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First-Principles Design of Ohmic FET Devices from 2D
Transition Metal Dichalcogenides

Zahra Golsanamlou, Alessandro Fortunelli,* and Luca Sementa*

A chlorine-doped ultrathin phase of hafnium disulfide (HfS2) is proposed as
an ideal candidate material for 2D field-effect transistor (FET) device
applications, down to the extreme sub-5 nm miniaturization limit. This
transition metal dichalcogenide 2D material is designed to combine features
of both a metal and a semiconductor, exhibiting a high electric conductivity
comparable with ordinary metals, that can be abruptly cut down via gating
due to an energy gap immediately below the Fermi level and its anomalous
metallic properties. These unique features enable realizing an alternative
design of a FET device in which electrode and channel are made of the same
Cl-doped ML HfS2 phase, a potential breakthrough bypassing all issues
associated with electronic (Schottky) and structural dis-homogeneities or low
conductivity that have hindered progress in this field. This material/design
combination shall lead to a FET device with purely ohmic behavior, high
metallic conductance, no interfacial contact resistance, and facile gating with
extremely high on/off ratio.

1. Introduction

2D transition metal dichalcogenides (TMDCs) have attracted
enormous attention due to easy preparation in 2D form, e.g.,
via exfoliation,[1] and features uniquely favorable for applications
in spintronics,[2,3] optoelectronics,[4,5] catalysis,[6,7] and energy
storage devices,[8,9] either individually,[10–13] or combined with
other 2D materials in lateral (LH)[14,15] or vertical heterostruc-
tures (VH).[16] One of the breakthrough perspective applications
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of 2D TMDCs is as field-effect transis-
tors (FETs). Their electronic, chemical,
and mechanical properties[17,18] com-
bined with ultrathin dimension open
the way to the ultimate size limit for
conducting/semiconducting junctions,
promising to surpass present silicon-based
integrated circuit technology and finally
enabling the long-sought sub-5-nm FET
miniaturization.[2,10,12]

In TMDC FETs proposed so far, a metal
TMDC is combined with a semiconduc-
tor TMDC to enable on and off tuning
of electric conduction via gating.[12] The
hetero-junction is a critical component of
such a FET, as it governs charge injec-
tion from the electrode into the chan-
nel. However, the phenomenon of Fermi
level pinning (FLP) at the interface, with
the creation of a Schottky barrier (SB),[19]

significantly degrades device performance
and efficiency, and represents a major issue in FET design. Many
efforts have been devoted to reduce the SB height (SBH),[17,20,21]

ideally aiming at achieving a purely ohmic contact (zero SBH),
exploiting band-structure engineering,[22–24] buffer layer[17,25,26]

reducing the density of metal-induced gap states (MIGS),[27,28]

doping,[24,29–32] or vacancies,[33] but with no practical solution so
far. A further major issue associated with a hetero-structure is
the requirement that transfer matrix elements at the interface are
large, i.e., high hybridization between orbitals in the metal and in
the semiconductor.[13,20,34] Finally but equally importantly, values
of electric conduction in TMDCs are typically low since electronic
transmission occurs in the narrow valence d-band.

Here, we explore an alternative, potentially breakthrough de-
sign. We carefully construct a unique TMDC 2D phase which
combines features of both a highly conducting metal and a semi-
conductor and propose a FET device in which on and off tun-
ing of electric conduction is achieved by employing such a sin-
gle 2D material. Our proposal thus completely bypasses all is-
sues connected with the SB, all structural compatibility prob-
lems at the metal/semiconductor interface, as well as the low
conductivity that plagues the TMDC-based FETs proposed so far.
Specifically, we single out a chlorine(Cl)-doped monolayer (ML)
1T phase of the hafnium disulfide (HfS2) TMDC semiconduc-
tor, and we demonstrate via first-principles electronic structure
and transport simulations that this material simultaneously pos-
sesses: i) a high density of transmitting electronic states at the
Fermi level, with a conductivity comparable to metals like cop-
per, since electronic transmission occurs in the conduction band;
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Figure 1. a) 6 × 6 hexagonal super cell with one S vacancy in the H phase, b) 6 × 6 hexagonal super cell with one S vacancy in T phase; in both figures
the green circles indicate the S vacancy site, and c) vacancy formation energy (VFE) for several TMS2 as a function of the bandgap.

ii) an energy gap immediately below the Fermi level, a unique
feature that, combined with the anomalous character of this 2D
metal, should enable facile gating effects. We thus advocate that
a FET in which electrode and channel are made of the same Cl-
doped ML 1T HfS2 material will behave as a purely ohmic con-
tact with zero SB or interfacial resistance and extremely high
on/off ratios, thus representing an ideal candidate for FET nano-
device applications. We support and rationalize our design re-
sults via an analysis of the origin and characteristics of mid-
gap states (MGS) in ML HfS2 with sulfur(S) vacancies or chlo-
rine dopants, providing the basis for further extensions of our
approach.

First-principles atomistic simulations for predicting both
structural and transmission properties were performed using the
density functional theory (DFT)[12,13] (we refer to Section 4 for a
detailed description of the Computational Approach). After ana-
lyzing many TMDCs systems, we select HfS2 as the most promis-
ing candidate based on thermodynamic and electronic structure
properties (high vacancy formation energy and correspondingly
shallow defect/vacancy states).

2. Results and Discussion

As discussed hereafter we start by calculating the formation en-
ergy of sulfur (S) vacancies in the semiconductor for a set of
TMDCs, using a 6 × 6 hexagonal supercell replicating the TMDC
minimal unit cell (see Figure 1a,b for different phases of hexag-
onal supercell).[35] The vacancy formation energy (VFE) for the
selected systems is given in Figure 1c, calculated via the formula:

VFE = ETMS2 −
(

ETMS2

perfect − N × Efree−atoms
TM,S

)
(1)

where ETMS2 and ETMS2

perfect refer to the total energies of defective
and perfect TMS2 ML, respectively, N is the number of removed
atoms, and Efree−atoms

TM,S is the energy of TM or S atoms in a chem-
ically stable reference state. HfS2 and ZrS2 turn out to have the
highest VFE among the investigated TMS2 ML phases. Notably,
in these semiconductors the S vacancy creates a filled state right

below the bottom of the conduction band (BCB shallow defect
states), as apparent in Figure S1b (Supporting Information) for
HfS2, whereas for TMS2 semiconductors with moderate or small
VFE, the S vacancy creates a deep gap state,[30] see Figure S3 (Sup-
porting Information) for PdS2 as an example.

Figure 2a,b show the top view of the HfS2 ML in the 1T phase
with and without S vacancies, respectively. The length of the sys-
tem in the transport direction is 100.8 Å and in the perpendicular
direction is 7.24 Å.

The filled states created by sulfur vacancies right below
the BCB ensure that vacancy-defected HfS2 becomes metallic
(see Figure S1b, Supporting Information), with the Fermi level

Figure 2. a) perfect 1T HfS2 ML, b) 1T HfS2 ML in the presence of S vacan-
cies, c) chlorine (Cl)-doped 1T HfS2 ML, and d) transmission coefficient
of 1T HfS2 in the presence of S vacancies (magenta curve) or Cl dopants
(green curve). The red rectangular boxes in panels (a-c), whose longest
edges are about 12.5 Å, show the leads used in the transmission sim-
ulations. Taken as a whole, the scattering region and the leads measure
100.8 Å.
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located close to the vacancy states and an electronic energy gap
immediately below. Such a system will behave like a metal around
Ef, but with a conduction abruptly going to zero below the Fermi
level, i.e., it achieves our target for building a FET device using a
single 2D TMDC material. Indeed, results of transmission sim-
ulations (a reliable tool to investigate SBH computationally)[21]

confirm this expectation, as illustrated in Figure 2d where the
transmission coefficient of HfS2 ML with S vacancies is reported
as the curve in magenta. The finite transmission at Ef and in a
small interval below Ef indicating a zero SBH should be noted.
The idea guiding our design is that semiconductors with a higher
vacancy formation energy (VFE) are better starting points for in-
troducing S vacancy defects, because in these systems S vacancies
create delocalized states close to the BCB, whereas in semicon-
ductors with lower VFE the vacancy states are localized and can
act as scattering centers for charge transport. To prove this, we
investigated a PdS2 1T TMDC ML, which has a lower VFE and in
which sulfur vacancy states lie in the middle of the bandgap (as
illustrated in Figure S3, Supporting Information), and found that
PdS2 still exhibits FLP and SB phenomena, see Figure S8 (Sup-
porting Information). HfS2 and ZrS2 are thus selected for further
investigation of transport properties in the presence of dopants
(note that Hf and Zr belong to the same column of the periodic
table).

Experimentally, sulfur vacancies in TMDCs can be produced
by modifying the synthesis parameters, or using an electron
beam.[36] However, the presence of atomic vacancies and unsat-
urated bonds destroys one of the main advantages of TMDCs
as 2D materials, which is the absence of dangling bonds, creat-
ing chemical stability issues in practical electronic devices. This
prompted us to explore chlorine doping (i.e., “curing” the S va-
cancies with Cl atoms) to increase the chemical stability of the
system. Cl-doping will simultaneously also increase the density
of states (DOS) at the Fermi level as we are adding an atom (chlo-
rine) with one electron more than the removed sulfur. In other
words, Cl-doping should further populate the bottom of the con-
duction band with high-mobility electrons whose effective mass
is low due to extended conjugation, without modifying the wide
bandgap below the Fermi level, therefore further improving the
suitability of the material for FET applications. Note also that
chlorine comes right after sulfur in the periodic table, so its sim-
ilar atomic size should not create thermodynamic penalties and
geometric strain due to size mismatch. Results of DOS calcula-
tions in Figure S1d (Supporting Information) confirm that Cl-
doped HfS2 exhibits a filled state right below the BCB and is
metallic. Moreover, the reaction energy ΔE for the replacement
of S with Cl, defined as:

E
(
HfS2

)
+ 1

2
Cl2 → E

(
Cl − dopedHfS2

)
+ 1

32
S32 (2)

reads −0.1 eV, which proves the thermodynamic stability of the
doped system. Indeed, it is experimentally proven that Cl doping
can be achieved by exposing TMDC MLs to Cl2 gas.[37] Finally,
Figure 2d shows that filling the vacancies with Cl atoms improves
the transmission coefficient around the Fermi level up to metal-
lic values and that the transmission exhibits a quasi-ohmic be-
havior. Indeed, the transmission of Cl-doped HfS2 is comparable
with that of metals like Cu (see Figure S5, Supporting Informa-

Figure 3. a) Asymmetrically doped HfS2 (1T) ML with 7Cl atoms at shorter
distance, b) asymmetrically doped HfS2 (1T) ML with 10 Cl atoms at larger
distance, and c) transmission coefficient for the Cl-doped systems de-
fined in a) and b). Note that the total length of the system in b) is larger
than the total length of the system i The doped-HfS2 unit cell employed as
a lead is like the ones illustrated within the red boxes of Figure 2.

tion). Moreover, the fact that carriers do not face any barrier en-
tails ohmic behavior and should lead to a high on–off ratio for
FET current.[38,39]

A perusal of previous experiments provides hints that sup-
port our contention. For example, the contact resistance of
a metal(Ni–Au)/semiconductor(MoS2/WS2) interface was de-
creased using chlorine molecular doping.[27] In that work the
authors considered few-layers MoS2 and WS2 systems, be-
cause in the MoS2 and WS2 monolayers the states created
by Cl-doping are far from both the top of the valence band
(TVB) and the BCB, are localized, and act as scattering cen-
ters for transport,[30] whereas increasing the number of layers
of MoS2 and WS2 reduces the bandgap,[22] favors the match-
ing of the defect states to one of the band edges (TVB or
BCB), and also favors hybridization which in turn increases
delocalization and carrier mobility and reduces the contact
resistance.

For practical applications, it is interesting to test whether the
transmission is robust with respect to the density of dopants, also
considering that the length of the channel in experiments may
be more than 10 nm. To this end, we first verified that when the
channel assumes the geometry of the leads, so that the scatter-
ing region hosts defects homogeneously distributed with a dis-
tance of 12.53 Å, even doubling the length of the channel does
not deteriorate the transmission properties (see right-hand panel
of Figure S5, Supporting Information). In contrast, the transmis-
sion does depend on the distance between the dopant Cl atoms.
Figure 3 reports the transmission coefficient for two different dis-
tributions of Cl-dopants in HfS2. In the former one (Figure 3a)
the system has a total length of 100.8 Å along the transport direc-
tion and the distance between Cl atoms of the scattering region
is 18.9 Å, which is about 6.4 Å larger than the one in the leads. In
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Figure 4. a) Side and top view of TiTe2/HfS2 LH in the presence of S va-
cancies, and b) transmission coefficient of TiTe2/HfS2 LH in the presence
of S vacancies. The TiTe2 unit cell we assumed as a lead extends about
6.5 A along the transmission direction. The device’s total length (scatter-
ing + leads) is ≈100.5 A

the latter one (Figure 3b) the system exhibits a scattering region
60% longer than in the former one (total length of 150.4 Å along
the transport direction) with a distance between defects ranging
from 12.53 to 18.9 Å. The results in Figure 3 show that, increas-
ing the channel length in the presence of defect inhomogeneity,
somewhat deteriorates the transmission, which however remains
sizable for a system whose length is comparable with the ones at-
tainable experimentally. These results can be rationalized by an-
alyzing the charge distribution of the electronic states at the TVB
of the Cl-doped system (Figure S4, Supporting Information). The
TVB states are centered around the Cl dopants, however the lower
the Cl–Cl distance the larger is the charge spreading. Thus, if the
dopant density (therefore, the carrier density) is high enough, the
tails of the wave functions of the valence Cl states will interact
with each other to produce delocalized states to thus yield an effi-
cient electron transmission. On the contrary, when the Cl atoms
are farther from each other, as in the center of Figure S4 (Sup-
porting Information), the states become more localized around
the dopant, increasing the height of the potential barrier expe-
rienced by the conduction electrons (the system becomes like a
semiconductor).

We can explore further variations of the strategy here pro-
posed. For example, we can employ a metallic TMDC as a
lead and interface it with a defected HfS2 as a channel, ob-
taining a more customary source/drain device based on 2D
heterostructures.[12] Among possible TMDCs, we found that
TiTe2 exhibits a quasi-perfect alignment between its work func-
tion with the BCB of defected HfS2 (difference of only 0.05 eV),
and also a lattice mismatch of ≈2% leading to minimal struc-
tural strain at the interface, suggesting good carrier injection not
strongly affected by corrugation phenomena. Indeed, Figure 4
shows that a TiTe2/HfS2 hetero-structure has transmission prop-
erties comparable with those of the HfS2-defected system. Fur-
thermore, by inspecting Figure S7 (Supporting Information) it
appears that introducing S-vacancies within the HfS2 ML im-

proves the transmission and eliminates the 0.37 eV SB at the
defect-free HfS2/TiTe2 interface. Finally, recalling that a trans-
mission that is constant with bias yields a linear I–V curve,[40] and
noting that the transmission of the defected-HfS2/TiTe2 hetero-
structure reported in Figure 4b is hardly affected by the poten-
tial bias within the range 0.3–0.4 eV above Ef, we predict that, by
bringing the Fermi level into this energy range using a proper
gate voltage, one can obtain a device with linear I–V charac-
teristics similar to the ohmic response of metallic systems like
Cu.

Further expanding on the approach here proposed, we ex-
plored cation vacancies or better cation doping rather than
chalcogen doping. Although the formation energy of a metal va-
cancy in TMDCs is higher than that of a chalcogen vacancy,[41,42]

the presence of a metal vacancy or of a metal dopant with one
electron less than the original metal element can create holes in
the valence band, thus increasing the number of carriers without
affecting the energy gap, a fact which is potentially beneficial for
FET applications. TMs with one electron less than Hf in the pe-
riodic table belong to the lanthanide series, and their f-electrons
introduce a further degree of freedom. Thus, to explore this av-
enue in pure form we considered ZrS2 instead of HfS2. Zr and
Hf belong to the same column of the periodic table, and ZrS2 and
HfS2 share similar properties. Indeed, Figure S6 (Supporting In-
formation) shows that HfS2 and ZrS2 have similar transmission
after introducing a S vacancy, while Figures S1c and S2b (Sup-
porting Information), respectively, indicate similar DOS for HfS2
and ZrS2 MLs exhibiting a cation vacancy. Zr has the advantage
that we can replace Zr with yttrium (Y) in the ZrS2 ML 1T phase
to explore metal cation doping. Figure 5 shows the transmission
coefficient for p-doped ZrS2 in the presence of a Zr vacancy or
Zr → Y replacement. As it is clear from Figure 5c, Y doping
appreciably improves the transmission coefficient around and

Figure 5. a) ZrS2 ML with metal vacancies, b) ZrS2 ML with Y dopants,
and c) transmission coefficient in the presence of metal vacancies (ma-
genta curve) or Y dopants (green curve). The longest edge of the ZrS2
rectangular unit cell we used as lead is ≈12.6 Å. whereas the device’s total
length is ≈102 Å.
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below the Fermi level, and the metallic character of the system.
As both metal vacancy and a p-dopant create an empty state right
above the TVB, we find a non-zero transmission coefficient for
holes below the Fermi level, so that the transmission becomes
ohmic due to nonzero transmission at and above Ef. A p-doped
ZrS2 ML obtained via Zr-vacancy or better Y-doping is thus an
alternative way to realize a single-phase electrode/channel FET
material.

To conclude this section, we briefly discuss possible issues in
experimentally realizing the proposed devices. First, transmis-
sion may be negatively affected by doping, and limited by achiev-
able charge carrier density. However, a previous study[43] on MoS2
suggests that the mobility reduction caused by ionized dopants
is negligible in comparison to other conductivity-degrading scat-
tering processes, such as phonon scattering, whose impact usu-
ally increases with temperature. As for charge carrier density,
our calculations indicate that the doped HfS2 system has a
2D carrier density of 1.1 × 1014 electrons cm−1,[2] which is
only one order of magnitude lower than the 2D carrier den-
sity of the Cu stripe (3.0 × 1015 electrons cm−2), whose calcu-
lated transmission we used as a term of comparison. In any
case, experimental validation of the proposed material will prob-
ably require fine tuning of the synthesis procedure. Moreover,
while 2D semiconductor doping has been explored so far for
scientific purposes, upscaling the production of high-quality
and uniformly 2D doped semiconductors and integrating the
2D FET devices into the existing technology remain significant
challenges that would demand concerted efforts from diverse
fields.

3. Conclusion

In the present work we rationally designed via first principles
modeling a Cl-doped monolayer (ML) 1T phase HfS2 as an
ideal candidate for realizing 2D FET devices. This unique mate-
rial should enable realizing an alternative and potentially break-
through approach to FETs, in which the same material is em-
ployed as both the electrode and the channel. Electronic struc-
ture and transport simulations demonstrate that the proposed
material behaves as an anomalous conductor with unique fea-
tures, exhibiting simultaneously a large density of conducting
electronic states at the Fermi level and an energy gap immedi-
ately below it. This simultaneously leads to large values of purely
ohmic transmission (no SB nor structural compatibility issues at
hetero-structure interfaces), and a facile gating with a potentially
extremely high on/off ratio (high electric transmission around Ef
comparable with metals like copper giving the way to zero trans-
mission in the underlying energy gap, together with imperfect
metallic screening that enables gating a metallic system). We jus-
tify our proposal and rationalize the observed behavior by analyz-
ing S vacancies in HfS2, and how the associated mid-gap states
(MGS) evolve upon doping/substituting sulfur anions. Addition-
ally, we test the stability of the proposed material to fluctuations
in the density of dopants, we propose TiTe2 ML phase as a good
metal contact with defected HfS2 in a hetero-structure junction,
and we explore cation vacancy or doping as an alternative to real-
ize the strategy here proposed. The present results should open
a new avenue to the realization of optoelectronic devices at the
extreme limit of miniaturization.

4. Computational Details

Geometry optimizations and electronic structure calculations
are performed using density functional theory (DFT) with a
plane-wave basis set, and the Perdew–Burke–Ernzerhof (PBE)
gradient-corrected exchange-correlation (xc-)functional,[44] as im-
plemented in the Quantum Espresso (QE) package.[45,46] Scalar-
relativistic ultrasoft pseudopotentials (US-PPs) are utilized, em-
ploying 50 Ry as the energy cutoff for the wave function and
500 Ry as the density cutoff for the density. A 1 × 22 × 12
Monkhorst-Pack k-mesh is used to sample the Brillouin zone
(BZ) of the orthogonal unit cells and a 1 × 12 × 1 k-mesh for the
scattering system. A vacuum layer of 22 Å is used to avoid interac-
tions with replicated unit cells. Transmission simulations are per-
formed based on a scattering state approach considering right-
ward propagating modes from the left to the right electrode as
implemented in the QE/PWcond routine.[47,48] The approach in-
tegrates numerically a scattering equation in real space along the
direction of transport according to the formula: T =

∑
mn

|Tmn|2 =
Tr[T+T]where, m (n) is related to the propagating and decaying
states on the left (right) leads and T is the matrix of normalized

transmission amplitudes, Tmn =
√

Im

In
tmn. Here, Im and In are the

currents carried by the state m and n, respectively. This approach
employs scattering theory for rightward propagating modes from
the left to the right electrode,[47] which holds in the limit of bal-
listic transport. The same (1 × 12 × 1) k-mesh we employed for
structural relaxations is also used in transmission simulations.
The left and right leads are illustrated in Figure 2b,c as enclosed
by dashed lines.
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