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A B S T R A C T   

Monolayer germanium monosulfide (GeS) was recently identified as one of the most promising 2D materials for 
ultra-scaled FETs. While sub-10 nm monolayer GeS FETs were studied by quantum transport, very little is known 
about GeS nanoribbons (GeSNRs) or GeSNR FET performance. In this work, we employ quantum transport and 
Hamiltonians with an orbital resolution to study the electronic, transport, and ballistic device properties of sub-4 
nm-wide and ~15 nm-long GeSNRs. While ultra-scaled GeSNR FETs exhibit ION/IOFF of at least ~7×105, indi
cating good switching performance, they also offer modest ballistic ION values of up to ~1.2 mA/μm.   

1. Introduction 

Miniaturization and optimization of transistors have driven the 
tremendous development of the semiconductor industry in the last 60 
years. Short channel effects (SCEs) suppression at gate lengths under 
~20 nm is difficult and, on that account, new materials and device ar
chitectures are needed to enable further transistor scaling and improve 
device performance. Potential candidates for future transistor channel 
materials are atomically thin 2D materials (2DMs). Due to their atomic 
thickness and dangling-bond-free surfaces, 2DMs have high immunity to 
SCEs, and the near-ballistic transport properties are promising for high- 
performance devices [1], but the high contact resistance still remains a 
limiting factor for 2DMs application in nanodevices [2,3]. Patterning 
2DMs into quasi–1D nanoribbons enables tuning of the electronic, 
transport, and device properties [4,5] such as bandgap, effective mass, 
injection velocity, etc., which makes these nanostructures of interest for 
nanoelectronic devices. 

Monolayer germanium monosulfide (GeS) is a group-IV mono
chalcogenide 2D material with a buckled orthorhombic lattice. Mono
layer GeS was recently examined along with hundreds of 2D materials as 
one of the most promising 2D materials for ultra-scaled FETs in [1], 
while a quantum transport study of sub-10 nm monolayer GeS FETs was 
reported in [6]. On the other hand, very little is known about GeS 
nanoribbons (GeSNRs) or GeSNR device performance, with the knowl
edge on the former being limited to electronic properties only, as re
ported in [7]. Concerning their electronic properties, armchair and 

zigzag GeSNRs were studied with armchair 2D GeS showing more 
promise for device applications due to lower electron and hole effective 
masses. Hence, in this work, we analyze GeSNRs with armchair edges. 

Advanced modeling is needed for the simulation of transistors at the 
nanoscale due to the atomistic resolution of the material and strong 
quantum effects. Here we use ab initio density functional theory (DFT) to 
perform electronic structure calculations and maximally localized 
Wannier functions (MLWFs) are employed to transform DFT Hamilto
nians into a localized basis, which preserves bandstructure accuracy and 
reduces the computational load for transport calculations. Next, non- 
equilibrium Green’s function (NEGF) formalism, including the MLWF 
Hamiltonians, is used for ballistic quantum transport simulations 
[8–10]. In this work, our in-house DFT-MLWF-NEGF solver is employed 
to analyze the electronic, transport, and ballistic device properties of 
ultra-scaled armchair GeSNRs and GeSNR FETs that exhibit a direct 
bandgap for narrowest nanoribbons. 

1.1. Methodology 

The unit cell of the 2D GeS is obtained from the 2D materials data
base provided by Materials Cloud [11], which is then used to construct 
an armchair GeSNR super-cell along the nanoribbon width (W). Edges of 
the GeSNRs are passivated with H atoms and a vacuum of 20 Å is added 
in the confined directions to exclude any interactions (existing due to 
DFT that assumes periodicity in all three directions). We construct and 
perform DFT simulations for GeSNR super-cells for nanoribbon widths 
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from W = 0.76 nm to W = 3.70 nm. The DFT calculations are used to 
relax H-passivated GeSNRs structures and obtain the band structure with 
high accuracy. Plane-wave based Quantum Espresso program package 
[12] is used for DFT calculations, with Perdew-Burke-Ernzerhof gener
alized gradient approximation (PBE-GGA) [13] for the exchange- 
correlation (XC) functional. The plane-wave cutoff energy is set to 
100 Ry, while the convergence threshold is set to 10–3 eV/Å for the ionic 
force, and to the value of 10–4 eV for energy. The k-points are sampled 
using an equally-spaced Monkhorst-Pack grid [14] in the transport di
rection and 1 k-point in the confined directions. The output of the DFT 
are dense Hamiltonians localized in energy, but NEGF simulations prefer 
spatially localized Hamiltonians. Maximally-localized Wannier func
tions (MLWFs) [15] are used to transform DFT Hamiltonians into a 
localized basis, which results in much sparser matrices and enables the 
simulation of devices consisting of thousands of atoms [8,16]. Wan
nier90 program package [17] is used to obtain the MLWF Hamiltonians. 
The MLWFs accuracy greatly depends on trial orbitals that are projected 
on the Bloch manifold. For GeSNRs we choose s, px, py, and pz atomic 
orbitals as trial orbitals for both Ge and S atoms. The MLWF Hamiltonian 
matrices are then used to construct the total GeSNR channel Hamilto
nians of ~15 nm long nanoribbons with different GeSNR widths. 

Non-equilibrium Green’s function (NEGF) formalism is used to 
directly solve the Schrödinger’s equation with open boundary condi
tions (OBCs). Retarded Green’s function, GR, of the device is the central 
quantity of NEGF formalism and can be written as. 

GR(E) = [(E + iη)I − H − ΣR
S (E) − ΣR

D(E)]
− 1
,

where H is the total GeSNR channel Hamiltonian, Σ matrices denote 
source (S) and drain (D) retarded contact self-energies that account for 
OBCs, and iη is the infinitesimal positive imaginary convergence con
stant used to ensure the physically relevant causal result. The NEGF 
framework is implemented in our in-house code [4,5,10] which is used 
for the calculation of size-dependent properties of GeSNRs. Contacts are 
assumed to be ideal, i.e. semi-infinite regions made up of the same 
material as the channel, with the Sancho-Rubio method [18] employed 
for a numerically-efficient calculation of S/D contact self-energy 
matrices. 

Electronic and transport properties are calculated using NEGF, 
including S/D transmission (TSD) and density of states (DOS), which are 
used within the top-of-the-barrier (ToB) model [19] to study the ballistic 
performance of n-channel GeSNR MOSFETs. The ToB model provides 
the thermionic current and the calculations depend on the self- 
consistent ToB potential that represents the S/D barrier height, source 
and drain Fermi-Dirac functions, and Fermi levels for charge neutrality 
in S/D regions, DOS and TSD. Since only the thermionic current above 
the ToB potential is calculated, the ToB model is a dependable method 
for FETs with channel lengths >15 nm where direct S/D tunneling is 
negligible [19]. Gate oxide has EOT = 1 nm, and S/D doping is set at 
0.001 M fraction of the GeS areal density. In all devices, we set a com
mon VTH of 0.24 V as projected in the International Roadmap for Devices 
and Systems (IRDS) at the “3 nm” logic node [20]. In turn, this VTH re
sults in a very low OFF-state current (IOFF) of 0.87 nA/μm due to the 60 
mV/dec subthreshold slope and ideal gate control over the channel that 
are assumed in the ToB model. The ballistic ON-state current (ION) is 
extracted at VGS = VDS = 0.7 V, i.e. when both gate and drain are biased 
at the supply voltage. 

2. Results and discussion 

Fig. 1 shows the top (Fig. 1a) and side (Fig. 1b) view of a relaxed 
1.86 nm-wide armchair GeS nanoribbon structure passivated with H 
atoms. GeS exhibits buckled orthorhombic structure and after relaxa
tion, a slight shift of the edge Ge and S atoms are observed and visible in 
Fig. 1a. In Fig. 2 bandgap is shown for various nanoribbon widths. 
Scaling down nanoribbon width increases the bandgap (Eg) from 1.73 eV 

for W = 3.70 nm to 2.24 eV for W = 0.76 nm. The bandstructure plots for 
GeSNRs of various widths, reported in Fig. 3, show that Eg of wider 
GeSNRs is indirect while scaling down the nanoribbon width below W =
2.23 nm transitions GeSNRs into a direct semiconductor which agrees 
with the results in [7]. Effective mass (m*, in units of m0) of the lowest 
conduction band is calculated and reported in Fig. 3. Effective mass 
increases while scaling down nanoribbon width from m* = 0.276 for W 
= 3.70 nm to m* = 1.143 for W = 0.76 nm. The effective mass is high 
even for the widest nanoribbons when compared to m* of the lowest 
conduction band in 2D GeS alongside armchair direction (m* = 0.2 was 
reported in [21]). In Fig. 4 the width-dependence of the ON-state current 
for armchair GeSNR MOSFETs is shown. The ON-state current decreases 
monotonically while scaling down the GeSNR width, from ION = 1.20 
mA/μm for W = 3.70 nm to ION = 0.65 mA/μm for W = 0.76 nm. The 
performance of GeSNR FETs is directly related to the channel band
structure along nanoribbon transport direction, as reported in Fig. 3 
since mobile charge density depends on the density of states (DOS), and 
the transmission function determines transport probability for each 
conducting mode. Subbands nearest to the conduction band minimum 
(CBM) have the highest influence on the ON-state current in n-channel 
FETs. For nanoribbons with W = 2.97 nm and W = 3.70 nm, ION values 
are approximately the same due to bandstructure similarity near the 
CBM for both GeSNRs. To further clarify the ION – W curve, transmission 
and DOS are plotted in the ~200 meV energy range from the CBM, with 
CBM shifted to 0 eV for an easier comparison of different GeSNRs as 
shown in Fig. 5. Nanoribbons with W = 3.70 nm and W = 2.97 nm show 
DOS and transmission characteristics that match almost perfectly for 
energies up to 0.11 eV away from the CBM, where the contribution to 
the current is the highest, thus resulting in the same ION. The 2.23 
nm-wide GeSNR presents a transitional nanoribbon because the lowest 
sub-bands nearest to the CBM start moving away from the CBM as W 
decreases further (e.g. compare Fig. 3c and d). This subband shift 
directly translates into the significant ION drop while scaling the GeSNR 

Fig. 1. (a) Top and (b) side view of the monolayer GeS nanoribbon with 
armchair edges. 

Fig. 2. Impact of width-scaling on the bandgap of armchair GeSNRs.  
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width from 2.97 nm to 2.23 nm observed in Fig. 4. For GeSNRs with W 
<2.23 nm the subband with lower curvature, i.e. higher effective mass, 
becomes the lowest subband that dominantly determines the overall 
transport. This property, alongside the lower number of available 
bands/modes due to the lower number of available orbitals in narrower 
GeSNRs, further decreases ION in ultra-scaled GeSNR FETs. None of the 
analyzed devices fulfills IRDS specification for ION at the “3 nm” node, 
but the ON-state performance can be somewhat improved by optimizing 
the EOT, doping, etc., which is beyond the scope of this work. On the 
other hand, ION/IOFF reaches ~7×105 even in the worst case, indicating 
good switching capabilities of GeSNR FETs for logic applications. 

3. Conclusions 

We employ NEGF with MLWF Hamiltonians to study the electronic, 
transport and ballistic device properties of sub-4 nm-wide and ~15 nm- 

Fig. 3. Bandstructure of GeSNRs with the widths of (a) W = 0.76 nm, (b) W = 1.13 nm, (c) W = 1.50 nm, (d) W = 2.23 nm, (e) W = 2.97 nm, and (f) W = 3.70 nm 
with extracted effective mass (in units of m0) of electrons in the lowest conduction band. 

Fig. 4. Width-dependence of the ON-state current extracted at 0.7 V supply 
voltage in armchair GeSNR FETs. 

Fig. 5. (a) Density of states and (b) transmission comparison for armchair 
GeSNRs with the widths of W = 1.50 nm (dotted blue line), W = 1.86 nm 
(dashed red line), W = 2.97 nm (dot-dot-dashed green line), and W = 3.70 nm 
(purple line). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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long GeSNRs. The ION/IOFF ratio of at least ~7×105 is observed for ultra- 
scaled GeSNR FETs, which indicates good switching performance for 
digital logic devices. The ON-state performance deteriorates as the 
GeSNR width is scaled down, with the maximum ballistic ION of ~1.20 
mA/μm achieved for the widest analyzed GeSNR FET with W = 3.70 nm. 
While GeSNR FETs do not meet the IRDS requirements at the “3 nm” 
CMOS node and beyond, further performance improvement of GeS- 
based nanodevices is possible by doping and gate-stack engineering. 
Nevertheless, future work must also consider carrier scattering and 
dissipative transport for a realistic assessment. [9]. 
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