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Substitutional doping has played a pivotal role in silicon-based electronics and holds equivalent
importance for emerging two-dimensional (2D) semiconductors, which show promise for advanced
node technologies. However, the intricate role of dopant atoms in 2D transistors, particularly in short-
channel cases, remains elusive and poses a challenging task for experimental exploration. In this study,
using density functional theory (DFT) calculations and quantum transport simulations, we reveal the dual
functionalities of V dopants in short-channel 2D transistors constructed with lateral VS,—MoS,-VS, het-
erostructures. Depending on the channel length, the V dopant in the MoS, channel, manifested by loca-
lized density of states (LDOS), can serve as either a “relay station” to facilitate carrier tunneling or as a
scattering center that reduces source-drain currents. This work hence provides valuable insights into the
doping effect of short-channel 2D transistors, and opens up possibilities for new electronic applications
that harness the delicate properties of these substitutional dopants.

Introduction

As the channel lengths (L) of silicon-based transistors
decrease, the short-channel effects become increasingly severe,
limiting their application potential for advanced-node inte-
grated circuitry."”> Exploring new materials and technologies
to overcome these challenges has become an urgent demand.>*
2D semiconductors, such as monolayer molybdenum disulfide
(MoS,), possess remarkable electrical properties even at atomic
thickness, making them highly promising for short-channel
electronic devices.>” This potential has been exemplified by
using ultrascaled gate electrodes such as 1-nm-wide carbon
nanotubes® and 0.34-nm-wide graphene edges,” both of which
demonstrate effective field-effect transistor (FET) switching.
Nevertheless, MoS, as a native n-type semiconductor is by
itself insufficient for constructing low-power complementary
metal-oxide-semiconductor (CMOS) circuits. To realize the
desired CMOS logic functions and computations, it is crucial
to achieve p-type carrier conduction in MoS,, for which strate-
gies have been proposed through contact engineering’®™'* or
substitutional doping.'*™*® Elements such as V, Nb, and Ta with
one less valence electron than Mo are the commonly used
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p-type dopants."®>° However, due to the weak dielectric screen-

ing of the monolayer system,”" releasing charge carriers from
the ionizable dopants is inefficient, for which variable-range
hopping (VRH) has been proposed as the dominant mechanism
for electrical conductance.'® In ultrascaled MoS, transistors,
the effectiveness of this VRH mechanism vanishes, necessitat-
ing the resolution of short-channel transport properties, parti-
cularly in the presence of atomic dopants.

Conventionally, doped atoms are typically considered analo-
gous to point defects, which, at the macroscopic level, can regulate
carrier concentration, act as carrier scattering centers,”” and serve
as charge traps that affect carrier lifetimes.”® However, when device
dimensions are reduced to the nanoscale, these point defects can
possibly exhibit new electronic functionalities. For instance, the
changes in local potential barriers introduced by these defects can
significantly influence the quantum transport of carriers, exempli-
fied as single-atom transistors.>* To this point, the impact of
heteroatoms on the transport properties of doped MoS, has been
explored at microdevice levels, but their role in the short-channel
regime remains unknown.

The aforementioned task is quite challenging in experi-
ments because of the limited spatial resolution of current
nanofabrication techniques. Otherwise, endeavors in synthesiz-
ing lateral heterostructures have resulted in 2D transistors with
sub-micron L,.** To this end, first-principles calculations
based on density functional theory (DFT), in combination with
the non-equilibrium Green’s function (NEGF) method, have
offered theoretical predictions on the transport characteristics

of short-channel MoS, transistors,”®>° indicating, for instance,
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a lower Ly, limit of 2.7 nm to inhibit source-drain tunneling.*°
The incorporation of V dopants in the simulated MoS, chan-
nels should be highly feasible, and could contribute to estab-
lishing the relationship between substitutional doping and
transport properties, which, to our knowledge, remains to be
explored.

In this theoretical study, we explore the impact of V dopants
on the transport characteristics of short-channel MoS, transis-
tors, utilizing VS, as the source/drain electrodes and V-doped
MoS, (V-MoS,) as the channel material. Our calculations
demonstrate that, the incorporation of V dopants modifies
the valence band edge by introducing a localized state, which,
according to our transport simulations, manifests dual func-
tionalities of either promoting or scattering the carrier flow,
depending on the L. This work hence highlights the crucial
role of substitutional doping in shaping the transport proper-
ties of short-channel 2D transistors, and offers potential ave-
nues for novel electronic applications that leverage the delicate
properties of these atomic dopants.

Calculation methods

The crystal and device models were constructed with Device
Studio (DS),*' and electronic property calculations were per-
formed on the basis of DFT,*” using the DS-PAW*® and
Nanodcal®® software integrated within the DS platform. The
Perdew-Burke-Ernzerhof (PBE) functional under the generalized
gradient approximation (GGA) was employed to describe the
exchange correlation interaction.”>*® The plane wave basis set
was truncated at a cutoff energy of 450 eV. To avoid interlayer
interactions, a vacuum spacing of 20 A was employed in the z-
direction of both the crystal and device models. A k-point mesh of
7 x 7 x 1 was used to sample the Brillouin zone for band
structure calculations. To achieve an optimal interface structure,
we fixed the positions of other atoms and fully relaxed the four
rows of atoms on both sides of the interface, using a k-point mesh
of 1 x 3 x 1 and a force convergence criterion of 0.02 eV A%,

Transport properties of the simulated devices were calculated
by Nanodcal that encodes the NEGF method.*” The valence electron
orbitals were described using the doublezeta plus polarization
(DZP) basis set, with a cutoff energy of 80 Hartree. The Mon-
khorst-Pack method was used for Brillouin zone sampling,*® with
a1l x 6 x 1 k-point mesh for the central region and a 10 x 6 x 1 k-
point mesh for the electrode regions. The energy convergence
criteria were set to 10 ? eV. A1 x 100 x 1 k-point mesh was used
to calculate currents and electron transmission spectra at 300 K,
using the Landauer-Biittiker formula:*

1) = 2o TE AR B ) ~ (B E ()

where V4, is the bias voltage, T(E,V},) is the transmission coefficient,
f(E,i) and p are the Fermi-Dirac distribution function and chemical
potential, respectively, with the subscript L(R) representing the drain
(source) electrode. Following previous literature,® we have also
examined the transport properties with and without resolving the
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spin states for the calculated systems, and provided them in Fig. S1
and related discussion in the ESL{

Results and discussion

The optimized structure of MoS,, as shown in Fig. 1a and inset
of Fig. 1c, demonstrates a Mo-S bond length of 2.414 A and a S-
Mo-S bond angle of 80.702°, together with a minimum Mo-Mo
distance of 3.19 A consistent with reported results.*! In the case
of V-MoS,, where V is trigonal-prismatically coordinated
(Fig. 1d), the less electronegativity of V compared to Mo
contributes to greater polarization of the V-S bonds, resulting
in reduced bond length of 2.365 A and increased S-V-S bond
angle of 80.893°, also in agreement with previous reports.*>

To verify the p-type doping effect of V dopants, we calculated
the projected band structures and projected densities of states
(PDOS) for both pristine MoS, and V-MoS,. The pristine MoS,
exhibits fully occupied valence band and an intrinsic bandgap of
1.65 eV, whose band edges mainly originate from the non-bonding
d orbitals of Mo atoms (Fig. 1b and c). In contrast, the V-MoS,
shows prominent features of a p-type semiconductor, with the
Fermi level (Ey) slightly intersects the valence band (Fig. 1e and f).
Notably, our orbital projection analysis further reveals that the
topmost valence band mainly originates from the V atom and
contributes to a pronounced peak at Er in the PDOS spectra, as
marked by the dash orange box in Fig. 1e and f. It is foreseeable that
in V-MoS, short-channel transistors, the presence of this conspic-
uous doping peak will exert a noteworthy influence on the charge
transport properties, which is the focus of the present work.

In addition, 1T-VS,, an air-stable metallic 2D material,** has
also been modeled and theoretically calculated. As shown in
Fig. 1g and inset of Fig. 1i, the optimized structure of VS,
exhibits lattice parameters consistent with literature reports**
and close to that of MoS,. Band structure and PDOS analyses of
VS, (Fig. 1h and i) reveal no bandgap and a high density of
states at Eg, confirming its metallic property. For now, we are
ready to investigate the short-channel transport properties of
pristine MoS, and V-MoS,, using VS, as the electrode material.

The configuration of the FET device is illustrated in Fig. 2a.
Two semi-infinitely long 1T-VS, electrodes were utilized, ensur-
ing that the electrode region maintains a macroscopic potential
under the shielding approximation. The central region is
composed of V-MoS,, which exhibits a finite size along the
transport direction, satisfying the short-channel condition.
One-dimensional in-plane periodic boundary conditions were
imposed perpendicular to the transport direction to eliminate
edge effects. Sufficient buffer layers were introduced between
the channel and the electrodes to ascertain the wavefunction
continuity at the channel/electrode interface, which was further
confirmed by the potential profile analysis (Fig. S2, ESIY).
Additionally, two virtual gate electrodes with an equivalent
oxide thickness of 0.5 nm were placed above and below the
central region to modulate the Er of the channel material.

As depicted in Fig. 2b and c, we firstly calculated the real-
space DOS (@ —0.2 eV) of the V-MoS, transistor (L., = 3.0 nm)
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Fig. 1 Crystal structure and electronic properties. Atomic structures of Mo

S, (@), V-MoS; (d), and VS, (g) are schematically illustrated, showing the S-M

bond length and the S-M-S bond angle, where M represents Mo or V. The Mo, V, and S atoms are shown in blue, orange, and yellow, respectively. Band
structures and PDOS of MoS; (b) and (c), V-MoS; (e) and (f), and VS, (h) and (i) are also presented. The insets in the PDOS spectra correspond to the

respective crystal cell models.

to gain insights into its electronic characteristics. The localized
nature of the V-doping state with a spanning size of ~0.8 nm
can be clearly visualized, showing finite influence only on the
six nearest-neighboring Mo atoms. Corresponding PDOS pro-
file of the device also verified the localization of the doping
state, which is absent in pristine MoS, (Fig. S3, ESIf). By
plotting the differential charge density around the V dopant
(inset of Fig. 2b), it is evident that the V atom undergoes
electron exchange with three nearest S atoms and six second-
nearest Mo atoms, whilst the third-nearest S atoms are barely
affected. Besides, the differential charge density of the Mo
atoms exhibits a similar pattern to the LDOS distribution
(highlighted by the red box in Fig. 2b and c), possibly suggest-
ing that direct d orbital hybridization is responsible for the
finite spanning of the V-doping state.

The contact characteristics are of critical importance for
device transport.”” As shown in Fig. S4 (ESIf), the interface
between VS, and MoS, manifests a p-type Schottky contact,
exhibiting a Schottky barrier height of 0.63 eV, whereas the
heterojunction formed between V-MoS, and VS, displays a
quasi-Ohmic contact. Detailed discussion on the contact

3302

properties is provided in ESL{ To comprehensively investigate
the doping effect on short-channel charge transport, a series of V-
MoS, transistors were constructed and simulated, with varied L.,
ranging from 1.2 nm to 4.2 nm (Fig. 3a-f). A bias voltage of 0.2 V
was applied to the source electrodes to drive the current flow
across the channels. For comparison, devices with pristine MoS,
channels were also simulated. The transfer curves for all the
devices clearly demonstrate the p-type doping effect of V atoms
on MoS,, as evidenced by higher hole conductance at V, = 0 V
compared to pristine MoS,. At smallest L., of 1.2 nm and 1.8 nm,
the smooth transfer curves (Fig. 3a and b), combined with the
higher on-state currents of V-MoS, compared to pristine MoS,,
suggest an efficient source-drain tunneling and the absence of
charge scattering at the V-doped site. Notably, at intermediate L.,
of 2.4 nm and 3.0 nm, discernible current bulges appear in the
subthreshold regions (indicated by the dash lines in Fig. 3c and
d), likely associated with the existence of localized V-doping
states. Similar dome-shaped transport characteristics have been
experimentally observed in V-doped WSe, monolayers,*® where
the presence of V impurity states near the valence-band edge was
also inferred as the key factor. Our transport simulation hence

| Mater. Chem. Front., 2024, 8, 3300-3307 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 2 Schematic diagram of a FET model with VS, electrodes at both ends, V-MoS, channel in the middle (L.

n =3.0 nm), and gate electrodes (EOT =

0.5 nm) on top and bottom (a). The real-space DOS at —0.2 eV (b) and corresponding 2D plot (c) are shown with zero source-drain bias applied. The inset

in (b) represents the differential charge density at the V-doped site.

captures the essential characteristics of doped 2D systems, hint-
ing on new device physics at ultimate length scales.

However, with the L, further increased, the bulging feature
for V-MoS, was concealed by current fluctuations (Fig. 3e and f),
along with the reduced on-state currents (Fig. 3g). While the off-
state currents for both V-MoS, and MoS, transistors show
similar monotonic evolution depending on L, (Fig. 3h), the
decrease of on-state currents for V-MoS, leads to a saturation
behavior in the on/off ratios (Fig. 3i), highly suggesting that
charge scattering predominantly affects the transport proper-
ties of V-MoS, at these channel lengths. A detailed physical
picture was elucidated in the context of random telegraph
noise®”*® for short-channel MoS, transistors, which incorpo-
rated the dynamics of charge capture and emission by unspe-
cified atomic defects. Besides, subthreshold swings and field-
effect mobilities of both the V-MoS, and MoS, transistors at
different channel lengths were extracted from the simulated
transfer curves in Fig. 3a-f, which further highlight the electro-
nic role of V dopants (Fig. S5, ESIT). Overall, our first-principles
calculations reveal an L.,-dependent electronic effect asso-
ciated with the V dopants, contributing to anomalous current
peaks at intermediate L., while causing scattering of charge
carriers at Le, > 3.6 nm.

Since charge scattering by atomic impurities is a well-
recognized phenomenon, we mainly focus on illustrating
the origin of the anomalous current peak in the subthres-
hold region. For this purpose, the V-MoS, transistor with

L., = 3.0 nm was further elucidated by the PDOS profiles
(Fig. S6, ESIf) and corresponding transmission spectra
(Fig. S7, ESIt), under a constant source-drain bias (Vgq =
0.2 V) and varied gate voltages (V). We note that only those
transmission coefficients within the bias window of —0.2 eV to
0 eV contribute to the source-drain current.

At V; = 0.7 V, the bias window intersects the bandgap,
providing no states in the channel to accommodate charge
carriers. Due to the sufficient L, direct source-drain tunneling
was inhibited, leading to small integrated transmission prob-
ability and an “off-state” of the device, as depicted in Fig. 4a. As
V, gradually decreased, the energy bands of the channel material
underwent continuous elevation, causing the bias window to
overlap with the V-doping state at V, = 0 V (Fig. 4b). The relatively
short distance between the dopant and the electrodes (half of the
L) facilitated effective tunneling, allowing the dopant site to act
as a “relay station” for charge carriers. This contributes to a
“high-transmission state” from the source to the drain, manifest-
ing a conductance peak in the subthreshold region (Fig. 3d), a
phenomenon we refer to as “assisted tunneling”.

However, as V, further decreased to —0.2 V, the integrated
transmission probability diminished from 1.14 x 10~° (at Ve =
0V)to 1.72 x 10~ (Fig. 4c). This behavior arises from the dual
functionality of the V-doping site, which not only facilitates
assisted tunneling but also induces charge scattering, as illu-
strated by the real-space DOS image in Fig. 4c. Specifically, at
Vg =—0.2V, holes around the V atom accumulated by the gating
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(a)—(f) Transfer characteristics of MoS, (hollow circles) and V-MoS; (solid spheres) at Ly, = 1.2 nm (a), 1.8 nm (b), 2.4 nm (c), 3.0 nm (d), 3.6 nm (e),

and 4.2 nm (f), under a source bias of 0.2 V. Shown in (g-i) are the comparison of the on-state currents (g), off-state currents (h), and on/off ratios (i)

between V-MoS, (orange) and MoS; (cyan) at different L.

effect depleted the localized doping state and repelled positive
charges, thereby preventing to some extent carrier tunneling
from the source to the dopant. Even though drift transport
occurred from the dopant to the drain, the overall channel
conductance decreased, resulting in a “low-transmission state”
and the inflection point observed in the transfer curve (Fig. 3d).
With V, decreased to —0.6 V, the valence band of the MoS,
channel started to enter the bias window, enabling carriers to
drift through the entire channel and transitioning the device
into the “on-state” (Fig. 4d). In this case, the V-doping site with
enriched and trapped holes acted as a charge scattering center,
reducing the on-state currents compared to pristine MoS,.
Schematic band diagrams are plotted in Fig. 5 to further
elucidate the electronic functionalities of V-doped states at
different channel lengths. As depicted in Fig. 5a and b, when
the channel length is less than 1.8 nm, the carriers can tunnel
directly between the two electrodes, and the V-doped states play
a supporting role on enhancing the tunneling probability.
When the channel length is in the range of 2.4-3.0 nm
(Fig. 5c and d), direct carrier tunneling between the electrodes

is suppressed; in this case, the V-doped sites act as “repeaters”
that facilitate assisted tunneling, leading to an anomalous
transconductance peak in the subthreshold region. Impor-
tantly, even considering spin polarization of the dopant states,
the assisted-tunneling effect was still valid, manifesting two
kinks in the subthreshold region that can be ascribed to the
Coulomb splitting effect of the spin-polarized state.*® When the
channel length exceeds 3.6 nm (Fig. 5¢ and f), the V-doped sites
can no longer afford assisted tunneling, and instead, they act as
impurity scattering centers that imped the carrier transport.

Conclusion

In summary, we have uncovered the electronic effects of
heteroatom dopants in short-channel 2D transistors, using a
combination of first-principles calculations and quantum
transport simulations. By employing lateral VS,-MoS,-VS, het-
erostructures as the model system, we show that the implanted
V dopants in the MoS, channels manifest dual electronic

3304 | Mater. Chem. Front., 2024, 8, 3300-3307 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 5 Schematic illustration on the electronic functionalities of the V-doped states at different channel lengths. Band diagrams of MoS, and V-MoS; at
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functionalities, either promoting source-drain currents through electronic effects can be modulated by varying the channel
assisted tunneling, or acting as scattering centers to reduce the lengths in the sub-10 nm range. Such L.,-dependent electronic
channel conductance. The trade-off of the two competing functionalities differ from the known mechanisms of carrier
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doping and impurity scattering® caused by point defects,
offering possibility of designed electronics at these extreme
length scales, such as atomic Boltzmann machines®® and
dopant-atom networks.>*
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