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mance of monolayer arsenene
tunnel field-effect transistors by defects†

Shun Song,ab Jian Gong,*a Hongyu Wenbc and Shenyuan Yang *bc

We systematically investigate the transport properties of monolayer arsenene tunneling field-effect

transistors (TFETs) along the armchair and zigzag directions using first-principles calculations based on

density functional theory (DFT) combined with the non-equilibrium Green's function (NEGF) approach.

We introduce five types of defects at the source-channel interface and study their influences on the

device performance. The pristine arsenene TFETs along the armchair direction have large ON-state

currents due to the small effective masses, but still cannot meet the International Technology Roadmaps

of Semiconductor 2022 (ITRS 2022) requirements for high performance (HP) devices. The adsorption of

one and two H atoms can significantly enhance the ON-state currents to above 1412 mA mm�1 and

reduce subthreshold swing (SS) to below 60 mV decade�1 for both n- and p-type devices, satisfying the

ITRS 2022 requirements for HP devices. Besides, the p-type As and the n-type Li adatoms can improve

the performance of p-type and n-type devices, respectively. The pristine arsenene TFETs along the

zigzag direction with low ON-state currents already meet the ITRS 2022 requirements for low-power

(LP) devices. The performance of the p-type TFETs as LP devices can be improved by p-type SV and the

As adatom by increasing the ON-state currents and/or reducing the SS. On the other hand, the

adsorption of one H adatom can remarkably increase the ON-state current of the p-type TFET to 1563

mA mm�1 and reduce SS to 34 mV decade�1, allowing the device to work as an HP device. We further

confirm that the enhancement of the ON-state currents is due to the shortening of the band-to-band

tunneling path through the defect induced gap states. Our calculations provide a theoretical guide to

improve the performance of TFETs based on arsenene or other monolayer materials by suitable defects.
Introduction

Two dimensional (2D) materials exhibit excellent physical
properties associated with the ultra-thin atomic layer thick-
ness,1–6 and provide a broad choice for designing and fabri-
cating new electronic and electro-optic devices at the nano
scale.7–13 However, there exist some challenges to their appli-
cations to effective devices. It is well-known that the zero band
gap of graphene limits its use to transistors. Most transition
metal dichalcogenides (TMDs) have low carrier mobilities and
large contact resistances when connected to metal electrodes.14

Phosphorene has a moderate direct band gap, very high carrier
mobility, good optical and thermoelectric responses, and
remarkable anisotropy in electronic and transport proper-
ties.15,16 Despite these excellent properties, phosphorene shows
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relatively low stability under atmospheric conditions, hindering
its large scale applications to devices.17

During the last few years, arsenene has attracted much
interest due to its intriguing electronic properties similar to
phosphorene and better environmental stability.6,10 As a cousin of
phosphorene, the layered arsenene has the same puckered
honeycomb structure as phosphorene and a moderate indirect
band gap around 1 eV.18–20 Theoretical calculations predicted high
carrier mobilities for arsenene around 103 cm2 V�1 s�1, compa-
rable to or even larger than the theoretical values of phosphor-
ene.5,7 Experimental and theoretical studies revealed higher or
comparable anisotropies in electronic, thermal, and transport
properties between the armchair and zigzag directions than
phosphorene.6,21 Monolayer arsenene eld-effect transistors
synthesized by Zhong et al. had a high ION/IOFF ratio of over 105

and better stability compared to phosphorene eld-effect tran-
sistors.10 However, the subthreshold swing (SS) values were rela-
tively large (�110 mV decade�1). Besides, the electron and hole
mobilities measured by experiments were quite different from
each other, and were much lower than the theoretical predic-
tions, probably due to the inuences of defects and dielectric
environments.6,10 Qu et al. calculated the performance of arsen-
enemetal oxide semiconductor eld-effect transistors (MOSFETs)
Nanoscale Adv., 2022, 4, 3023–3032 | 3023
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along the armchair and zigzag transport directions.22 The ON-
state currents of these devices satised the International Tech-
nology Roadmaps of Semiconductor 2022 (ITRS 2022) for high-
performance (HP) requirements, but the SS was always larger
than 60 mV decade�1, which is the fundamental limit for
conventional MOSFETs at room temperature due to the inherent
thermal emission and Fermi–Dirac distribution.23

Tunneling eld-effect transistors (TFETs) with a new band-
to-band tunneling mechanism at the ON-state have the poten-
tial to overcome the SS limit of 60 mV decade�1.24–27 However,
TFETs suffer from the low ON-state currents due to the band-to-
band tunneling.28 Previous theoretical studies have shown that
suitable defects can enhance the ON-state currents, maintain
the low OFF-state currents, and reduce the SS values of TFET
devices based on 2D materials.29–32 Experiments also observed
an effective enhancement of the ON-state currents in silicon-
based TFETs by isoelectronic defect complex.33 The underlying
mechanism can be attributed to the mid-gap states introduced
by the defects, which can effectively shorten the band-to-band
tunneling path between the source and channel at the ON-
state.32 However, TFETs with arsenene as the channel material
have not been reported yet. And there is no study on the inu-
ence of various defects on the performance of the arsenene
TFET devices.

In this paper, we systematically study the transport proper-
ties of arsenene TFETs along the armchair and zigzag directions
by rst-principles calculations based on density functional
theory (DFT) combined with the non-equilibrium Green's
function (NEGF) method, aiming to improve the performance of
the devices by introducing defects at the source-channel inter-
face. We consider ve types of defects in arsenene: single
vacancy, double vacancies, H, As, and Li adatoms. First, we
study the electronic structures of arsenene monolayer with
different defects. Then, we investigate the defect assisted
tunneling mechanism in arsenene TFETs. For TFETs along the
armchair direction, the adsorption of one and two H adatoms
can signicantly enhance the ON-state currents and reduce SS
below 60 mV decade�1. Both the n- and p-type devices with H
defects meet the ITRS 2022 requirements for HP devices. We
also nd that the p-type As adatom can improve the perfor-
mance of p-type devices, whereas the n-type Li adatom can
improve the performance of the n-type devices. The arsenene
TFETs along the zigzag direction already meet the ITRS 2022
requirements for low-power (LP) devices. SV and As adatom can
further improve the performance of the p-type TFETs. In addi-
tion, the adsorption of one H adatom can remarkably enhance
the ON-state currents of the p-type TFET, satisfying the ITRS
2022 requirements for HP devices. Our studies reveal the
inuence of different defects on the performance of arsenene
TFETs, and can serve as a theoretical guide to improve the
performance of TFETs based on arsenene or other 2D materials
by suitable defects.

Simulation approach

All calculations including the structure relaxations and electron
transport properties were carried out using the rst-principles
3024 | Nanoscale Adv., 2022, 4, 3023–3032
Quantum ATK package based on DFT combined with the
NEGF method.34 The generalized gradient approximation of
Perdew�Burke�Ernzerhof (PBE) was employed to describe the
exchange–correlation functional.35 The double-zeta plus polar-
ization orbitals were used as the basis set and the real-space
mesh cutoff energy was 45 hartree. We used a 4 � 4 supercell
to simulate the vacancies and adsorption of adatoms on the
arsenene monolayer. The armchair and zigzag directions were
denoted as the periodic X and Y directions, and a vacuum layer
of about 20 Å was added along the Z direction to reduce the
interactions between images. A 2 � 2 � 1 k-point mesh was
used to sample the rst Brillouin zone for structure optimiza-
tion, and a denser 3 � 4 � 1 k-point grid was used for electronic
calculation. The atomic coordinates were fully optimized until
the force on each atom was smaller than 0.01 eV Å�1. Our test
calculations showed that the systems with vacancies or adatoms
were non-spin-polarized, so the spin polarization was not
considered in this work.

We constructed double gate arsenene TFET devices along the
armchair and zigzag transport directions to study their trans-
port properties with and without defects. k-point grids of 212 �
3 � 1 and 6 � 259 � 1 were used for DFT self-consistent
calculations of the devices along the armchair and zigzag
directions, respectively. The equivalent oxide thickness (EOT) of
each dielectric region was 0.54 nm, which represents the
thickness of silicon oxide required to produce the same effect as
the high-k material. The source and drain bias voltage was
chosen to be Vds ¼ 0.72 V to meet the requirements of the ITRS
2022. The device current I(Vds,Vg) was calculated by the Lan-
dauer–Büttiker formula:36

IðVds;VgÞ ¼ 2e
h

ð
TðE;Vds;VgÞ½fLðE � mLÞ � fRðE � mRÞ�dE; where

Vg is the gate voltage, T(E,Vds,Vg) is the transmission coefficient,
fL(E � mL) and fR(E � mR) are the Fermi–Dirac distribution
functions of the le and right electrodes, respectively. For both
n- and p-type devices, the source and drain electrodes were
highly doped with a concentration of 1 � 1019 cm�3, and the
channel remained intrinsic in both cases.

Results and discussion

As shown in Fig. 1(a), the lattice constants of the monolayer
arsenene are calculated to be a¼ 4.46 Å and b¼ 3.64 Å. Previous
experimental and theoretical results obtained similar values for
the lattice constants (a ¼ 4.46–4.77 Å, b ¼ 3.64–3.68 Å).10,18,37

Fig. 1(b) shows the band structure of the monolayer arsenene.
The valence band maximum (VBM) is at X0 point along the G�X
direction, while the conduction band maximum (CBM) is at G
point. The direct band gap at X0 point is 0.85 eV, and the indirect
band gap is 0.75 eV.10 The band structure of the monolayer
arsenene is highly anisotropic along the armchair and zigzag
directions. Along the armchair direction (G–X), the electron
effective masses are 0.276me and 0.083me at G and X0 points,
respectively. And the hole effective mass at X0 point (VBM) is
0.077me. Along the zigzag direction (G–Y), the electron and hole
effective masses at G point are 1.171me and 1.283me, respec-
tively, much larger than those along the armchair direction.5,21,22
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The 4 � 4 orthorhombic supercell of arsenene monolayer. The black rectangle denotes the unit cell of arsenene. (b) High symmetry
points in the first Brillouin zone and band structure of arsenene. (c) Single vacancy defect in arsenene. (d) Double vacancies in arsenene. (e) H
adatom adsorbed on the top of the As atom (top site). (f) As adatom adsorbed above the hexagon of arsenene (hollow site).

Table 1 The formation energies (DEform) or adsorption energies
(DEads) of different defects in arsenene monolayer. The unit is eV

Defect SV DVs H As Li

DEform/DEads (eV) 0.93 1.90 �1.68 �2.10 �2.18
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It is expected that there would be a large anisotropy in the
carrier mobility and electronic transport along these two
directions.

We use a 4 � 4 supercell to model the defects in arsenene
monolayer. As shown in Fig. 1(c) and (d), we remove one and
two As atoms from the center of the supercell to simulate the
single vacancy (SV) and double vacancies (DVs), respectively.
There is another type double vacancy defect formed by two
adjacent vacancies in the top layer. This defect causes signi-
cant structure distortion around it, introduces no mid-gap state
in the band gap region (see Fig. S1 in ESI†). We speculate that it
has little contribution to improve the transport and will not be
considered here. The optimized adsorption congurations of
different adatoms are depicted in Fig. 1(e) and (f). H atom
prefers to adsorb on top of an As atom of the arsenene (denoted
as top site), while As and Li atoms prefer to adsorb above the
hollow of the hexagon (denoted as hollow site). We determine
the stability of the defect systems by calculating the formation
energies DEform of vacancies or the adsorption energies DEads of
adsorption atoms. The formation energy DEform is dened as
DEform ¼ Edefect � Earsenene + nEAs, where Edefect and Earsenene
represent the total energies of monolayer arsenene with and
without defects, respectively, EAs represents the average energy
of each As atom in pristine arsenene, and n represents the
number of missing As atoms for the vacancies. The adsorption
energy is dened as DEads ¼ Edefect � Earsenene � EX, where EX
represents the energy of an isolated atom. As seen in Table 1,
the formation energy of SV is 0.93 eV, smaller than that in
phosphorene (1.63–1.64 eV) from previous calculation.38,39 This
is consistent with that arsenene is more stable than phos-
phorene. The formation energy of DVs is almost twice of SV in
© 2022 The Author(s). Published by the Royal Society of Chemistry
both arsenene and phosphorene.38,39 This indicates that the
relative stableness of vacancies is similar in both materials. The
negative adsorption energies of H, As, and Li adatoms indicate
stable adsorption of these atoms on arsenene monolayer. The H
adatom adsorption energy in arsenene is similar to that in
phosphorene of �1.37 eV.29

Fig. 2 shows the projected density of states (PDOSs) of
arsenene with and without defects. The PDOS with SV defect in
Fig. 2(a) is projected on the three As atoms around the vacancy.
These As atoms move inward towards the center of the vacancy
and induce defect states near CBM and VBM. The defect states
near VBM are half occupied and the Fermi level shis down-
wards near VBM. Thus SV can be regarded as a p-type defect. As
shown in Fig. 2(b), the DVs defect introduces a high peak in the
middle of the band gap. With one H adatom, one defect state is
in the gap and near VBM as seen in Fig. 2(c). By introducing two
H adatoms in the 4 � 4 supercell, we obtain four stable
congurations (denoted as 2H_a, 2H_b, 2H_c, and 2H_d in
Fig. S2 in ESI†). In 2H_a defect, two defect related peaks can be
observed as shown in Fig. 2(d), one located within the valence
band and the other in the band gap region. 2H_b and 2H_d
defects also introduce mid-gap states in the band gap region,
while 2H_c defect introduces a defect state just below the CBM
(Fig. S3 in ESI†). The defect states introduced by one As adatom
Nanoscale Adv., 2022, 4, 3023–3032 | 3025
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Fig. 2 PDOSs of arsenene monolayer with different defects. (a) SV, (b) DVs, (c) H adatom, (d) 2H_a defect, (e) As adatom, and (f) Li adatom. The
Fermi level EF is set as energy zero. The density of states of pristine arsenene are presented by dashed lines for comparison.
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are near VBM, and the Fermi level is shied downwards near
VBM as shown in Fig. 2(e). In contrast, the Li adatom related
defect states are near CBM and the Fermi level shis upwards to
CBM (Fig. 2(f)). Therefore, the As adatom can be considered as
a p-type dopant, while the Li adatom is an n-type dopant. The
type of the defects and the position of the related defect states
may have different effects on the transport properties of n- and
p-type devices, providing a possible way to tune the perfor-
mance of the devices.30

We then construct arsenene TFETs to investigate the inu-
ences of different defects on the performance of the TFET
devices. To build the arsenene TFET devices, we add the peri-
odic arsenene on the le and right ends of the channel to
simulate the semi-innite electrodes. Considering the remark-
able anisotropy in carrier mobilities and conductivities of
arsenene,6 we simulate the double gate TFETs along two
different transport directions, i.e., the armchair and zigzag
directions. As shown in Fig. 3, the channel length along the
3026 | Nanoscale Adv., 2022, 4, 3023–3032
transport direction is 8.8 nm in both cases. We introduce
defects at the interface between the source and channel, as
denoted by the red rectangles in Fig. 3. For the devices along the
armchair transport direction, there are a total of 318 atoms for
the pristine device. The defect concentrations with one and two
adatoms adsorption are 0.31% and 0.63%, respectively. Along
the zigzag transport direction, there are a total of 256 atoms for
the pristine device, and the defect concentrations with one and
two adatoms are 0.39% and 0.78%, respectively. Previous
studies have demonstrated that the defects located at the
source-channel interface can improve the performance of TFET
devices based on 2D materials.29–32 The mid-gap states at the
source-channel interface introduced by suitable defects can
effectively shorten the tunneling path between the valence and
conduction bands, facilitating the carrier tunneling from the
source to the channel at the ON-state. The enhancement of the
ON-state currents indicates a rapid transit from OFF-state to
ON-state, resulting in a steeper SS. Here we aim to improve the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00093h


Fig. 3 Schematics of the double gate arsenene TFET devices along the (a) armchair and (b) zigzag directions. Defects are introduced at the
source-channel interface denoted by red rectangles.
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performance of the arsenene TFET devices through defect
modulation to meet the requirements of ITRS 2022 for HP or LP
devices. For HP devices, VOFF is dened as the gate voltage with
the OFF-state current IOFF at 0.1 mA mm�1. For LP devices, VOFF is
the gate voltage with IOFF at 2 � 10�5 mA mm�1. The ON-state
current ION is dened as the current at the gate voltage of VON
¼ VOFF + Vds.

Fig. 4 shows current–voltage (I–Vg) characteristics of the
arsenene TFET devices with and without defects along the
armchair and zigzag directions. For the pristine devices, it can
Fig. 4 Current–voltage characteristics of the arsenene TFET devices wit
(b) The p-type devices along armchair direction. (c) The n-type devices

© 2022 The Author(s). Published by the Royal Society of Chemistry
be seen that the currents along the armchair direction are
always larger than those along the zigzag direction for both the
n- and p-type TFETs (black curves in Fig. 4). This can be
attributed to the anisotropy of the effective mass of the arsenene
monolayer. In general, a smaller effective mass usually leads to
a larger current for both bulk and 2D materials.5,22,40–44 As dis-
cussed earlier, the effective masses of electrons and holes along
the armchair direction are overall smaller than those along the
zigzag direction in arsenene. Therefore, the currents along the
h and without defects. (a) The n-type devices along armchair direction.
along zigzag direction. (d) The p-type devices along zigzag direction.

Nanoscale Adv., 2022, 4, 3023–3032 | 3027
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Table 2 Summary of the performance of arsenene TFET devices along armchair directionwith andwithout defects. The ITRS 2022 targets for HP
devices at the 8.8 nm technology node are presented for comparison

Defects Devices SS (mV decade�1) IOFF (mA mm�1) ION (mA mm�1) ION/IOFF

Pristine n-type 70 0.1 1132 1.13 � 104

SV p-type 83 0.1 1214 1.21 � 104

n-type 77 0.1 1108 1.11 � 104

p-type 75 0.1 1084 1.08 � 104

DVs n-type — 0.18 — —
p-type — — — —

H n-type 59 0.1 1412 1.41 � 104

p-type 55 0.1 3564 3.56 � 104

2H_a n-type 89 0.1 2372 2.37 � 104

p-type 50 0.1 3384 3.38 � 104

As n-type 61 0.17 — —
p-type 53 0.1 2286 2.29 � 104

Li n-type 68 0.1 1837 1.84 � 104

p-type 118 0.19 — —
ITRS 2022 HP 0.1 1330 1.33 � 104
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armchair direction are consistently larger than those along the
zigzag direction for the pristine TFETs.

Table 2 summarizes the performance of the arsenene TFET
devices with and without defects along the armchair direction.
For the pristine arsenene TFETs, the ON-state currents are still
smaller than the ITRS 2022 requirement of 1330 mA mm�1 for HP
devices. As seen in Table 2, the ON-state currents are 1132 and
1214 mA mm�1 for the n- and p-type TFETs, respectively. The
corresponding ION/IOFF ratios are also slightly below the ITRS
2022 target of 1.33 � 104. The SS values are 70 and 83 mV/
decade for n- and p-type TFETs, respectively. Previous theoret-
ical study reported a similar SS value of 75 mV decade�1 for
arsenene MOSFET with a longer channel length of 10 nm along
the same transport direction, and a larger SS over 100 mV
decade�1 for shorter channel length.22 Although the arsenene
TFETs have similar ON-state currents and better SS compared to
the MOSFETs, their performance should be further improved
for applications.

It can be seen from Table 2 that the defects could have
a signicant inuence on the performance of the arsenene
Table 3 Summary of the performance of arsenene TFET devices along z
and LP devices at the 8.8 nm technology node are presented for compa

Defects Devices SS (mV decade�1)

Pristine n-type 49
SV p-type 34

n-type 65
p-type 36

H n-type 56
p-type 34

2H_a n-type 57
p-type 31

As n-type 70
p-type 29

Li n-type 33
p-type 67

ITRS 2022 HP
ITRS 2022 LP

3028 | Nanoscale Adv., 2022, 4, 3023–3032
TFETs along the armchair transport direction. SV defect has no
obvious effects on the performance for both n- and p-type
devices. The mid-gap defect states introduced by DVs greatly
reduce the bandgap and increase the OFF-state current to 0.18
mA mm�1, larger than the required 0.1 mA mm�1 for HP devices.
Therefore, this defect will not be considered in the following
calculations. On the other hand, the half-lled defect states
introduced by one H adatom can signicantly improve the
overall performance for both n- and p-type devices. With one H
atom adsorbed at the source-channel interface, ION of the n-type
(p-type) arsenene TFET is increased to 1412 (3564) mA mm�1, ION/
IOFF ratio increased to 1.41 � 104 (3.56 � 104), and the SS value
reduced to 59 (55) mV decade�1. Clearly, both the n- and p-type
devices with one H adatom meet the ITRS 2022 requirements
for HP devices, and the SS value is reduced to below the 60 mV
decade�1 limit. Increasing the H concentration might improve
the performance. For example, 2H_a defect introduces two mid-
gap states near the Fermi level as shown in Fig. 2(d). As a result,
the ION and ION/IOFF values can be further increased for both n-
and p-type TFETs. SS for p-type TFET can be reduced to 50 mV
igzag direction with and without defects. The ITRS 2022 targets for HP
rison

IOFF (mA mm�1) ION (mA mm�1) ION/IOFF

2 � 10�5 707 3.54 � 107

2 � 10�5 500 2.50 � 107

0.1 412 4.12 � 103

2 � 10�5 851 4.26 � 107

0.1 1160 1.16 � 104

0.1 1563 1.56 � 104

0.1 201 2.01 � 103

0.1 942 9.42 � 103

0.1 188 1.88 � 103

0.1 900 9.00 � 103

2 � 10�5 500 2.50 � 107

0.1 547 5.47 � 103

0.1 1330 1.33 � 104

2 � 10�5 461 2.31 � 107

© 2022 The Author(s). Published by the Royal Society of Chemistry
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decade�1. However, SS for n-type TFET becomes larger than the
pristine device.

The inuence of defects highly depends on the types of the
defects and the devices. We nd that the p-type dopant As
adatom can improve the performance of p-type TFET, but is
unfavorable for n-type TFET. As seen in Table 2, p-type TFET
with As defect exceeds the ITRS 2022 requirements for HP
devices, whereas the n-type TFET has a large OFF-state current,
failing to meet the ITRS 2022 requirements. Similarly, Li atom
as an n-type dopant can improve the performance of the n-type
TFET, but degrades the performance of the p-type TFET by
increasing the OFF-state current.

Table 3 summarizes the performance of the arsenene TFET
devices with and without defects along the zigzag direction. Due
to the larger effective mass along the zigzag direction, the
pristine arsenene TFETs have smaller ON-state currents and
much smaller OFF-state currents, and meet the ITRS 2022
requirements for LP devices. The ON-state currents are 707 and
500 mA mm�1 for the n- and p-type TFETs, respectively, satisfying
the ITRS 2022 requirement of 461 mA mm�1 for LP devices. The
ION/IOFF ratios also exceed the required value of 2.31 � 107.
Besides, the small OFF-state currents lead to a rapid transit to
the OFF-state. As a result, the pristine TFETs along the zigzag
direction have very steep SSs. The SS values are 49 and 34 mV
decade�1 for n- and p-type TFETs, respectively.
Fig. 5 PLDOSs of the n-type arsenene TFETs along the armchair transpor
at OFF-state. (b) PLDOSs of pristine arsenene TFET at ON-state. (c) PLDO
one H adatom at ON-state. (e) PLDOSs of TFET with 2H_a defect at OF
ovals highlight the defect states at the source-channel interface.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Similar to the devices along the armchair direction, defects
have a signicant inuence on the performance of the arsenene
TFETs along the zigzag direction. SV introduces p-type defect
states near VBM, and slightly increases the ON-state current of
the p-type TFET to 851 mA mm�1, resulting in a larger ION/IOFF
ratio of 4.26 � 107. Meanwhile, the SS value is hardly inu-
enced. For the n-type TFET, SV increases the OFF-state current
to over 2 � 10�5 mA mm�1 due to the defect states near CBM
(Fig. 2(a)), failing to meet the ITRS 2022 requirement for LP
device. Yet its ON-state current is much less than the ITRS 2022
requirement for HP device. Therefore, SV as a p-type defect is
only benecial to the p-type arsenene TFETs along the zigzag
direction.

The adsorption of one H adatom can increase both the ON-
state and OFF-state currents of the arsenene TFETs along the
zigzag direction, expanding their applications to HP devices.
For n-type TFET, ION is increased to 1160 mA mm�1, still below
the ITRS 2022 requirement. For p-type TFET, ION is increased to
1563 mA mm�1, with a small SS similar to the pristine p-type
TFET. In other words, the p-type TFET with one H adatom can
meet the ITRS 2022 requirements for HP devices. For all the
adsorption of two H adatoms, our simulations show that 2H
defects could partially improve the performance, depending on
the defect congurations. The SS values of both n-type and p-
type devices with 2H_a defect are better than 60 mV decade�1.
t direction at OFF- andON-states. (a) PLDOSs of pristine arsenene TFET
Ss of TFET with one H adatom at OFF-state. (d) PLDOSs of TFET with

F-state. (f) PLDOSs of TFET with 2H_a defect at ON-state. The orange
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The p-type devices with other 2H defects also have SS values
below 60 mV decade�1 (see Fig. S5 and Table S1 in ESI†).
However, all the devices have smaller ON-state currents than the
devices with one H adatom, failing to meet the ITRS 2022
requirements. Therefore, increasing the defect concentration
does not always lead to an improvement of the performance of
the TFET devices.

As seen in Table 3, the p-type dopant As adatom is benecial
to the p-type TFET, decreasing the SS to 29 mV decade�1.
However, the OFF-state current becomes larger than 2 � 10�5

mA mm�1, not suitable for LP device. The ION and ION/IOFF are not
large enough to meet the requirements of ITRS 2022 for HP
devices. Therefore, the As adatom is not a suitable defect to
improve the performance of arsenene TFETs along the zigzag
direction. The n-type dopant Li adatom is benecial to the n-
type TFET. With ION of 500 mA mm�1, ION/IOFF ratio of 2.50 �
107, and a steep SS of 33 mV decade�1, the n-type TFET with Li
defect can satisfy the requirements of ITRS 2022 for LP devices.

To analyze the defect assisted tunneling mechanism, we plot
the projected local density of states (PLDOSs) of the pristine and
defected arsenene TFET devices at OFF- and ON-states. Fig. 5
shows the PLDOSs for n-type TFETs along the armchair direc-
tion. The pristine arsenene TFET has a long tunneling path at
OFF-state as shown in Fig. 5(a). At ON-state, the gate voltage
shis the channel conduction band downwards to overlap with
Fig. 6 PLDOSs of the n- or p-types arsenene TFETs along the armchair
with one As adatom at OFF-state. (b) PLDOSs of p-type TFET with one As
ON-state. (d) PLDOSs of n-type TFET with one Li adatom at OFF-state. (e
p-type TFET with one Li adatom at OFF-state.

3030 | Nanoscale Adv., 2022, 4, 3023–3032
the source valence band as shown in Fig. 5(b). The tunneling
path becomes very short, allowing the band-to-band tunneling
from the source to the channel. The considered defects at the
source-channel interface could introduce defect states in the
source-channel transition region. If the defect states happen to
be in the overlapped window between the source and channel
bands at ON-state, the effective tunneling length would be
further decreased and the band-to-band tunneling currents
could be remarkably enhanced.32 This is indeed the case for one
H adatom defect (0.39% concentration). As shown in Fig. 5(d),
the mid gap states introduced by the H adatom lie in the
tunneling window at the ON-state, greatly enhancing the
tunneling currents from the source to the channel. On the other
hand, the defect states near the source VBM just slightly
decrease the tunneling path at the OFF-state, as shown in
Fig. 5(c). Therefore, the device can still maintain a small OFF-
state current similar to the pristine TFET. The small OFF-state
current and the enhanced ON-state current lead to a steeper
SS below 60 mV decade�1. The H adatom defect shows a similar
inuence on the performance of the p-type TFET. The H defect
state is close to the valence band and thus has a good overlap
with the channel valence band at ON-state. Consequently, the
ON-state current of the p-type TFET is enhanced to 3564 mA
mm�1, even larger than that of the n-type device.
transport direction at OFF- and ON-states. (a) PLDOS of n-type TFET
adatom at OFF-state. (c) PLDOSs of p-type TFET with one As adatom at
) PLDOSs of n-type TFET with one Li adatom at ON-state. (f) PLDOS of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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By introducing 2H_a defect at the source-channel interface
(0.63% concentration), two defect states appear in the band gap
region. For the n-type TFET at the ON-state, the two defect states
enter the tunneling window as shown in Fig. 5(f). Therefore, the
ON-state current is greatly enhanced to 2372 mA mm�1, larger
than the device with one H adatom. At the OFF-state, the defect
states just slightly decrease the tunneling path as shown in
Fig. 5(e), similar to the one H adatom defect. And the device can
still maintain a small OFF-state current below 0.1 mA mm�1. For
the p-type TFET, only the upper defect state enters the tunneling
window at the ON-state (not shown). And the ON-state current is
3384 mA mm�1, slightly smaller than the p-type device with one
H adatom.

Next, we use As and Li defects to study the different inu-
ences on the device by n- and p-type dopants. The As adatom is
a p-type dopant in arsenene. As shown in Fig. 6(a), the tunneling
path of the n-type TFET at the OFF-state is obviously shortened
due to the defect states near VBM induced by the As adatom,
leading to a large leakage current above 0.1 mA mm�1. In other
words, the p-type As dopant degrades the performance of the n-
type TFET by increasing the OFF-state currents. For the p-type
TFET at OFF-state, the As defect states near source VBM have
very little inuence on the tunneling path as shown in Fig. 6(b),
maintaining a small OFF-state current. On the other hand, the
As defect states at the ON-state lie in the tunneling window
between the source and the channel as shown in Fig. 6(c), and
thus can effectively enhance the ON-state currents. The rapid
increase of the current also leads to a steeper SS of 53 mV
decade�1. Therefore, the p-type As dopant is benecial to the p-
type TFETs by improving the ON-state currents as well as the
SSs. On the contrary, the n-type Li adatom is benecial to the n-
type TFETs. As shown in Fig. 6(d), the defect states of the n-type
Li adatom lie outside the tunneling window when the n-type
device is at the OFF-state, maintaining a small OFF-state
current below 0.1 mA mm�1. At the ON-state shown in Fig. 6(e),
the Li defect states shi within the tunneling window resulting
in a rapid increase of the ON-state currents. However, for the p-
type device at the OFF-state shown in Fig. 6(f), the Li defect
states lie within the tunneling window and shorten the
tunneling path, and the OFF-state current exceeds 0.1 mA mm�1.

Conclusion

In summary, we have systematically investigated the effects of
different types of defects on the performance of arsenene TFETs
through rst-principles calculations and quantum transport
simulations. We conrm the high anisotropy of the transport
properties of arsenene TFETs along the armchair and zigzag
directions. By introducing suitable defects at the source-
channel interface, the performance of arsenene TFETs can be
signicantly improved to meet the ITRS 2022 requirements for
HP or LP devices. For TFETs along the armchair directions, the
adsorption of one and two H adatoms can signicantly increase
the ON-state currents and reduce SS to below 60 mV decade�1.
The p-type dopant As and the n-type dopant Li can improve the
performance of p-type and n-type devices, respectively, satis-
fying the ITRS 2022 requirements for HP devices. The arsenene
© 2022 The Author(s). Published by the Royal Society of Chemistry
TFETs along the zigzag direction already meet the ITRS 2022
requirements for LP devices. SV and As adatom as p-type defects
can further increase the ON-state currents and/or reduce the SSs
of the p-type LP TFETs. On the other hand, the adsorption of
one H adatom can remarkably increase the ON-state current of
the p-type TFET to 1563 mA mm�1 and reduce SS to 34 mV dec-
ade�1, allowing the device to work as an HP device. Our studies
reveal the inuence of different defects on the performance of
arsenene TFETs and can be used as a theoretical guide to
improve the performance of TFETs based on arsenene or other
group VI monolayers by suitable defects.
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