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Anti-ambipolar transistors (AATs) are a promising candidate for multivalued logic devices, which
are vital for improving the device density and data-handling capabilities of nanoelectronics. Compared
with most AATs with A-shaped transport characteristics, the emerging four-logic-state bi-AATs have a
stronger capability for exponentially increasing the integration density. Here, we demonstrate an alter-
native strategy to achieve bi-anti-ambipolar transport by using the intrinsic electronic properties of
two-dimensional (2D) materials. In detail, by breaking symmetry in edge-sharing octahedra, 2D X PS;
(X =Al, Ga, In, Tl) materials exhibit isolated band structures with subgap states near the Fermi level.
More importantly, this special electronic feature inspires the design of double subgap tunnel field-effect
transistors (TFETSs) for realizing bi-anti-ambipolar transport. Through quantum transport simulations, we
observe M-shaped I-V curves in the 2D InPS; TFET, verifying the feasibility of the device concept. This
work broadens the horizon for the development of bi-anti-ambipolar devices in the forthcoming era of big

data.

DOL: 10.1103/PhysRevApplied.21.064009

I. INTRODUCTION

According to Moore’s Law and von Neumann archi-
tecture, the continuous expansion of device density has
gradually reached a bottleneck, posing higher demands
for data processing [1,2]. To address this issue, the mul-
tivalued logic (MVL) circuit is proposed as an effective
approach to reduce the burden of high-density integration
without the further scaling of transistors [3]. In partic-
ular, the anti-ambipolar transistor (AAT) has been rec-
ognized as a promising candidate for constructing MVL
devices due to its special nonmonotonic transfer charac-
teristics and negative differential resistance (NDR) effects
enabling multivalued operation [4—10]. Compared with
conventional binary logic circuits, AATs possess more
than three logic states, and so have higher capabilities for
data processing and large-scale integration [11,12]. The
development of AATS brings hope for the forthcoming era
of big data.
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Artificially stacking different two-dimensional (2D)
materials to form p-n heterojunctions is one of the emerg-
ing mainstream approaches for achieving anti-ambipolar
transport [13—17]. Among them, devices with double-
peaked M-shaped curves have more potential for building
quaternary inverters to further improve integration lev-
els compared with the normal three-logic-state devices
[18-21]. For instance, through structural engineering and
parallel device configuration, Lim ef al. have successfully
built a WS;-graphene-WSe, heterostructure to achieve
double-peak NDR operation [18]. Paul Inbaraj et al. have
achieved bi-anti-ambipolar switching in a InSe/WSe, het-
erojunction with two transport contributions controlled
by proper mechanical strain [19]. For ongoing research,
the feasibility of M-shaped characteristics depends on the
development of new concepts for devices, suitable combi-
nations of n- and p-channel materials, and proper regula-
tion strategies [12,22]. Therefore, realizing four-logic-state
devices can be complex. Moreover, the precise carrier
transport mechanism underlying AATs remains unclear
[22], and there are still few MVL devices with more
than three logic states, leaving room for discovery. Thus,
aiming at exploring novel four-logic-state MVL devices
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with more feasibility and simpler implementation condi-
tions, we wonder whether there is a type of material that
can achieve bi-anti-ambipolar transport solely based on its
intrinsic properties.

Herein, following the track based on material design
and new device concepts, we propose to adopt double
subgap materials for achieving bi-anti-ambipolar trans-
port. Through first-principles calculations, we first design
a new group of 2D XPS; (X =Al, Ga, In, Tl) mate-
rials based on the typical structure of metal phosphorus
trichalcogenides. The double isolated bands with subgap
states near the Fermi level are realized in 2D GaPS; and
InPSs. Then, we discuss that the isolated band formation
depends on symmetry breaking in edge-sharing octahedra
and different orbital interactions in 2D X PS;. Next, we
demonstrate the new device concept to achieve bi-anti-
ambipolar characteristics by introducing double subgap
states in traditional tunnel field-effect transistors (TFETs).
Finally, based on quantum transport simulations, we suc-
cessfully achieve the M-shaped transfer characteristics in
the 2D InPS; TFET, and reveal the transport mechanism
of bi-anti-ambipolar switching. These findings represent a
step toward the development of computing MVL technol-
ogy beyond three logic states.

II. COMPUTATIONAL METHODS

The geometric optimization and electronic properties
of 2D XPS; are calculated using density-functional the-
ory (DFT) implemented in the ATOMISTIX TOOLKIT pack-
age [23]. The generalized gradient approximation in
the Perdew-Burke-Ernzerhof (PBE) functional is used
to describe the exchange-correlation interaction [24].
The norm-conserving PseudoDojo pseudopotentials are
adopted as the basis set with the density mesh cutoff of 75
hartree. For structural optimization, the tolerance is lim-
ited to less than 0.1 GPa for the stress error and 0.02 eV/A
for the force tolerance. The dense 9 x 9 x 1 k-point sam-
pling is adopted for calculation. The vacuum layer of
40 A is employed to prevent interactions between periodic
boundaries.

The transport properties are simulated through DFT cou-
pled with the nonequilibrium Green’s function (NEGF)
method. The Brillouin zone in the x, y, and z directions
is sampled with 30 x 1 x 120 meshes for the device. In the
transport simulation process, the periodic, Neumann, and
Dirichlet boundary conditions are adopted for the trans-
verse, vertical, and transport directions, respectively. The
temperature is set to 300 K. The double-zeta plus polariza-
tion (DZP) basis is adopted for the transport calculation to
save computational costs. It should be noted that the DZP
basis set is comparable to PesudoDojo in the accuracy of
electronic properties, which can be seen in Fig. S1 in the
Supplemental Material [25]. The computed drain current
under a given gate voltage (V) and bias voltage (Vpgs) is

calculated based on the Landauer-Biittiker equation [26] as
follows:

+o0

2e
Ips(Vps, Vas) = 7/ {T(E, Vps, Vas)

—0o0

[fs(E — Ers) — fp(E — Erp)]}dE, (1)

where T (E, Vps, Vgs) stands for the transmission coeffi-
cient, fs and fp are the Fermi-Dirac distribution functions
of source and drain, and Erg and Erp refer to the electro-
chemical potential of source and drain electrode, respec-
tively. The difference between Erg and Erp is equal to
e X Vps. T(E) refers to the transmission coefficient, which
is the average of k-dependent transmission coefficients,
and can be obtained from

Tiy(E) = Ti[G} (E)Gy, (E)GR (E)GL (E)],  (2)

where Gil’lD(E) =i(Zsp — E;’ p) represents the broaden-
ing width deriving from source or drain in the form of
self-energy Xsp. Gy, (E) and G,qu (E) are the retarded and
advanced Green’s function, respectively. It is must be
noted that the optimum ballistic condition at the ultrascaled
channel length is assumed in our work. The behaviors
of the devices would be degraded after considering var-
ious scattering mechanisms. Therefore, our work can be
regarded as the upper limit within the assumed ballistic
tunneling transport.

III. RESULTS AND DISCUSSION

The atomic structure of 2D X PS; is shown in Fig. 1(a).
In the side view, there are two sublayers of S atoms, one
located at each side, and octahedrally coordinated X atoms
and pairs of P atoms located between the S atoms. From
the top view, the graphene-like honeycomb arrangement
of the X atoms is distributed around the (P,S¢)*~ bipyra-
mids. For X atoms, they can be divided into X, and Xjp
subgroups according to the different octahedral patterns.
Given this framework, the characteristics of the XPS;
structures lie in the values of lattice constant, the P-P dis-
tance, P-S distance, and X -S distance (X4-S and X3-S).
The specific values are summarized in Fig. S2 within
the Supplemental Material [25]. Naturally, the lattice con-
stants and bond lengths increase to accommodate with the
increasing radius of X atoms, except for the P—S bonds,
which are slightly compressed.

Compared with the typical MPS; (M =Mg, Cr, Mn,
Fe, Co, Ni, Cu, Zn, and Cd) structure [27-31], XPS;
is characterized by the different (P2Se)* bipyramid. As
shown in Fig. 1(b), the top and bottom S trimers exhibit a
relative in-plane twist of 60° in the MPS; lattice, while
in XPS;, the S trimers twist to a greater extent by 20°
on the original basis. This process also brings a signif-
icant geometric change of the edge-sharing octahedra.
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(a) Top and side views of the geometric structure of monolayer X PS; (X = Al, Ga, In, TI). The dashed rhombus represents

the primitive cell. (b) Schematic diagram of the (P,S¢)*~ unit and array transformation from typical MPS; to X PS;. The model
represented by the circle and sticks refers to the (P,S¢)*~ bipyramid. The black points represent the metal atoms. The red and blue
points represent two types of X atoms in different octahedra, respectively. (c) The state evolution of symmetric and asymmetric edge-
sharing octahedra in MPS; and X PS; lattices. (d) Schematic diagram for realizing isolated bands. The purple and yellow colors refer
to the density of states (DOS) contributed by (P»S¢)*~, and the blue color refers to the DOS contributed by X -s orbitals.

In the array diagram shown in Fig. 1(b), M atoms are
located in periodic regular octahedra, and the edge-sharing
octahedra (yellow hexagonal pattern) maintain high sym-
metry. However, for the X PS; array, one octahedron (blue
hexagonal pattern) is expanded, while the other (red hexag-
onal pattern) is contracted and has a relative in-plane
twist, leading to the asymmetry of edge-sharing octahedral
structure.

Such symmetry breaking and deformations in edge-
sharing octahedra are recognized to have a significant
impact on orbital properties [32,33], which is crucial
for achieving isolated bands in our work. As plotted in
Fig. 1(c), in a typical MPS; lattice (with symmetric edge-
sharing octahedra), the X4-s state hybridizes with the Xp-s
state near the Fermi level. However, in the optimized X PS;
lattice, the asymmetric octahedral ligand field leads to the
split of X -s states, resulting in difficulty in hybridization
between the lower X3-s state and much higher X,-s state.
Figure S3 within the Supplemental Material [25] shows
the projected band structures of Al-, Ga-, In-, and Tl-s
orbitals in the two types of lattices. In this case, since
the energy levels of the X-s orbitals localize in the gap
states of (P,S6)*~ [34,35], it is expected that the asymmet-
ric edge-sharing octahedra will induce isolated bands near
the Fermi level dominated by X4-s and Xp-s orbitals, as
displayed in Fig. 1(d).

Therefore, having identified the role of the geometric
structure of the X'PS; monolayer for realizing isolated
bands, we then investigate their electronic properties. As
shown in Fig. 2, the band-edge dispersions for the four
materials exhibit shapes similar to an isotropic volcano.
The 2D X' PS; materials are semiconducting with quasidi-
rect band gaps (E,) of 0.56-0.84 eV at the PBE level, with
the conduction band minimum (CBM) and the valence
band maximum (VBM) both lying at the “volcanic vent”
(I'-M and I'-K paths). The intrinsic isolated bands near the
Fermi level are observed in XPS; as expected. In detail,
AIPS; and TIPS3; with small £, show only the isolated
highest valance band (IVB) and isolated lowest conduc-
tion band (ICB), respectively. Meanwhile, a remarkably
large subgap below the IVB (Esgy) of 1.8 eV and subgap
above the ICB (Esgc) of 1.69 eV can be observed in AIPS;
and TIPS;, respectively. In contrast with the one-sided
situation, 2D GaPS3 and InPS3, which have larger Eg,
show isolated states for both the lowest conduction bands
(LCBs) and the highest valance bands (HVBs), along with
double subgap states. In particular, for 2D InPS;, the
volcanic dispersions of the ICB and IVB are extremely
similar, and the widths of the ICB (W}¢) and IVB (Wyy) dif-
fer by only 0.03 eV (see more detail on parameters in Table
S1 within the Supplemental Material [25]). Moreover, tak-
ing the impact of spin-orbit coupling into account, there
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FIG. 2. Band structures (left) and three-dimensional dispersions (right) of 2D (a) AIPSs, (b) GaPSs, (c) InPSs, and (d) TIPS;. The
dispersions in green and orange represent the isolated lowest conduction bands (ICB) and highest valance bands (IVB), respectively.
The dispersions in purple refer to neighbor nonisolated states. Yellow regions refer to the gap states of band gaps (£;), subgap above

the ICB (Esgc), and subgap below the IVB (Esgy).

is no obvious band splitting or dispersion change affecting
the isolated bands near the Fermi level (see Supplemental
Material, Fig. S4 [25]).

To throw light on the origin and differences of the
isolated bands and subgap states in X PS;, we further cal-
culate the projected density of states (PDOS) and partial
charge densities. In Fig. 3(a), depending on the specific
composition and geometric location in the unit cell, S-
p orbitals contribute to all states and dominate the deep
energy level. X-s orbitals significantly contribute to the
band-edge states and hybridize with S-p orbitals. The par-
tial charge densities of the LCB, HVB, and their neighbor
states are calculated to determine the specific atomic con-
tribution. As displayed in Fig. 3(b), the (P2S¢)*~ unit
accounts for a large proportion in the charge states, but
it seems that only the S atoms in (P,S¢)*~ mainly con-
tribute to the states below the Fermi level. Remarkably,
the spherical X4-s and Xjp-s states contribute to the LCB
and HVB, respectively, which is consistent with the anal-
ysis in Fig. 1. The specific charge densities of each

XPS; are shown in Fig. S5 within the Supplemental
Material [25].

The similar charge densities are insufficient to explain
the disappearance of isolated states in AIPS; and TIPS;.
Thus, from the perspective of orbital energy, we further
calculate the energy-level aligned PDOS. Without con-
sidering the hybridization with X -s orbitals, the intrinsic
energy edges of (P,Sg)*~ are shown as the black dashed
lines in Fig. S5 within the Supplemental Material [25],
which exhibits no significant difference in energy levels
among the four XPS;. X-p orbitals with spindle orbitals
heavily overlap with S-p orbitals, and end up with their
energy distribution localized as (P,S¢)*~, which can be
observed in the right panels of Fig. 3(c). Unlike the X -
p orbitals, the spherical X-s orbitals are less affected
by the (P,Se)*~ unit. Despite the strong hybridization
with S-p orbitals, the energy distribution of X -s orbitals
mainly depends on the intrinsic orbital energy. Therefore,
as shown in Fig. 3(c), from Al to Tl, X -s orbitals (green
panels) tend to move towards lower energy levels, while
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(a) Orbitally projected density of states (PDOS) of 2D X PS;. (b) The partial charge densities are displayed along with their

respective energy levels, which are labeled on the PDOS diagram. (c) Energy level aligned X -s (left panel) and X-p (right panel)
orbital-resolved PDOS. Blue and yellow lines represent conduction band minimum (CBM) and the valence band maximum (VBM),
respectively. The energy level positions have been corrected by vacuum level.

the energy of X -p orbitals is almost fixed during this pro-
cess. In this case, the Al4-s with the highest energy and the
Tlg-s with the lowest energy overlap with other orbitals,
resulting in continuity of energy and disappearance of gap
states. Ga-s and In-s, with energy in the middle, possess
both ICB and IVB. The summarized band alignment of the
four X PS; are also shown in Fig. S6 within Supplemental
Material [25].

Based on the novel electronic properties, we propose
to use the isolated bands near the Fermi level and double
subgap states to achieve the rare bi-anti-ambipolar charac-
teristic. The concept and ON-OFF mechanism of the double
subgap TFETs are depicted in Fig. 4. On the basis of the
classical ambipolar TFET [36], we introduce double sub-
gap states in the source, channel, and drain regions. The
bias voltage (supply voltage Vps) is added to obtain the
energy overlap between the valance band in the p-doped
source and the conduction band in the n-doped drain for
achieving band-to-band tunneling, as shown in the nar-
row green region in Fig. 4. In the initial state (Vg), the
band gap in the channel blocks the tunneling path. Then,
by applying a positive gate voltage (Vs2), the conduc-
tion band of the channel is dragged down below the VBM
in the source, and the conductive tunneling path is wide
open to realize an n-type ON state. So far, this is just a

regular switching process of the n-type TFET. However,
continuously increasing the positive gate voltage (Vg3), the
tunneling path starts to shrink as soon as the Esgc in the
channel has been pulled down into the green region. With
the larger positive gate voltage (V4), the current contin-
ues to decrease until the gap states in the Esgc completely
block the tunneling path, then the device shuts down once
again, achieving the anti-ambipolar switching. The whole
process is shown in Figs. 4(a)-4(d). Moreover, in Fig. 4(e),
taking the Esgy in the channel into account, applying more
negative gate voltages can also realize the anti-ambipolar
transport for holes. In this way, the bi-anti-ambipolar trans-
port can be achieved with intrinsic double subgap states in
channel materials.

To obtain better bi-anti-ambipolar characteristics, it is
necessary to comprehensively consider the electronic prop-
erties of specific materials and operating voltages of the
device. In detail, as illustrated in Fig. 4(a), we define the
energy overlap between the ICB and IVB as the tunneling
path width (Wr), which can be written as

Wr = Wic + Wiv + AE) + AE, — Vps, 3)

where AE| and AE, are the energy difference between the
VBM and Fermi level in the source (Egs), and between the
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(a)d) Schematic energy-band diagrams of the double subgap TFET under increasing positive gate voltage from Vg to

VGa. Eps and Epp are the Fermi level of source and drain. Blue and orange dashed lines represent CBM and VBM, respectively.
(e) The schematic diagram of M-shaped transfer /- characteristic. The red and blue panels refer to regions where Esgy and Esgc

work, respectively.

CBM and Fermi level in drain (Egp), respectively, which
are determined by the doping level. For a certain isolated-
band material, Wt can be adjusted by the doping level and
the Vpg, and the setting of Wr depends on the gate con-
trol capability and the device performance requirements.
Specifically, a wide Wt can lead to more tunneling states
and higher ON-current, but a large Vg is required to drag
the deep gap states to block the tunneling, also leading
to large driving range (AV). In contrast, a small Wt will
induce a lower ON-current, while it is easier for the gap
states to cut off the tunneling path and turn off the device.
Moreover, the Wt should be set smaller than Esgc and
Esgv to avoid current leakage, because the subgap states
are insufficient to block the entire tunneling window if the
Wr is too large.

In the preceding discussion, we qualitatively illustrate
the operation mechanism of bi-anti-ambipolar transport
in the double subgap TFET on the basis of a schematic
energy-band diagram. According to this theory, the bi-anti-
ambipolar characteristic is equally affected by the ICB and

IVB, and the wide isolated bands (Wc 4+ Wyy) are not pre-
ferred because of their stronger demand for Vpg to get
the required Wr. To present an ideal transport character-
istic, we choose to adopt 2D InPS; as the channel material
for further atomic-scale transport calculations, owing to
its symmetric and narrow isolated bands. Moreover, we
compute the phonon spectrum of 2D InPS3, as shown in
Fig. S7 within the Supplemental Material [25], and find no
imaginary phonon modes, which indicates that it is dynam-
ically stable. The device model can be found in Fig. S8
within the Supplemental Material [25]. The 2D InPS; is
sandwiched between the top and bottom dielectric layers
(¢ =3.9) and metal gates. The symmetric doping concen-
tration of 5 x 10'> cm~? is used in the p-doped source and
n-doped drain. The channel length is set to 7 nm. Addi-
tionally, an underlap region of 4 nm, which is the spacer
between the gate and source (drain), is adopted as the
buffer area for band bending.

First, calculated Ips-Vps curves are presented in
Fig. 5(a) for studying the output characteristics. N-shaped
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FIG. 5. (a) Ips-Vps characteristics of the 2D InPS; double subgap TFET. (b) Position-resolved local density of states (LDOS) for

ON, OFF, ON states at Vpg of 0.6, 1.2, 2.0 V, respectively. Ers and Erp represent the Fermi level of the left source and right drain. The
green arrows represent the tunneling path. (c) Ips-Vgs characteristics of the 2D InPS3 double subgap TFET. (d) The device density
of states (DDOS) of source and drain in left and right panels. The middle panel represents the channel DDOS aligned with source
and drain under different Vs. The blue and yellow DDOS regions refer to the contributions of ICB and IVB, respectively. The green
region represents the energy overlap region inside the bias window between the ICB in the source and the IVB in the drain.

curves and a remarkable NDR effect can be observed with a
high peak-to-valley current ratio (PVR) of over 10'!. The
underlying mechanism is shown as the position-resolved
local density of states (LDOS) in Fig. 5(b). According to
the Fermi-Dirac distribution, the carrier occupation prob-
ability remains at 1 inside the bias window (Eps—Erp,
equal to Vpyg), and gradually degenerates far away from
the bias window [37]. Once an available tunneling path is
opened in the bias window, the current can be boosted. As
Vps changes from 0.6 tol.2 V, the increasing Vps pulls
the IVB in the source and the ICB in the drain apart,
and this results in the Esgc in the drain blocking the
tunneling path. From 1.2 to 2.0 V, the Vpg pushes the
Esgce in the drain below the IVB in the source, and the
ICB in the drain below the Esgy in the source and chan-
nel. Thus, the energy states can link the source to the

drain, creating two new tunneling paths in a large bias
window.

Second, to study the bi-anti-ambipolar transport, we set
the Vps to 0.85 V and limit the Wt to 0.15 eV for achiev-
ing a smaller AV and higher PVR. As shown in Fig. S9
within the Supplemental Material [25], at the same Vs,
the high Vpg easily suppresses the drain current (Ipg) to
a low level, as we mentioned in the former discussion.
The transfer characteristics are shown in Fig. 5(c). The
M-shaped curves indicate the successful realization of the
bi-anti-ambipolar characteristic. The left and right driv-
ing ranges (AV; and AV>) are only 4.2 and 3.7 V, and
the operation voltages (Vpeaxi of —0.4 V and Viearo of
1.6 V) lie at the small voltage range close to the initial
state. The PVR reaches over 107. Moreover, the calculated
subthreshold swing for Ips-Vpg and Ipg-Vs curves present
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appreciable values (see Fig. S10 within the Supplemental
Material [25]). Additionally, Fig. S11 within the Supple-
mental Material [25] shows the performance comparison
with other exotic 2D anti-ambipolar devices [21,22]. These
main parameters and the rare bi-anti-ambipolar charac-
teristic indicate the great potential of the 2D InPS; dou-
ble subgap TFET for MVL nanoelectronics. To reveal
the switching mechanism, we calculate the LDOS corre-
sponding to five states in the OFF-ON-OFF-ON-OFF process,
as depicted in Fig. S12 within the Supplemental Mate-
rial [25], which is consistent with the former analysis in
the schematic energy-band diagram. Nevertheless, abrupt
changes in the slope are observed on either side. The chal-
lenge in reducing the /pg when the Vg approaches —2 and
3 V stems from the sudden alignment of the DOS peak
within the channel with that in the source or drain, which
increases the Ipg. This occurs before the DOS contributed
by the HVB and LCB in the channel are fully extruded out
of the tunneling window, as depicted in Fig. S13 within
the Supplemental Material [25]. Moreover, from a more
intuitive perspective, we also calculate the device density
of states (DDOS) at Vg of —4, —0.5, 0.6, 2.0, and 4.5 V,
corresponding to OFF, ON, OFF, ON, OFF states, respectively,
as shown in Fig. 5(d). Clearly, in the channel region, the
overlap between the blue DDOS (yellow DDOS) and the
green region indicates the available electron (hole) tunnel-
ing path. So, with the voltage changing from —4 to 4.5V,
OFF and ON states switch continuously due to presence of
three gap states (Esgc, Eq, and Esgy).

IV. CONCLUSIONS

In summary, we propose a symmetry-breaking strategy
in edge-sharing octahedra to design the novel metal phos-
phorus trichalcogenide 2D XPS; (X =Al, Ga, In, TI)
materials, which can produce isolated bands with subgap
states near the Fermi level. We reveal that the split of X -
s orbitals leads to the generation of isolated bands, and
the different orbital interactions distinguish the characteris-
tics of single subgap states (AlIPS; and TIPS;) from double
subgap states (GaPS; and InPS3). Moreover, based on the
isolated bands, we demonstrate the device concept of dou-
ble subgap TFETs to achieve the rare bi-anti-ambipolar
transport behavior. The transport mechanism relies on the
three gap states to block the tunneling and two isolated
bands to conduct the tunneling path. Among the four 2D
X PS; materials, InPS3 possesses a symmetrical and nar-
row band dispersion for both ICB and IVB, thus making
it an ideal example. Based on DFT NEGF computations,
not only can the N-shaped and M-shaped NDR effects be
achieved in the output and transfer characteristics of the
2D InPS; TFET, but the PVR, driving range, and opera-
tion voltages also demonstrate good performance. Hence,
our work opens up an alternative avenue for achieving

bi-anti-ambipolar transport by using the intrinsic elec-
tronic properties of 2D materials. We hope our results
can inspire further experimental and theoretical explo-
ration of the double subgap materials for developing MVL
nanoelectronics.
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