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Two-dimensional (2D) transition-metal dichalcogenides (TMDs) hold immense promise for
next-generation nanoelectronics and optoelectronics, yet their technological viability hinges on
reliable control over carrier type and concentration. In practice, most TMDs exhibit their own
characteristic native polarity set by intrinsic point defects and unintentional impurities, which
fix the Fermi level and frustrate subsequent extrinsic doping approaches. That is, such native
donors and acceptors not only define the as-grown electronic ground state but also complicate
attempts at deliberate carrier modulation, often yielding unstable, hysteretic, or spatially non-
uniform doping profiles. This mini-review first clarifies the defect-driven origins of native
polarity in representative semiconducting TMDs by connecting characteristic vacancy and
impurity states to experimentally observed conduction behaviors. We then survey main
extrinsic doping strategies, including surface and remote charge transfer, chemical intercalation,
and substitutional incorporation. While each approach presents distinct trade-offs regarding
stability, controllability and device compatibility, we argue that substitutional doping, where
dopant atoms replace host lattice sites, stands out as the most robust route for stable polarity
control. We specifically highlight how such substitutional counter-doping, where intentional
dopants override the native-defect-imposed Fermi level and flip the intrinsic carrier type, and
discuss how it enables diverse device applications ranging from complementary logic and low-
resistance contacts to emerging optoelectronic and neuromorphic functionalities. We conclude
by outlining the key remaining issues, such as dopant activation efficiency, interfacial coupling,
and wide-range carrier modulation, to guide the future developments of 2D semiconductor
platforms.
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Two-dimensional (2D) transition metal dichalcogenides (TMDs) have rapidly evolved from
scientifically intriguing quantum materials into technologically promising candidates for next-
generation nanoelectronics and optoelectronics.!* Their atomic thickness, clean van der Waals
(vdW) interfaces, strong electrostatic gate coupling, immunity to short-channel effects, and
compatibility with heterogeneous stacking uniquely position them as powerful complements
to silicon-based platforms.>”’ These attributes have driven advances in key device classes,
ranging from field-effect transistors (FETs) with improved gate control to logic circuits enabled
by polarity engineering.®!° Furthermore, they have demonstrated significant potentials in high-
responsivity photodetectors and emerging neuromorphic devices, offering a crucial platform
for future information processing.!!-13

However, translating the current laboratory breakthroughs into practical high-performance
integrated circuits requires precise, reliable control over the majority carrier type (n-type vs. p-
type) and concentration, the cornerstones of complementary metal-oxide-semiconductor
(CMOS) technology. Unlike conventional bulk semiconductors where high-energy ion
implantation and diffusion processes define standard doping strategies, 2D materials are
governed by distinct defect physics, electrostatics, and interface-dominated behaviors, all of
which complicate classical doping paradigms. In most TMDs, the Fermi level (Eg) is strongly
anchored by intrinsic point defects, such as chalcogen vacancies and/or unintentional
impurities introduced during vapor-phase synthesis.””> These native donor or acceptor states fix
the as-grown carrier polarity (e.g., robust n-type nature of MoS, and the ambipolar/p-type
behavior of WSe,), so a key prerequisite for the future device engineering is to understand the
defect-driven origins of this native polarity and how it governs the electronic ground state of
2D semiconductors.

In response to these hurdles, an expanding library of doping approaches has been proposed to
manipulate carrier polarity. These range from surface charge transfer and molecular dipole
engineering!41® to remote charge transfer,!”! intercalation,®?! and atomic-lattice
substitution.?>? While these strategies collectively demonstrate the electrical flexibility of
TMDs, they also highlight critical trade-offs. For instance, surface or remote doping can
effectively modulate the Fermi level and even enable rapid polarity switching, but the resulting
charge states are often volatile, environment-sensitive, and spatially inhomogeneous. Similarly,
while intercalation can access extremely high carrier densities and even induce structural phase
transition, it remains challenging to reproduce in scalable devices and is strictly limited to
multilayer systems.

In contrast, substitutional doping, where dopant atoms are incorporated directly into the
covalent framework of the host lattice, has drawn particular attention as an intrinsically stable
and integration-compatible route for deterministic carrier control. Building upon this
foundation, substitutional “counter-doping” has emerged as a strategy of significant
technological importance. It involves the intentional reversal of native carrier polarity, such as
converting n-type MoS; to p-type via V/Nb/Ta substitution or turning WSe; into n-type via Re
incorporation.”3** Counter-doping not only overcomes the defect-determined Fermi level
positions but also provides a solid framework for realizing complementary logic, low-
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resistance contacts, and advanced device architectures within a single-TMD platfogm, ;o0 benro52450

This mini-review therefore aims to unify the defect physics, doping mechanisms, and device-
level implications of carrier-type control in 2D TMDs. We first clarify the defect-driven origins
of native carrier polarity in 2D TMDs, summarizing recent insights into how specific vacancies,
antisites, and unintentional impurities generate characteristic defect states. We then survey the
full spectrum of doping strategies proposed for 2D semiconductors and evaluate their
respective advantages and limitations. Particular emphasis is placed on substitutional counter-
doping, which enables the reprogramming of native conduction types while simultaneously
allowing tunable control of carrier concentration. We further examine key demonstrations
where doping-driven polarity engineering enables essential functions, including CMOS logic,
p-n junctions, and reduced contact resistance, as well as emerging optoelectronic and
neuromorphic applications. Finally, we outline critical remaining challenges, such as dopant
activation efficiency, interfacial coupling effects with substrate and dielectrics, and the need
for wide-range carrier density modulation, providing an outlook for reliable and commercially
viable 2D TMD electronics.

2. From Intrinsic Defects to Intentional Doping
2.1 Native Carrier-Type and Its Defect-Driven Origins

Ideally, pristine 2D semiconductors would behave as intrinsic materials with the Fermi level
positioned near the middle of the bandgap. In reality, however, the electronic ground state of
most 2D TMDs (both as-synthesized or as-exfoliated specimen) is defined by unintentional
doping arising from intrinsic point defects, inevitably generated in a thermodynamic aspect.*¢
Beyond structural defects, the atomically thin nature of 2D materials renders them hyper-
sensitive to surface absorbates/impurities. In this section, we examine the defect-driven

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mechanisms governing native carrier polarity in 2D semiconductors, focusing on the
prototypical cases of MoS, and WSe,. We aim to clarify why MoS, almost universally exhibits
robust n-type behavior, whereas WSe, typically shows p-type or ambipolar conduction.
Building on these insights, we further provide the physical baseline for the defect-engineering
counter-doping approaches discussed in sequent chapters.
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2.1.1 MoS,: A Prototypical Intrinsic n-Type Semiconductor

The ubiquitous intrinsic n-type conductivity of MoS, is widely attributed to unintentional
doping induced by sulfur vacancies (Vs).2*-3! During chemical vapor deposition (CVD), MoS,
is typically grown at elevated temperatures under a sulfur-deficient partial pressure, conditions
that thermodynamically favor the formation of anion vacancies at relatively high densities.””-’®

From a thermodynamic perspective, the formation energies of intrinsic point defects in TMDs
provide a quantitative basis for this tendency. Density functional theory (DFT) calculations
consistently show that among common intrinsic defects in MoS, including sulfur vacancies
(Vs), molybdenum vacancies (Vy,), and sulfur divacancies (Vs;), the single sulfur vacancy has
the lowest formation energy (Table 1). Specifically, the formation energy of an isolated single
sulfur vacancy is reported in the range from 2.5 to 3.6 eV, which is substantially lower than
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that of Vi, (6.9-7.1 eV) and Vs, (4.3 €V).23! This energetic hierarchy dictates that: Vgdsthreiros2420

dominant native defect species under typical growth conditions.

The removal of S atom leaves three under-coordinated Mo atoms with unsaturated bonds,
giving rise to donor-like defect states located just below the conduction band minimum (CBM).
Following thermally assisted ionization at room temperature, these defect levels increase the
free electron density and accordingly drive the Fermi level toward the CBM, defining the robust
n-type polarity of MoS,.

Host-TMD | Defect Type Format(igé)energy Role / Electronic Character | Ref.
Vs 2.5-3.6 Dominant donor [29]
MoS, Vs, 43 Deep trap [31]
VMo 6.9-7.1 Deep acceptor [30]

Vse 2.1-2.7 Deep donor / trap [29,32]
WSe, Vw 4.4-4.6 Acceptor-like [32]
Oge. t+ Vw 2.5-3.0 Shallow acceptor [32]

*Note: Formation energy values are presented as ranges to account for variations in
theoretical results arising from the different computational methodologies employed in cited
literature.

Table 1. Formation energies and electronic roles of representative intrinsic defects in MoS,
and WSe,.

2.1.2 WSe;: Intrinsic p-Type Characteristics and Ambipolar Behavior

In contrast, WSe, commonly exhibits ambipolar or weakly p-type conduction, reflecting a
fundamentally different balance of defect physics compared to MoS,. While selenium
vacancies (Vs,) are also among the lowest-energy native defects in WSe, under chalcogen-poor

conditions (2.1-2.7 eV), their electronic impact is markedly different. Rather than forming

simple shallow donors, the defect levels associated with Vg, tend to reside deeper within the
bandgap and act as deep donor-like centers that do not fully ionize at room temperature.?®-32
Consequently, Vg, can capture electrons and contribute to mid-gap states, which do not
effectively supply free carriers to the conduction band. Instead, they tend to pin the Fermi level
near mid-gap and promote charge compensation, suppressing n-type behavior.

At the same time, W vacancies, Se-on-W antisites, and certain impurity complexes can
introduce acceptor-like states closer to the valence band maximum (VBM), favoring hole
population or charge compensation. Recent theoretical and experimental studies suggest that
more complex defect-impurity interactions may govern the polarity of WSe,. In particular,
oxygen impurities inherent the growth environment can be incorporated to substitute for
selenium (Os,) and couple with adjacent tungsten vacancies (Vy), forming defect complexes
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(Ose + Vy) with a reduced formation energy (2.5-3.0 eV).3? These complexesointrogueeiros2420

shallow acceptor states close to the VBM and thereby leading p-type conduction. Such findings
underscore that the native p-type or ambipolar nature of WSe, may not be determined solely
by elemental vacancies but can also be further influenced by extrinsic impurities. In addition,
because the VBM of WSe, aligns favorably with high-work-function metals, hole injection is
generally more efficient. In contrast, its conduction band is positioned farther from the metal
work function, making electron injection more sensitive to gate-induced band bending and
dielectric environment. Therefore, variations in contact conditions, substrate screening, or
electrostatic gating can shift the balance between electron and hole injection. Consequently,
nominally “undoped” WSe, can display a wide spectrum of conduction behavior from
predominantly p-type to nearly symmetric ambipolar transport across different samples and
device platforms.

Understanding and controlling this defect-driven variability is crucial, as it not only dictates
the native polarity of each TMD but also establishes the physical baseline from which all
intentional doping and defect engineering strategies must operate.

2.2 From Intrinsic Defect Control to Intentional Doping
2.2.1 Defect Engineering Strategies and Limitations

Building on the intrinsic defect landscape discussed in Section 2.1, a natural next step has been
to deliberately manipulate these defects to tune carrier polarity and density. As illustrated in
Fig. 1, such “defect engineering” approaches aim to convert the unavoidable presence of
defects from a liability into a design parameter for electronic functionality. Importantly,
however, many of the defects generated by plasma, particle irradiation, or other strong external
stimuli are off-equilibrium configurations, distinct from the thermodynamically favored native
defects described in the previous chapter.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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One approach involves intentionally generating chalcogen vacancies near the contact interface.
For instance, controlled H,/He plasma treatment at predefined contact regions can generate a
high density of Vg, in WSe; at the contact interface (Fig. 1a). Vs, accumulation at the contact
leads to substantial surface potential modulation. In this interface, the conduction band edge
locally approaches the Fermi level with reducing electron injection barrier, resulting in a
“degenerate n-like” contact behavior depending on the contact metal. As a result, the ambipolar

(cc)

p-branch conduction is strongly suppressed and the device shows enhanced n-branch on-
current and reduced substhreshold swing (Fig. 1b).33 On the other hand, vacancy healing
through oxygen-incorporated CVD offers p-type doping pathway for carrier modulation. Shen
et al. reported that introducing trace oxygen during CVD growth of monolayer MoS, (Fig.
lc,d) enables substitution of sulfur vacancies with oxygen atoms, forming Mo—O bonds that
effectively passivate donor-like in-gap states. This atomic-scale oxygen healing mechanism
suppressed unintentional n-type doping of S vacancies (Fig. le,f), resulting in a Fermi level
downshift with reduced the metal/MoS, Schottky barrier to below ~40 meV.3* Later, Zhang et
al. extended this approach to a wafer-scale oxygen-assisted growth-repair process,
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quantitatively reducing S vacancy density by an order of magnitude (from ~2.7 X, J 05 40 A3 5oeonon

X 10'> cm?) while simultaneously enhancing carrier mobility and lowering Fermi-level
pinning.” Their combined results highlight that controlled oxygen healing over S vacancies
not only suppresses defect-injected electron doping but also improves interface energetics and
transport uniformity.

Beyond static defect creation or healing, photo-induced defect engineering has emerged as a
non-contact and reconfigurable approach for carrier control. Illumination of distinct photon
energies can reversibly tune carrier polarity in MoTe, through photon-driven defect chemistry:
high-energy photons (=2.4 eV, 520 nm) break Te—Te bonds to generate Te interstitials, which
donate electrons and induce n-type conduction, whereas lower-energy light (=1.5 eV, 830 nm)
promotes oxygen substitution at Te vacancies, resulting in p-type doping with enhanced hole
density. Such light-driven defect transformations demonstrate the dynamic tunability of
intrinsic defects and highlight the potential of optical stimuli for controllable carrier modulation
in 2D semiconductors.'6

Despite these achievements, intrinsic-defect tailoring—whether by injecting chalcogen
vacancies, healing them through compensating species, or dynamically reconfiguring them
through photo-induced reactions—faces inherent constraints when the goal is reliable, wide-
range carrier control. Vacancy-generation techniques such as plasma, laser or ion irradiation
can induce collateral lattice damage, structural disorder and remain highly sensitive to exposure
conditions. Also, defect density and activation efficiency are difficult to calibrate, leading to
substantial device-to-device variation and limited reproducibility. Conversely, vacancy-
healing approaches, including oxygen- or chalcogen-assisted treatments can suppress donor-
like states, yet they offer limited controllability over a broad carrier concentration range and
are highly dependent on growth conditions such as temperature and precursor chemistry.

Therefore, these limitations highlight that while intrinsic defect engineering provides valuable
insights into defect-transport correlations and localized polarity tuning, it remains insufficient
as a deterministic route toward wide-range and reproducible electronic control in 2D
semiconductors. In this regard, other doping approaches (i.e., extrinsic and substitutional
doping) should be used as a functional enabler that unlocks the broader technological potential
of TMDs. These methods introduce intentional dopant species—either externally coupled or
substitutionally incorporated—to provide quantitative and permanent control of carrier polarity
and concentration. Such deliberate doping method transforms materials once constrained by
native polarity into versatile electronic platforms, paving the way toward silicon-competitive
technologies.

3. Doping Strategies for 2D Semiconductors: Mechanism and Capabilities

Several doping approaches, thus, have been developed to modulate the electrical properties of
TMDs. Surface charge transfer doping, achieved by adsorbing organic molecules!'433-36.73.75 or
ultrathin films'> directly on the TMD surface, provides a simple route to tune carrier polarity
and threshold voltage. However, the transferred charges are weakly bound and highly sensitive
to environmental conditions such as humidity, illumination, and vacuum level. Remote charge
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transfer doping, in contrast, employs a physically separated dopant reservoirs—sugh a8 ro-as0
molecular dopants!”-!® or gate stacks'®7 isolated by a thin spacer—through which charges can
tunnel or transfer electrostatically to the channel while minimizing interfacial disorder. This
approach enables rapid and reversible carrier modulation with reduced impurity scattering, but
its effect is spatially confined near the interface and typically requires continuous electrostatic
biasing, rendering it unsuitable for permanent doping in integrated logic. Intercalation doping,
which insert alkali metals or molecular species between TMD multilayers, can induce
substantial changes in carrier density and even structural phases, but unsuitable for scalable
and uniform doping.2%2!.71.72 By contrast, substitutional doping, which incorporates dopant
atoms directly into the TMD lattice, achieves reproducible carrier control in precision with
integration-compatible manner.??-?® Because dopants are chemically bonded within the host
framework, this method offers long-term stability and scalability, allowing the functionalities
in a more permanent, uniform, and technologically transferable form.

In the following sections, we review the progress of various doping approaches in 2D TMDs
with their doping mechanisms and outline their advantages and limitations. Particular emphasis
is placed on substitutional doping as the most robust and durable route for functionalizing 2D
TMDs. We further discuss how this approach enables counter doping to reprogram carrier
polarity and highlight representative demonstrations that extend such strategies into functional
electronic, optoelectronic and neuromorphic device applications.

3.1 Overview of Extrinsic Doping Approaches
3.1.1 Surface charge transfer (SCT)

Surface charge transfer (SCT) doping relies on interfacial electron exchange between two
materials with mismatched Fermi levels, enabling modulation of carrier polarity in 2D TMDs
without altering their lattice composition. When electron-donor or -acceptor species are
adsorbed directly on the atomic surface, charge transfer occurs through molecular orbital
overlap or dipole formation, shifting the Fermi level of the underlying TMD channel toward
the conduction or valence band. As illustrated in Fig. 2, various thiol-based and aromatic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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molecular systems have been employed to realize such carrier modulation through interfacial
dipole engineering.

Early demonstrations using molecular dopants revealed effective polarity conversion via
simple surface adsorption. Fan ef al. achieved reversible nep switching across a broad set of
TMDs across MoS,, MoSe,, MoTe,, WS, and WSe, by introducing boron-based donor
(triphenylboron, TPB) and strong acceptor (TPB/BCF mixture) molecules, with threshold-

voltage shifts (typically = 10-20 V) and changes in ambipolar transport, with I,,/I,¢ ratios in

the 10°-10° range.!# Similar molecule-induced modulation was reported by Jeong ef al., who

used 1-butanethiol (BuSH) in a mild vapor-phase treatment to heal Te vacancies in MoTe; (Fig.
2a) and shift transport toward hole conduction with a 2-order hole current increase and u, =~ 7
cm?V-ls! (Fig. 2b).3 Im et al. employed bifunctional thiophenol derivatives using 4-
aminothiophenol (4-ATP, donor) and 4-nitrothiophenol (4-NTP, acceptor) to tune surface
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dipoles and reduce n-type conduction under acceptor functionalization.’® As summagized il ss-non
Fig. 2c-e, electron-donating 4ATP drives a upward Fermi level shift, whereas electron-
withdrawing 4NTP pull Er downward, reinforcing p-type behavior. Zhang ef al. expanded this
concept to thickness-dependent charge transfer doping in both monolayer and multilayer MoS,
using redox-active molecules, achieving ambipolar modulation in monolayer and metallic-like
transport in multilayer without structural degradation.” Jung et al. further developed a wafer-
scale solution-based redox doping method using naphthalene (donor) and WClg (acceptor),
realizing high mobilities (u, ~ 332, up = 32 cm?V-!s*") and on/off ratios of 107, with uniform
band alignment control across centimeter-scale films.”> Beyond Mo-based systems, Ji et al.
showed that diazonium (4-NBD) and amine (DETA) molecules can reliably convert CVD-
grown monolayer WSe, from ambipolar to p- and n-type conduction, while simultaneously
improving mobility up to ~82 cm?V-!s'! (holes) and ~25 cm?V-!s! (electrons) through enhanced
injection and reduced contact resistance.®? These results highlight that charge transfer doping
through molecules provides a simple, non-destructive and chemically versatile approach. But,
the physisorbed nature of molecular dopants limits their long-term environmental stability—
motivating the development of more robust and interface stable doping methods.

To overcome the instability and nonuniform coverage of molecular adsorbates, Zhang et al.
developed a template-assisted dry-transfer doping method.!> Photolithographically patterned
dopant films—Magic Blue (tris(4-bromophenyl)ammoniumyl hexachloroantimonate, strong p-
type oxidant) and N-DMBI (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole, n-type
reductant)}—were dry-transferred onto MoTe,, producing clean, spatially selective interfaces.
This method enabled patterned and polarity-selective doping of MoTe,, producing threshold-

voltage shifts of approximately + 20 V and carrier density variation in the 10'>-10'3 ¢m

range, while preserving field-effect mobility comparable to pristine devices. The solvent-free
process and photolithographic compatibility indicate potential scalability in SCT doping
method for integrated device architectures.

3.1.2 Remote charge transfer (RCT)

Unlike SCT, which relies on direct contact between dopants and the 2D semiconductors,
remote charge transfer (RCT) doping spatially separates the dopant source from the active
channel through an ultrathin vdW dielectric spacer or an engineered gate stack. This spatial
decoupling allows efficient charge transfer via tunneling or electrostatic coupling while
mitigating ionized-impurity scattering at the channel. Therefore, this approach enables carrier
injection with preserving interfacial cleanliness and structural integrity of 2D lattice.

Following this concept, two distinct regimes of RCT doping have been demonstrated
depending on the nature of the charge reservoir as summarized in Fig. 3. In the molecule-
mediated regime as the charge reservoir, Jang et al. introduced an ultrathin h-BN spacer ( = 1-
2 nm) between monolayer MoS, and a benzyl viologen (BV) donor layer (Fig. 3a). Despite the
physical separation, efficient n-type transfer occurred because the Fermi level offset between
the BV donor (Er = —4.0eV) and MoS; conduction band (Ec =~ —4.2¢eV) created a
strong built-in electrical field across the h-BN spacer, driving field-assisted tunneling of
electrons into the MoS; channel.!” This h-BN layer, thus, served a dual function—acting as an
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electrostatic controller that modulates charge transfer strength and as a physical barrier dHat 5o
screens ionized-impurity scattering (Fig. 3b,c). Therefore, when increasing h-BN thickness, the
transfer curve shows diminution of electron doping (Fig. 3d-f), indicating the tunneling-
distance dependence in RCT doping. Building upon this principle, Lee et al. employed
triphenylphosphine (PPh;) molecules as remote electron donors in a WSe,/h-BN/MoS,
heterostructure, where the PPh; layer on WSe; acted as a charge reservoir and electrons were
transferred across a few-layer h-BN dielectric (~3 nm) into the underlying MoS, channel. The
built-in potential across the insulating spacer enabled effective n-type doping of MoS, while
preserving its chemical integrity, resulting in significantly enhanced carrier transport. The
remotely doped transistors showed nearly a two-fold enhancement in carrier mobility compared
with directly-doped devices, indicating the effective suppression of impurity scattering across
the dielectric barrier.!® These results demonstrate that placing molecular dopants outside the
active channel, in combination within and ultrathin insulating spacer, enables efficient and
clean charge transfer through electrostatic coupling while preserving the intrinsic transport
characteristics of the 2D semiconductors. Peng ef al. demonstrated a spatially programmable
doping strategy in MoTe, by employing patterned BV and 1,3,5-tris(4-bromophenyl)benzene
(TBB) molecular layers as electron donor and acceptor species, respectively. These molecular
charge reservoirs created locally distinct carrier densities, forming in-plane graded p-n
junctions within a single MoTe, channel. The doping strength and junction profile could be
dynamically modulated through external gate bias, enabling polarity switching, reconfigurable
logic, and neuromorphic behaviors in the same device. The system exhibited rectification ratio
up to 10* and synaptic responses with energy consumption as low as 7.3 fW.!° It demonstrates
that molecule-mediated charge transfer, when spatially engineered, can produce continuous
carrier gradients and reconfigurable device functionality.

In contrast, the dielectric-mediated regime relies purely on electrostatic field coupling without

using molecular dopants. Guo et al. demonstrated a Mott-interface-mediated RCT mechanism
using a MoS,/CrOCI heterostructure, where CrOCl—an antiferromagnetic Mott insulator—
acts as a correlated charge reservoir (Fig. 3g). Owing to the high work function and localized

3d states of CrOClI, electrons are partially transferred from MoS, into the Cr 3d orbitals,

producing nonlocal charge distribution and hole accumulation in MoS,. This interfacial

coupling reconfigures the channel polarity from n-type to p-type without introducing dopants

or defect states, yielding hole mobilities up to ~425 ¢cm?V-!s"! and on/off ratios > 10° that

remain air-stable for over a year (Fig. 3i,j). Leveraging this vdW polarity-engineering, they

demonstrated vertically integrated complementary logic (Fig. 3h,k)—inverters (6 vdW layers),

NAND and SRAM circuits (14 vdW layers)—showing a pathway toward 3D integration of 2D

complementary metal-oxide semiconductor (CMOS) architectures through field-coupled Mott

interfaces.’’
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These findings establish that RCT doping provides a non-invasive route for carrier-type control
while preserving the structural and chemical integrity of 2D semiconductors. The spatial
decoupling between dopant source and conduction channel minimizes impurity scattering and
interfacial disorder, preserving intrinsic transport and enabling precise polarity control.
However, it is hard to realize atomically clean interfaces, stable interlayer coupling, and
durable electrostatic integrity in practical process. Moreover, most of RCT methods still rely
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on external molecular reservoirs or adjacent functional layers as charge sources, unders¢ofing
incomplete chemical independence. Overcoming these limitations will be essential for
establishing RCT doping as a robust, wafer-scale platform for 3D integration of 2D
complementary electronics.

3.1.3 Intercalation

Intercalation offers a unique means of electronic modulation in vdW solids by inserting guest
species—ions, atoms, or molecules—into the interlayer vdW gaps without disrupting the basal
lattice. Unlike SCT or RCT method, intercalation directly alters the host electronic
configuration through charge transfer and lattice distortion. As summarized by Yang et al.,
intercalation processes can be broadly categorized into electrochemical and field-driven
(electrostatic) regimes. The electrochemical route involves redox reactions and ion diffusion
through liquid or solid electrolytes, enabling extremely high carrier densities (>10'4 cm2) and
even superconducting states in alkali-metal intercalated TMDs. In contrast, field-driven
intercalation relies on electric-field-assisted ion insertion under strong interfacial fields (~10
MVcem!), providing reversible and non-destructive control of charge density and lattice
configuration.?’

Building upon these principles, Gong et al. demonstrated precise electronic modulation of 2D
SnS, through controlled intercalation of transition metals. Using solvent-mediated intercalation
of Cu and Co atoms into the vdW gaps of bilayer SnS,, the authors achieved deterministic
conversion of carrier type and conductivity within a single crystalline lattice. Cu intercalation
introduced partial charge withdrawal from SnS,, producing p-type behavior with a hole
mobility of ~40 cm?V-!s™! and I,,/I¢ ratio of ~10%, whereas Co intercalation generated strong
hybridization between Co 3d and SnS; orbitals, driving the materials into a metallic state with
a sheet resistance of ~400 Qcm!. Crucially, the process preserved the layered structure and
enabled lithographically patterned intercalation, forming in-plane p-n junction and p-type
semiconductor-metal junctions with atomically sharp interfaces.?! Shin et al. demonstrated that
Li intercalation can also serve as an efficient interface engineering tool rather than merely a
bulk doping method. By inserting Li* ions into multilayer WSe,, the interfacial contact
resistance was reduced via Schottky-to-ohmic transition, and the field-effect mobility was
enhanced by nearly an order of magnitude (Fig. 4a-c).® Extending this concept to ionic species,
Zhang et al. reported reversible and selective ion intercalation through top surface of few-layer
MoS, (Fig. 4d,e).”! In-situ Raman and optical spectroscopy revealed a gradual 2H— 1T’ phase
evolution accompanied by carrier-density modulation exceeding 10'* c¢m?, evidencing
intercalation-driven electronic tunability within an intact vdW lattice. More recently, Kwon et
al. demonstrated field-programmable bimodal switching in a hybrid-dual-gated MoS,
transistor, integrating electrostatic and intercalation doping within a single platform.”? Under
low gate bias, the device operates in a conventional electrostatic regime, while higher ionic-
liquid gate voltages trigger field-driven cation insertion into the vdW gaps. This transition
yields a reversible 2H—1T phase conversion and over two orders of magnitude reduction in
channel resistance, confirming voltage-controlled intercalation as a non-volatile and yet
recoverable doping mechanism.

Intercalation doping enables direct modulation of carrier concentration through controlled
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insertion of guest species into vdW gaps, allowing access to degenerate charge densities dtid;so-non
phase-tunable electronic states within a crystalline framework. Its reversible and spatially
selective nature make it particularly suitable for defining local junctions and programmable
carrier gradients in 2D materials. However, the process is inherently difficult to scale up and

make precise/wide-range control of carrier concentration. Also, monolayer 2D materials cannot
accommodate intercalants because interlayer gaps are required, restricting applicability to few-

layer or bulk systems. In addition, chemical and structural stability can degrade due to ion
migration or residual redox activity, and the use of liquid or ionic electrolytes poses
compatibility issues with standard device fabrication.

3.2 Substitutional Doping and Counter-Doping: The Core of Functional Control
3.2.1 Fundamental Mechanisms and Synthesis Routes

Previously discussed extrinsic doping approaches such as surface adlayer, remote charge
doping, and intercalation modulate carrier polarity and concentration primarily through
interfacial or interlayer interactions, generally without permanently altering the lattice. In
contrast, substitutional doping directly reconfigures the electronic ground state of the crystal
and provide a path toward robust, permanent, and scalable carrier-type control. That is, through
replacement of host atoms with dopant species, this approach enables deterministic control
over both carrier type and concentration within the preserved crystalline framework.

In this approach, host atoms within the crystal lattice are replaced by foreign dopant species at
either the transition metal (M) or chalcogen (X) sites. As illustrated in Fig. 5a, a diverse library
of elements from the periodic table can be employed as substitutional dopants, encompassing
various transition metals for the M-site and group 15-17 elements for the X-site. The electronic
behavior of the dopant is primarily determined by its valence electron configuration relative to
the host atom. For instance, replacing group-6 metals (e.g., Mo, W) in MX, compounds with
group-5 dopant (e.g., V, Nb, Ta) introduces acceptor states that promote p-type conduction,
while group-7 dopants (e.g., Re) generally act as donors, driving n-type behavior. Beyond
simple valence rules, the thermodynamic stability of dopants within the host lattice—quantified
by their formation energies—strongly influences feasibility. Density functional theory (DFT)
calculations have been instrumental in this regard, identifying, for example, Nb and Ta as stable
p-type dopants in WSe, and Re or Cu as possible n-type dopants.?*-** Such predictions not only
clarify fundamental mechanisms of dopant stability but also guide experimental efforts toward
viable doping strategies.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 februar 2026. Downloaded on 16.2.2026. 19.35.42.

(cc)

Achieving reliable substitutional doping primarily requires the incorporation of dopant atoms
during growth, where precursor and reaction conditions are precisely regulated to embed
dopants at lattice sites with desired concentration. Among the various bottom-up synthesis
techniques, CVD remains the most widely employed,?*-?7 offering controllable growth kinetics
(Fig. 5b,c). By modulating precursor ratios, substrate temperature, and carrier gas composition,
dopant incorporation can be tuned from dilute to degenerate levels while maintaining crystal
continuity. Metal-organic chemical vapor deposition (MOCVD) further enhances this
controllability by utilizing volatile organometallic precursors,*-88 enabling precise
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adjustment of dopant flux and spatial uniformity and scalability (Fig. 5d). In additign tQ,vah0L: =050

phase methods, as shown in Fig. S5e, magnetron co-sputtering combined with post-
chalcogenization has recently emerged as a promising solid-gas hybrid route.?> Here, dopant
atoms are alloyed with host-metal precursors in a sputtered film prior to chalcogen reaction,
allowing near-stoichiometric substitution and fine doping resolution at relatively low
temperatures. This approach provides enhanced integration compatibility with pre-patterned
substrates. On the other hand, chemical vapor transport (CVT) enables thermodynamically
equilibrated incorporation of dopants during bulk single-crystal growth, yielding high-purity
doped-single crystals that can be exfoliated into few-layer flakes for fundamental property
assessment (Fig. 5f).28:80.87

Beyond these methodological distinctions, the advantages of substitutional doping are rooted

in its intrinsic robustness and chemical stability. Once incorporated, dopants form covalent

bonds with the host lattice, ensuring long-term durability even under ambient exposure and

elevated temperatures. This permanence contrasts sharply with other extrinsic approaches such

as molecular adsorption or intercalation, which are typically volatile and unsuitable for reliable

device operation. In addition, bottom-up synthesis methods such as CVD and MOCVD provide
a practical route to reproducible and scalable incorporation, enabling spatially uniform dopant
distribution and tunable concentrations across wafer-scale. These attributes make substitutional
doping uniquely positioned to bridge laboratory demonstrations with industrial integration.

Table 2 presents representative experimental demonstrations of substitutional counter-doping

in various TMDs, summarizing a diverse array of dopants and host lattice combinations.

While substitutional incorporation offers such advantages, it also faces several practical and
scientific challenges. The thermodynamics of dopant substitution are often limited by low
solubility and competing phase formation, leading to unintended alloying or defect clustering.

Additional challenges of substitutional doping will be discussed in detail in Section 4 (Outlook).

In the following subsections, we highlight representative case studies that overcome these
limitations of doping chemistry and realize well-defined p-type and n-type doping conduction
in 2D TMDs with specific dopant species.

3.2.2 p-Type Doping: V, Nb, Ta

Vanadium (V) Substitution In 2H-MoS,, molybdenum typically adopts the +4 oxidation state
(Mo*, 4d?). When Mo*" is replaced by group-5 metals such as V4" (3d'), the one-electron
deficiency introduces shallow acceptor states near VBM, driving a downward shift of the Fermi
level and establishing p-type conduction. Zou et al. achieved controllable V doping into
monolayer MoS, by CVD using variable precursors (e.g., V,0s, NH,VO3;, VCl;), realizing
substitutional doping from 0.3 to 13.1 at%.?> Zhang et al. demonstrated quasi-continuous
control of carrier polarity in monolayer MoS, by V doping through CVD method (Fig. 6a,b)
from intrinsic n-type through ambipolar to degenerate p-type transport. DFT calculations
correlated the observed ~1 eV Fermi level downshift with shallow acceptor formation and
upward movement of the valence band edge.’* Because the covalent radii of Mo and V (154 vs
153 pm) and their lattice constants (a = 3.18 A) are nearly identical, substitution proceeds with
low strain and high solubility with continuous electronic tunability. Optical and transport
investigations by Zheng et al. further confirmed the p-type character, revealing doping-induced
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band-gap narrowing and a pronounced enhancement of the B-exciton emission i, V-dopd, .o
MoS,. HAADF-STEM images clearly show V incorporation in Mo sites (Fig. 6¢), and their
optical results reflect reduced spin-orbit splitting and efficient exciton-valley scattering, both
arising from hole accumulation and mild lattice distortion around V sites.”®

Niobium (Nb) Substitution Because W and Nb have comparable covalent radii (Nb: 134 pm,
W: 137pm) and similar lattice parameters, Nb can be easily incorporated into 2H-WS, with
minimal strain and high solubility. When W4 (5d?) sites are replaced by Nb*" (4d'), the one-
electron deficiency generates shallow acceptor states near VBM, shifting Fermi-level
downward, inducing p-type conduction. Tang et al. achieved controllable Nb doping in
monolayer WS, by CVD using mixed WO;/NbCls precursors (Fig.6d), realizing doping
concentration from ~0.3 to 4.7 at%.4? Systematic redshifts in photoluminescence (PL) and core-
level binding energy decreases in X-ray photoelectron spectroscopy (XPS) verified band-gap
narrowing and Fermi level lowering by acceptor formation (Fig.6e-g). Consistent optical and
XPS trends were also observed in Nb-doped WS, by Zhang et al.,3* further supporting that
such PL redshifts and core-level shifts are characteristic signatures of acceptor-induced Fermi
level lowering. Qin et al. further realized substitutional Nb doping via liquid-phase precursor
mixing, where atomic-resolution high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) directly visualized Nb atoms at W sites and transport
characteristics evolved from n-type through ambipolar to p-type with increasing Nb
concentration.®! Wang et al. demonstrated MOCVD growth of lateral NbS,-MoS,
heterostructures, in which Nb substitutionally incorporated into the MoS, domain, enabling
stable p-type conduction and reduced Schottky barriers (~230 meV) at the interface.®

Tantalum (Ta) Substitution Ta, another group-5 element, offers a unique balance between
chemical stability and strong acceptor behavior due to its relatively large atomic radius and
strong d-p orbital hybridization with chalcogen orbitals. Li et al. reported one-step NaCl-
assisted CVD growth of Ta-doped monolayer MoS,, achieving substitutional incorporation up
to ~1.3 at% (Fig. 6h).?° Structural and spectroscopic analyses confirmed that the doped layers
retain the pristine 2H lattice with negligible defect formation and a shift of the Mo 3d and S 2p
core levels toward lower binding energies, consistent with Fermi level movement toward VBM.
FETs based on Ta-doped MoS, exhibit clear p-type transfer characteristics, accompanied by
positive threshold-voltage shifts and reduced subthreshold swings, evidencing efficient hole
conduction through substitutional Ta acceptor states.
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3.2.3 n-Type Doping: Re and beyond

Rhenium (Re) Substitution While group-5 dopants such as V and Nb effectively induce p-
type conduction through electron deficiency, group-7 Re provides the opposite doping polarity,
serving as a prototypical donor that drives Fermi-level upshift and n-type transport in TMDs.
In WSe,, Kozhakhmetov et al. reported Re substitution by MOCVD using W(CO),, H,Se, and
Re,(CO),o precursors, precisely controlling dopant concentrations.®® XPS and ToF-SIMS
verified substitutional Re at W sites (Fig.6k). Also, Raman spectra showed the emergence of
defect-activated LA(M) and ZA(M) modes and PL redshift/quenching (~40 meV) with
increasing Re content, attributed to enhanced trion formation and electron doping (Fig. 61,m).
DFT and scanning tunnelling microscope and spectroscopy (STM/STS) measurements
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revealed that Re,, donor states lying 0.1-0.4 eV below CBM with binding energiesof: 2002300 r052420

meV, explaining the partial ionization and deactivated carrier behavior at room temperature.

In MoS,, Zhang et al. achieved in-situ substitutional Re incorporation via CVD growth using
ReOj3 in MoS, up to 1 at% (Fig. 6i).2 Atomic-resolution STEM confirmed Re atoms replacing
Mo sites (Fig. 6j), and XPS showed the VBM shifting from 1.4 to 1.9 eV below Ep, indicating
Fermi-level upshift toward the CBM. Also, PL red-shifted and quenched (~ 30 meV),
consistent with enhanced and n-type doping. Torshi et al. later extended this to dilute regimes
(< 0.1 at%) via MOCVD, precisely tuning Re supply from Re,(CO);o. XPS and time-of-flight
secondary ion mass spectrometer (ToF-SIMS) verified substitutional Re, and PL revealed
progressive quenching of defect-related emission with higher Re concentration. The reduction
of Mo-O defect peaks and shortened carrier lifetime components indicated electron donation
and vacancy passivation.*!

Host- Doping Dopant . Typ | Device
D D R Ref.
opant TMD method Precursor oping Range e Behavior ©
V205, Synaptic
V| MosS, CVD NH,VOs, | 03-13at% | P | J0PUC s
transistor
VCl,
p-n
A% WS, CVD VCl; <1at% P | phototrans | [24]
istor array
Polarit
Nb | WS, CVD NbCls | 03-47at% | P | Y | [40]
conversion
CMOS
MoT Co-sputteri
Nb+Re | 0¢ | TOSputiering - 0.06-0.42 at% | P,N | inverter | [22]
5 + tellurization
array
Stable p-
Ta | MoS, CVD TaCls <13at% | P WP | 6]
channel
Fermi
Re MoS, CVD ReOs < 0.8 at% N level [27]
upshift
Wafer-
<0.001-
Re WSe, MOCVD Re,(CO)y N scale [88]
0.1at% doping

Table 2. Representative substitutional counter-doping demonstrations in 2D TMDs.

Beyond Group-7: Cobalt (Co) and Iron (Fe) Substitution While group-7 elements like Re
are utilized for electron donation, introducing other transition metals can further expand the
functional capabilities of TMDs, particularly by inducing magnetic moments into the
semiconducting framework. Co and Fe substitution have emerged as key method for creating
2D dilute magnetic semiconductors, where internal magnetic moments couple with the host’s
electronic structure to enable magnetic control.

Co substitution in MoS, has been shown to serve as an effective means to engineer valley
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Zeeman splitting (VZS). Zhou et al. reported the successful Co-doped MoS, monglayers With .o
different doping concentration by CVD process.”> The atomic resolution STEM identified two
distinct configurations, which is isolated single dopants and tridopant clusters. While isolated

Co atoms contribute to localized bonding, the tridopant clusters that consist of three Co atoms
surrounding with central S vacancy induce an internal magnetic field through ferromagnetic
coupling. This internal field couples to the spin, atomic orbital, and valley magnetic moments,
resulting in a high enhancement of VZS with Landé g-factors up to ~15, significantly exceeding
pristine monolayers.

Likewise, Fe substitution shows a similar pathway toward achieving robust magnetic order. Fe
atoms can be incorporated into MoS, monolayer by CVD growth and this substitution can be
confirmed by Fe-related radiative PL emissions at 2.28 €V.% Notably, spatially resolved
magnetometry and superconducting quantum interference device measurements have
demonstrated that Fe-doped MoS, monolayers have clear ferromagnetism at room temperature,
showing M-H hysteresis loops. These results demonstrate that substitutional doping beyond
group-7 elements can also show the promise for advanced spintronic and magnetic applications.

4. Device-Level Application Enabled by Controlled Doping

While diverse doping strategies have been explored to modulate the carrier polarity of TMDs,
their ultimate significance is defined by how effectively they translate into device-level
functionality. Building on the concept of counter doping and polarity reversal discussed earlier,
recent efforts have demonstrated that controlled doping enables not only carrier-type
reprogramming but also the realization of practical device architectures. These applications can
be broadly grouped into two domains. Within the CMOS paradigm, doping has been employed
to construct complementary logic inverters, high-quality p-n junction diodes, and low-
resistance ohmic vdW contacts, thereby addressing integration challenges. Beyond CMOS
applications, doping also opens pathways to optoelectronic devices with enhanced responsivity
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4.1 CMOS device applications
4.1.1 CMOS logic and inverters

Recent advances have demonstrated that substitutional counter-doping can surpass simple
polarity modulation and directly translate into functional circuit-level integration. Unlike SCT
or RCT methods, which are often volatile and spatially restricted, atomically incorporated
dopants provide robust and compatible complementary channels suitable for large-area 2D
logic. Therefore, Gao et al. reported V-doped monolayer WS, as a platform for CMOS
inverters.*> Controlled substitution of V at W sites during CVD growth modulated the carrier
polarity continuously from n-type to p-type as the dopant concentration increased to 4.7 at%.
By integrating p-type 4.7 at% V-doped WS, and pristine n-type WS, flakes on same substrate,
they demonstrated inverters with Ni contacts for p-FET and Au for n-FET (Fig. 7a). The
voltage transfer characteristics and corresponding gain were obtained under different voltage
(Vpp = 1,3,5V), showing stable logic inversion and well-balanced output between the
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in 2H-MoTe, through precisely controlled substitutional doping with Nb and Re as acceptor
and donor species, respectively.?? By co-sputtering Nb or Re into Mo precursor films followed
by CVD tellurization, they made few-layer 2H-MoTe, with tunable carrier concentrations from
10'%to 10'>cm? and confirmed p-type and n-type conduction via Hall measurements (Fig. 7d).
Using lithographically defined Nb- and Re-doped regions, patterned 2H-MoTe, channels were
monolithically integrated on SiO,/Si substrates without any transfer process (Fig. 7¢). The
resulting CMOS inverters, employing Pd/Au and Ti/Au contacts for p- and n-FETs, exhibited
balanced saturation currents (~0.6 pA and ~0.8 pA) and clean voltage transfer characteristics

with logic inversion at Vpp =1-4 V (Fig. 7f). The voltage gain increased from 2.6 at 1 V to

38.2 at4 V, while the peak static power consumption arise from 1.5 nW to 89.5 nW (Fig.7g,h).
Collectively, these studies establish substitutional counter-doping as a deterministic and
CMOS-compatible framework for constructing stable complementary inverters in 2D
materials—where dopant chemistry directly governs device symmetry, gain, and scalability.

4.1.2 p-n junction diodes

Beyond transistor-level modulation, substitutional doping provides a powerful route for
forming intrinsic p-n junctions within a continuous 2D lattice. The resulting chemically defined
junctions avoid the interfacial contamination and Fermi-level disorder often encountered in
transfer-assembled heterostructures. Vu et al. developed Nb-doped WS,-MoS, lateral
heterojunctions via a solution-assisted CVD process that utilizes the different chemical
reactivites of MoO3;, WO; and Nb,Os. Intrinsic MoS, was first grown at 700 °C, followed by
Nb-doped WS, at 800 °C, where the Nb-doped WS, acted as p-type while MoS, domain
retained its n-type character.?® By adjusting the Nb/(W+Nb) molar ratio in precursor solution,
the hole carrier density in WS, was tuned from 1.87 X 106 cm= at 1.5 at% Nb to 1.16 x 10'3
cm? at 8.1 at% Nb, corresponding to a gradual transition from n-n to p-n conduction. The
optimized p-n junction diode device exhibited a rectification ratio of ~10° and a specific
detectivity of 1.1 X 10'* Jones under 638 nm illumination. It shows that the junction
characteristics are directly governed by dopant concentration and associated Fermi level
tuning.

4.1.3 Low-resistance electrical contacts

Reducing contact resistance remains one of the primary bottlenecks for high-performance 2D
transistors. Recent advances in substitutional doping and 2D metallic electrode engineering
have demonstrated effective strategies to achieve near-ohmic behavior and contact resistance
minimization. Vu et al. established a one-step route to synthesize NbSe,/Nb-doped WSe, edge-
contact heterostructures, where NbSe, acts as a metallic contact grown in-situ along the edge
of p-type WSe, domains (Fig. 8a,b).*> By increasing the Nb molar ratio up to 60%, the hole
density of WSe, channel increased from ~3 X 10! ecm™ to 1.38 X 10'> cm™, and the Schottky
barrier height (Pgg) was reduced from 0.34 eV (Cr/WSe,) to — 0.68 eV (NbSe,/Nb-doped
WSe,) (Fig. 8d,e). The corresponding contact resistance dropped from 10.9 MQ pm (Cr) to
2.46 kQum (NbSe;), marking nearly four orders of magnitude improvement. DFT
calculations confirmed that the negative Schottky barrier height originated from the higher
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work function of metallic NbSe, (5.52 eV) aligning with the VBM (4.84 eV) of Nb-dapéd:o-onon
WSe,, enabling true p-type ohmic contact formation. In other case, Wang et al. reported NbS,-
MoS,; lateral heterostructure grown by a single-step MOCVD process.*> The NbS, metallic
phase served as an intrinsic 2D electrode for Nb-doped MoS, semiconductor, mitigating
interface disorder and reducing Fermi level pinning. The resulting devices displayed linear I-V
behavior with ohmic contact characteristics, a p-type on/off ratio of 104, and a mobility of 1.46

cm?V-1s! (Fig. 8c). Quantum transport simulations revealed localized potential steps of ~72—

90 meV at the NbSe,/p-MoS,; junction (Fig. 8f). Recently, Jiang ef al. introduced yttrium
substitution in 2H-MoS, as a transformative strategy for contact metallization. The plasma—
deposition—annealing process replaced surface sulfur atoms with yttrium (Y), driving a
controlled 2H — semi-metallic transition. The resulting Y—MoS, contact layers exhibited an
ultralow contact resistance of 69 Q um and on-current densities exceeding 1.22 mA pmin 10
nm-gate devices, all while maintaining vdW interfaces free of interdiffusion.** Taken together,
these results collectively demonstrate that substitutional doping enables contact engineering at
the atomic scale—where the boundary between semiconductor and metal is chemically
encoded rather than physically deposited—thereby unifying polarity control and injection
optimization within a single growth framework.

While substitutional counter-doping provides a deterministic and CMOS-compatible route for
constructing complementary channels and contacts, its role in broader device classes becomes
more complex. Optoelectronic and neuromorphic devices often require dynamic carrier
modulation, local tuning of band edges, or gradual conductance control that cannot always be
achieved through substitutional incorporation alone. In these systems, additional doping
mechanisms—such as plasma-assisted surface doping, intercalation-driven Fermi level
engineering, or molecular charge-transfer processes—play a complementary role by enabling
reversible polarity tuning, exciton-level control, or continuous conductance modulation.
Therefore, whereas substitutional doping defines a stable electronic baseline and ensures long-
term structural robustness, extrinsic and field-driven doping methods provide the flexibility
required for photodetection, energy harvesting, and synaptic behavior. Based on this broader
landscape, recent studies have shown that a combination of substitutional and non-
substitutional doping strategies can unlock enhanced optoelectronic response and
neuromorphic functionalities in 2D TMDs.

4.2 Beyond CMOS device applications
4.2.1 Optoelectronics applications

Substitutional V doping in CVD-grown MoS, yields UV—Vis photodiodes with a responsivity
approaching 978 A W-! and a detectivity above 10'3 Jones.#’ Similarly, Ta-doped MoSe,
produces vertical p—n homojunction devices with Voc = 0.68 V, an EQE = 42%, and sub-100
us response speed, supporting low-power and fast photodetection.*® Uniform plasma-assisted
doping has also proven effective for converting the top layers of multilayer MoS, into p-type
regions, thereby forming a vertical p-n junction within a single flake. This approach yields a
short-circuit current densities of 20.9 mA cm?, Voc = 0.28 V, and a power conversion
efficiency of 2.8%, together with external quantum efficiencies of 37—78% across the visible
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spectrum and rectification ratios >104.4°

Building on these uniform doping approaches, patterned counter-doping has been developed
to locally define p- and n-type regions within a single channel. Nitrogen plasma doping of
MoS, creates lateral p-n homojunctions exhibiting rectification ratios exceeding 103 and a gate-
tunable photovoltaic response,’® while low-energy nitrogen ion implantation in WS, produces
homojunctions with an open-circuit voltages of 0.39 V and a responsivity > 10> A W-! under
AM 1.5 G illumination, highlighting their potential for wafer-scale, transfer-free
photodetectors, as shown in Fig. 9a-c.>!

Beyond junction formation, these doping strategies facilitate wafer-scale Fermi level tunning
and reversible polarity control—functionalities central to high-performance photodetection and
circuit integration. Notably, intercalation-based approaches enable such modulation while
preserving crystalline framework. Specifically, sodium insertion into MoS, significantly
enhances photodetector responsivity by nearly two-fold, notably without introducing
significant structural disorder (Fig. 9d-f).>> Furthermore, SCT doping allows for reversible
dominant carrier conversion and precise threshold-voltage control at the circuit level.
Alternating octadecyltrichlorosilane (ODTS, acceptor) and poly-L-lysine (PLL, donor)
treatments enable complementary inverter fabrication using MoTe, and hetero-TMD FETs,
which have been successfully employed as pu-LED display backplanes, maintaining stable
current delivery and mechanical flexibility even on PET substrates.’® These results suggest a
promising route toward monolithic optical interconnects and flexible display technologies
powered by counter-doped 2D semiconductors.

4.2.2 Neuromorphic and Computing applications

The continuous scaling of conventional von Neumann architectures are increasingly
constrained by speed and power limitations, prompting the exploration of brain-inspired
computing for next-generation information processing. By co-locating memory and
computation and operating in a massively parallel, event-driven manner, neuromorphic
systems promise energy-efficient learning and real-time data processing. Implementing such
functionality at the hardware level requires electronic elements capable of emulating essential
synaptic behaviors—including potentiation, depression, and spike-timing-dependent plasticity
(STDP)—with ensuring robust scalability and reproducibility.

Crucially, counter-doping provides a versatile platform for realizing such synaptic
functionalities in 2D semiconductors. Reversible carrier density modulation and Fermi level
control within the same MoS, channel enable smooth, analog-like conductance tuning and low-
power operation—key requirements for hardware-level learning rules. Nb-doped MoS,
transistors, which function as optoelectronic reservoirs, exhibit I,,/I,¢ ratios exceeding 10°,
subthreshold swings of 234 mVdec'!, and stable operation under ambient conditions,
functioning as optoelectronic reservoirs. These reservoir devices achieve 100% motion
recognition across eight directions and 88% pattern-recognition accuracy under sequential
optical stimulation, demonstrating their promise for reservoir computing.’* Additional
demonstrations further highlight the ability of counter-doping to enable multilevel and
reconfigurable conductance states. Oxygen-doped MoS, memtransistors demonstrate >50
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stable conductance levels, long-term potentiation/depression with >10%s retention, and highls - rias
linear weight updates, making them well suited for analog neuromorphic learning tasks.>
Similarly, precisely controlled charge-trapping dynamics in MoS, FETs enable tunable
excitatory and inhibitory postsynaptic currents, paired-pulse facilitation, and programmable
STDP learning windows, thereby facilitating the direct implementation of Hebbian learning

and temporal sequence recognition (Fig. 9g-1).¢ Together, these studies demonstrate that
counter-doping serves as a practical route for implementing plastic and reconfigurable synaptic
devices. The ability to engineer polarity and carrier density within a single 2D material system

paves the way toward energy-efficient in-memory computing, associative learning, and on-

chip spiking neural networks.

5. Outlook: Challenges and Future Opportunities

A variety of doping routes—ranging from substitutional incorporation to intercalation-based
and charge-transfer processes—have broadened the toolbox for tailoring electronic behavior in
2D semiconductors. Among these approaches, substitutional doping represents the route that
directly modifies the lattice and establishes a built-in carrier type. Nevertheless, several
fundamental limitations still constrain the expendability and predictability of 2D doping. At
the atomic level, dopant activation yield remains insufficient because of strong quantum
confinement and reduced dielectric screening. At the mesoscale, dopant—interface interactions
with substrates, dielectrics, and contacts can overshadow the dopant contributions and obscure
the true carrier polarity set by the lattice. At the device and wafer levels, the spatial distribution
of dopants is difficult to control within acceptable uniformity thresholds, and bridging the
broad concentration range—from single dopant atoms to degenerate metallic phases—requires
new paradigms of process modulation. This section outlines three key research frontiers that
collectively define the future of 2D doping science: (1) improving dopant activation efficiency
through band-edge and dielectric engineering, (2) mitigating interfacial coupling that distorts
intended doping behavior, and (3) achieving continuous tunability across dilute-to-degenerate
regimes. By unifying these axes, the field can progress from isolated doping demonstrations
toward reproducible, designable 2D electronic systems.
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5.1 Dopant Activation Efficiency
The dopant activation efficiency (14.¢) can be generally defined as:

1 _ Nionized
act —
Ntotal

where N nizea 1 the concentration of ionized dopants that contribute free carriers and Nypeq;
is the total incorporated dopant density. If the dopants behaved as shallow-level impurities,
their ionization energy can be described by the hydrogenic effective-mass model, which
assumes a weak long-range Coulomb potential and a delocalized impurity state. In this
idealized limit, the 2D ionization energy takes:®

2m*e*

E; =
l (47T€0€eff)2h2
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where m”* is the carrier effective mass (m; for donors and mj for acceptors), & iso
electron charge, &y is the vacuum permittivity, €.r¢ is the effective dielectric constant, and
h is the reduced Planck constant. In this equation, it explains that low activation efficiency is
mainly due to large dopant ionization energy (E;), which is enhanced by weak dielectric
screening and strong quantum confinement in atomically thin layers. Because monolayer 2D
semiconductors experience strongly reduced dielectric screening due to their atomic-thin
geometry and surrounding environment (e.g., vaccum, air, or low-¢ dielectrics),%90° the
resulting E; can rise to 200-400 meV, exceeding kT at room temperature and preventing
thermal ionization. Encapsulating monolayers with high-x dielectrics (e.g., HfO,, Al,O3) can
enhance €.rr and reduces E;, allowing more dopant to ionize thermally.

In this deep-level regime, dopant activation in 2D TMDs can be described using charge-
transition-level (CTL) formalism. First-principles studies show that when their electronic
levels are deep and strongly localized, they are dominated by short-range bonding and
substantial lattice relaxation.

Then, the activation efficiency follows the Fermi-Dirac occupation of CTLs.% For acceptors:

1

A
Nact =

1+ gaexp (F4—EE k fry

with a corresponding expression for donors:

1

D
Nact =

1+ gpexp (FL—F2 k fo)

where gp (ga) is the degeneracy factor, Ep (E,4) is the dopant energy level, and Ef is the
Fermi level.

These relations highlight that dopant activation in monolayer 2D semiconductors is more likely
to be governed by CTL depth, defect-state localization, and lattice relaxation, rather than by
the hydrogenic model applicable to bulk semiconductors or shallow dopants.

5.2 Interfacial Effects with Substrates, Dielectrics, and Contacts

Because every atom in a 2D crystal lies at an interface, intentional doping competes with
electrostatic perturbations from the surrounding environment. At the substrate—semiconductor
interface, trapped charges and dipoles an additional potential that can hinder the dopant
effect.95-67 The effective potential profile satisfies Poisson’s equation:

pdop + Pint
&€

V2 = —

where Pgop is the charge density from ionized dopants and p;,¢ represents interface-trapped
or fixed charges. If |pin¢| > |Pdaopl, doping-induced polarity becomes obscured by substrate-
induced band bending.
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For future device integration, interface co-design can improve the performance of doping; Al .o
hybrid “vdW spacer + high-x” configuration (e.g., h-BN/HfO,) or vdW integration of high-k
dielectric can minimize chemical reactivity while providing strong electrostatic control.3%¢0

The ultimate research goal is to develop the high-kx vdW dielectrics. Unlike bulk 3D oxides,

these vdW dielectrics (e.g., LaOCl, LaOBr) can be integrated without forming interfacial
dangling bonds or trapped charges, thereby enhance the doping efficiency of 2D
semiconductors.’’>8 This research direction is rapidly expanding, as they seek scalable
synthesis routes and interface-engineered stacks that deliver high-x screening without the
parasitic effects of bulk dielectrics.

Also, another challenge in 2D semiconductor is suppression of metal-induced gap states
(MIGS) and Fermi-level pinning (FLP) that typically occur when metal electrodes are
deposited onto 2D channels.®® Beyond post-deposition depinning treatments,’® substitutional
doping near the contact region to locally tune the band alignment or degenerate doping and in-
plane metallic seams can act as atomically coherent electrodes and transform the
semiconductor into a semimetal.

5.3 Wide-Range Doping Concentration Coverage

A future-proof 2D doping framework must cover the entire concentration spectrum—ifrom
isolated impurity states for quantum devices to degenerate metallic phases for ohmic contacts.
Each regime imposes distinct physical constraints. In the dilute limit (n < 101! cm™),
dopants act as quantum emitters®? or charge traps whose localized states determine single-
photon or spin behaviors. The stability of the charge state and spectral linewidth (I') under
gating conditions are the key merit. Encapsulation with h-BN and defect engineering can
suppress charge noise, allowing deterministic quantum control of dopant states (e.g., single Re
or V atoms in TMDs).

In the moderate regime (1012-1013 cm2), which defines transistor operation, mobility
degradation due to ionized-impurity scattering becomes significant. The mobility (u) scales
inversely with dopant density (Ngop) as

P Ndope3lnA,

l6me2h?n
Where popis the intrinsic mobility (phonon-limited), eis the elementary charge, Ais the
screening length, and n is the free carrier concentration.®! Designing dopant distributions that
are shallow yet spatially smooth minimizes scattering while maintaining threshold tunability.
Hybrid approaches—combining permanent substitutional doping with volatile charge
modulation—could offer dynamic reconfigurability for adaptive 2D circuits.

At the degenerate regime (n > n. ~ m*Eg/mh?, where Egis the binding energy),%? the
semiconductor undergoes a transition toward a semimetallic state. Controlled metallization,
such as Y-doped MoS, or NbS,—MoS, heterostructures, yields contact resistances below 100
Q-um and current densities exceeding 1 mA um-1.444


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr05242d

Open Access Article. Published on 12 februar 2026. Downloaded on 16.2.2026. 19.35.42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Page 24 of 41
oy . . . View Article Online
5.4 Future opportunities of doping in 2D semiconductors DO 10.1039/D5NR05242D

Doping in 2D semiconductors has been regarded as a strategy for modulating carrier density
and polarity within a fixed host lattice. While this framework has been effective for
understanding n-type and p-type control in semiconducting TMDs, recent progress suggests
that doping in 2D systems offers a broader design space. In particular, substitutional doping at
elevated concentrations can fundamentally alter the crystal symmetry, electronic structure, and
electronic phases of the host, thereby blurring the boundary between “doped materials” and
entirely new host TMDs. At sufficiently high substitution levels, dopant atoms no longer act
as dilute perturbations but instead define the dominant metal sublattice. For example, V-doped
MoS; can be continuously connected to VS,, Nb-doped MoS, to NbS,, and Re-doped TMDs
to ReS, or ReSe,. Importantly, this expanded view of doping opens new opportunities for
device concepts that combine doped semiconducting TMDs with intrinsically metallic or
distorted TMDs. For instance, doped-TMDs may serve as channels or junction regions, while
materials such as VS, NbS,, or ReS, can function as contact, selective electrodes, or
anisotropic transport layers. Such hybrid architectures could enable seamless band alignment,
reduced contact resistance, and new functionalities that are difficult to achieve using
conventional metal electrodes or lightly-doped channels alone. Because those compounds like
VS, and NbS; naturally have high carrier densities and ReS, exhibits intrinsically distorted 1T’
crystal structure, strong in-plane anisotropy, and weak interlayer coupling.?”-%8

Based on these considerations, a conceptual roadmap for doping-enabled 2D semiconductors
technologies can be outlined as Fig. 10. In the early stage, research focused primarily on
intrinsic defects, such as chalcogen vacancies, which largely determine the native carrier
polarity and transport behavior of semiconducting TMDs. This period established the baseline
understanding of intrinsic defect-induced doping. The current stage shows diverse extrinsic
doping strategies including especially focused on substitutional doping method. It shows
developments of precise doping concentration, spatial uniformity and selectivity, and various
dopant elements. Such approaches enable systematic control which bridges the gap between
defect-dominated behavior and dopant-defined electronic regimes. Looking forward, the
doped-TMDs can be integrated into hybrid material systems and enable scalable 2D CMOS
logic hubs, sensor hubs, emerging quantum platforms and flexible displays. In this overall
perspective, doping evolves from a tuning parameter into a materials design.
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Fig. 1 | Defect engineering strategies for carrier-polarity control in 2D TMDs.

(a) Schematic illustration of mild H, or He plasma exposure on monolayer WSe,, leading to
controlled creation of Se vacancies at the topmost layer. (b) Transfer-characteristics curves of
WSe, FETs showing that plasma-induced Se vacancies enhance n-type conduction and yield a
negative threshold-voltage shift compared with pristine devices. (c) Schematic of an O,-
assisted CVD setup for oxygen-incorporated MoS, growth, where oxygen atoms substitute
sulfur vacancies to form Mo—O bonds. (d) Optical micrograph and domain-orientation mapping
of oxygen-incorporated MoS, films grown at O, = 4 sccm, (e) Calculated electronic band
structures and densities of states showing elimination of vacancy-derived mid-gap defect levels
after O substitution. (f) Time-resolved photoluminescence spectra demonstrating prolonged
carrier lifetimes in O-doped MoS, owing to defect-state suppression, confirming uniform
triangular grains on sapphire. Reproduced from Ref. [33] (panels a,b) and Ref. [79] (panels
c—f) with permission under the Creative Commons Attribution License (CC BY 4.0).
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Fig. 2 | Surface charge-transfer mechanisms for molecular doping of 2D TMDs.

(a) Schematic illustration of 1-butanethiol molecular adsorption on monolayer MoTe,, forming
surface dipoles that withdraw electrons from the channel. (b) Transfer characteristics of MoTe,
FETs before and after butanethiol functionalization, showing a positive Vy, shift and enhanced
p-type conduction. (c) Schematic models of 4-aminothiophenol (4ATP, electron-donating) and
4-nitrothiophenol (4NTP, electron-withdrawing) adsorption on MoS,, illustrating opposite
charge-transfer directions. (d) Statistical /I, ratios comparison demonstrating p-type
conversion with 4ATP and n-type reinforcement with 4NTP. (e) Ultraviolet photoelectron
spectra (UPS) confirming Fermi-level upshift (4NTP) and downshift (4ATP) via interfacial
dipole modulation. Reproduced from Ref. [35] (panels a,b) and Ref. [36] (panels c—¢) under
the Creative Commons Attribution License (CC BY 4.0).
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Fig. 3 | Remote charge-transfer modulation of 2D TMDs through vdW heterointerfaces.
(a) Optical micrograph of MoS, device partially covered with h-BN for non-contact charge-
transfer measurement. (b) Schematic of benzyl viologen (BV) molecular adsorption directly on
MoS; surface producing electron donation and n-type enhancement. (c¢) Introduction of h-BN
spacer layer enabling remote electron tunneling from BV through vdW gap. (d—f) Transfer
curves comparing BV-doped and pristine MoS, under different h-BN thicknesses, highlighting
gradual suppression of direct charge transfer and tunable electron injection. (g) Atomistic
model and band-alignment schematic of MoS,/CrOCI heterostructure illustrating remote hole
transfer from CrOCI surface states to MoS,. (h) Conceptual diagram of stacked MoS,/CrOCI
heterostructure integrated for complementary logic operation. (i,j) Transfer curves of p-type
MoS, (CrOCl coupled) and n-type MoS, controls showing clear bipolar behavior. (k) Cross-
sectional STEM image of the heterostack confirming clean vdW interfaces. Reproduced from
Ref. [17] (panels a—f) and Ref. [37] (panels g—k) under the Creative Commons Attribution
License (CC BY 4.0).
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Fig. 4 | Intercalation-driven carrier and interface modulation in vdW semiconductors.
(a) Schematic illustration of Li" intercalation into WSe, vdW gaps forming Au/W Se,/graphene
vertical junctions. (b) Comparison of total, channel, and contact resistances before and after Li
insertion, showing a Schottky-to-ohmic transition. (c) Field-effect mobility enhancement after
Li intercalation attributed to flattened electrostatic potential and reduced interlayer resistance.
(d) AFM and optical micrographs of few-layer MoS, flakes with sealed edges after ion
intercalation, preserving lattice integrity. (¢) Corresponding images of open-edge MoS; regions
enabling rapid ion diffusion and full 2H— 1T’ phase transformation. Reproduced from Ref.
[85] (panels a—c) and Ref. [71] (panels d-e) under the Creative Commons Attribution License
(CC BY 4.0).
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Fig. 5 | Substitutional doping in TMDs with various dopant candidates and synthesis

route.

(a) Schematic illustration of substitutional doping at the metal (M) and chalcogen (X) sites.
The periodic table highlights available dopants for M-sites (light blue) and X-sites (orange)
relative to host transition metals (green) and chalcogens (yellow). (b,c) Stepwise temperature-
controlled chemical vapor deposition growth of Re-doped MoS,, showing precursor
arrangement and triangular flake morphology with Re incorporation. (d) Atmospheric-pressure
MOCVD process for Nb-doped MoS, using NaCl seeding and NbCls vapor transport,
illustrating multi-zone temperature control and gas-phase reaction sequence. (¢) Co-sputtering—
assisted CVD approach for Nb and Re incorporation in MoTe,, forming p- or n-type 2H-MoTe,
films with controllable conductivity. (f) CVT-grown bulk MoTe, and WTe, single crystals with
dopant incorporation for high-purity wafer-scale counter-doped crystals. Reproduced from Ref.
[27] (panels b.c), Ref. [45] (panel d), Ref. [22] (panel e), and Ref. [87] (panel f) under the
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Fig. 6 | Representative substitutional counter-doping across 2D TMDs.

(a) Schematic image in CVD growth of V-doped MoS, using mixed oxide precursors (MoOs—
V,05) and S vapor and (b) OM image of as-grown monolayer triangular flakes of V-doped
MoS, with controlled V incorporation. (c) Atomic-resolution HAADF-STEM image of V-
doped MoS; highlighting substitutional V atoms at Mo sites and corresponding intensity line
profile. (d) One-step Nb substitutional doping of WS, through NbCls vapor transport and NaCl-
assisted CVD, and (e-g) XPS spectra confirming Nb 3d, W 4f, and S 2p core-level shifts
indicative of p-type behavior. (h) Schematic of Ta-doped MoS, synthesis using Ta,Os and
NaCl under Ar flow, showing precursor distribution and one-zone CVD configuration. (i)
Temperature-controlled in-situ Re incorporation during MoS, CVD using ReO; and MoOs,
displaying triangular monolayers and (j) atomic-resolution STEM image identifying Re atoms
substituting Mo. (k—m) Substitutional Re-doping of WSe, via MOCVD, evidenced by XPS (W
4f, S 2p peaks), Raman red-shift, and PL quenching with increasing Re concentration.
Reproduced from Ref. [74] (panels a,b); Ref. [76] (panel c); Ref. [40] (panels d-g); Ref. [26]
(panel h); Ref. [27] (panel i,j); and Ref. [88] (panels k-m) under Creative Commons license
(CCBY).
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Fig. 7 | Substitutional doping—enabled CMOS inverter demonstrations in 2D TMDs.

(a) OM image and schematic illustration of a CMOS inverter constructed from p-type 4.7 at%
V-doped WS, and pristine n-type WS, monolayers. Ni and Au serve as contact electrodes for
p- and n-FETs, respectively. (b) Output characteristics of V-doped WS, p-FET and pristine
WS, n-FET showing clear complementary transfer behavior. (¢) Voltage-transfer curves and
corresponding gains at different supply voltages (Vpp = 1,3,5 V), exhibiting stable logic
inversion. (d) Carrier-type conversion and doping-dependent transport characteristics of Nb-
and Re-doped 2H-MoTe,, showing progressive p-type behavior with Nb and n-type behavior
with Re incorporation, which are extracted by Hall measurements. (¢) Device structure of
complementary p-MoTe,; and n-MoTe, FETs forming monolithic CMOS inverters on SiO,/Si
substrate. (f) Voltage-transfer characteristics, (g) corresponding voltage gains, and (h) static
power consumption of the 2D CMOS inverter under different Vpp values (14 V). Reproduced
from Ref. [42] (panels a-c) and Ref. [22] (panels d-h) under Creative Commons license (CC
BY).
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Fig. 8 | Substitutional-doping-assisted ohmic contact engineering in 2D TMDs.

(a) Schematic illustration of NbSe,/W,Nb;_,Se, metal/doped-semiconductor heterostructure
synthesized by one-step CVD growth. (b) Comparison of field-effect mobility (left axis) and
on/off ratio (right axis) between conventional metal-contacted WSe, and NbSe,/W,Nb,_,Se,
van der Waals heterostructures. (c) Transfer characteristics of the NbS,—MoS, lateral
heterostructure, confirming stable p-type conduction. (Inset: OM image of the device). (d)
Variation of hole carrier density in WSe, with increasing Nb incorporation (0-60%). (e)
Extracted Schottky barrier height (Psg) as a function of gate voltage, showing a negative (Psg)
(=—0.68 eV) at the NbSe,/W,Nb,_,Se; interface, indicative of p-type ohmic contact formation.
(f) Calculated planar-averaged electrostatic potential across the NbS,—MoS, interface,
revealing a minimal potential step (AE = 72-90 meV) that facilitates efficient hole transport.
Reproduced from Ref. [43] (panels a,b,d,e) and Ref. [45] (panels c,f) under Creative Commons
license (CC BY).
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Fig. 9 | Doping-Enabled Optoelectronic and Neuromorphic Devices.
(a) Schematic of nitrogen implantation into monolayer WS,. (b) Band diagram illustrating
carrier separation at the N-WS,/WS; junction. (¢) Time-resolved photocurrent under varying
optical power, showing rectification and strong photoresponse. (d) Schematic growth process
enabling Na intercalation in MoS,. (e¢) Band structure of in pristine and p-doped MoS, under
dark and illumination. (f) Power-dependent responsivity. (g) Synaptic response schematic. (h)
Measurement scheme showing synaptic emulation based on charge trapping/de-trapping in Re-
or Nb-doped MoS,, with presynaptic gate pulses and EPSC recorded at a constant drain bias.
(j) Hysteresis characteristics of Re-doped (n-type) and Nb-doped (p-type) MoS; transistors. (k)
Threshold-voltage shift induced by 50 consecutive gate pulses, evidencing cumulative charge-
trapping dynamics. (i,]) STDP characteristics for synaptic devices of (i) Re-doped and (1) Nb-
doped MoS,, showing synaptic weight changes (A Synaptic Weight%) as a function of the pre—
post spike interval (At), closely resembling biological synapses. Reproduced from Ref. [51]
(panels a-c), Ref. [52] (panels (d-f) and Ref. [56] (panels g-1) under Creative Commons license
(CC BY).
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Fig. 10 | Conceptual Roadmap for Doping-Enabled 2D Semiconductor Technologies.
Schematic illustration of technological roadmap of doping-enabled 2D semiconductors. (Left)
Investigation of intrinsic defects and early-stage defect challenges (2004-2014). (Center)
Development of high-precision substitutional doping using various transition metals (2015-
2025). (Right) System-level integration toward 2D CMOS logic hubs and quantum platforms
(2026-2036+).
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