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Abstract—We investigated the bandstructure, transport
and device properties of semiconducting MoS2 nanoribbons
(MoS:NR) with hybrid OH-passivated armchair edges using
orbitally-resolved ab initio Hamiltonians and quantum
transport simulations based on Green’s functions. The
impact of MoS:NR width scaling on the bandstructure,
transmission, bandgap, injection velocity, charge density and
ON-state current are analyzed in detail using the ballistic FET
model. We find that sub-3 nm-wide and ~15nm-long
MoS:NR FETs offer low driving currents under 0.43 mA/pm
for nFETs and under 0.6 mA/pm for pFETs. Moreover, the
current is only weakly modulated by nanoribbon width
downscaling due to immunity of the MoS:NR bandstructure
to quantum confinement effects.
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1. INTRODUCTION

Since the discovery of graphene in 2004, research focus
on two-dimensional (2D) materials as potential candidates
to replace silicon in future electronic devices is growing
exponentially [1]-[3]. Atomically-thin and dangling-
bond-free surfaces along with near-ballistic transport
properties of some 2D materials are ideal for future field-
effect transistors (FETs). After graphene, monolayer
molybdenum disulfide (MoS>) is one of the most studied
2D materials which showed promise due to high stability,
compatibility with graphene, and exceptionally high
ON/OFF current ratio > 108 [4]. The MoS, monolayer is a
transition metal disulfide (TMD) with a sandwiched S-
Mo-S structure, as shown in Fig. 1. Electronic, transport,
and device properties of MoS,; monolayer devices have
been studied extensively and it is often used as a
benchmark for other 2D materials [5]-[7]. On the other
hand, patterning MoS, into quasi-one-dimensional (quasi-
1D) nanoribbons, which are illustrated in Fig. 1, enables
the tuning of electronic and transport properties, with a
potential for beneficial adjustment of device properties as
well. Although MoS; nanoribbons (MoS;NRs) in armchair
and zigzag directions have been studied previously [8]-
[10], due to high influence of edge atoms on the device
performance and wide range of possible edge passivation
atoms, there are still interesting configurations that have
not been explored such as MoS;NRs with hybrid OH-
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Figure 1. Tllustration of an MoS, nanoribbon with OH-passivated
armchair edges (Mo, S, O and H atoms are represented by grey, yellow,
red and white balls, respectively).

passivated edges. Electronic properties study in [11] of the
hybrid OH-passivated MoS;NRs showed that this edge
configuration is the most stable among all studied edge
passivation configurations and, therefore, presents an
interesting choice for future MoS; based nanodevices once
fabrication becomes mature enough. Therefore, in this
work we study the device performance of the hybrid OH-
passivated MoS>NRs.

Advanced modeling and simulations are used in this
study to investigate MoS, nanoribbons and MoS,;NR FETs
at an atomic level, which is necessary due to inherently
strong quantum effects in 2D material nanostructures.
Electronic band structure is calculated using the ab initio
density functional theory (DFT) and, afterwards,
maximally-localized Wannier functions (MLWFs) are
employed to transform DFT Hamiltonians into a localized
basis. The localized MLWF Hamiltonians are much
sparser, thus enabling the simulations of realistically sized
nanodevice. Quantum transport in such nanostructures is
calculated by using the non-equilibrium Greens function
(NEGF) formalism. In this paper, we analyze the
electronic, transport and device properties of MoS,NR and
MoS;NR FETs with OH-passivated edges by employing
our in-house DFT-NEGF-MLWF solver [12], [13]. We
report only a weak impact of MoS;NR width scaling from
~3.0 nm to ~0.8 nm on the ballistic performance, which
results in small degradation and robust performance of
ultra-scaled MoS>;NR FETs.

II. METHODOLOGY

The MoS;NR structure of various widths ranging from
~0.8 nm to ~3.0 nm is constructed along the armchair
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direction from a MoS; unit-cell obtained from Materials
Cloud [14] and passivated with OH, as shown in Fig. 1.
The Mo edge atoms are passivated with O atoms, while S
atoms are passivated with H atoms. Plane-wave DFT is
used to obtain highly accurate Hamiltonians of MoS»
nanostructures investigated in this work. Since DFT
calculations assumes periodicity in all three directions, we
add a vacuum region of 20 A in confined directions to
exclude any interaction between adjacent layers. For DFT
calculations we employ Quantum Espresso [15] with
Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) [16] exchange-correlation
(XC) functional and projector augmented wave (PAW)
pseudopotentials . The Brillouin zone (BZ) is sampled
using an 15-point equally-spaced Monkhorst-Pack grid
[17] in the transport direction and a single point in the
confined directions. The plane-wave cutoff energy is set to
100 Ry, whereas the convergence threshold is set to 10~
3 eV/A for the ionic force and to 10 eV for energy.

Dense DFT Hamiltonians are localized in energy and
are, therefore, not suitable for NEGF quantum transport
simulations which prefer sparser matrices, i.e. space-
localized Hamiltonians. Transformation into a space-
localized basis is performed using the maximally-localized
Wannier functions (MLWFs) [18] which results in tight-
binding-like sparse matrices. To obtain MLWF
Hamiltonians, we use the Wannier90 [19] program. The
main inputs of Wannier90 are the trial orbital projections
on Bloch manifold, and in this work the trial orbitals for
MoS:NRs are d orbitals for Mo atoms and p orbitals for O
and S atoms. For all MoS;NR widths the Wannier spread
smaller than 2.5 A2 per atom is obtained. For each
nanoribbon width, MLWF Hamiltonians of a MoS;NR
unit-cell are scaled in the transport direction to construct
~15 nm-long MoS,NRs.

For quantum transport simulations we use the NEGF
formalism [20]-[22], as implemented in our in-house code
[12], [13], [23], [24]. Within NEGF, device is modeled
with ideal contacts i.e. semi-infinite regions of the same
material as the channel using the recursive Sancho-Rubio
method [25]. Top-of-the-barrier (ToB) model [26] is used
in combination with NEGF to assess ballistic device
performance of ultra-scaled MoS,NR FETs with n- and p-
type channels. In ToB ballistic FET simulations, gate
equivalent oxide thickness (EOT) is set to 1 nm, while
source/drain (S/D) region doping levels are set at 0.01
molar fraction of the MoS;NR areal atomic density. In all
devices we set a common OFF-state current (Iprr) of
10 nA/pm as projected in the International Roadmap for
Devices and Systems (IRDS) for high-performance (HP)
devices in future CMOS technology nodes [27]. Gate
control over the channel in the ToB model devices is
assumed ideal and, since no tunneling is included, ideal
60 mV/dec subthreshold slope is obtained in all devices.
The ballistic ON-state current (/o) is extracted when both
gate and drain are biased at the supply voltage, i.e.
Ves=Vps=0.7 V.
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Figure 2. Bandstructure of armchair MoS,NRs with the widths of
(a) 0.81 nm and (b) 3.04 nm.
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Figure 3. Impact of nanoribbon width scaling on the bandgap of
armchair MoS,;NRs.

III. RESULTS AND DISCUSSION

In Figure 2 we plot the bandstructure of the widest
(Fig. 2a) and the narrowest (Fig. 2b) analyzed MoS,NR
with the widths of W=3.04nm and W=0.81nm,
respectively. Bandstructure plots contain two subbands
that are isolated from the rest of the conduction band (CB).
These subbands are isolated due to the influence of edge
atoms, which also shift the bandgap from indirect to direct
with no conclusive pattern. Scaling down nanoribbon
width from 3.04 nm to 0.81 nm results in the separation of
these two subbands in CB near the I' point, which also
results in higher curvature, i.e. lower electron effective
mass, near CB minimum (CBM) for W = 0.81 nm. On the
other hand, in the valence band (VB) a higher number of
available bands in wider MoS,;NR results in higher number
of bands near the VB maximum (VBM), but the narrowest
MoS;NR exhibits a higher curvature and lower hole
effective mass in the dominant subband near VBM.

Width-dependence of the bandgap (E,), extracted from
the bandstructure of MoS;NRs of various widths, is
reported in Fig.3. The plot show a nearly constant
bandgap of ~1.47eV for MoS;NRs with W> 1.4 nm,
while scaling down the width below 1.4 nm results in a
sharp E, decrease to 1.26eV in the 0.81 nm-wide
MoS,NR. The OH-passivated MoS,NRs exhibit a similar
bandgap compared to 2D monolayer MoS; for which we
obtain the bandgap of 1.7 eV. This value is in line with
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Figure 4. Width-dependence of the ON-state current in n- and p-type
MoS,;NR FETs. Ipy extracted at Vs = Vps = Vpp = 0.7 V, with a common
Torr = 10nA set for all devices.

E,=1.67¢eV reported in [11] with the main difference
coming from the isolated edge-state bands in the CB.

In order to assess the scaling and confinement effects
on device performance, we plot the ON-state current in
Fig. 4 for different widths and both device types. Both n-
and pFETs exhibit similar scaling laws of Ioy with width-
downscaling. Qualitatively, we can separate the plot into
two groups or two width ranges. The first group includes
MoS:NR FETs with channel widths from W =3.04 nm to
W =1.75 nm, which shows increase of Ioy while scaling
down MoS;NR width. The second group starts with
W=145nm where the Iloy shows a sharp decrease
compared to the W= 1.75 nm case, while further width
downscaling results in an increase of Ioy down to the
0.81 nm-wide MoS>NR FET. The maximum /oy for both
n- and pFETs is obtained for 0.81 nm-wide MoS;NR
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transistor with Ioy=0.43 mA/um for the nFET and
Ion = 0.60 mA/um for the pFET. Comparing the obtained
Ion results for MoS;NR FETs to IRDS requirements at the
“3 nm” and ‘2.1 nm” nodes, we conclude that the /oy goal
set at 1.9 mA/um is fulfilled by none of the MoS,NR
devices explored in this paper.

To further understand the behavior of the ON-state
current we plot density of states (DOS), transmission, the
ON-state charge density (Qy) and injection velocity (vi,;) at
ToB, and the ON-state current energy-density. The DOS
and transmission characteristics, plotted separately for
electrons and holes i.e. in the CB and VB, are shown in
Fig. 5. The DOS near the CBM is similar for all MoS;NRs
up to ~0.08 eV after which, due to the existence of isolated
edge-state bands, there are no free states and DOS goes to
zero. There is an exception for W=0.81 nm where we
previously in Fig. 2a observed the broadening of the
isolated band near the I' point. This band broadening
results in a nonzero DOS in a broader energy range in
comparison to wider nanoribbons. Transmission exhibits
similar characteristics as DOS in the CB. At the CBM,
transmission equals 1 for the widths of 0.81 nm and
1.75 nm, and sharply increases to 2 at an energy ~20 meV
away from the CBM. Interestingly, these MoS>NRs have a
direct bandgap and show highest drain current of all the
simulated MoS;NR nFETs. On the other hand, the
1.45 nm-wide and 3.04 nm-wide MoS:NRs have a higher
transmission equal to 2 at the CBM. This is because these
MoS:NRs have an indirect bandgap with a lower curvature
of the CB dispersion, which results in lower Ion. On the
other hand, in VB we observe that scaling down
nanoribbon width decreases the number of Van Hove

(b)
- e o oo e e e B e
rec W=0.81nm
F-= W=145nm 7]
6 — W=175nm _
c ==+ W=23.04 nm
<]
2 5 .
L
£ 4
2
© 3
[
2
c
i)
7]
i)
IS
[}
=
o
=
bt v vy e
0.00 0.05 0.10 0.15 0.20

Energy, E (eV)

Figure 5. Comparison of DOS (panels on the left) and transmission (panels on the right) in (a, b) CB and (c, d) VB of MoS,NRs of various widths.
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Figure 6. Width-dependence of the channel charge density at ToB in n-
and p-type MoS,NR FETs. The Q; is extracted in the ON-state, i.e.
VGS = VDS = VDD =0.7 V.
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Figure 7. Hole injection velocity dependence on gate bias in MoS,NR
pFETs with various channel widths. Vps=Vpp=0.7 V.

singularities (VHS) in the hole DOS near the VBM due to
the lower number of available subbands in narrower
MoS;NRs. For the same reason, transmission near the
VBM decreases while scaling down MoS;NR width.
When comparing the transport of electrons and holes, we
see that holes generally exhibit a higher transmission
probability than electrons over the 200 meV energy range
away from the VBM or CBM, respectively, which is partly
responsible for the higher Iony in p-type than in n-type
MoS:NR FETs reported in Fig. 4.

The DOS and transmission exhibit complex
characteristics and are unable to provide a clear insight into
FET performance. The influence of width scaling on the
ON-state charge density at the ToB is plotted in Fig. 6.
Despite considerable variations in the DOS, similar values
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of O, are obtained for all MoS;NR nFETs and pFETs. On
average over all nanoribbon widths, electron density is
~8.9 x 10'2 cm™2, while hole density is somewhat lower
and equals ~8.7 x 102 cm™. The impact of scaling and
confinement is visible only in the 0.81 nm-wide MoS,NRs
that show slightly lower electron and hole density at
8.8 x 102cm™ and 8.5 x 10'2cm™2, respectively. This
decrease is due to setting the common lorr value, because
MoS;NR with the width of 0.81 nm has the smallest
bandgap and, therefore, the lowest applied bias is needed
to set Jorr which results in slightly lower Q; at ToB.

Within the ballistic ToB model, we have Ioy = Qy'vinj at
ToB in the ON-state and, hence, the peculiar Ion - W
characteristic in Fig. 4 is a consequence of the injection
velocity behavior [13], [26]. In Fig. 7 we plot the gate bias
dependence of v;,; in pFETs, with gate voltage ranging
from the threshold voltage (~0.2 V) to supply voltage
(0.7 V). Only the v, in pFETsS is plotted because nFETSs
do not show any noticeable velocity modulation with the
applied gate voltage. On the other hand, hole injection
velocity in MoS;NR pFETs with the widths of 0.81 nm and
1.75 nm show a slight increase of v;,; with increasing gate
bias. The modulation is rather weak, equaling around 5%
increase with maximum value obtained in the ON-state of
0.41 x 10" cm/s and 0.44 x 107 cm/s, respectively. With
the proportional relationship of the ON-state current to v;,;
and Qy, and v;,; showing similar scaling laws as Ioy while
Qs being of the similar value for all MoS;NR widths we
determine that ON-state performance is dominantly
determined by v;,;. In comparison to other contending 2D
materials, MoS;NR FETs exhibit significantly lower v;,;
that deteriorates up to ~9x in comparison to graphene
nanoribbons, and ~1.5x when compared against
conventional Si MOSFETs [28]. Hence, it is no surprise
that the Jox of MoS;NR FETs is lower than in other 2D
material devices [28]-[31].

Finally, the ON-state current energy-density (J4) for
MoS,;NR nFET (Fig. 8a) and pFET (Fig. 8b) shows that
the current flows mostly in the ~100 meV energy range
above/under the CBM/VBM. This range coincides with
the energy range of isolated bands in the CB and, therefore,
only the isolated edge-state bands in the CB determine the
performance of nFETs. On the other hand, VB offers
higher number of available bands in the same energy
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Figure 8. Current energy-density at ToB in the ON-state for MoS,NR (a) nFETs and (b) pFETs with different nanoribbon channel widths.
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range, which results in higher J4, i.e. maxima of
1.2 x 102 mA/(eV-pm) for nFETs and
2 x 1072 mA/(eV-um) for pFETs, with both values reached
at the CBM and VBM, respectively. Hence, any
improvement of MoS,NR nFET performance depends on
the effective turn-off of the isolated band contribution.

IV. CONCLUSIONS

We studied the electronic, transport and ballistic device
characteristics of sub-3 nm-wide and ~15 nm-long quasi-
1D MoS; nanostructures with OH-passivated edges. We
employed DFT and MLWFs to obtain the electronic
structure, and NEGF simulations with the ToB model to
assess the ballistic performance of armchair MoS;NR
FETs. We found that nFET is limited by the two isolated
bands in the CB, which exist due to edge configuration or
edge states. The analysis revealed that Qs is similar for all
MoS,NR widths, and that Ioy - W dependence is mainly
determined by the features of v;,;. The maximum ON-state
current of 0.43 mA/um is obtained for nFETs and
0.6 mA/um for pFETs. Therefore, MoS;NR FETs
passivated with OH do not meet IRDS requirements for
advanced nodes unless a method of eliminating edge states
and associated isolated bands in the CB is found.
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