in real devices with
highly scaled dimensional features.

2.1. Metal/TMD contact and the Fermi level pinning effect

The metal/semiconductor (M/S) contact is one of the most
critical aspects of electronic transport that explicitly determines
the device performance such as contact resistance, carrier
mobility, switching speed, on-state current, and so forth. Typi-
cally, the energy misalignment between themetal work function
(fM) and the semiconductor electron affinity (c) leads to
a Schottky barrier height (SBH) at the M/S interface, fB ¼ fM �
c, that determines whether the contact resistance is either high
and non-linear or low and linear. In this regard, Fig. 1a shows
the band alignment between the semiconducting bandgaps
(electron affinity and ionization potential) of 2D-TMDs and the
work functions of commonly used metals.33 However, the elec-
trostatic potential originated by the SBH can be modulated by
metal-induced interface states within the semiconductor
bandgap during the metal deposition, pinning the semi-
conductor Fermi level toward the charge neutrality level (fCNL),
and thus inducing a SBH displacement expressed as fB ¼ S(fM

� fCNL) + (fCNL � c) ¼ SfM + b, where S ¼ dfB/dfM is the
pinning factor indicating strong (S¼ 0) or weak (S¼ 1) FLP, and
b is the energy above which the states of a neutral surface are
empty; accordingly, fB ¼ (c + b)/(1� S).22,24,31 Therefore, the FLP
effect dominates the charge injection at the M/S interface and
tential) and 1T and 1T0 metallic phase work functions (dashed orange
tial of 2H-semiconducting MX2 (M: W, Mo; X: S, Se, and Te) TMDs and
s of MX2 (M: W, Mo; X: S, Se, and Te), conventional metals, C: pristine
X: S, Se, and Te). Thewater redox reaction potentials are also shown for
produced with permission from ref. 33 copyright© 2016 American

Chem. Sci., 2018, 9, 7727–7745 | 7729
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effectively modulates the SBH regardless of fM, which suggests
metal work function independent RC.

Indeed, several groups have reported that the low sulfur
vacancy formation energy (1.6 eV) of MoS2 induces strong FLP
regardless of the metal contact.24,34 Nevertheless, the FLP effect
on MoS2 has evoked a great deal of discrepancy. For instance, if
we only consider solely the difference between the MoS2 elec-
tron affinity and the metal work functions of Sc, Ti, Ni, and Pt,
which spans from 3.5 to 5.9 eV (Fig. 2a), the corresponding
transfer characteristics should look like Fig. 2b; however,
experimental results show n-type behavior for all metals, indi-
cating that the Fermi levels line-up close to the conduction band
edge of MoS2 (Fig. 2c).23 Further simulations and experiments
indicate that the FLP is dictated by the synergy between metal
work function modication caused by the dipole formation and
the presence of a high density of interface gap states caused by
chalcogenide-mediated hybridization.23,35–38 Conversely, theo-
retical calculations show that low (high) work function metals
exhibit strong (weak) FLP due to the high density of interface
states.39 To solve the discrepancy, one can depict as a gure-of-
merit the theoretical and experimental SBH versus several metal
work functions and calculate the pinning factor; if the pinning
factors are signicantly lower than theoretical predictions, the
SBH does not follow the Schottky–Mott rule, as is the case of
MoS2 (Fig. 2d and e) and MoTe2.24 However, the chemical
disorder and FLP induced by high-energy metal deposition on
MoS2 can be overcome by transferring metal electrodes, and
thus form awless van der Waals (vdW) M/S interfaces which
follow the Schottky–Mott rule (see Section 3.1 and 3.2 for further
Fig. 2 (a) Expected band structure as the Sc, Ti, Ni and Pt work functi
experimental transfer characteristics based on (a).23 Fermi level pinning (d
and experimental SBH vs. metal work function (Ti, Cr, Au, and Pd), an
between Au and one to five layer MoS2.41 Reproduced with permissio
copyright© 2017 American Chemical Society; ref. 41 copyright© 2014 A

7730 | Chem. Sci., 2018, 9, 7727–7745
details).40 On the other hand, all the other 2D-TMDs do not
exhibit the FLP effect but rather exhibit ambipolar carrier
transport due to the line up of their large vacancy formation
energies near the mid-gap.34 Furthermore, although the thick-
ness scaling effect leads to band gap increases with decreasing
number of layers due to the quantum connement, the pinning
position between monolayer and few layer MoS2 remains
roughly constant, revealing strong FLP; consequently, the SBH
increases with decreasing layer thickness, and thus the contact
resistance greatly enhances at the monolayer limit (Fig. 2f).10,41

2.2. Contact resistance estimation

Typically, the dangling bond-free nature of 2D-TMDs should not
lead to the formation of any chemical bond with metals, and
thus increase the risk of high contact resistances (RC). Never-
theless, the RC values reported so far range from hundreds to
millions of U mm depending on the contact approach and the
degree of accuracy of the selected method to estimate RC as we
next discuss.42 (i) Two-probe measurement assumes solely
thermionic emission with a given SBH# 0.1 eV to evaluate RC ¼
(h3/4pe2m*tkBT)exp(qfB/kBT), where h, kB,m*, and t are Planck's
constant, Boltzmann constant, effective mass, and thickness,
respectively.43 (ii) Two-probe FET measurements extract RC by
polynomial tting b1 + b2/x + b3/x2 of the total resistance (RT) vs.
Vgs as 2RC ¼ b1.44 (iii) The transmission line model (TLM) based
on a series of TMDs and two back-to-back contacts estimates RC

from RT ¼ 2RC + Ri, where Ri is the TMD resistance. When the
current ows across the metal/TMD junction, a resistor ladder
network composed of the sheet resistance Rsh and the SB-
ons line up with the electronic band of MoS2. (b) Theoretical and (c)
) effect and (e) S factors of monolayer MoS2 with respect to theoretical
d Schottky–Mott rule prediction.24 Energy band alignment evolution
n from ref. 23 copyright© 2013 American Chemical Society; ref. 24
merican Chemical Society.

This journal is © The Royal Society of Chemistry 2018
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induced specic contact resistivity rc leads to RC ¼ (RshLT/W)

coth(L/LT), where L is the contact length and LT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rC=Rsh

p
is

the effective contact transfer length for the carrier injection,
a parameter that describes the distance over which 1/e of the
current is transferred to the metal contact (Fig. 3).45–47 For short
LT, the current crosses around the contact edge, while for long
LT, the current involves larger contact areas.45 This current
injection phenomenon, termed as current crowding, imposes
device scaling limits because if L < LT, RC increases abruptly.48,49

Therefore, keeping L[ 1.5 LT is crucial to avoid high RC and to
keep L-independent RC when downscaling devices; conse-
quently, coth(L/LT)� 1, and thus RC ¼ RshLT/W and RT ¼ Rsh(2LT
+ Lch)/W, where Lch is the channel length. The linear t of RT vs.
Lch plot allows the extraction of 2RC, 2LT and Rsh from the
intersection with the RT axis, Lch axis and the slope, respectively.
(iv) Four-probe measurements lead to RC ¼ (V2p/Isd � (V4p/Isd) �
(L2p/L4p)) � W, where W is the channel width and Isd, V2p (V4p),
and L2p (L4p) are the source-drain (probing contacts) current,
voltage drops and length, respectively.50 (v) Four-probe FET
measurement avoids the potential drop in the sensing probes,
and thus RC can be extracted independently for each lead.42 (vi)
The Y-function method is more realistic since it allows the
extraction of RC from the FET linear region while considering
phonon and surface scattering events as well as the voltage drop
induced by the SB.51
2.3. Carrier injection at the metal/TMD contact

In the presence of a moderate SB, the main transport mecha-
nism across the metal/TMD interface is thermionic emission,
which can be described as

I ¼ I2D exp(qV/hkBT)[1 � exp(�qV/kBT)] (1)

I2D ¼ WA*
2DT

3=2 exp

�
� qfB

kBT

�
; (2)
Fig. 3 Schematic view of current flow across metal/TMD junctions.

This journal is © The Royal Society of Chemistry 2018
where I2D is the saturation current,W is the junction length, q is
the electron charge, fB is the SBH, h is the ideality factor, V is

the voltage bias, and A*2D ¼ q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pkB3m*

p
=h2 is the 2D equivalent

Richardson constant with m* being the electron effective mass
(Table 1).24,49,52–54 It is also noteworthy that TMDs exhibit layer
dependent effective mass, for instance the effective mass of
MoS2 varies from 0.41m0 to 0.57m0 from monolayer to few-
layer.55 At sufficient forward bias, the image charge-induced
barrier lowering accounted for by the ideality factor can be
extrapolated from q/2.3hkBT ¼ slope of the linear tting of
the semilog I vs. V or log[I/(1 � exp(�qV/kBT))] vs. V plots.54

Meanwhile, at sufficient reverse bias (qV [ kBT)

IzWA*2DT
3=2 expð�qfB=kBTÞ; therefore, SBH can be calculated

from current–temperature measurements as fB ¼ (kB/q)(Dln(I/
T3/2)/DT�1) (Fig. 4a–c).24,35 However, the veracity of the as-
extracted SBH should be revised when fB < 3kBT or fB <
0 because such a SBH is not effective for carrier blocking.31,56,57

Beyond thermionic emission, the applied bias conguration,
doping level and temperature can enable direct tunneling (DT;
eld emission) through a wide-trapezoidal barrier at the quasi-
Fermi level and/or thermally assisted Fowler–Nordheim
tunneling (FNT; thermionic eld emission) through a thin-
triangular barrier above the Fermi level but below the top of
the SB.58 To discern whether DT or FNT dominates, the ln(I/V2)
vs. (I/V) plots should be explored as follows

IDT ¼ Aeffq
2V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*fB

p
h2d

exp

 
�4pd ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m*fB

p
h

!
(3)

ln

�
IDT

V 2

�
fln

�
1

V

�
� 4pd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*fB

p
h

(4)

IFNT ¼ Aeffq
3m0V

2

8phfBd
2m*

exp

0
@�8pd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*fB

3
p
3hqV

1
A (5)

ln

�
IFNT

V 2

�
f� 1

V

0
@8pd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*fB

3
p
3hq

1
A; (6)

where d is the SB width.59 Accordingly, the SBH can be evaluated
by inspecting if the FNT (DT) shows a linear (exponential) trend
Table 1 Direct band gap (Eg [eV]), electron effective mass ðm*
e½m0�Þ,

dielectric constant (3 [30]), natural scaling length (l [nm]) for 2 nm thick
HfO2 (3ox¼ 25), subthreshold slope (SS [mV dec�1]), and drain-induced
barrier lowering (DIBL [mV V�1]) of monolayer TMDs.94,95 Reproduced
with permission from ref. 94 © 2013, IEEE; ref. 95 © 2014, Applied
Physics Letters

TMD Eg [eV] m*
e½m0� 3 [30] l [nm]

SS
[mV dec�1]

DIBL
[mV V�1]

MoS2 1.8 0.56 4.8 0.41 �60 �10
MoSe2 1.51 0.62 6.9 0.49 �65 �15
MoTe2 1.10 0.64 8.0 0.54 �70 �20
WS2 1.93 0.33 4.4 0.40 �60 �7
WSe2 1.62 0.35 4.5 0.42 �63 �10

Chem. Sci., 2018, 9, 7727–7745 | 7731
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Fig. 4 SBH derivation of Co-contacted monolayer MoS2 from (a) the I–V curve, (b) the Arrhenius plot, and (c) the slope (S) extracted from the
Arrhenius plot.35 SBH derivation of Ni-contacted 3 nm MoS2 from (d) the transfer characteristics, (e) the Arrhenius plot, and (c) the extracted
effective SBH as a function of the gate voltage.23 SBH derivation of graphene-contacted WSe2 from (g) the I–V curve, (h) the temperature
dependent If–Vf plot, and (i) the slope extracted from the Is vs. 1/F00 plot.64 Reproduced with permission from ref. 35 © 2013, American Chemical
Society; ref. 23 © 2012, American Chemical Society; ref. 64 © 2014, American Chemical Society.
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in the ln(I/V2) vs. (1/V) plot.59,60 In fact, several groups have
combined tunneling transport and FLP at the mid-gap to
elucidate both the truly SBH, that is the at band potential (VFB),
and the ambipolar behavior.22–24,50,58,61–63 The method assumes
thermally activated conduction through the channel as long as
Vgs < VFB, that is why the activation energy is linear with Vgs.35,61

Thereby, the linear slope of semilog Ids vs. 1/T plots elucidates
the equivalent SB ðf*

BÞ at different gate bias, and thus VFB can be
realized by nding at which Vgs the f*

B vs. Vgs deviates from
linearity (Fig. 4d–f). Alternatively, the thermally assisted
tunneling transport can be described as I¼ Isexp(qV/F00), where
Is is the saturation current at zero forward voltage and F00 is the
characteristic energy, both being related as Is f exp(fB/F00).
Accordingly, Is and F00 can be extracted from the linear t of
ln(I) vs. V at different temperatures, and fB can be extracted by
the semi-logarithmic slope of Is vs. 1/F00 (Fig. 4g–i).35,64

2.4. Carrier mobility and carrier scattering effects

To investigate the intrinsic charge transport properties of
TMDs, it is of paramount importance to properly assess the
effective carrier mobility of high quality samples only limited by
phonon scattering events. Precise mobility assessment can be
done by Hall measurements, the Y-function method, and four-
probe or two-probe based transconductance measurements but
7732 | Chem. Sci., 2018, 9, 7727–7745
without RC effects as follows, mFE ¼ (LCg/W)(v(1/(RT � 2RC))/
vVgs), where L and W are the channel length and width,
respectively.51,65–67 Nevertheless, the presence of Coulomb
impurities at the TMD/dielectric interface and defects in low
quality samples as well as the substrate roughness affect noto-
riously the mobility.30 According to Matthiessen's rule, the
overall scattered-limited mobility becomes m(n,T)�1 ¼
mCoulomb(n,T)

�1 + mph(T)
�1 + m�1

sr where mCoulomb, mph and msr are
the Coulomb scattering, phonon scattering, and surface
roughness phonon scattering, respectively.20,25,68 At low
temperatures, the mobility is mostly limited by Coulomb scat-
tering arising from ionized impurity charges xed at the bottom
substrate.69 Moreover, the Coulomb scattering is highly inten-
sied in monolayer TMDs due to the short-interaction distance
between impurities and carriers. Indeed, an increasing number
of layers lead to a higher dielectric constant and charge redis-
tribution far from the interface; as a result, the outer layer
experiences reduced Coulomb scattering leading to mobility
peaking at �10–15 layers.20,25,29,68,70–74 In this regard, experi-
mental results have evidenced Hall mobilities up to 1000
(34 000) cm2 V�1 s�1 for 1L (6L) MoS2 at 5 K.25,26,75 At higher
temperatures, the electron–phonon interaction becomes
dominant, leading to phonon-limited carrier mobility.76,77 The
phonon scattering temperature dependence follows the power
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Mobility edge concept for carrier transport via hopping
(thermal activation) at deep (shallow) localized states or band transport
at extended edge states. (b) Carrier distribution in 1, 5, and 14 layer
channels.29 Inset: illustration of equipotential electric field lines along
the channel.90 Reproduced with permission from ref. 29 and 90 ©
2013, American Chemical Society.
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law mph f T�g with g ranging from 0.55 to 1.7 for MoS2 (ref. 27,
75 and 78) and 0.73 to 1.75 for WS2.79 The upper bond mobility
limit is determined by the large effective mass and out-of-plane
polar phonons (i.e. 410 cm2 V�1 s�1 for 1L MoS2).30,80 Never-
theless, the highest mobilities reported to date at room
temperature are 190 (700) cm2 V�1 s�1 for monolayer (10 nm)
MoS2,23,81 and �250 cm2 V�1 s�1 for monolayer WSe2.82 On the
other hand, atomically at TMDs exhibit negligible surface
scattering, in contrast to the severe surface scattering exhibited
by 5 nm rough ultrathin Si.30

2.5. Carrier transport and the scattering limited mobility-
edge concept

To this extent, the mobility-edge concept, a boundary in the
band tail that discriminates between extended and localized
states, establishes a useful tool to assess the transport mecha-
nism.28 Extended states enable metallic band-like transport
characterized by decreasing mobility with increasing tempera-
ture, whereas deep (local) localized states elucidate insulating
variable range hopping (thermally activated) transport charac-
terized by increasing mobility with increasing temperature
(Fig. 5a). As the gate bias continuously modulates the Fermi
energy from localized states to extended states, a metal-to-
insulator transition (MIT) can be observed at the threshold
carrier concentration.27,83 Below a certain carrier-density limit,
the Fermi level lies on deep localized states caused by short-
range disorder, leading to electrons owing by phonon
limited thermally activated nearest-neighbor hopping (NNH)
conduction at high temperature,84 where kBT1 is the energy
spacing between the nearest neighbors, or by weak temperature
dependent variable-range hopping (VRH) conduction at low
temperature, where T0 is the correlation energy, and d is the
material dimensionality (d ¼ 2 for 2D-TMDs).70–72,85–87 However,
as the Fermi level moves toward the conduction band localized
states are lled and when the Fermi level enters the band-tail
carriers become mobile, enabling band-like conduction.71

Alternatively, thermally activated carriers from shallow local-
ized states to the conduction band enable band-like conduc-
tion, where Ea is the activation energy.27

2.6. Short channel effects and ballistic transport

Typically, the carrier concentration of bulk semiconductors
cannot be fully tuned by gate bias because the electric potential
is not uniform across the thick bulk semiconductor. In contrast,
the dangling-bond free nature and ultrathin structure of 2D-
TMDs lead to highly conned carrier distribution close to the
gate dielectric and highly uniform potential distribution along
the channel, thus allowing homogeneous gating (Fig. 5b).29

Consequently, the drain–source electric eld lines fall mostly on
the surrounding environment, and thus the semiconductor
depletion depth can be replaced by the TMD thickness (tbody)
and the semiconductor dielectric constant can be regarded as
the environment (Fig. 5b).88–90 The electrostatic integrity can be
evaluated by the drain-induced barrier lowering, where low
drain-induced barrier lowering (DIBL) yields robustness against
short channel effects (SCE).18,28,43,88 Indeed, to suppress SCEs
This journal is © The Royal Society of Chemistry 2018
and hence preserve the long channel behavior, the channel
length should be at least 4–5 times longer than the electrostatic
natural scaling screening length, a gure of merit to distinguish
between short and long channel behaviors, where tox and 3ox are
the thickness and dielectric constant of the gate oxide.28,58,73,88,91

Therefore, the rather low screening length enables gate tuning
of the carrier concentration n ¼ Cg(Vg � Vth � Vds)/q, where the
gate capacitance Cg should include the oxide capacitance (Cox),
the TMD quantum capacitance (Cq), and the interface trap
density capacitance, where Dit is the trap density.18,28,32,89,92

Nonetheless, in a double-gated geometry Cg should include
both top and bottom gate capacitances.25,31,42,65,66,73 Further-
more, as the channel length is scaled down to the electronmean
free path, electronic devices are pushed from the diffusion limit
to the scattering-free ballistic limit, at which the quantum
conductance can potentially reach 2e2/h and the quantum
contact resistance can reach 30 U mm at a n2D of 1013 cm�2.22,93

To gain further insight on the SCE and ballistic transport
characteristics of TMDs, Table 1 shows the l, SS and DIBL
calculated from ballistic transport simulations of scattering-free
Chem. Sci., 2018, 9, 7727–7745 | 7733
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15 nm short channels of monolayer TMDs with 2 nm thick HfO2

(3ox ¼ 25).94,95 The extremely low l < 0.5 nm causes a highly
intensied electric eld at TMD/contact junctions, enabling the
possibility to devise tunnel transistors with a high on-current of
�500 mA mm�1 by engineering the TMD bandgap and effective
mass.95 In addition, negative differential resistance (NDR) can
be found along ballistic transport due to the narrow energy
dispersion of the TMD bands and the reduction of available
states in the drain.94,96 Meanwhile, the SS of �60 mV dec�1 and
DIBL of �10 mV V�1 suggest that at the monolayer limit the
dielectric environment still dominates the vertical electric eld
regardless of the TMD dielectric constant.43,94,97 Among the
TMDs, the lower electron effective mass and dielectric constant
of MoS2, WS2 and WSe2 than those of MoSe2 and MoTe2 lead to
the lowest SS and DIBL due to the diminished inuence of the
drain-triggered lateral electric eld.94 Accordingly, the large
bandgap and relatively high effective mass of monolayer MoS2
offer a signicant on–off ratio, 52% lower DIBL and 13% lower
SS than 3 nm Si at 10 nm channel length, and can lead to the
DIBL of 100 mV V�1 of ITRS at 8 nm compared to 10 nm Si;97

nevertheless, the lower mobility than most III–V materials
makes MoS2 more suited for low standby and operating power
than high performance FETs.43 Furthermore, highly scaled p-
WSe2 can meet the on-current ITRS requirements for high-
performance p-FETs.98 However, monolayer TMDs still offer
relatively lower performance than hydrogenated silicene (i.e.
silicane).98 On the other hand, the shortest channels experi-
mentally fabricated so far are 10 nm-MoS2/graphene and 7.5 nm
2H/1T MoS2 trenches, which have revealed a SS of 90–120 mV
dec�1, an off-current of 10 pA mm�1, and an on–off ratio of 106–
107.91,99 Alternatively, ultrashort effective channel lengths
developed by top-gated FETs with 10 nm width air-oxidized Al
stripes lead to a SS of 80 mV dec�1 with a high on-current of 400
mA mm�1,100 whereas 1 nm carbon nanotube metal gates have
led to a SS of 65 mV dec�1 and an on–off ratio of 106.101 Besides
MoS2, dual gated BN-encapsulated and graphene-contacted
WSe2 with 100 nm local gates has enabled Klein tunneling of
Dirac fermions at 20 mK, resembling Fabry–Pérot oscillations
and thus suggesting ballistic transport at the local gate.102
3. Carrier injection and carrier
transport engineering strategies

We next discuss several engineering strategies to overcome the
aforementioned carrier injection and carrier transport limita-
tions toward improving the electronic properties of TMDs. The
strategies can be divided roughly into three engineering cate-
gories: contact, dielectric and material (Fig. 6a). As low RC is
compulsory for efficient carrier transport, we rst focus on the
contact geometry and how metals and interlayers can further
improve RC and different transport aspects. Second, we focus on
how surface defects and adsorbates affect the intrinsic elec-
tronic properties of the conducting channel, and how the
surrounding dielectric passivates scattering centers and tune
the electronic transport. Third, we present distinct doping
techniques, plasma treatments and phase transformation
7734 | Chem. Sci., 2018, 9, 7727–7745
approaches to tailor the electronic properties of TMDs. To grasp
the great throughput of these strategies, Fig. 6b highlights the
most remarkable achievements obtained by specic strategies
that we detail in the next subsections.

3.1. Contact geometry engineering

The metal/TMD contact geometry either face-contact or edge-
contact also plays a key role in the contact properties.22,37 In
the face-contact mode, the direct metal deposition onto TMD
fractures covalent bonds and originates defects, enhancing RC

due to FLP and high SB. However, transferred metals on 2D-
TMDs circumvent the FLP, leading to well-controlled SBs by
the Schottky–Mott rule.40 Alternatively, conductive 2D-metals
with a wide range of work functions (Fig. 1) offer the possi-
bility to eliminate metal-induced gap states and unbroken
covalent bonds by vertically stacking them on 2D-TMDs via vdW
forces, thus reducing FLP and enabling tunable SB for both
electrons and holes (Fig. 7a–c). For example, thermally stable
degenerate Nb0.005W0.995Se2/WSe2 contacts offer an extremely
low RC of 300 U mm, a world record on–off ratio of 109, an
on-current of 320 mA mm�1 and mobilities of 200 and
2000 cm2 V�1 s�2 at 300 K and 5 K respectively.103 Similarly, 2D
metallic NbSe2/WSe2 elucidates ohmic contacts from direct
tunneling through lowered SB (Fig. 1).104 More interestingly,
graphene as a face-contact material can reduce RC dynamically
by pumping charge via band alignment modulation.105 On the
other hand, edge-contact devised by atomically sharp interfaces
strongly reduces the FLP and enables control over the SB.106 To
realize edge-contact, several techniques have been formulated
as follows (Fig. 7d–f). (i) BN-sandwiched TMDs provide 1D
atomic edge ohmic contacts with superior mobility and
stability.26,50 (ii) Aromatic molecule-assisted in-plane
atomic stitching enables large-scale graphene/MoS2 with a RC

of 300 U mm.107 (iii) Epitaxial growth of lateral graphene/MoS2,
graphene/WSe2 and graphene/WS2 heterostructures results in
RC as low as 11 kU mm, 50 kU mm and 30 kU mm, respec-
tively.108–110 (iv) Degenerate edge contacts by alloying (i.e.
WxNb1�xSe2/WSe2) or chemical doping (i.e. NO2-doped p+ WSe2,
K-doped n+ WSe2, and P-doped p+-MoS2) lead to low interface-
trap density ohmic contacts.82,111–113 (v) 2D-TMD lateral hetero-
junctions.114,115 (vi) Phase transformation yields low SB due to
the close band alignment between the metallic-phase work
function and the semiconducting-phase conduction band,
enabling RC as low as 200 U mm.116 (vii) Semiconducting to
metallic/semimetallic transitions from monolayer to multilayer
in noble-TMDs such as PtSe2 and PdS2 owing to the strong
interlayer bonding allow the fabrication of single-material
nanoelectronic devices with low leakage current and extremely
low contact resistance down to 70 U mm.117–119

3.2. Metal contact engineering

The dangling bond-free nature and ultra-thin structure of 2D
TMDs do not lead to the formation of any chemical bond with
metals; however, the native defects of TMDs induce Fermi level
shis of 1 eV over nanometer scale areas regardless of the metal
contact work function (Fig. 1), providing low SBs that in turn
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Contact, dielectric and material engineering strategies to
tune the carrier injection and carrier transport of 2D-TMDs. (b) The
most remarkable improved contact resistance and FET characteristics
of TMDs to date by engineering strategies; empty and filled symbols
indicate before and after applying the strategy, respectively. Contact
engineering: Nb–WSe2 2Dmetal contact,103 graphene-edge and -face
contacts,108,124 1T-phase contacts,116 and BN interlayer inclusion.50

Dielectric engineering: stacked high-k Y2O3/HfO2 dielectrics,32 DEME-
TFSI ionic liquid,64 and electrostatic doping based on dual gate
atomically thin BN (empty symbol: hole, filled symbol: electron).212

This journal is © The Royal Society of Chemistry 2018
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reduce RC and boost the on-current via band-tunneling while
preserving the SS value.120,121 Moreover, metal-induced doping
via narrow bandgap or metallic surface state formation can also
shi the Fermi level, and thus alleviate the interfacial barrier.41

For example, Al (Ag) onto monolayer WSe2 greatly (slightly)
shis the Fermi level toward the conduction band, indicating
weak (strong) electron doping characteristics due to the low
(high) density of states of Al (Ag) near the WSe2 Fermi level.122

Therefore, the prospective choice of metals with the optimal
work function can engineer ohmic contacts with negligible RC.
For instance, In and Ag metals having a work function close to
the electron affinity of WSe2 form low resistant n-type ohmic
contacts with ambipolar WSe2, leading to an on-current of 210
mA mm�1.122 Similarly, Sc or Ti (Pt) metals with a low (high) work
function of 3.5 or 4.3 eV (5.9 eV) contacting multilayer MoS2 can
form ohmic (Schottky) contacts; as a consequence, the Sc-ohmic
contact affords highly effective mobilities of 700 cm2 V�1 s�1

(Fig. 7g).23 More interestingly, Pd-contacted few-layer MoS2
results in p-type doping, leading to the photovoltaic effect by
contacting the other side with Au.123 Nevertheless, transferred
Ag (Pt) electrodes on MoS2 that avoid the FLP effect lead to 20
(67) meV electron (hole) SBs, enabling 260 (175) cm2 V�1 s�1

electron (hole) mobilities and 0.66 (0.21) mA mm�1 on-current.40

However, the Fermi level of bulk metals is xed due to the vast
sea of electron concentrations, and thus it is not tunable by
electrostatic gating. Conversely, graphene offers not only a gate-
tunable Fermi level but also an interfacial layer to avoid metal-
induced damage, leading to an extremely low RC of 200 U mm
(Fig. 7i).64,124 Furthermore, vacuum annealing engineering is
a proven tool to improve RC.125 For example, varying from ultra-
high vacuum (10�9 Torr) to high vacuum (10�6 Torr) during Au,
Cr, Ir, Sc metal deposition strongly inuences RC due to the
chemical nature of the interface (i.e., covalent bonds, vdW gaps,
or permalloys).126,127
3.3. Metal/TMD interface engineering

Interface engineering is a promising strategy to modulate the
metal/TMD SB. As striking consequences, the RC can be highly
reduced via FLP annihilation, and the channel can be populated
with both electrons and holes toward ambipolar conduction. In
fact, DFT calculations predict that 0.6 nm vdW-gaps can
precisely tune the metal work function-dependent SB.38

Furthermore, electrons tunneling through dangling bond-free
ultrathin boron nitride (BN) interlayers can annihilate the FLP
and enable SB tunability while preserving the intrinsic MoS2
band structure, thus leading to reversible gate tunable ambi-
polar p–n junctions (Fig. 7h).39,50,128 Alternatively, metal oxides
provide a fruitful path to unpin the Fermi level. For example,
high work function metal Pd/MoOx/MoS2 contacts or the Co
catalytic oxidation of multilayer MoS2 into MoOx nanoparticles
can enable ambipolar transport owing to efficient hole injection
Material engineering: Ta-doped p-WSe2 via substitutional doping,170

1,2-dichloroethane (DCE) based chemical doping,185 surface charge-
transfer via amorphous-titanium suboxide (a-TiOx) capping layer,184

molecular NO2 gas doping,82 and oxygen plasma treatment.191

Chem. Sci., 2018, 9, 7727–7745 | 7735
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Fig. 7 Contact geometry strategies to improve 2D-TMD contacts. Face contacts: (a) graphene, (b) alloy, and (c) 2D metal. Edge contacts: (d)
graphene, (e) alloying and doping, and (f) 2H to 1T phase transformation. Illustration of 2D-TMD/metal contact strategies to tune the SB and
depletion width. (g) High versus lowmetal work function, (h) ultra-thin interfacial layers such as boron nitride (BN), and (i) gate-tunable graphene
Fermi level.
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into MoS2; consequently asymmetric Ni/MoS2/MoOx/Pd diodes
show a rectication ratio of 105 and an ideality factor of 1.4.129,130

Furthermore, the insertion of TiO2 or MgO thin lms between
a ferromagnetic Co electrode and MoS2 signicantly lowers the
SB toward efficient spin tunnel contacts, leading to a 100-fold
on–off ratio and 7-fold mobility enhancements.35,63 Similarly,
2 nm ultrathin TiO2 or Al2O3 interlayers can unpin Ti, Ni, Au
and Pd metals from MoS2, and thus reduce the SB by shiing
the Fermi level toward the conduction band; consequently, LT
substantial reduces to 280 nm, inducing 5–24 fold RC reduction
as well as 10-fold mobility and 5-fold on-current enhance-
ments.131,132 A more subtle technique to reversibly modulate the
contact resistance by 4 orders of magnitude is by exerting
vertical compression via the tip force of a conductive atomic
force microscope owing to the enhanced quantum tunneling.133

For instance, depending on the compressive load applied on
a MoS2/graphene system a small band gap up to 12 meV can be
induced within the band structure, thus signicantly reducing
the SBH and increasing the electron density which improve the
current injection.134
3.4. TMD surface engineering

The high surface-to-volume ratio and ultra-thin structure of
TMDs make their intrinsic physical and chemical properties
highly sensitive to perturbations in the lattice structure, similar
to low-dimensionality oxide nanostructures.135–137 Particularly,
the TMD work function governs the band bending at the metal/
TMD interface and hence the charge transport. The MoS2 work
7736 | Chem. Sci., 2018, 9, 7727–7745
function highly varies with distinct atmospheric conditions
(4.36 eV for ambient, 4.04 eV for UHV and 4.47 eV for O2),
indicating that adsorbents are strong enough to modulate the
electronic energy levels in MoS2; consequently, the charge
transport under ambient, low vacuum, and high vacuum
conditions is dominated by thermionic, thermionic-tunneling,
and tunneling transport, respectively.138 In fact, physisorption
and chemisorption of both water and oxygen have been re-
ported to deplete electrons in n-type TMDs, thus inducing p-
doping and weakening the electrostatic screening; conversely,
holes are accumulated in p-type TMDs, leading to stronger p-
type behavior.139,140 Consequently, the on-current of MoS2
degrades by two orders of magnitude, suggesting that the
adsorption of gas molecules at surface defects is an efficient
molecular gating strategy with superior control over the charge
density than electrostatic gating. Nonetheless, the device
performance can be recovered by desorbing adsorbates via
vacuum annealing.79,140 However, there is some discrepancy
regarding the oxygen adsorption on MoS2. For instance, Qi et al.
pointed out that aer diminishing the effect of physically
adsorbed oxygen molecules almost to zero by using a UHV
system with a well-controlled oxygen partial pressure, solely the
effect of oxygen chemisorption on surface defects of few layer
MoS2 results in n-doping without mobility degradation owing to
the dissociative adsorption of oxygen, which lowers the
conduction band edge locally.141 Furthermore, Komsa et al.
deliberately created sulfur vacancies on monolayer MoS2 by
electron-beam irradiation and studied whether they could be
lled by oxygen and other species to induce doping; as
This journal is © The Royal Society of Chemistry 2018
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a consequence they showed that substitutional oxygen at sulfur
vacancies does not produce any localized state in the gap
region, whereas N, P, As and Sb behave as acceptors and F, Cl,
Br, and I behave as donors.142 Alternatively, Mahdi et al. showed
that the combination of angle-dependent and ion-type beam-
irradiation and post-exposure to precursors gases could be
used to induce doping as well, and thus tune the electronic
properties towards for example negative differential
resistance.143
3.5. Solid state dielectric engineering

Typically, gate dielectrics are responsible for slow and fast
charged traps that lead to severe reliability issues such as
hysteresis and temperature instabilities, respectively. In this
regard, pristine-BN substrates mitigate hysteresis via slow trap
suppression but deteriorate the temperature dependence due to
thermally activated traps.144 Moreover, localized states owing to
defective gate dielectrics have been regarded as the origin of the
ambipolar conductivity of MoS2 (Fig. 8a).145 Interestingly,
multilayer MoS2 on PMMA (SiO2) exhibits ambipolar (unipolar)
transport with high (low) mobilities, suggesting that long
(short) range disorder dominates PMMA (SiO2) dielectrics.146 On
the other hand, high-k gate dielectrics such as HfO2, ZrO2, and
Al2O3 allow not only broad carrier density modulation (�1010–
1013 cm�2) to enable band-transport, but also high carrier
mobility enhancement due to the suppression of Coulomb
scattering and optical phonon modes (Fig. 8b); for instance
10 nm Al2O3 (30 nm HfO2) top gated 23L (1L) n-MoS2 achieves
a remarkable mobility of 517 (217) cm2 V�1 s�1 with an on–off
Fig. 8 Dielectric engineering: (a) schematic of the MoS2 band diagram
states, showing the n- or p-type conduction modulation,145 and (b) the
rounded by different dielectrics and considering different scattering mec
ionic gate effect, and (d) ionic gate transfer characteristics of WSe2 ind
trostatic doping: (e) device schematic of the left and right gate (LG, and
characteristics of WSe2 highlighting the PP, NN, NP, and PN behaviors.1

ostructure, and (h) the gate tunable rectifying characteristics.170 Reprodu
ref. 69 © 2014, American Physical Society; ref. 157 © 2012, American Che
2017, American Institute of Physics.

This journal is © The Royal Society of Chemistry 2018
ratio of 108.10,25,29,69,147,148 However, the high dissociative activa-
tion energy between HfO2 andMoS2 leads to substantial leakage
current; as a solution, buffer layers such as Mg, Al2O3, Y2O3

improve the conformability between HfO2 and MoS2. Accord-
ingly, Y2O3/HfO2 stacks exhibit high-quality interfaces with
a low Dit of �2 � 1012 cm�2 eV�1, thus yielding a SS of 65 mV
dec�1 and a saturation on-current of 526 mA mm�1.32 An alter-
native to high-k dielectrics is atomically at BN with a relative
permittivity of 3.5 (close to 3.9 of SiO2) enabling room temper-
ature mobilities of 140, 214, 151 cm2 V�1 s�1 with on–off ratios
of 106 to 107 in 3L p-WSe2, 1L n-WS2, and 1L n-MoS2,
respectively.149–151
3.6. Ionic liquid and polymer electrolyte engineering

Ionic liquids (ILs) and polymer electrolytes (PE) are cationic–
anionic binary organic salts and polymers that under positive
(negative) gate bias can accumulate negative (positive) and
positive (negative) charge on the gate or TMD channel, respec-
tively (Fig. 8c).152–154 Consequently, ultrathin (�1 nm) spatial
charge doublets form at the interface, leading to electric double
layers (EDLs) that mimic nanogap capacitors with extremely
high capacitance (�100 mF cm�2).152,155 The strong gate-channel
coupling in combination with solid state back gates allows ne
Fermi level tuning across the whole bandgap, and thus makes it
possible to access quasi-continuously a large range of carrier
densities up to 1014 cm�2.152,153,155,156 Such ne carrier density
tuning capability enables the investigation of novel intriguing
properties and phenomena, as we next enumerate. (i) Charge
transfer between the electrolyte and TMD takes place until the
on defective SiO2 with either donor (green line) or acceptor (red line)
net electron mobility at room temperature of monolayer MoS2 sur-

hanisms.69 Ionic gating: (c) schematic of the EMIM-TFSI ionic liquid and
icating the bandgap estimation from the ambipolar transport.157 Elec-
RG) configuration, and (f) color maps of the left and right gate transfer
64 Substitutional doping: (g) schematic of a p-WSe2:Ta/n-MoS2 heter-
ced with permission from ref. 145 © 2013, American Physical Society;
mical Society; ref. 164 © 2014, American Chemical Society; ref. 170 ©
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electrolyte redox potential aligns with the TMD Fermi level;
consequently, the band bending induced by the space charge
reduces the contact barrier and facilitates tunneling carrier
injection, boosting the mobility and reducing the subthreshold
slope down to 62 mV dec�1.152,155,157,158 (ii) Ambipolar transport
has enabled the possibility to nd holes with higher mobility
than electrons inMoS2 as well as to quantitatively determine the
band gap based on the electron–hole threshold voltage differ-
ence (Fig. 8d).157,159,160 (iii) Ambipolar transistors operating
beyond the electron saturation regime, where electrons and
holes are injected from opposite contacts, have been used to
devise stable pn junctions at temperatures below the glass
transition temperature that emit either unpolarized or Zeeman-
type circularly polarized light.159–162 (iv) Gate-induced MIT
transitions followed by superconductivity with enhanced tran-
sition temperature.155,156
3.7. Doping engineering

Doping is the most universal technique to control the carrier
type and carrier concentration in the semiconductor industry
and thus enable versatile electronic devices. Nevertheless, the
conventional techniques used to dope bulk semiconductors (i.e.
Si or GaAs) such as dopant diffusion or ion-implantation are not
suitable for novel 2D materials such as layered TMDs due to the
induced damage. Consequently, alternative doping strategies
are required. Therefore, we next review the most successful
engineering strategies to precisely control the doping level.

3.7.1. Electrostatic doping. Electrostatic doping, charac-
terized by external perpendicular electric eld-induced charge
transfer, can tune the electrical transport without introducing
disorder and causing defects. Moreover, the charge transfer is
reversible and offers long-term stability. In this regard, the 2D
nature and weak dielectric screening characteristics of TMDs
enable improved electrostatic control than those of 3D mate-
rials to nely tune the Fermi level across the electronic
bandgap.58 Therefore, symmetric dual local gate structures shed
light to tailor the depletion width at the source and drain
contacts independently, and thus recongure TMDs from
metallic isotype (p–p, n–n) to rectifying anisotype (p–n and n–p)
behaviors toward multifunctional devices (Fig. 8e and f).163–167

Additionally, owing to the thickness dependence of TMDs, the
gate bias effect on LT must be carefully addressed to avoid
detrimental impact on RC prospects.46,47,132

3.7.2. Substitutional doping. Substitutional doping, char-
acterized by replacement of host atoms by dopant atoms, is one
of the most common strategies. In this regard, controlled so
phosphor plasma can induce a broad range of p-type doping in
MoS2 with minimum surface damage, and thus form high
quality pn junctions with unexposed n-MoS2.113 Alternatively,
adjusting the molar ratio of source materials or intercalating
metal/dopant/metal stacks during chemical vapor growth could
yield specic doping ratios of the desired crystals.168,169 On this
point, Nb with a similar ionic radius and oxidation state to Mo,
only one valence electron less than Mo, is a perfect acceptor
candidate for either MoS2 or MoSe2; therefore, Nb–MoS2 has
enabled different degrees of p-type doping from degenerate for
7738 | Chem. Sci., 2018, 9, 7727–7745
ohmic contacts to non-degenerate for pn junctions and ambi-
polar FETs.168,169 Similarly, Ta matches the ionic radius and
oxidation state of W, leading to excellent p-type behavior;
thereby, p-Ta0.01W0.99Se2/n-MoS2 yields an impressive rectica-
tion ratio of 105 with an ideality factor of 1 (Fig. 8g and h).170

3.7.3. Chemical doping. Molecular absorption-induced
chemical doping is a high-throughput tool that can modulate
the carrier concentration and shi the Fermi level of the host
material via surface charge-transfer while preserving the elec-
tronic properties without inducing defects. Considering that
the electronegativity (c) measures the electron attraction
tendency of a medium, the surface charge-transfer process
between two media can be understood by the electronegativity
differences, which determine the net charge ow direction and
thus which medium becomes the electron donor or acceptor.
Therefore, the higher electronegativity medium withdraws
electrons from the other, and the larger the electronegativity
difference, the larger the amount of transferred electrons. The
dopant molecule electronegativity is dened as cmol ¼ 1/2(IP +
EA), where IP is the rst ionization potential (the energy to
withdraw an electron and form a cation, which is equal to the
negative of the highest occupied molecular orbital (HOMO)),
and EA is the electron affinity (the energy needed to withdraw an
electron from an anion, which is equal to the negative of the
lowest unoccupied molecular orbital (LUMO)).171 On the other
hand, the TMD electronegativity cTMD ¼ EVBM + Ee � 0.5Eg,
where EVBM is the valence band maximum (VBM) potential
against the normal hydrogen electrode (NHE), Ee (�4.5 eV) is
the free electron energy on the hydrogen scale (i.e. the standard
electrode potential on the NHE scale), and Eg is the bandgap. In
this regard, Fig. 1 shows the band alignment of monolayer
TMDs and the water reduction (H+/H2) and oxidation (H2O/O2)
potential with respect to the vacuum level.172 It is noteworthy
that the concomitant formation of large surface dipoles
between charged dopant ions and oppositely charged TMDs
alters the vacuum level across the interface, contributing addi-
tionally to the work function modulation (Fig. 9a).173

Therefore, dopant molecules with a higher (lower)
electronegativity/reduction potential than the at band poten-
tial of n-type TMDs work as electron donors (acceptors) by
donating (withdrawing) electrons to (from) the n-type TMD,
which increases (decreases) the TMD electron carrier concen-
tration; conversely, molecules with higher (lower) electronega-
tivity than p-type TMDs withdraw (donate) electrons from (to)
the p-type TMD, which depletes (accumulates) holes and thus
decreases (increases) its hole carrier concentration. Fig. 9b
summarizes several reductant (oxidant) agents enabling n-type
(p-type) doping in TMDs.20,139,174–183 For example, amorphous-
TiO2�x (chloride) doping signicantly reduces the RC and LT of
MoS2 down to 180 (500) U mm and 15 (60) nm, respectively,
which is one of the lowest RC values reported to date, as
a consequence of the substantial SB thinning induced by the
heavy doping nearby the contact region.67,184,185 Meanwhile, NO2

chemisorption leads to degenerate p+-WSe2, thus enabling hole
tunneling injection into p-WSe2 through a narrower SB which
enables ohmic contacts for the inspection of a high hole
mobility of 250 cm2 V�1 s�1, a SS of 60 mV dec�1 and an
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) Schematic of the doping effect on the work function change
(Df/) by emptying/filling states (DfSF) and creating surface dipoles
(Df/SD).173 (b) Electronic properties of MoS2, and WSe2 before (filled
symbols) and after (empty symbols) chemical doping by different

This journal is © The Royal Society of Chemistry 2018

Minireview Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
10

:1
8:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
enhanced on–off ratio.82 Benzyl viologen can degenerate MoS2
in the proximity of the metal contacts, leading to 3-fold RC

reduction and a SS of 77 mV dec�1.186 Furthermore, Au nano-
particle (NPs) decoration via AuCl3 reduction on either n-MoS2
or p-WSe2 have shown p-type doping owing to the electron
transfer from TMDs to high work function Au.78,158,187,188 Indeed,
increasing the AuCl3 dopant concentration from 5 M to 20 M
yields degenerate p-type doping in MoS2, which has been used
to devise CMOS inverters or nearly ideal rectifying pn
diodes.78,188
3.8. Plasma engineering

Plasma treatment is a versatile tool to control the electronic
properties of TMDs. For example, O2 plasma exposure oxidizes
MoS2 by knocking off sulfur atoms and creating defects, thus
leading to MoO3. The higher work function of MoO3 (6.9 eV)
than MoS2 (4.9 eV) creates a band offset between them; conse-
quently, the interface between the exposed channel and the
unexposed contacts forms a SB that acts as a tunneling barrier
for electron injection.189,190 Similarly, the O2 plasma oxidizes p-
WSe2 into high work function WO3 (6.7 eV), which improves the
hole injection via SBH lowering, and thus reduces RC and
enhances mobility (Fig. 10a–c).191 On the same line, selective
contact area O2 or Ar plasma exposure broadens the SBH
distribution from 0.2–0.3 to 0.2–0.8 eV of MoS2, thus degrading
the electron mobility but enabling hole injection toward
ambipolar transport.192 Conversely, so O2, Ar, UV/ozone
plasma treatments can repair structural defects, remove
contaminants and passivate photo-excited traps, respectively,
leading to enhanced mobility.193–195 Alternatively, the H2 plasma
promotes the formation of sulfur vacancies, which act as
a double-edged sword because they reduce contact resistance
but at the same time increase the number of scattering centers
that eventually reduce the mobility.196 Additionally, contact-
defect engineering by H2 plasma treatment leads to air-stable
degenerate n-WSe2 with 2 orders of magnitude lower RC

compared to the pristine sample; consequently the on-current
increases 20-fold and the SS reduces down to 66 mV dec�1.197
3.9. Phase transformation engineering

Beyond the conventional 2H-semiconducting phase of TMD
materials, there exist several polymorphic phases with
intriguing states of matter such as 2D topological insulators,
superconductors and Weyl semimetals.198–200 Among them, the
metallic phase characterized by V-shaped Dirac-Fermion like
carriers, carrier concentrations higher than 1013 cm�2, weak
gate modulation and environmental stability can resolve the
Schottky-limited transport in 2D-TMDs.201 For instance, seven
monolayer 1T-metallic phase TMD/metal structures have been
dopants: dichloroethane (DCE),67 polyethyleneimine (PEI),181 benzyl
viologen (BV),186 amorphous-TiO2�x (ATOx),184 polyvinyl alcohol
(PVA),213 (3-mercaptopropyl)trimethoxysilane (MPS),25 amino-
propyltriethoxysilane (APTES),214 gold chloride (AuCl3),78,158 (NO2),82

potassium (K),215 and octadecyltrichlorosilane (OTS).214 Reproduced
with permission from ref. 173 © 2017, American Chemical Society.
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Fig. 10 Oxygen plasma exposure ofWSe2: (a) schematic showing the formation of WO3 after O2 plasma exposure, (b) improved hole injection via
SB reduction due to the formation of high work function WO3, and (c) transfer characteristics before and after oxygen plasma treatment.191 (d)
Schematic of devices based on the 2H to 1T phase transformation of MoS2 by argon plasma and the corresponding transfer characteristics.201

Reproduced with permission from ref. 191 © 2017, Elsevier; ref. 201 © 2017, American Chemical Society.
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theoretically identied by Ouyang et al. as zero Schottky barrier
contacts owing to efficient interface charge transfer based on
the amount of interface orbital overlapping and lattice mist.202

Indeed, selective area semiconducting-to-metallic phase trans-
formation exhibits defect-free atomically sharp interfaces and
matched band alignment between the work function and the
conduction band energy, leading to seamlessly ohmic side
contacts with RC as low as 200–300 U mm as well as improved
device characteristics (Fig. 10d).52,91,116,201,203,204 In addition, the
metallic-1T phases of MoS2, MoTe2 and WSe2 are stable up to
100, 300 and 180 �C respectively, although further thermal
annealing or laser irradiation can reverse the transition back to
the 2H-semiconducting phase.203,205,206 Furthermore, experi-
mental and theoretical calculations of sub-10 nm 1T/2H/1T
MoS2 structures exhibit an off-current of 10 pA mm�1, an on–
off ratio of 104–107, and a SS of 69–120mV dec�1, which are only
limited by intraband tunneling at 3.3 nm.91,207
4. Conclusion, outlook and
perspectives

This review summarizes the impact of the compelling proper-
ties of 2D-TMDs including chemical inertness, atomically thin
nature, low DOS and large bandgaps on the carrier injection
and transport towards high performance electronic devices.
Although, the weak screening in 2D-TMDs enables ne carrier
7740 | Chem. Sci., 2018, 9, 7727–7745
density modulation up to 1014 cm�2, allowing metal-to-
insulator transitions with optimized superconducting temper-
ature, we emphasis that utmost care should be taken rst on
addressing the RC, SB and FLP in order to achieve carrier
injection with ohmic-contacts, and second on suppressing
carrier traps and phonon scattering centers in order to achieve
high mobility carrier transport towards ballistic transport in
highly scaled devices.

To this extent, we survey several contact, dielectric and
material engineering strategies involving surface and interface
chemistry to optimize the charge injection and transport. The
most successful strategies optimizing charge injection include
graphene and BN 2D-interlayers, coplanar 2H-semiconducting/
1T-metallic phase transitions, 1L-semiconducting/2L-metallic
transitions in PtSe2, and amorphous TiOx capping layers;
consequently, RC can be reduced down to 300–70U mm, which is
in close proximity to the 100 U mm speculated by the ITRS
roadmap. Furthermore, metal-transferred electrodes and
alloyed 2D-metals not only provide low RC ohmic contacts but
also affordmobilities of 200–260 cm2 V�1 s�1 and on-currents of
320–660 mA mm�1. On the other hand, the current transport can
be readily tailored from degenerate doping to ambipolar
transport by charge transfer via thiol-based self-assembled
monolayers, AuCl3 or potassium chemical doping, NO2 gas
exposure, and phosphor plasma among others. Furthermore,
few-layer BN and Y2O3/HfO2 stacked gate dielectrics can
suppress phonon scattering and boost the mobility over 200
This journal is © The Royal Society of Chemistry 2018
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cm2 V�1 s�1 at RT, whereas, ionic electrolytes induce lowered SB
via strong surface band bending, hence enabling tunneling
currents that provide subthreshold swing slopes down to 60 mV
dec�1. Therefore, the remaining challenge for the next-
generation of high performance electronic devices based on
the unique properties of 2D-TMDs is to integrate the afore-
mentioned strategies into large-scale and high-quality samples
grown by either chemical-vapor-deposition techniques208,209 or
alternatively by solution processing methods,210,211 which is
certainly coming soon, but is not yet fully established.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was nancially supported by the King Abdullah
University of Science and Technology (KAUST) Office of Spon-
sored Research (OSR-2016-CRG5-3005), KAUST Sensor Initia-
tive, KAUST Solar Center, and KAUST baseline funding.
References

1 A. M. Ionescu and H. Riel, Nature, 2011, 479, 329–337.
2 Y. Khatami and K. Banerjee, IEEE Trans. Electron Devices,
2009, 56, 2752–2761.

3 Z. Qin, Z. Wei and A. Seabaugh, IEEE Electron Device Lett.,
2006, 27, 297–300.

4 H. Lu and A. Seabaugh, IEEE J. Electron Devices Soc., 2014, 2,
44–49.

5 M. Si, C.-J. Su, C. Jiang, N. J. Conrad, H. Zhou, K. D. Maize,
G. Qiu, C.-T. Wu, A. Shakouri, M. A. Alam and P. D. Ye, Nat.
Nanotechnol., 2018, 13, 24–28.

6 F. A. McGuire, Z. Cheng, K. Price and A. D. Franklin, Appl.
Phys. Lett., 2016, 109, 093101.

7 K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys. Rev.
Lett., 2010, 105, 136805.

8 K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth,
V. V. Khotkevich, S. V. Morozov and A. K. Geim, Proc.
Natl. Acad. Sci. U. S. A., 2005, 102, 10451–10453.

9 D. Lembke, S. Bertolazzi and A. Kis, Acc. Chem. Res., 2015,
48, 100–110.

10 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Nat. Nanotechnol., 2011, 6, 147–150.

11 A. K. Geim and I. V. Grigorieva, Nature, 2013, 499, 419–425.
12 M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh and

H. Zhang, Nat. Chem., 2013, 5, 263.
13 A. H. Castro Neto, Phys. Rev. Lett., 2001, 86, 4382–4385.
14 H. Li, J. Wu, Z. Yin and H. Zhang, Acc. Chem. Res., 2014, 47,

1067–1075.
15 S. Mao, J. Chang, H. Pu, G. Lu, Q. He, H. Zhang and J. Chen,

Chem. Soc. Rev., 2017, 46, 6872–6904.
16 R. Lv, J. A. Robinson, R. E. Schaak, D. Sun, Y. Sun,

T. E. Mallouk and M. Terrones, Acc. Chem. Res., 2015, 48,
56–64.
This journal is © The Royal Society of Chemistry 2018
17 D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks and
M. C. Hersam, ACS Nano, 2014, 8, 1102–1120.

18 H. Ilatikhameneh, Y. Tan, B. Novakovic, G. Klimeck,
R. Rahman and J. Appenzeller, IEEE Journal on Exploratory
Solid-State Computational Devices and Circuits, 2015, 1, 12–
18.

19 D. Sarkar, X. Xie, W. Liu, W. Cao, J. Kang, Y. Gong,
S. Kraemer, P. M. Ajayan and K. Banerjee, Nature, 2015,
526, 91–95.

20 H. Schmidt, F. Giustiniano and G. Eda, Chem. Soc. Rev.,
2015, 44, 7715–7736.

21 Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and
M. S. Strano, Nat. Nanotechnol., 2012, 7, 699.

22 A. Allain, J. Kang, K. Banerjee and A. Kis, Nat. Mater., 2015,
14, 1195–1205.

23 S. Das, H. Y. Chen, A. V. Penumatcha and J. Appenzeller,
Nano Lett., 2013, 13, 100–105.

24 C. Kim, I. Moon, D. Lee, M. S. Choi, F. Ahmed, S. Nam,
Y. Cho, H. J. Shin, S. Park and W. J. Yoo, ACS Nano, 2017,
11, 1588–1596.

25 Z. Yu, Y. Pan, Y. Shen, Z. Wang, Z. Y. Ong, T. Xu, R. Xin,
L. Pan, B. Wang, L. Sun, J. Wang, G. Zhang, Y. W. Zhang,
Y. Shi and X. Wang, Nat. Commun., 2014, 5, 5290.

26 X. Cui, G. H. Lee, Y. D. Kim, G. Arefe, P. Y. Huang, C. H. Lee,
D. A. Chenet, X. Zhang, L. Wang, F. Ye, F. Pizzocchero,
B. S. Jessen, K. Watanabe, T. Taniguchi, D. A. Muller,
T. Low, P. Kim and J. Hone, Nat. Nanotechnol., 2015, 10,
534–540.

27 B. Radisavljevic and A. Kis, Nat. Mater., 2013, 12, 815–820.
28 W. Zhu, T. Low, Y. H. Lee, H. Wang, D. B. Farmer, J. Kong,

F. Xia and P. Avouris, Nat. Commun., 2014, 5, 3087.
29 S.-L. Li, K. Wakabayashi, Y. Xu, S. Nakaharai, K. Komatsu,

W.-W. Li, Y.-F. Lin, A. Aparecido-Ferreira and
K. Tsukagoshi, Nano Lett., 2013, 13, 3546–3552.

30 Z. Yu, Z. Y. Ong, Y. Pan, Y. Cui, R. Xin, Y. Shi, B. Wang,
Y. Wu, T. Chen, Y. W. Zhang, G. Zhang and X. Wang, Adv.
Mater., 2016, 28, 547–552.

31 S.-L. Li, K. Tsukagoshi, E. Orgiu and P. Samori, Chem. Soc.
Rev., 2016, 45, 118–151.

32 X. Zou, J. Wang, C. H. Chiu, Y. Wu, X. Xiao, C. Jiang,
W. W. Wu, L. Mai, T. Chen, J. Li, J. C. Ho and L. Liao,
Adv. Mater., 2014, 26, 6255–6261.

33 Y. Liu, P. Stradins and S.-H. Wei, Sci. Adv., 2016, 2(4),
e1600069.

34 Y. Guo, D. Liu and J. Robertson, Appl. Phys. Lett., 2015, 106,
173106.

35 J. R. Chen, P. M. Odenthal, A. G. Swartz, G. C. Floyd,
H. Wen, K. Y. Luo and R. K. Kawakami, Nano Lett., 2013,
13, 3106–3110.

36 P. Dharmaraj, P. J. Jesuraj and K. Jeganathan, Appl. Phys.
Lett., 2016, 108, 051605.

37 J. Kang, W. Liu, D. Sarkar, D. Jena and K. Banerjee, Phys.
Rev. X, 2014, 4, 031005.

38 C. Gong, L. Colombo, R. M. Wallace and K. Cho, Nano Lett.,
2014, 14, 1714–1720.

39 M. Farmanbar and G. Brocks, Phys. Rev. B: Condens. Matter
Mater. Phys., 2015, 91, 161304(R).
Chem. Sci., 2018, 9, 7727–7745 | 7741

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc02609b


Chemical Science Minireview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
10

:1
8:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
40 Y. Liu, J. Guo, E. Zhu, L. Liao, S.-J. Lee, M. Ding, I. Shakir,
V. Gambin, Y. Huang and X. Duan, Nature, 2018, 557,
696–700.

41 S.-L. Li, K. Komatsu, S. Nakaharai, Y.-F. Lin, M. Yamamoto,
X. Duan and K. Tsukagoshi, ACS Nano, 2014, 8, 12836–
12842.

42 C. J. L. de la Rosa, G. Arutchelvan, I. Radu, D. Lin,
C. Huyghebaert, M. Heyns and S. De Gendt, ECS J. Solid
State Sci. Technol., 2016, 5, Q3072–Q3081.

43 Y. Yoon, K. Ganapathi and S. Salahuddin, Nano Lett., 2011,
11, 3768–3773.

44 T. Roy, M. Tosun, J. S. Kang, A. B. Sachid, S. B. Desai,
M. Hettick, C. C. Hu and A. Javey, ACS Nano, 2014, 8,
6259–6264.

45 K. Nagashio, T. Nishimura, K. Kita and A. Toriumi, Appl.
Phys. Lett., 2010, 97, 143514.

46 Y. Guo, Y. Han, J. Li, A. Xiang, X. Wei, S. Gao and Q. Chen,
ACS Nano, 2014, 8, 7771–7779.

47 H. Liu, M. Si, Y. Deng, A. T. Neal, Y. Du, S. Najmaei,
P. M. Ajayan, J. Lou and P. D. Ye, ACS Nano, 2014, 8,
1031–1038.

48 H. Yuan, G. Cheng, S. Yu, A. R. H. Walker, C. A. Richter,
M. Pan and Q. Li, Appl. Phys. Lett., 2016, 108, 103505.

49 D. Somvanshi, S. Kallatt, C. Venkatesh, S. Nair, G. Gupta,
J. K. Anthony, D. Karmakar and K. Majumdar, Phys. Rev.
B, 2017, 96, 205423.

50 X. Cui, E.-M. Shih, L. A. Jauregui, S. H. Chae, Y. D. Kim,
B. Li, D. Seo, K. Pistunova, J. Yin, J.-H. Park, H.-J. Choi,
Y. H. Lee, K. Watanabe, T. Taniguchi, P. Kim, C. R. Dean
and J. C. Hone, Nano Lett., 2017, 17, 4781–4786.

51 H.-Y. Chang, W. Zhu and D. Akinwande, Appl. Phys. Lett.,
2014, 104, 113504.

52 Y. Katagiri, T. Nakamura, A. Ishii, C. Ohata, M. Hasegawa,
S. Katsumoto, T. Cusati, A. Fortunelli, G. Iannaccone,
G. Fiori, S. Roche and J. Haruyama, Nano Lett., 2016, 16,
3788–3794.

53 A. Anwar, B. Nabet, J. Culp and F. Castro, J. Appl. Phys.,
1999, 85, 2663–2666.

54 D. K. Schroder, Semiconductor Material and Device
Characterization, Wiley-Interscience, 2006.

55 F. Zahid, L. Liu, Y. Zhu, J. Wang and H. Guo, AIP Adv., 2013,
3, 052111.

56 D. Qiu and E. K. Kim, Sci. Rep., 2015, 5, 13743.
57 W. Wang, Y. Liu, L. Tang, Y. Jin, T. Zhao and F. Xiu, Sci.

Rep., 2014, 4, 6928.
58 S. Das, A. Prakash, R. Salazar and J. Appenzeller, ACS Nano,

2014, 8, 1681–1689.
59 F. Ahmed, M. S. Choi, X. Liu andW. J. Yoo, Nanoscale, 2015,

7, 9222–9228.
60 H.-M. Li, D. Lee, D. Qu, X. Liu, J. Ryu, A. Seabaugh and

W. J. Yoo, Nat. Commun., 2015, 6, 6564.
61 J. Appenzeller, M. Radosavljević, J. Knoch and P. Avouris,
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