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ABSTRACT

To support the ever-growing demand for faster, energy-efficient computation, more aggressive scaling of the transistor is required. Two-
dimensional (2D) transition metal dichalcogenides (TMDs), with their ultra-thin body, excellent electrostatic gate control, and absence
of surface dangling bonds, allow for extreme scaling of the channel region without compromising the mobility. New device geometries,
such as stacked nanosheets with multiple parallel channels for carrier flow, can facilitate higher drive currents to enable ultra-fast
switches, and TMDs are an ideal candidate for that type of next generation front-end-of-line field effect transistor (FET). TMDs are also
promising for monolithic 3D (M3D) integrated back-end-of-line FETs due to their ability to be grown at low temperature and with less
regard to lattice matching through van der Waals (vdW) epitaxy. To achieve TMD FETs with superior performance, two important chal-
lenges must be addressed: (1) complementary n- and p-type FETs with small and reliable threshold voltages are required for the reduc-
tion of dynamic and static power consumption per logic operation, and (2) contact resistance must be reduced significantly. We present
here the underlying strengths and weaknesses of the wide variety of methods under investigation to provide scalable, stable, and control-
lable doping. It is our Perspective that of all the available doping methods, substitutional doping offers the ultimate solution for TMD-

based transistors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0133064

I. INTRODUCTION

Two-dimensional transition metal dichalcogenides (TMDs) have
gathered immense popularity for exhibiting exciting functionalities such
as magnetism,1 ferroelectrici‘ry,2 and band structure modulation.” The
freedom to grow these materials on a variety of substrates without the
strict condition of lattice matching underscores their potential for flexible
electronics, heterostructures, and stacked chip architectures.
Semiconducting TMDs, with their atomically thin bodies and desired
bandgaps, show sufficient room temperature mobility and excellent gate
electrostatic control.” Their stability in the monolayer limit, immunity to
short channel effects, and possible integration with industry compatible
substrates make them promising candidates for both front-end-of-the-
line (FEOL) as well as back-end-of-the-line (BEOL) transistors.”® To
build complementary circuits based on TMDs and ensure consistent
and reliable device performance over time, a number of issues still need
to be addressed. These include improved large-area growth with digital
thickness control and larger grains, scaled gate stacks with minimal
interface traps, and air and water stability of the thin films.

One of the most important challenges associated with realizing
high-performance TMD devices is the current lack of precise control
over their carrier concentration, electrical conductivity, and threshold
voltages. Additionally, the issue of high contact resistance (R¢) is argu-
ably the biggest bottleneck in TMD-based nanoelectronics. To solve
these issues, various doping methods such as electrostatic doping,
conventional substitutional doping,‘)’m intercalation,'’ and surface
charge transfer doping'” are actively being researched along with
newer methods such as reversible solid-state doping,13 remote modu-
lation doping,"* and thickness modulation doping."”'® The rich choice
of these doping techniques and the variety of TMDs available to the
community render this area of research to be full of opportunities. At
the same time, like any other nascent material system, there are several
issues that must first be addressed.

Contrary to bulk materials with strong screening of Coulombic
interactions, the reduced dimensionality of the 2D film causes a weak
screening effect due to the change in the dielectric environment."”
This can be illustrated as shown in Fig. 1(a) in which the electric field
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Bulk (3D)

FIG. 1. (a) Schematic representation of the dielectric screening in a 3D vs 2D mate-
rial. A different dielectric environment for the case of a 2D monolayer (exp > &)
results in a weak screening of the Coulombic interaction. Reprinted with permission
from Chernikov et al., Phys. Rev. Lett. 113, 076802 (2014)."" Copyright 2014
American Physical Society. (b) Schematic showing that the band edges move fur-
ther away from the dopant state as the thickness of the semiconductor decreases
due to the bandgap increase. Coupled with the weak screening, this results in a
high ionization energy of the dopant. Reprinted with permission from Loh et al.,
Nano Res. 14, 1668-1681 (2021).” Copyright 2021 Tsinghua University Press and
Springer-Verlag GmbH Germany, part of Springer Nature.

lines joining an electron and hole extend outside of the 2D material
into a low-k dielectric environment to weaken the screening effect.
The screening experienced in 2D materials is quite different from the
case for 3D materials and even compared to ultra-thin-body silicon,
because, in the case of a 2D material, the field lines must pass through
a vdW gap between the 2D layer and the dielectric/substrate, while no
such gap exists for 3D materials.''” This reduced screening in 2D
materials causes a “renormalization” of dopant binding energies, typi-
cally resulting in dopant energy levels far from the band edges.”’
Because of the combination of weak screening and the bandgap
increase as the number of layers decrease in 2D materials [see Fig.
1(b)], dopant energy levels in monolayer TMDs can often be described
as deep-levels, resulting in high ionization energies and low thermal
activation rates of dopants.” For example, in monolayer thick TMDs,
even relatively shallow-level dopants have ionization energies ranging
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between 100 and 200 meV,”" and, consequently, under normal doping
concentrations, minimal increase in conductivity is observed at room
temperature. High impurity densities, sometimes in the alloying limits
(> 5%), may be required to offset this high ionization energy of the
dopants. Additionally, to address the issue of R¢, very high doping-
induced phase engineering or degenerate doping in the localized
contact region is needed. At such high doping levels, one must be
cognizant not only of the doping chemistry but also the effect of the
dopants on the physical properties of the atomically thin film.
Therefore, doping methods that can offer stable and scalable doping—
up to the desired levels and in a nondestructive manner—are desired.
In Secs. 11-VIII, we discuss the advantages and the underlying limita-
tions of a variety of traditional and emerging doping methods, which
lead to our Perspective that substitutional doping is the best option for
TMD-based transistors.

Il. ELECTROSTATIC DOPING

One of the most popular doping methods in practice is based on
electrostatic doping where the source/drain contact regions are gated
(normally through a global back gate).” Contrary to the traditional
practice of using substitutional doping to degenerately dope the
source/drain regions—using very high levels of boron or arsenic dop-
ing in silicon, for example—in electrostatic doping, a gate modulates
the carrier density in the contact region and reduces the Schottky bar-
rier (SB) width to enable efficient carrier injection into the channel
region through tunneling. This impurity-free doping solution is non-
destructive, and the conductivity is enhanced without changing the
chemical composition or perturbing the crystal lattice of the 2D mate-
rial. Figures 2(a) and 2(b) show a schematic of the commonly used
device structure and the resulting band diagram across the metal/semi-
conductor junction.

This method is very commonly used in TMD transistors because
the scientific community has not yet figured out how to achieve degen-
erate doping in TMDs analogous to those used in Si. Instead, research-
ers rely on a back gate to control the band bending in the contact
regions to reduce the contact resistance. Moreover, this method is pop-
ular because of the relatively simple fabrication process needed to
demonstrate the potential of prototype devices in a university’s lab set-
ting: scotch tape assisted transfer of an exfoliated flake on a pre-

b

vdW Gap

Thermionic Emission

FIG. 2. (a) Schematic of a back-gated transistor with electrostatically gated contacts. The contact region is gated for efficient carrier injection in the channel region. Such a
design increases the complexity and footprint of the circuit and results in significant RC delays. (b) Energy band diagram across the metal-vdW gap-TMD junction with therm-
ionic emission and tunneling components highlighted. The voltage bias across the contact gate causes band-bending to favor more charge injection (electrons in this case) in

the channel region through tunneling.
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patterned SiO,/Si substrate followed by a lithography step for source/
drain electrode patterning makes it a very convenient method for
quick electrical characterization. Although gated contact doping can
be useful for demonstrating devices, it suffers from a variety of
problems.

Device design for electrostatic doping requires an additional volt-
age source to gate the contacts compared to a heavily doped source/
drain, which in turn increases the complexity of the circuitry and foot-
print of the overall chip. Moreover, high gate voltages are often
required to induce stronger band-bending to achieve higher carrier
densities (for higher Iy and lower Rc), which directly translates to
more power consumption. In addition, the source/drain contact
regions need to have significant overlap with the bottom gate, resulting
in a high capacitive coupling and significant RC delays prohibiting
ultra-fast switching operation. For all these reasons, we believe that
focus should shift away from electrostatic doping to other more robust
and scalable doping methods to enable the ultimate performance and
scaling of TMD transistors.

I1l. SURFACE CHARGE TRANSFER DOPING

Instead of using an electric field, mono- or few-layers thick 2D
films can be doped through the method of surface charge transfer dop-
ing, which relies on charge transfer between the 2D film and its

PERSPECTIVE scitation.org/journal/apl

surroundings (e.g., surface adsorbates, adlayers/dielectric overlayers,
substrate).” The exposed basal plane of 2D materials make it very
convenient for the dopants to attach to the surface through a chemical
bond or physisorption and dope it. As shown in Fig. 3(a), a difference
in work function/energy-level/electronegativity between the dopant
and semiconductor results in an injection or withdrawal of charge car-
riers from the 2D layer to modulate the electrical conductivity. Doping
processes can be introduced under mild conditions and avoid any
complexities such as ion-implantation or high-temperature diffusion.
Dopants can also be deposited using solution processing methods
such as spin-coating, drop-casting, or vapor-based methods, like evap-
oration. Such methods are convenient for mass production, are cost
effective, and do not require any sophisticated setup. As shown in Fig.
3(b), one of the most prominent aspects of this doping method is that,
unlike ion-implantation, it does not create disorder in the lattice of the
TMD as the dopants lie out of the transport pathways and a high car-
rier mobility can be maintained in the channel region.

A variety of dopants and processes have been reported with each
having its own merits and targeted toward specific applications.
Decorating the TMD surface with metal nanoparticles,” ** chemical
or plasma treatment,” ** and encapsulating the channel region with
metal oxide/halide layers™ * are popular strategies (see Table I for a
comparison of popular doping methods in the literature). Sarkar

a b lon Implantation Charge Transfer Doping c 40 -
Doping
ANV TR popapy TO Sseersssssssisiibstits
Undoped TMD " . : = 30 ~33.5 cm2V-1s1 |
'd
com v OV 908 £ | wames
&
S e | MAAPOAAAC AP £
° ' —
VBM Sm— 3 VBM S—— Oxide Oxide -:‘j Trapping 000000000000
E Substrate Substrate 10 ~12.8 cm2V-1s
Acceptor F p-type TMD Defect e Conduction e Conduction
Scattering = #dmnml oL . ‘ .
0.5 1 1.5 2
n (10" cm?
d e f ( )
——0min 350 — As-doped 0.4 n
—1min 300 |==- 36 hours > % m Sio,
2min e b U= 120 hours| D 0.3 =
— 3min 3 b, - T .'._ ® APTMS
3 ——5min I 250/ o & A OTS
3 7min 2 b0 £ 02 “w v FOTS
2 —?smm ™ 200} - 2 ) o
— min -— L
-~ ——20min 2 150 o 01
a ——30min 3 ) " -
T 1x10" —1110h'r‘mn c 100 E 0.0
~——2hrs e o - 3 .
S 5 50 8 -01 v
= = Pre-doping 5
%% 20 0 o 10 i S AR —
01 2 3 4 6 7 10 11 12 13

Gate voltage (V)

FIG. 3. (a) Acceptor type behavior of charge transfer doping in a semiconductor according to the Fermi level difference. (b) Schematic showing that where ion-implantation (on
left) can result in creating defects in the crystal lattice to deteriorate the transport properties, charge transfer doping (on right) with its selective area doping and mild treatment

does not create any disorder in the film. Because of this, impurity-induced scattering

can be minimized and a high mobility can be maintained. Adapted with permission from

Wang et al., Nano Lett. 21, 6298-6303 (2021).%° Copyright 2021 ACS. () Extracted s Showing 3 lower value for as-capped devices (large ADy), but the pi recovers after
the N, annealing. Reprinted with permission from McClellan et al., Nano Lett. 15, 1587-1596 (2021).* Copyright 2021 ACS. (d) Transfer characteristics of a NO,-doped WSe,
FET, showing a gradual decrease in the doping effect over time due to the desorption of NO, molecules from the surface. Reprinted with permission from Fang et al., Nano
Lett. 12, 3788-3792 (2012).”” Copyright 2012 ACS. (e) Ip-Vs curves of a SAM-doped WSe, photodetector. The on-current of the doped device was reduced by ~ 34% (from
~ 302 to ~199 pAlum) after 120 h of exposure in the air. Reprinted with permission from Kang et al., Adv. Funct. Mater. 25, 4219-4227 (2015).°” Copyright 2015 Wiley-VCH
GmbH. (f) The Fermi level shift of MoS, nanoflakes on various substrates as a function of the number of layers. The doping effect is gradually suppressed as the thickness of
the flake is increased. Reprinted with permission from Li et al., ACS Nano. 7, 7795-7804 (2013).40 Copyright 2013 ACS.
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TABLE I. Comparison of popular doping techniques in the literature to reduce the contact resistance. ML refers to a monolayer. Superscripts denote how the carrier concentra-

tion was calculated in the referenced papers.

TMD Doping Carrier concentration Rc
Doping method TMD thickness Dopant type (cmfz) (kQ — pum) Reference
Charge transfer MoS, 1ML AlOy n-type 2% 10" 0.48 34
doping MoS, Few layer K n-type 1x 10" e 89
MoS, 5nm Benzyl Viologen (BV) n-type 1.2 x 10" 1.1 90
WSe, 1 ML NO, p-type 22 x 10" e 27
WSe, Few layer K n-type 2.5 x 10" e 89
WSe, 4nm MoO; p-type ~5x 105" 0.8 91
MoSe, 1 ML AlO, n-type 5.5 x 102" 1200 92
MoSe, 2 ML AlOy n-type 1x 10" 60 92
MoTe, 4.4nm O, plasma p-type 2.5 x 10" 0.6 93
Intercalation MoS, 1-3 MLs Li n-type >1x10" 0.2-0.3 49
WSe, 2-5 MLs Cs n-type st 0.9 94
Sn$, 2 MLs Cu p-type e - 41
Substitutional MosS, 1 ML Re n-type 2.1 x 10" - 83
doping MoS, 1 ML Nb p-type 4% 10! e 95
MoS, 1-2nm Cr n-type 3% 10" . 96
MoS, Iy Nb p-type 1.8 x 10" e 97
WSe, 1 ML Nb p-type 9 x 10'" 0.55 98
WSe, 1 ML Y% p-type 1.4 x 10" e 1
MoSe, 1 ML W p-type 4x 10" e 99
WS, 5-7 ML cl n-type 6 x 10" 0.7 69
WS, 4-8nm Cu n-type e 7400 100

*Transfer characteristics.

PA parallel plate capacitor model (n = CV).
“Unspecified/not applicable.

A Hall measurement.

et al.”* used the metal decoration method to study the effect of differ-
ent metal work-functions on Vi, shifts. Metals with high work func-
tions (e.g., Pt) resulted in withdrawal of electrons from the TMD to
induce p-type doping, while metals with lower work functions (e.g., Y)
acted as n-type dopants. However, compared to the undoped devices,
doped devices showed a significant degradation of the mobility. For
example, WSe, showed a degradation in mobility from 16.8 to
102cm® (Vs)~! after Pt deposition and higher doping led to a
decrease in gate control and an increase in the subthreshold swing
(SS). In a different approach, by taking advantage of the spatial selec-
tivity of this doping method, Fang et al.”’ used nitric oxide (NO,)
chemical doping in the contact region of a monolayer WSe, FET to
create a highly doped junction with a steep profile, narrowing down
the SB to enable efficient tunneling of holes for p-type doping.
This resulted in 1000x improvement in Ioy and a near ideal SS of
60mV dec™'. Moreover, as the dopants were not lying in the transport
pathway, an impressive hole mobility of 250 cm® (V's) " was achieved
in a monolayer FET. Later, Chiang et al.,”’ used this NO treatment to
dope the entire channel region of a monolayer WSe, FET and showed
record high hole current density of 300 pA/um in WSe,. McClellan
et al”* used metal oxide capping for doping, in which the capping
layer offered an added advantage of protecting the device against deg-
radation from air exposure. By using a sub-stoichiometric aluminum

oxide (AlOy) layer on MoS,, a record Ioy of 700 pA/pum with I, /Log
ratio > 10° in a monolayer semiconductor was achieved. However, as
shown in Fig. 3(c), the as-deposited AlO; layer resulted in degradation
of SS and mobility due to deep-level traps at the interface and required
an additional step of N, annealing for recovery.

It is worth mentioning that not only the surface adsorbates but
the substrate itself can also facilitate charge transfer. As reported by
Zhang et al.,”” an approximately 10x increase in mobility is observed
for WSe, films on h-BN compared to sapphire. Sapphire, being a rela-
tively more reactive substrate, resulted in charge scattering, which
degraded the mobility. h-BN with its inert surface and superior pho-
non spectra suppressed the effects of charged impurities and substrate
phonons to help preserve the intrinsic properties of WSe,.

While all these results look very promising, there are some chal-
lenges as well. Fang et al., showed that NO, (a dopant discussed above)
has a high tendency to escape from the semiconductor’s surface even
at room temperature due to the weak physisorption of this gaseous
dopant [Fig. 3(d)].”” In another report on doping WSe, using a self-
assembled monolayer (SAM), the doping effect was seen to gradually
fade away over time due to the SAM reacting with moisture in the
atmosphere [Fig. 3(¢)].”” Finally, as shown in Fig. 3(f), charge transfer
doping worked on the outermost layer only, and the doping effect was
found to be decreasing as the layer number increased."’
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IV. INTERCALATION DOPING

The ability of TMDs to serve as an intercalation host originates
from their weak van der Waals forces, which allow a sufficient inter-
layer vdW gap that can accommodate the intercalation of foreign spe-
cies.'! Atoms, ions, and even molecules can be intercalated to
modulate the physical, electrical, and optical properties of TMDs.*"**
The method is particularly useful at inducing phase modulation, where
a semiconductor TMD is converted to a semimetal or metal TMD, by
incorporating a large amount of intercalated charge comparable to the
initial semiconductor carrier concentration.

Intercalation can be achieved through a variety of ways including
vapor phase, wet chemical, electrochemical, or solid phase meth-
ods.” " A popular method is based on the diffusion of vaporized
atoms into vdW gaps, where the composition can be varied by tuning
the vapor pressures of the intercalants.”’ This intercalation is largely
dependent on the size and electronegativity of the intercalant, with
small size intercalants, such as alkali atoms, easier to intercalate due to
their higher diffusivity. The modification in properties of the TMD
host carries a wide range of effects, such as charge doping, hybridiza-
tion, or lattice modulation.””** In the case of charge transfer or
hybridization, the Fermi level (Eg) and the conductivity of the TMD is
altered. In the case of lattice modulation, intercalation results in
increasing the interlayer distance or changing the phase to modify the
physical and electrical properties.

Phase engineering through intercalation can be very helpful to
address the issue of contact resistance. By using a wet chemical
method in which MoS, was soaked in a solution of n-butyllithium

a

Cu-SnS,, p-type
| Q=

Qe 9

;

Van der Waals gap

R

“» QO O
0 09
Co-Sn§,, metal m n

oCu

> T
<
2

SnS,.,, n-type

scitation.org/journal/apl

(n-Bu-Li), Kappera et al."’ showed that a metallic phase can be locally

induced in an otherwise semiconducting phase of MoS,-based transis-
tors through lithium (Li) intercalation. Because of the carrier donation
from the intercalant, the otherwise 2H lattice structure distorts to stabi-
lize the electronic configuration by changing to the 1T phase. The
undoped sample with 2H phase contacts had a R¢ value of > 1 kQ pm,
but the formation of a sharp 1T metal-2H semiconductor interface
reduced R down to 200-300 Q um at zero gate bias. In contrast to
undoped devices having mobility values in the range of 15-20 cm®
(Vs)™', phase engineered contact FETs exhibited a mobility value of
~50cm® (V's)~'. This shows that, contrary to the contact gating used
in electrostatic doping, if the contact region is highly doped, it does not
need to be gated to achieve ultra-low R and high mobility.

In another report, Gong et al.*' used a solvent-based intercalation
method to show p-type, n-type, and even degenerate doping in SnS,
[Fig. 4(a)]. Where pristine SnS, showed typical n-type character
because of the presence of sulfur vacancies, Cu intercalated bilayer
SnS, showed a p-type conductivity with a hole field-effect mobility of
~40 cm? (V's)~. Intercalation with cobalt (Co), however, showed a
metal-like behavior instead. Using lithography, selective area doping
was used to make a variety of lateral heterostructures.

Another popular approach for intercalation doping employs an
electrochemical cell with the intercalant working as an anode (e.g., Li),
and the host TMD acting as a cathode are dipped in the liquid electro-
lyte to initiate the intercalation process.”’ As the electrochemical reac-
tions can be controlled by the magnitude and polarity of the applied
voltage, this method enables controlled concentrations of the

amPristine

10 o=
e iintercalated
= A fter 48 hour in air
10" . , .
50 -25 0 25 50
C Vi, V)
1.04 . =
2H =m
c | |
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® °
0.0

0 100 200 300
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FIG. 4. (a) Schematics showing (1) pristine SnS,, (2) n-type SnS, due to the presence of sulfur vacancies, (3) Cu-intercalated SnS, showing p-type conductivity, and (4) Co-
intercalated SnS, as a highly conductive metal. Schematics between (2), (3), and (4) show that spatially controlled intercalation can help realize a variety of heterostructures.
Reprinted with permission from Gong et al., Nat. Nanotechnol. 13, 294-299 (2018)."" Copyright 2018 Nature Publishing Group. (b) A comparison of transfer characteristics of
a Li intercalated WSe, FET after keeping in air for 48 hrs. The ON current of the Li intercalated FET went back down to the levels of the undoped sample, while the OFF cur-
rent is about 10 times higher. Reprinted with permission from Shin et al., Adv. Funct. Mater. 30, 2003688 (2020).>" Copyright 2020 Wiley-VCH GmbH. (c) XPS extracted rela-
tive fraction of 2H and 1T components of Li intercalated MoS,. Degradation of the doping effect in MoS, as a function of annealing temperature is clear, because after a
300 °C annealing, the doped/phase transformed 1T metallic phase of MoS; is restored back to the original semiconducting 2H phase. Adapted with permission from Eda et al.,

Nano Lett. 11, 5111-5116 (2011).2 Copyright 2011 ACS.
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intercalant and doping. Different from these solution-based or electro-
chemical methods, Liu ef al** used a solid-state method where a
variety of homogenous Cu-intercalated TMD compounds were
synthesized by mixing bulk Cu powder or foil with TMD powders. It
was found that when Cu interacts with group IV or V TMDs, it can
spontaneously transform into small size particles and can then self-
intercalate in the vdW gap to yield ternary Cu,MX, (0 < x <1.2) com-
pounds to impart n-type doping.

However, Shin et al.,”’ showed that the effect of Li intercalation
in few layers thick WSe, transistors disappeared after exposure in air
for 48h [Fig. 4(b)]. This was attributed to the rapid oxidation of the
highly reactive Li ions. In another report, Eda et al.”” showed that the
intercalation doping effect started degrading at temperatures slightly
above room temperature and was completely gone after a 300°C
annealing process [Fig. 4(c)], showing that this doping cannot survive
even BEOL processing temperatures.

V. OTHER EMERGING DOPING METHODS

Apart from the doping methods just discussed, a variety of new
doping methods have recently been reported in the literature and
must be introduced to the reader to get a feel for where the community
is searching. Lee et al'’ first reported a doping strategy called
“Reversible Solid-State Doping,” which exploits a solid-state superi-
onic phase transition material (silver iodide (Agl), for example) to
induce switchable ionic doping in 2D materials. Contrary to ionic
liquids/gels,”* which offer nonvolatile doping only at cryogenic tem-
peratures and are thus incompatible with mainstream solid-state elec-
tronics, the superionic Agl shows a sharp solid-state phase transition
between insulating and conducting states to offer doping that is stable
at above room temperature. As shown in Fig. 5(a), at a temperature
higher than the superionic phase transition temperature (> 147 °C),
an electric field was applied to the Agl microplates/WSe, FETs
through a back-gate with which Ag" selectively accumulated or
depleted at the WSe, interface to impart n- or p-type character. A
carrier-type switchable transistor was realized through reversible Ag™
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migration by means of vertical poling where fully unipolar device
behavior was observed in an otherwise ambipolar WSe, FET. A very
notable aspect of this doping method is that the programmed func-
tions can be erased by an external trigger such as temperature or UV
irradiation.

In another report, Wang et al.'” reported on a unique self-
modulated doping method called “Thickness Modulated Doping” in
which, by varying the thickness of a 2D material (through mechanical
exfoliation or Ar" plasma thinning process), one can see a change in
its doping type anywhere from p-type to intrinsic to n-type (up to
degenerate levels). This doping strategy relies on the intrinsic defect
concentration, where thickness-induced lattice deformation causes
either metal or chalcogen vacancies, leading to a change in the conduc-
tance type of the film. As an example, the PtSSe system was studied
where bulk films showed a high density of metal vacancies due to their
low formation energy in thick films (confirmed by both DFT and
STEM imaging) and were found responsible to cause p-type doping.
On the other hand, relatively thin films showed a high density of chal-
cogen vacancies and, hence, n-type behavior. This was confirmed
through a variety of electrical measurements, such as a shift in the
threshold voltages as a function of layer thickness [see Fig. 5(b)].
Similar trends were reported in other TMDs including WSe,, MoS,,
and MoTe,, where the thickness of the 2D film dictated the doping
type.'

Another interesting new approach to TMD doping is “Remote
Modulation Doping,” introduced by Lee et al,'* to avoid ionized
impurity scattering, which is intrinsic to substitutionally doped 2D
films and causes mobility degradation. As shown in Fig. 5(c), by using
a heterostructure—consisting of MoS, acting as an embedded channel
material, hBN as a tunnel barrier, and a WSe, layer chemically doped
with triphenylphosphine (PPh;) to provide the doping effect—the
carrier density in MoS, was modulated by remote charge transfer
from the doped WSe, layer. As no ionized impurities or surface
adsorbates were present in the carrier’s pathway in the MoS, channel,
high mobility was maintained. Temperature dependent mobility
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FIG. 5. (a) Transfer characteristics of a WSe, FET capped with silver iodide (Agl) after the vertical poling process with negative (red, Vgg = —60V) and positive (blue,
Vge = +60V) back gate voltages. Inset shows the schematics of the resulting ionic charge distribution. Reprinted with permission from Lee et al., Nat. Electron 3, 630-637
(2020)." Copyright 2020 Nature Publishing Group. (b) Minimum conductivity point (Vi) in the transfer characteristics of PtSSe FETs as a function of the layer thickness. Vi,
is the back-gate voltage value at which the drain-source current in the transfer characteristics is the minimum. Reprinted with permission from Wang et al., Adv. Mater. 33,
2104942 (2021)."° Copyright 2021 Wiley-VCH GmbH. (c) Energy band diagram of the doped FET consisting of MoS, as the active channel material, hBN as the tunnel barrier,
WSe, as the chemically doped layer, and triphenylphosphine (PPh) as the n-type dopant. This structure results in confining the electrons in the conduction band of MoS,. (d)
Field-effect mobility (x) as a function of the electron concentration (ne) of the FETs before (open symbols) and after (filled symbols) doping. Squares represent the directly
doped FETs, while circles represent the remote modulation-doped FET. (c) and (d) reprinted with permission from Lee et al., Nat. Electron 4, 664-670 (2021)."* Copyright

2021 Nature Publishing Group. '
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measurements were performed, which confirmed a significant sup-
pression of impurity-induced scattering, since the electrons in the
MoS, channel layer were spatially separated from the dopants (i.e., the
doped WSe, layer). As shown in Fig. 5(d), remote modulation-doped
MoS, FETs exhibited a room-temperature mobility of 60 cm® (V's)™',
compared with a mobility of 35 cm* (V's) " for directly doped devices.
Moreover, where directly doped devices showed a drastic decrease in
mobility as a function of carrier concentration (due to ionized impu-
rity scattering), remote modulation-doped devices maintained their
mobility for all carrier concentrations.

VI. CHALCOGEN SUBSTITUTIONAL DOPING

Extrinsic atoms can be incorporated directly into the lattice to
permanently change its properties through substitution,” a method
that is at the core of silicon CMOS technology to control the
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semiconductor’s properties. As the process involves a chemical bond
between the dopant and the host lattice, it is more stable and nonvola-
tile in comparison with the other methods discussed previously.
Figures 6(a) and 6(b) show some of the commonly used substitutional
dopants and how they sit inside the lattice.

In the X-M-X structure of TMDs, the chalcogens are exposed to
the outer surface, which makes their substitution relatively easier.
Doping during growth and post-growth both can be used to replace
them. Interestingly, techniques that are normally used to grow high
quality pristine TMDs may not be the ideal strategies for doping. For
example, because of the low sticking coefficient of chalcogens, nor-
mally a chalcogen-rich growth environment is used to ensure vacancy
free, stoichiometric films.”” However, the presence of these same chal-
cogen vacancies can make substitution easier.”””" Therefore, one
smart strategy is to intentionally prepare chalcogen poor films or kick
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(b) Common n- and p-type dopants for TMDs are highlighted. Adapted with permission

from Loh et al., Nano Res. 14, 1668-1681 (2021).” Copyright 2021 Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature. (c) Vi, shift con-
firming p-type doping effects. (d) XPS spectra of N 1s region of nitrogen-plasma-doped WSe; films. Up to 13% doping level was achieved. (e) Valence band maxima region

showing p-type doping effect in nitrogen-doped WSe,. (f) RHEED comparison of 30 mi

the number of layers of MoS, showing that the doping effect gradually decreases as the number of layers increase. (|
plasma exposure of MoS, flakes. (c), (g), and (h) reprinted with permission from Azcatl et al., Nano Lett. 16, 5437—5443 (2016).

n plasma-doped WSe, samples grown on chromia vs sapphire. (g) Vi, as a function of
h) AFM i |ma%e showing surface damage after long time
Copyright 2016 ACS. (i) Cl-doped MoS,

FET, showing excellent stability over time. Reprinted with permission from Yang et al., Nano Lett. 14, 6275-6280 (2014).°” Copyright 2014 ACS.
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out the chalcogens through some post growth process and then dope
them. A very common method to do this is post-growth plasma treat-
ment, which has the added advantage of excellent compatibility with
CMOS processing.””” High energy ions, generated through a radio
frequency field are used to bombard the TMD surface to kick out and
replace the chalcogens. Other techniques include thermal annealing,”’
laser ablation,”" or sputtering® to achieve the same goal. In addition
to these, doping during growth—using molecular beam epitaxy
(MBE) or metal organic chemical vapor deposition (MOCVD)—is
also thermodynamically preferred in the presence of vacancies.””

A. p-type doping

Nitrogen and phosphorus act as p-type dopants for TMDs. A
variety of methods such as post-growth plasma treatment,”*”” %"
thermal annealing,” and direct growth techniques””®” have been used
and show promising chalcogen substitution for p-type effects. Azcatl
et al. previously reported substitutional nitrogen doping in few layers
thick exfoliated flakes of MoS, using a remote plasma technique.””
The doping level was modulated by adjusting the gas flow, plasma
power, and treatment time. Nitrogen substitution at chalcogen sites
was confirmed in a variety of ways including an emergence of the
N-Mo peak in x-ray photoelectron spectroscopy (XPS) and direct
observation of nitrogen atoms sitting at sulfur sites in scanning trans-
mission electron microscope (STEM) imaging. P-type doping was
shown by a positive shift of the threshold voltage in the transfer char-
acteristics [Fig. 6(c)] with a high hole doping level of 10" cm >, Later,
we used MBE for in situ, post-growth doping of WSe, where the dop-
ing level was controlled by changing the plasma exposure time, power,
and pressure. As shown in Fig. 6(d), up to 13% doping was achieved
in a bilayer of WSe,. P-type doping was confirmed by a gradual shift
in the valence band maxima (VBM) toward the Fermi level as a func-
tion of doping [Fig. 6(¢)]. Interestingly, it was found that the substrate
plays a crucial role in the film quality and the resulting doping levels.
Figure 6(f) shows a comparison of the reflection high energy electron
diffraction (RHEED) pattern for a 30 min plasma-doped film grown
on sapphire vs chromia. The RHEED pattern of the sample on sap-
phire is diffuse showing a degradation of the film quality post plasma
doping, while a relatively better film quality was maintained on chro-
mia (streaky RHEED). This is ascribed to a better lattice match
between WSe, and chromia where WSe, grows epitaxially with a 30°
rotation of the crystal lattice. This means that, contrary to the popular
belief of epitaxy of the vdW materials, the lattice constant of the sub-
strate does matter when it comes to growing/doping high quality 2D
films. A prominent aspect of all these studies was that N-Metal bonds
showed good thermal stability and survived even after 500 °C thermal
annealing, which highlights the fact that these substitutionally doped
TMDs can be used in nanoelectronic applications. As reported by
Carvalho ef al,”" in 2D materials, the intrinsic carrier concentration is
a relatively weak function of temperature as compared to 3D materials.
As a result, the desired extrinsic doping regime is maintained to much
higher temperatures in 2D semiconductors.”’ We believe that this very
property, in conjunction with the fact that substitutional doping itself
is thermally stable, makes TMD-based devices a possible route for
high temperature environments and gives substitutional doping an
obvious advantage over other doping methods such as intercalation or
charge transfer doping that diminish with time at even moderate tem-
peratures as described earlier.

scitation.org/journal/apl

Although post-growth patterned doping is one of the prerequi-
sites for fabricating semiconductor devices, it has challenges of its
own. As shown in Fig. 6(g), as in the case of charge transfer doping in
MoS,, post-growth plasma doping was restricted to the top few layers
only, highlighting that further optimization is required to achieve uni-
form doping in thicker films. Also, as shown in Fig. 6(h), a long-time
plasma exposure of MoS, flakes resulted in damage to the surface. In a
related scenario, high-power plasma exposure caused chalcogen
vacancies to induce n-type behavior and made p-type doping
difficult.”” Therefore, there is a need to further investigate these post-
growth treatments to come up with processes that offer uniform
doping, up to the desired thickness of the film, without damaging it.
An equal emphasis should be placed on in situ doping methods as well
so that dopants can be introduced during the growth in a more uni-
form manner.

B. n-type doping

According to DFT calculations, chlorine (Cl), with an extra elec-
tron to donate, is a promising n-type dopant in TMDs.”* Yang et al.,””
used Cl to dope few layers thick WS, and MoS, flakes and achieved a
very high drain current of 380 uA/um. Exfoliated flakes were soaked
in 1,2-dichloroethane (DCE), and chlorine substituted the chalcogens.
A 2-3 orders of magnitude reduction in R¢ was achieved through high
electron doping (~ 10" cm ™), which resulted in a significant reduc-
tion in the Schottky barrier width allowing for efficient tunneling. In
another study, a Cl-rich substrate was prepared by spin coating gold
chloride hydrate as the chlorine source to prepare Cl-doped-MoS,.”’
Where intercalated or charge transfer-doped devices start degrading
after hours, these substitutionally doped devices showed excellent sta-
bility with minimal degradation even after four weeks [Fig. 6(i)]. Thus
far, only Cl doping has been reported to induce n-type character
through substitution at a chalcogen site. Some potential dopants could
be other halogens that have shown promising n-type doping in II-VI
materials, such as CdTe.”"””

This issue of limited reports on n-type doping in TMDs achieved
exclusively through chalcogen substitution is multi-fold. As the native
defects, such as chalcogen vacancies, are also believed to induce n-type
character in TMDs (MoS, being a prime example), identification and
decoupling the effect of just the dopants can be challenging. This issue
is complex because the intrinsic defect density is corelated with the
growth parameters and can also change in modified growth condi-
tions. Furthermore, the interaction between the dopants and the
vacancies can also impact the doping effects.”” Such issues highlight
the need for indepth studies on dopants and their interaction with
vacancies to enhance our understanding and, more importantly, to
address the issue of R¢ in n-type TMDs, which require high doping
levels in the contact region.

VII. METAL SUBSTITUTIONAL DOPING

The metal atom can also be replaced through substitution in
TMDs and, depending upon the valency of the dopant atom, one can
get n- or p-type effects. Unlike dopants at the chalcogen sites, the over-
all stability of the dopants at metal sites in the lattice makes metal
substituted TMDs potentially more desirable. This is because a dopant
substituting a metal atom is secured by six covalent bonds (in the 1H
phase), while a dopant replacing a chalcogen is only secured by three.
As a result, metal substituted TMDs can retain these dopants and the
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resulting doping effect more strongly. Furthermore, as highlighted in
Fig. 6(b), a variety of metals can offer n-type doping, which, as dis-
cussed in Sec. V1, is harder to achieve through chalcogen substitution.
Furthermore, by substituting magnetic impurities such as Fe, Co, or
Mn in TMDs, one can change their magnetic properties, which is
highly desirable for spin-based devices.

For metal substitution, a critical factor is the size of the dopant. If
the size is sufficiently small, intercalation is preferred, while for larger
atoms, substitution is favorable.”* It is important to highlight here
that, because of the high stability of the transition metal in the lattice,
along with the encapsulating chalcogenides acting as blocking layers,
metal substitution through any post growth doping process is very dif-
ficult. As an example, where only 6-8¢eV per atom is required to
desorb a chalcogen atom, 20-30 eV per atom is required to desorb a
transition metal atom.”” Therefore, doping during the growth is pre-
ferred for metal substitution, which works more efficiently when done
in a metal-deficient or chalcogen-rich environment.”*

A. p-type doping

MoS,, which is the most researched 2D material after graphene,
shows n-type character in its pristine form due to the presence of sul-
fur vacancies, hydrogen interstitials, or H-S adatoms coming from the
growth environment.”””” However, to build complementary circuits
using MoS, as the channel material, its p-type doping is also desired.
Niobium (Nb) is one of the most researched p-type dopants to replace

PERSPECTIVE scitation.org/journal/apl

Mo. Li et al.” used a one-step, salt-assisted CVD method to Nb-dope
a monolayer of MoS,. It was shown that upon doping, the naturally n-
type conduction of MoS, was suppressed to a large degree, indicating
that the doping has significantly compensated the heavily n-type char-
acter of MoS,. Further annealing the devices in a sulfur atmosphere
resulted in ambipolar characteristics due to the reduction of sulfur
vacancies. Another p-type dopant is vanadium (V), which is predicted
to produce dilute magnetic semiconductors in TMDs to potentially be
used in spin-based electronics.”” Here, we used MBE to grow V-doped
monolayer WSe, on a variety of substrates (e.g., sapphire, chromia,
and GaN). Up to 30% V substitutional doping of W was achieved
without encountering any phase separation. As shown in Fig. 7(a),
high-angle annular dark field scanning transmission electron micros-
copy (HAADF-STEM) confirmed that the V atoms substitute the W
atoms across the whole WSe, flake in a uniform manner. Different
from MBE, Yun et al.' used CVD to synthesize V-WSe, up to degen-
erate doping levels, which show that the substitutional doping is a very
powerful method to tune the conductivity [Fig. 7(b)]. In another
report, Chen et al,’’ used indium (In) to dope a monolayer of WS,,
another typically n-type TMD material. By using atmospheric pressure
CVD, a controllable doping was realized by adjusting the weight ratio
of the precursors.

Due to the aforementioned stability of the transition metal in the
lattice, high temperature growths are required to substitute them.
However, more scalable methods, especially BEOL compatible, are
needed to bring M3D strategies into fruition. Here, Kozhakhmetov
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FIG. 7. (a) HAADF-STEM image of a V-doped WSe, monolayer. Vanadium atoms with their lower z-contrast appear as dark spots as noted by the arrows. (b) Output charac-
teristics for V-doped WSe, FETs with various V-doping concentrations. Reprinted with permission from Yun et al., Adv. Sci. 7, 1903076 (2020)." Copyright 2020 Wiley-VCH
GmbH. (c) Valence band maxima (VBM) comparison between undoped and Re-doped MoS,. VBM after Re doping (plotted in red) moves further away from the Fermi level
(located at 0 eV) indicative of n-type doping. Reprinted with permission from Zhang et al., Adv. Funct. Mater. 28, 1706950 (2018).”* Copyright 2018 Wiley-VCH GmbH. (d) I-V
curves of pristine and Mn-doped MoS, FETs. The negative shift of Vy, and the lack of gate tunability suggest degenerate doping. oy did not improve. Reprinted with permission
from Cai et al., Small 16, 1903181 (2020).* Copyright 2020 Wiley-VCH GmbH. (e) Schematic showing the formation of Sn-doped WS, monolayers. As-grown WS, monolayer
is exposed to SnS precursor at a high temperature so that SnS can bind to the S vacancy sites for later metal (Sn) exchange. (f) PL spectrum of monolayer WS, before and
after 5, 10, 15, and 20 min of Sn doping. (e) and (f) Reprinted with permission from Chang et al., ACS Appl. Mater. Interfaces 11, 2427924288 (2019).”” Copyright 2019 ACS.
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et al”' showed p-type V doping in WSe, at both FEOL and BEOL
temperatures using MOCVD. WSe, FETs, which often exhibit ambi-
polar transport, were converted to unipolar, having a dominant hole
branch.

From all such reports, it can be inferred that to achieve high
metal substitution doping in TMDs, it is helpful if the dopant atoms
form chalcogenides that are similar in structure to the chalcogenide
that is being doped. For example, both NbS, and WS, share a similar
trigonal prismatic (2H) structure and have very similar lattice con-
stants. This ensures that upon substitution, no large strain is intro-
duced and that the energy barrier for substitution is relatively small.

B. n-type doping

For group VI transition metals (Mo, W), group VII elements,
such as rhenium (Re) and manganese (Mn), with an extra electron are
potential n-type dopants. Gao et al.*” demonstrated in situ doping of
Re (0.3%) in a monolayer of MoS, through a chemical vapor deposi-
tion method. Later, other groups extended the work to achieve even
higher doping levels and showed nearly degenerate electron doping.*’
N-type doping was confirmed by a shift in the valence band maxima
in XPS away from the Fermi level [Fig. 7(c)]. Interestingly, while the
transfer characteristic showed a negative shift in Vy;, confirming n-
type behavior, no improvement in the on-state current was seen. A
similar situation was observed for the case of Mn doping as well [Fig.
7(d)],** where charged impurity scattering was suggested to be a possi-
ble reason for the mobility suppression. This is an area that needs to
be studied further to identify doping solutions that can help improve
electrical conductivity with minimal degradation of the mobility.

It is also important to highlight the versatility of substitutional
dopants, as the same dopant can have a completely different effect in a
different TMD. As reported by Kochat et al,”” Re doping in MoSe,
resulted in a phase transition from the semiconducting 2H phase to
the metallic 1T phase. Such a metallic phase transition in the contact
region can be used to achieve better R.. Also interesting is the role of
the substrate on some dopants. As reported by Zhang et al.,”* Mn was
only incorporated in MoS, films when it was grown on an inert sub-
strate like graphene. When the film was grown on a reactive substrate
such as SiO,, no Mn was incorporated. Photoluminescence (PL) of the
doped samples was completely quenched causing loss of its optical
properties as well. All the dopants were found to be reacting with the
substrate, highlighting the fact that the substrate and TMD interaction
can dominate the doping efficacy.

Finally, like in the case of the chalcogens, metals can also be
substituted through post-growth doping processes. Chang et al.”’
demonstrated the postgrowth doping of tin (Sn) in WS, through a
metal exchange mechanism, whereby Sn atoms substituted W to show
n-type conductivity. As shown in Fig. 7(e), CVD grown films were
exposed to a SnS precursor where a high temperature was used to cre-
ate the S vacancies that acted as the initial binding sites for the SnS
precursor for later metal (Sn) exchange. The PL spectra showed a
gradual quenching with the increase in the treatment time, which was
attributed to the increase in free electron concentration [see Fig. 7(f)].
However, like the case of chalcogen substitution in post-growth pro-
cesses, doping was restricted to the top layer only, highlighting the
need for optimized growth parameters to achieve a uniform doping
through post-growth metal substitution.

scitation.org/journal/apl

VIil. CONCLUSION AND OUTLOOK

To continue advancement toward ultra-scaled, high-performance
TMD-based transistors, scalable, consistent, and stable doping is of
vital importance. Where doping levels in silicon-based FET's are usu-
ally on the order of 10'7-10"®cm™>, 2D materials require impurity
concentrations in the percentage range to see noticeable improvement
in electrical conductivity. This doping is needed to achieve higher Ioy
and controlled threshold voltages and to address the issue of high con-
tact resistance.

With so many methods actively being researched, a comparison
has been provided to identify advantages and highlight the limitations
of popular doping schemes. It is noted that despite being the easiest
method to overcome high contact resistance and demonstrate working
transistors, electrostatic doping will likely not be helpful in transition-
ing devices from lab to fab for a variety of reasons. As the device design
for electrostatic doping requires an additional voltage source to gate
the contacts, it increases the complexity of the circuitry and footprint
of the overall chip. High gate voltages are often required to induce
stronger band-bending to achieve higher carrier densities, which
directly translates to more power consumption. Furthermore, as the
source/drain contact regions need to have significant overlap with the
bottom gate, it results in a high capacitive coupling/RC delay and pro-
hibits ultra-fast switching operation.

The advantage of charge transfer doping is that it can be achieved
at relatively low temperatures and is very effective to dope materials
with high surface to volume ratio. However, our main criticism of this
method is its poor stability and reliability. As discussed in Sec. I1I, the
doping effect has been observed to degrade with time, even at room
temperature, due to the weak physisorption of the dopants.
Consequently, the doping process may not sustain the temperatures
normally used in IC fabrication. Similarly, alkali metals, which are a
very popular option for charge transfer doping, are so reactive that
they easily oxidize in atmosphere and inevitably result in the degrada-
tion of device performance over time.'” Chemical treatment also raises
instability concerns, as some chemical solutions are not very stable.”
Charge transfer doping is also very susceptible to the external environ-
ment, such as strain, electric field, or incident light, which further
raises stability and reliability concerns.”® Furthermore, dopants that
can impart n-type character are generally not stable in the air due to
their negative redox potential.”

Despite the availability of a variety of ways to induce intercalation
and the doping levels that can be achieved, the stability and consis-
tency in doping are major problems and make intercalation-doped
TMD transistors unreliable. Another issue is the lack of available inter-
calant options to get both p- and n-type effects. Since the vdW gap of
TMD:s is sandwiched by negatively charged layers of anionic chalco-
gens, cation intercalation is feasible, but intercalation of anions is a big
issue.”” While it may be too early to comment on the actual feasibility
of other emerging doping methods (presented in Sec. V), we believe
that each may have drawbacks for integrated circuits including high
temperature instability and complicated device processing.

For robust, long-term doping, we firmly believe that substitu-
tional doping is the most promising option due to its scalability, ther-
mal stability, and rich choice of available dopants. The doping can be
achieved using industry compatible methods such as plasma treat-
ment, thermal diffusion, and in situ direct growth over a wide temper-
ature window enabling both FEOL and BEOL integration. While we
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acknowledge that there are issues with substitutional doping such as
uniformity in post-growth doping, high ionization energy of the dop-
ants, and dopant-induced mobility degradation, we believe that these
challenges can be overcome and are not showstoppers that plague the
other doping techniques. The potential advantage of this doping
method clearly outweighs its limitations.

We would like to end by commenting that given the attention
the community has endowed upon TMDs, the future of 2D materials
for nanoelectronics looks promising. The field, which had started from
studying a single material (graphene), has expanded to potentially
hundreds of new materials, dopants, and their countless combinations.
Indeed, there are challenges, but there are also an unimaginable num-
ber of opportunities.
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