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Wide-band-gap two-dimensional semiconductors have extensive applications in high-power electronics
and optoelectronics in the blue to ultraviolet region. In this study, we investigate the electronic, mechan-
ical, transport, and photoelectric properties of ScX1 (X =S, Se, Te) monolayers using a first-principles
method. Some conceptual nanodevices based on ScXI monolayers are constructed, such as p-n-junction
diodes, field-effect transistors (FETSs), and phototransistors. Their multifunctional properties are subse-
quently revealed. The results indicate that ScX1 monolayers, all of which are semiconductors with a
moderate direct band gap of 2.42—1.34 eV, show many interesting properties, such as high dynamical,
thermal, and mechanical stabilities, low cleavage energy, significant mechanical anisotropy, relatively
low stiffness, and electronic properties that are tunable via applying strain. Additionally, the p-n-junction
diodes of the ScXT monolayers display a strong rectifying effect and remarkable electrical anisotropy
behavior. Moreover, the gate voltages effectively regulate the current through the FETs of the ScX' I mono-
layers. ScX 1 monolayers and their phototransistors also show good photoelectric responses in the visible
and ultraviolet regions. Strain can tune the device transport and photoelectric properties of the ScSI mono-
layers. Our results suggest that ScX 1 monolayers can be an alternative platform for flexible applications

in microelectronic nanodevices, especially in photoelectric sensors.
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I. INTRODUCTION

With the miniaturization of traditional semiconductor
devices reaching their physical limit and Moore’s law
approaching its bottleneck, it is difficult for traditional
materials to meet the growing computational requirements
of the big data era [1]. Since graphene was discov-
ered in 2004 [2], two-dimensional (2D) materials, such
as transition metal dichalcogenides [3—8], #-BN [9,10],
black phosphorus [11,12], MXene [13,14], and MnBi; Te4
[15,16], have attracted extensive attention because of their
unique mechanical, thermodynamic, optical, electrical, and
magnetic properties. The atomic-level thickness of 2D
materials, confining charge and heat transport to a sin-
gle plane, provides several benefits for applications in
next-generation nanodevices [17-21]. Additionally, the
electronic transport properties of 2D materials hold signif-
icant interest and importance for future nanoscale devices
[22-24]. Nevertheless, owing to the inherent shortcom-
ings of some 2D materials, such as the zero band gap in
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graphene [25,26], low stability in black phosphorus [27],
and low carrier mobility in MoS; [28,29], their practical
applications are limited.

Recently, ternary 2D materials with the FeOCl-type
structure have attracted significant interest because of
their intriguing electronic, optical, magnetic, and topo-
logical properties. Notably, materials such as Al,Se,Y>
(Y=Cl, Br, I) [30,31], CtXY (X =0, S, Se; Y=Cl, Br, I)
[32-39], and MnNY (Y =Cl, Br, 1) [40-43], have demon-
strated tunable band gaps, exceptional charge carrier
mobilities, and interesting magnetic behaviors. By exploit-
ing their promising attributes, researchers have explored
diverse applications, including photovoltaics, optoelec-
tronics, thermoelectrics, and spintronics [31,39,44-46].
However, it is important to note that most of these materi-
als are narrow-band-gap semiconductors with band gaps
below 2 eV. This limitation hinders their performance
in high-power electronics and optoelectronics in the blue
to ultraviolet region (UR), where materials with wide
band gaps are required [47]. Ferrenti et al. [48] success-
fully synthesized a new exfoliatable semiconductor from
bulk ScSI with an indirect optical band gap of 2.0 eV,
and its corresponding 2D monolayer is predicted to have
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an indirect band gap of approximately 2.7 eV using the
hybrid functional (HSE06) approach [46,49,50]. In addi-
tion, monolayer ScXY (X =S, Se; Y=Cl, Br, I) has
been theoretically proven to have high stability, strong
anisotropic properties, and good thermoelectric perfor-
mance [46,49,50]. These properties indicate that ScXY
nanosheets have potential applications in nanodevices for
field-effect transistors (FETs), photodetectors, and pho-
totransistors in the blue to ultraviolet region. However,
studies on the transport properties of ScXY monolayers,
such as electronic transport and photoelectronic properties,
are scarce.

In this study, we focused on the transport properties of
wide-band-gap 2D ScX1 (X =S, Se, Te) semiconductors.
Several conceptual nanodevices, including p-n-junction
diodes, FETs, and phototransistors, were constructed based
on these monolayers, and their electronic transport per-
formances and photoelectronic characteristics were thor-
oughly investigated. The structural stability, electronic
structures, electronic transports, and photoelectronic prop-
erties of the ScX I monolayers were systematically investi-
gated. Strain engineering has emerged as a highly effective
and popular technique for precisely tuning the electrical,
superconducting, magnetic, optical, and transport proper-
ties of 2D materials. To broaden the potential applications
of these materials, we employed strain engineering on the
ScSI monolayer to explore the electrical properties, espe-
cially the electronic transport and photoelectronic proper-
ties. The remainder of this paper is organized as follows.
First, the geometric structure and structural stability of
ScX1 monolayers are demonstrated. Second, the electronic
structures and properties of the ScX' I monolayers are sys-
tematically investigated. Third, a brief investigation of the
effects of strain on the electronic properties of the ScSI
monolayers is presented. Finally, several conceptual ScX I-
based nanodevices, including p-n-junction diodes, FETs,
and phototransistors are constructed to investigate elec-
tronic transport properties and photoelectronic properties
of ScXT monolayers.

II. CALCULATION METHODS

Here, we focus on the geometric and electronic structure
and the transport properties of several conceptual nanode-
vices such as p-n-junction diodes, FETs, and phototransis-
tors of ScX I monolayers. All calculations were performed
within the density-functional theory (DFT) framework
combined with the nonequilibrium Green’s function [51]
method, as implemented in the QUANTUMATK code [52].
The generalized gradient approximation of the Perdew-
Burke-Ernzerhof (PBE) functional [53] was adopted to
describe the exchange-correlation interactions. The van
der Waals correction proposed by the DFT-D3 [54,55]
approach in Grimme’s scheme was chosen to describe the
intralayer long-range interactions. Considering the strong

correlation of the Sc 3d orbital electrons, PBE + U calcula-
tions were applied in this study as a correction to the PBE.
The value of the optimal on-site Hubbard U was deter-
mined by comparison with the experimental band gap.
When the Hubbard U value was 4 eV, the obtained band
gap of the bulk ScSI was 2.008 eV, which is consistent with
the previously reported experimental values (2.0 eV) [48].
Therefore, the Hubbard U was set to 4.0 eV throughout this
study. The electron wave functions were expanded using
linear combination of atomic orbitals basis sets with a real-
space grid density mesh cutoff of 100 hartree. Optimized
norm-conserving Vanderbilt pseudopotentials of the SG15
type [56] were employed to describe the core electrons.
Structural relaxation was considered to converge when the
residual forces on each atom were less than 0.001 eV A~!.
Further, the total energy convergence threshold was set
to 107% eV. To avoid interactions between adjacent lay-
ers, a vacuum spacing of approximately 30 A was added
along the perpendicular direction of the 2D surface. To
investigate the thermal stability, we performed ab initio
molecular dynamics (AIMD) simulations using the Nosé-
Hoover thermostat scheme in the NV'T ensemble at 300 K
with a total simulation time of 5 ps and time step of
1 fs. The Brillouin zone was sampled using 1 x 6 x 300
(X -type) and 8 x 1 x 200 (Y-type) k-point meshes gener-
ated via the Monkhorst-Pack scheme [57] for the elec-
trodes of the ScX 1 monolayer device.

II1. RESULTS AND DISCUSSION
A. Crystal structure and stability

Bulk ScSI has a layered orthorhombic structure (space
group Pmmn, no. 59) belonging to the FeOCI structure
type [48]. The optimized lattice constants of ScSI are
a=3.903 A, b=5.084 A, and c=8.623 A, which are in
good agreement with the previously reported experimen-
tal values (a=3.8904 A, b=5.0732 A, and ¢ =8.9574 A)
[48] and theoretical values (a =3.90 A, b=5.06 A, and
c=28.99 A) [58]. It has been proven that ScSI monolay-
ers can be easily obtained by mechanical exfoliation using
the Scotch-tape method [48]. The exfoliation energy of
the ScSI monolayer calculated using DFT is 0.22 J m™
[58,59], and that of the ScSel monolayer is 0.23 J m [59],
which is close to that of a CrOCI sample (0.21 J m™2) [32]
that had been successfully prepared experimentally [44],
and significantly smaller than the experimentally estimated
value for graphene (0.37 J m~2) [60]. These results demon-
strate the feasibility of the experimental preparation of this
type of material through mechanical exfoliation.

The ground-state structure of the ScX I monolayers with
a fully relaxed geometry is shown in Fig. 1(a). The unit
cell includes six atoms: two Sc atoms, two S atoms, and
two I atoms, which belong to the rectangular Bravais lat-
tice with the Pmmn space group. The calculated structural
parameters and previously reported values for the ScX1
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FIG. 1. (a)Top (left) and side (right) views of the atomic struc-
tures for ScX I monolayers. The black rectangle with the Bravais
lattice vectors is the corresponding unit cell. (b) Phonon spectra
of the ScSI monolayer. (c) 4b initio molecular dynamics (AIMD)
simulation of time-dependent total energy fluctuations at 300 K
of the ScSI monolayer. The insets are the side view before and
after the AIMD simulation.

monolayers are summarized in Table I. The relaxed lat-
tice constants of the ScSI monolayer are a =3.943 A and
b=5.134 A (PBE + U), which are in good agreement with
the previously reported data [49,50,58,59,61]. Our results
also show that the lattice constants of the ScX I monolayers
(Table I) increase as the size of element X increases from
S to Te.

The structural stabilities of the ScXI monolayers can
be determined by examining their dynamic, thermal, and
mechanical properties. Specifically, we calculated the
phonon dispersions, AIMD simulations, and elastic con-
stants to evaluate their dynamic, thermal, and mechanical
stabilities. As shown in Figs. 1(b) and S1 in the Supple-
mental Material [62], the phonon spectra of all three ScX'I
structures exhibit no negative frequencies throughout the
Brillouin zone, indicating that the ScX1 monolayers are
dynamically stable under equilibrium conditions.

The thermal stabilities of the ScX1 monolayers were
examined using AIMD simulations at room temperature
(300 K). Simulations were performed using a 5 x4 x 1
supercell. Figures 1(c) and S2 in the Supplemental Mate-
rial [62] show that the atomic structures of the ScX1
monolayers remained robust after 5 ps of heating. No
remarkable distortions, bond breaking, or structural tran-
sitions were observed in the atomic structures of ScX1

TABLE I. The calculated lattice constants a and b, and band
gap E, of the ScX1monolayers. D and / denote whether the band
gap is direct or indirect, respectively.

System a(A) b(A) E, (eV) Reference
SeSI 3911 5.117 1.708 (PBE) () This work
3943 5134 2421 (PBE+4U) (D)  This work
3.90 5.08 1.71 (PBE) (D) Ref. [61]
3.91 5.07 1.78 (PBE) (D) Ref. [58]
3.90 5.08 1.71 (PBE), 2.69 Ref. [49]
(HSEO06) (D)
3.886 5.045 2.15 (HSEO06) (1) Ref. [59]
3.87 5.048 1.70 (PBE), 2.70 Ref. [50]
(HSE), 2.59
(HSE06 4 SOC)
()
ScSel 4.001 5425 2.080(PBE+U)(D)  Thiswork
3.96 5.37 1.47 (PBE) (1) Ref. [61]
3.948 5320 1.83 (HSE06) (1) Ref. [59]
3.98 5.39 2.50 (HSE06) (1) Ref. [46]
ScTel 4.114 5917 1344 (PBE+U) (D)  This work

monolayers, as shown in the snapshots of the crystal struc-
tures. The total energies of the ScX I monolayers fluctuated
around a certain constant magnitude for AIMD at 300 K,
indicating their thermal stability at room temperature.

We further examined the mechanical stability of ScX1
monolayers by calculating their elastic constants. The elas-
tic constants Cj 3D of the bulk materials were obtained
from DFT calculation by using QUANTUMATK code. To
evaluate the 2D case, it was necessary to convert the three-
dimensional (3D) C;; P tensor (gigapascals) obtained for a
bulk unit cell into a 2D C;;?P tensor (newtons per meter).
This can be achieved by multiplying Cj; 3D by the vacuum
thickness # added along the ¢ axis to avoid periodic inter-
actions [63]; that is, C;;*° = hC;;°, where £ is the lattice
parameter along the ¢ axis (36 A in this study). The calcu-
lated elastic constants (ignoring the out-of-plane thickness
and considering only the in-plane case) (Table S1 in the
Supplemental Material [62]) of the ScX I monolayers meet
the Born criteria [64,65] of C;; > 0, C¢¢ > 0, and C1;Cyp >
C%,, which implies that they are mechanically stable in
the rectangular lattice. To further explore the mechanical
properties and elastic anisotropy of ScX 1 monolayers, the
orientation-dependent Young’s modulus £(8), shear mod-
ulus G(0), and Poisson’s ratio v(6) were plotted in Fig. 2,
where 6 € [0°-360°] is the angle with respect to the +x
axis. The maximum and minimum of E(6), G(9), and v(9)
for the ScX I monolayers were also calculated and are sum-
marized in Table S1 in the Supplemental Material [62].
The calculation method for the orientation-dependent elas-
tic moduli and equations are listed in the Supplemental
Material [62]. The results show that the Young’s mod-
ulus, shear modulus, and Poisson’s ratio vary with the
angle, showing significant mechanical anisotropy for ScX1
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monolayers and agreeing with previous results [50,59].
The values of £(6) and G(8) for ScX I monolayers decrease
from S to Te, indicating decreasing stiffness. Moreover,
compared with other typical 2D materials, the values of
Young’s modulus E(6) are comparable with that of black
phosphorene (29-90 N m™) [65], but remarkably smaller
than that of MoS, (122 N m™') [65] and graphene (339 N
m™') [65]. These values ensure the mechanical flexibil-
ity of the ScX/ monolayers and are beneficial for the
electronic structure transitions induced by external strain
[66]. The ScXI monolayers have a positive Poisson’s
ratio [Fig. 2(c)], and the maximum and minimum values
are along the diagonal direction and x axis, respectively,
exhibiting remarkable anisotropy. In addition, the mini-
mum values decrease with increasing atomic weight from
S to Te without a significant change in the maximum value,
indicating enhanced anisotropy from S to Te.

B. Electronic properties and strain engineering

The element-projected electronic band structures and
density of states of the ScXI monolayers were calcu-
lated along the I'-X-S-Y-I'-S high-symmetry direction.
The results shown in Figs. 3(a), 3(c), and 3(e) demonstrate
the influence of different atoms on the formation of bands
in the energy and momentum space. The ScSI, ScSel, and
ScTel monolayers exhibited semiconducting characteris-
tics. The band gaps calculated using PBE+ U (U=4 eV)
agree well with previously reported results (Table I). In
addition, we observed that the band gap decreased as the
chalcogen atoms moved from S to Te in the ScX I monolay-
ers; that is, EgSCSI > EgScsel > Egcm. Focusing on the band
structures of the ScX1 monolayers, as presented in Figs.
3(a), 3(c) and 3(e), both the VBM and conduction band
minimum (CBM) of the ScX1 monolayers are located at
the I point. The conduction bands of the ScX1 monolay-
ers are primarily determined by the Sc atoms, whereas the
contribution of atoms to the formation of the valence bands
near the Fermi level varies with the chalcogen atoms mov-
ing from S to Te in the ScX' I monolayers. The ScSI valence
bands are mostly contributed by the I atoms, together

(a) (b)

150 \ 30 150
180

210 \ / 330 210
— ScSl

300 — ScSel 240
270 — ScTel

with some contributions from the S atoms. Both I and Se
atoms contribute remarkably to the valence band of ScSel,
whereas the valence bands of ScTel are mostly contributed
by the Te atoms. The contribution of X atoms to the for-
mation of valence bands near the Fermi level gradually
overtakes that of I atoms as the chalcogen atoms move
down from S to Te in the ScXT monolayers. Figures 3(b),
3(d), and 3(f) showcase 3D representations that provide
visual insights into the characterization of band dispersions
near the Fermi energy in ScX'I monolayers. These visual-
izations specifically highlight the top of the valence band
and bottom of the conduction band, as well as their cor-
responding 2D projections within the first Brillouin zone.
The electronic bands near the I point, especially for the
conduction band, exhibit quite flat dispersions along the
I'-Y direction. However, they are very sharp along the I'-X
direction, especially for the valence band. These indicate
anisotropy of energy dispersions near the I" point, thus
leading to a large effective mass for holes and electrons
near the I point along the I'-Y direction and a relatively
smaller effective mass along the I'-X direction. Further-
more, the valence band states seem to be more dispersive
than the conduction band for both I"-X and I'-Y directions.
This results in the effective mass of holes being smaller
than that of electrons along these two directions. The band
structures of these materials exhibit substantial variation in
energy dispersion, suggesting that the effective masses of
both holes and electrons, as well as the carrier mobility,
may differ in different directions.

The effective mass my, of carriers in the transport direc-
tion was measured from the electronic band structure using
the formula

LPEN
2
migy=t h (dk2> . (1)

The value of d?E;/dk* was obtained by a finite-difference
(FD) method of band energy Ej, versus reciprocal vector k.
h is the reduced Planck constant. More details on the FD
method are shown in Supporting Information [62]. The

(c)

FIG. 2. Calculated orientation-dependent (a) Youngs’s modulus E(6), (b) shear modulus G(6), and (c) Poisson’s ratio v(8) for ScX'1
monolayers. The £(9) and G(6) are in units of N m™, and the angles are in units of degree.
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FIG. 3.

Element-projected electronic bands and density of states for the (a) ScSI, (c) ScSel, and (e) ScTel monolayer. 3D views of

the top of the valence band and bottom of the conduction band, and 2D projections in the first Brillouin zone for the corresponding (b)

ScSI, (d) ScSel, and (f) ScTel.

carrier types e and & denote electron and hole, respec-
tively. The calculated effective masses along the x and y
directions are 0.316m, (0.229m,) and 1.497m, (0.964m.)
for electrons (holes) at the I" point for the ScSI monolay-
ers, respectively. m, denotes the mass of a free electron.
The effective masses (both electron and hole) along the
x direction are smaller than those along the y direction.
Furthermore, the hole effective masses are smaller than
electron effective masses for both x and y directions. These
results are in agreement with the anisotropic band dis-
persions in 3D views of the VBM and CBM around the
Fermi level [Figs. 3(b), 3(d), and 3(f)]. Based on this anal-
ysis, the ScSI monolayer has a relatively small effective
mass, which facilitates the carrier transport, except for
the value 1.497m, (for electrons) along the y direction,
which is in agreement with a quite flat conductive band

along this direction. Furthermore, the effective masses of
the electrons (holes) for the ScSel monolayer at the I’
point along the x and y directions are 0.299m, (0.228m,)
and 1.532m, (0.627m,), respectively. The effective masses
of the electrons (holes) along the x and y directions of
the ScTel monolayer are 0.254m, (0.194m,) and 1.541m,
(0.471m,), respectively. These results have similar charac-
teristics and trends to those of the ScSI monolayer. It is
expected that the transport properties of ScX'T monolayers
will show anisotropy in different directions.

Strain manipulation has the potential to significantly
alter the electrical characteristics of 2D nanomaterials
[67—71] owing to their high susceptibility to structural
imperfections. In this regard, we specifically focused on
the ScSI monolayer and investigated how its band structure
responded to different types of strains. We applied both
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FIG. 4. (a) The band gap of the ScSI monolayer as a function of applied strain ¢ (uniaxial and biaxial). (b) Band structures under

uniaxial compressive strain along the x direction. The color map indicates the strain strength. (c) Effective mass of electrons (holes) in
the ScSI monolayer as a function of applied uniaxial compressive strain ¢ along the x direction.

uniaxial and biaxial strains along the x and y directions
(corresponding to the orthogonal lattice vectors a and b),
represented as ¢y, €, £, within the range —8% to 8%. The
strain is defined as &, =(a —aop)/ap and &, = (b — by)/by,
where a (b) and ay (by) are the lattice constants of the
strained and strain-free structures, respectively. Note the
structure is relaxed again under strain. The tensile (com-
pressive) strain is represented by a positive (negative)
value. First, the phonon dispersions and AIMD calcula-
tions at 300 K of the strained structures of the ScSI mono-
layer were performed (Figs. S3 and S4 in the Supplemental
Material [62]), indicating their dynamic and thermal sta-
bilities, respectively. The variations in the band gap with
strain and the band structure of the ScSI monolayer with
different strains were then plotted in Figs. 4(a), 4(b), and
S5 in the Supplemental Material [62]. Our calculations
demonstrate that the semiconducting characteristics of the
ScSI monolayer were still preserved in the strain range of
—8% to 8%. Under tensile strain from 0% to 8%, for both
uniaxial x and biaxial xy, the band gap initially increased,
reached a maximum at & = 4%, and then decreased. How-
ever, the band gap decreased slightly along the uniaxial
y. In addition, a direct-indirect band-gap transition was
brought about at &,, =1%, &, =6%, and ¢, =1%. For
example, an indirect band gap appeared at tensile biaxial
strain &, > 1% when moving the CBM from the I" point
to the point on the X -§ path and with the VBM remaining
at the I" point. When compressive strain was applied along
uniaxial x and biaxial xy from zero to —8%, the band gap
of the ScSI monolayer monotonously decreased, whereas
the band gap increased slightly along uniaxial y. In the
tested compressive strain range, the direct band gap at I’
was preserved. The band gap showed a higher dependence
on compressive strain than on tensile strain.

The decrease (increase) in band gap with increasing
compressive strain along uniaxial x (uniaxial y) was
also consistent with the energy shift of the band-edge

states, as shown in Fig. 4(b). Taking the uniaxial x com-
pressive strain case as an example, when compressive
strain was applied, the CBM shifted downwards slightly
(energy decreased), and the VBM shifted upward (energy
increased), leading to a smaller band gap. The effective
masses of the electron and hole carriers in the ScSI mono-
layer as a function of the uniaxial compressive strain along
the x direction are shown in Fig. 4(c). The effective mass
of both electrons and holes along the x direction decreased
slightly when applying compressive strain &, from 0%
to —8%, whereas along the y direction, it increased.
This implies the potential for stronger anisotropic char-
acteristics of carrier migration by applying an external
strain.

C. Transport properties of ScX1 monolayer
p-n-junction diodes

As mentioned previously, ScX I monolayers are expected
to show good transport behavior along x and y directions
due to their small effective mass and relatively high carrier
mobilities along the I'-X and I'-Y directions. In addition,
using strain engineering to tune the transport and pho-
toelectric properties of the devices may yield interesting
results. In this study, we employed an electrostatic dop-
ing technique [72] to fabricate p-n-junction diodes using
relaxed ScX1 monolayers and strained ScSI monolayers.
To achieve this, the compensation charges of the p- and »n-
type atoms were incorporated. The transmission direction
was served by the x and y directions of the crystal struc-
tures. Figure 5(a) shows a schematic representation of the
p-n-junction diode, which consists of drain (D) and source
(S) electrodes, as well as the central scattering region (p-n
junction). In our transport calculations, the D and S elec-
trodes were represented using supercells of p- and n-doped
ScX1 monolayers, respectively. This supercell extended
infinitely in the direction of transmission. When a forward
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FIG. 5.

Transport properties of X-type and Y-type p-n-junction diodes of ScXI monolayers with a doping concentration of

3 x 10'3 em™. (a) Schematic of the p-n-junction diode. (b)—(d) Bias-dependent current of the p-n-junction diode for ScX1, and (e) ScSI
with uniaxial 6% compressive strain along the x direction. The rectification ratio is shown in the inset.

D-S bias of V};, was applied, a positive current flowed from
the D electrode to the S electrode, and vice versa. The
currents of the p-n-junction diode were calculated by [73]

2 o0
1(Vy) = { / T(E, Vy)[Fp(E — pp) — Fs(E — ps)ldE,
@)

where e and / represent the electron charge and Planck’s
constant, respectively, T(E, V}) is the transmission coeffi-
cient, and Fps) = {1 + exp[E — pun(s)/ksTpes)]) ! is the
Fermi-Dirac distribution function of the D (S) electrode
with chemical potential ups) and temperature 7p(s). kg
is the Boltzmann constant. The broadening of the Fermi-
Dirac distribution function is typically chosen to be
between 0.01 and 0.1 e¢V. We used the QUANTUMATK
default value of 0.026 eV throughout this study, which
is equivalent to 300 K. In this work, the bias voltage
range was from —1 to 1 V with a sampling interval of
0.1V.

Based on the atomic geometry, there are two
possible ScX1 monolayer diode structures: X type
(along the x axis) and Y type (along the y axis).
We investigated the transmission performance of the
p-n-junction diodes under a medium doping concentration

of 3 x 1013 cm™, corresponding to 1 x 10%° cm™ in the

bulk, according to the typical doping concentration range
of 10"°—10?! cm™ in the bulk [24,72]. Figure 5(b) shows
the current versus bias voltage (/-V) curves of the X - and
Y-type ScSI-monolayer p-n-junction diodes. Both X - and
Y-type diodes exhibited excellent unidirectional transport
features.

That is, the electrical current remained almost zero
(circuit-off state) under a limited whole forward bias range
but was turned on (circuit-on state) when the reverse bias
voltage was larger than the threshold voltage (approxi-
mately —0.6 V for both types of diodes). Furthermore,
the rectification ratio (R), defined as R=|I(—V,)/I(V})I,
had a magnitude of up to 10%° (10'%) for the X -type
(Y-type) ScSI-monolayer-based diode, much larger than
those of some lateral heterojunctions and 2D material
p-n junctions [16,19,74,75]. In addition, the current den-
sities of X-type (Iy) p-n-junction diodes were larger
than those of Y-type (Iy) diodes, demonstrating remark-
able electrical anisotropy. The current anisotropy ratio 7,
defined as n =Iy/ly, was 2.59, which is much greater
than that of other 2D materials [16], implying strong
anisotropy. The differential conductance (dI/dV) density
curves as a function of bias for the X - and Y-type ScSI-
monolayer p-n-junction diodes [Fig. S6(a) in the Sup-
plemental Material [62]] also show the strong electri-
cal anisotropy of the ScSI monolayer. Compared with

054053-7



JUNCAI CHEN et al.

PHYS. REV. APPLIED 21, 054053 (2024)

0

(d) 1.0

-1.0 g el g -1.0
1x107 1010 20 30 40 50 1x107 10 10 20 30 40 50 1x107 1010 20 30 40 50 -1.0-0.5 0.0 0.5 1.0
Transmission Z(A) Transmission zZA) Transmission Z(A) Voltage (V)
9) 1.0 (h) 1.0
05F------1 0.5 £
s s
2 o N
o 0.0 o 0.0 i
4 4 1
0.5 -0.5F
1.0 . -1.0 . -1.0 10—
1x10-7 10 10 20 30 40 50 1x107 10 10 20 30 40 50 1%x10~7 10 10 20 30 40 50 -1.0-0.5 0.0 0.5 1.0
Transmission zZ(A Transmission z(A) Transmission zZA) Voltage (V)
FIG. 6. Transmission coefficient 7(£) and projected local density of states (PLDOS) of X -type and Y-type p-n-junction diodes of

the ScSI monolayer under biases of 0 V (a),(e); —1 V (b),(f); and 1 V (c),(g). Transmission spectra T(E, V) of X -type and Y-type
p-n-junction diodes (d),(h). Color map in (a) shows data from 0 (white) to high (blue) for (a)—~(h).

the ScSI-monolayer-based diode, the ScSel- and ScTel-
monolayer-based diodes also showed a similar perfect
rectification effect with a considerably high rectifying ratio
at least up to 108, as shown in Figs. 5(c), 5(d), S6(b),
and S6(c) in the Supplemental Material [62]. Interest-
ingly, compared with the ScSI-monolayer-based diode, it
is notable that the ScTel-monolayer-based diode exhib-
ited a significantly higher current density, especially up
to 319.45 mA mm~' at the bias of —1.0 V for X-
type diodes, slightly higher dI/dV density, and a slightly
lower threshold voltage (approximately —0.5 V for X-
type diodes). This is mainly due to the smaller band gap
and effective mass of the ScTel monolayer, which lead to
a lower energy barrier and easy carrier migration. More-
over, the ScTel monolayer also revealed stronger electrical
anisotropy [Figs. 5(d) and S6(c) in the Supplemental Mate-
rial [62]] with a greater current anisotropy ratio (n =9.65).
Figure 5(e) displays the /-V curves of the p-n-junction
diodes based on the strain-engineered (with 6% compres-
sive strain in the x direction) ScSI monolayer. Compared
with the strain-free case, when applying 6% compressive
strain along the x direction, a perfect rectification effect
with a considerably high rectifying ratio was preserved.
Furthermore, the current density can be tuned dramatically
via applying external strain; that is, the current density of
X -type diodes increased dramatically, especially as high
as 519.45 mA mm~' at the bias of —1.0 V, which is
approximately 10 times larger than that of the strain-free
case. In comparison, a reduction in the current density
appeared for Y-type diodes, as low as 0.417 mA mm™" at
the bias of —1.0 V, which is approximately 40 times lower
than the strain-free case, thus resulting in extremely strong

electrical anisotropy with a great current anisotropy ratio
(n =1244.96). Furthermore, strain engineering induced a
lower threshold voltage, approximately —0.4 V for X -type
diodes, and a dI/dV density increase of approximately 10
times for X -type diodes [Fig. S6(d) in the Supplemen-
tal Material [62]]. The mechanisms for strain tuning these
device performances, as mentioned previously, are mainly
based on the strain tuning of the band structure (e.g., band
gap) and other microscopic electronic transport character-
istics (e.g., effective mass and carrier mobility). The results
of strain-engineered (along the uniaxial y direction and
biaxial xy direction) ScSI-monolayer p-n-junction diodes
are also shown in Fig. S7 in the Supplemental Material
[62], showing a similar device performance with the same
mechanisms for strain tuning.

To further understand the outstanding rectifying effect
and electronic transport properties of the two types of
ScXT monolayer p-n-junction diodes, we further calcu-
lated and analyzed their transmission coefficients 7(£) and
projected local density of states (PLDOS) under biases of
0, 1.0, and —1.0 V, as shown in Fig. 6. For the X-type
ScSI-based diode, there was minimal electron transmis-
sion near Er with an almost zero transmission coefficient
at the 0 V bias [Fig. 6(a)], owing to the long electron
tunneling path and high energy barrier, according to their
PLDOS at the equilibrium state. When applying reverse
bias across the p-n junction, such as —1.0 V, the bands
of the p- and n-doped terminals shifted up and down
accordingly, then band overlap occurred [Fig. 6(b)], lead-
ing to significant shortening of the tunneling path between
the conduction bands of the D electrode and the valence
bands of the S electrode. This facilitated direct electron
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tunneling with a large transmission coefficient within the
bias window (BW) and thus generated tunneling current.
In contrast, under forward bias, such as 1.0 V, the conduc-
tive and valence band states shifted upward and downward,
respectively, and both were outside the BW, leading to
a larger band gap. Therefore, electron tunneling between
the two electrodes was forbidden, and the transmission
coefficient remained zero owing to the band alignment,
as depicted in Fig. 6(c). We also analyzed the electron
transmission spectra T(E, V) of the X -type p-n-junction
diode of the ScSI monolayer, as shown in Fig. 6(d). Obvi-
ously, within the BW, electron transmissions only appeared
in the reverse bias region and not in the forward bias range,
which explains the /-V curve characteristics of the rectify-
ing behavior. The Y-type diode has rectifying mechanisms
similar to those of the X -type diode [Figs. 6(e)-6(h)], but
with a smaller electron transmission, which corresponds
to the electrical anisotropy of the ScSI monolayer. Figs.
S8(a) and S8(d) in the Supplemental Material [62] display
the k-dependent electron transmission coefficients 7(E, k)
under —1.0 V. Within the BW, strong transmission was
observed near the I' point. For the X-type diode, the
electron retained high transmission coefficients over the
whole Brillouin zone, i.e., from I' to Y (—Y). However,
for the Y-type diode, an electron transmission cloud with
the shape of an airplane gradually decreased to almost zero
from I" to X (—X), leading to a reduced transmission abil-
ity for the Y-type diode under a reverse bias range and the
appearance of an electrical anisotropy behavior.

Diodes based on ScSel, ScTel, and strain-engineered
ScSI (with 6% compressive strain along the x direction)
monolayers have the same rectifying mechanisms, consis-
tent with their /-7 curve characteristics, and similar device
characteristics to ScSI-based diodes (Figs. S§—S12 in the
Supplemental Material [62]). Interestingly, the PLDOS
of the ScTel-based diode has a smaller gap between the
valence and conduction bands than those of the diodes
based on ScSI and ScSel, which can better facilitate elec-
tron transmission and partly explain the generation of
a larger current density. Furthermore, we observed that
within the BW, more electrons in the region of high pos-
itive energies, instead of negative energies, have larger
transmission coefficients for these two types of diodes
based on ScX'T monolayers as the chalcogen atoms move
down from S to Te. Moreover, applying 6% compres-
sive strain along the x direction on the ScSI monolayer
induces significantly stronger electron transmission for the
X -type diode and a much-reduced transmission ability for
the Y-type diode.

D. Field-effect transistors of ScX1 monolayers

The transmission performance of a device can also be
enhanced using a vertical electric field. Therefore, we
studied the field-effect properties of p-i-n-junction FETs

constructed using ScX I monolayers, as shown in Fig. 7(a).
The FET is comprised of electrodes on both sides, consist-
ing of p- and n-doped ScX I monolayers with doping con-
centrations of 3 x 10'3 cm™. The central intrinsic region
(i) of approximately 3 nm, consisting of an intrinsic ScX1
monolayer, acts as the FET channel and is covered by top
and bottom gates that span the entire area. To determine the
electron current flowing through the p-i-n-junction FET,
the following equation was used:

oo

2
[V, V) = f / T(E, Vi, Vo) [Fp(E — 11p)

—00

— Fs(E — ps)JdE. 3

Figure 7(b) shows the /-V curves from —1.0 Vto 1.0 V
of both X -type and Y-type ScSI monolayer p-i-n-junction
FETs under zero gate voltage (V). It can be seen that
the ScSI-monolayer FET exhibits the same perfect rec-
tifying effects with the same transport mechanisms (see
Fig. S13 in the Supplemental Material [62]) and strong
electrical anisotropy as the p-n-junction diode, but with a
much smaller current density owing to the semiconductor
nature of the central intrinsic region. When a positive gate
voltage of 5 V was applied, the current density drastically
decreased by almost 60 times [Fig. 7(c)], and its maxi-
mum was almost zero (approximately 0.06 mA mm™). In
contrast, for V, equal to 10 or —10 V, the currents dramat-
ically increased and the threshold voltage for both X -type
and Y-type FETs decreased to 0.5 from 0.7 V [Figs. 7(d)
and 7(e)]. Moreover, the transmission behaviors are
exactly the same for gate voltages of 10 and —10 V. To
further investigate the field-effect characteristics of the p-i-
n-junction FET, calculations of the /-V curves at various Vg,
values ranging from —10 to 10 V were performed. Figure
7(f) shows the current density at a bias of —1.0 V under
different V, conditions. It can be observed that the posi-
tive and negative gate voltages have a symmetrical impact
on the FET. The current initially decreases to a minimum
value at V', of 4 or —4 V, and then rapidly and nearly lin-
early increases as the gate voltage is further increased.
These findings indicate that the gate voltage effectively
controlled the current flowing through the p-i-n-junctions,
highlighting the exceptional field-effect behavior of the
device.

The p-i-n-junction FETs based on ScSel, ScTel, and
strain-engineered (with 6% compressive strain along x
direction) ScSI monolayers also exhibited similar device
characteristics to their corresponding p-n-junction diodes
and the same excellent field-effect behavior as the ScSI-
based p-i-n-junction FET (Figs. S14-S17 in the Supple-
mental Material [62]). When a positive or negative gate
voltage was applied, the X -type p-i-n-junction FETs based
on ScSel and ScTel yielded a significantly smaller thresh-
old voltage (0.1 V) than the ScSI-based p-i-n-junction FET,
as shown in Figs. S14(b)-S14(d) and S15(b)-S15(d) in
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Transport properties of the ScSI monolayer p-i-n-junction field-effect transistor (FET) with a doping concentration of

3 x 10" cm2. (a) Schematic of the p-i-n-junction FET. (b)—(e) Bias-dependent current of the p-i-n-junction FET for the ScSI mono-
layer under gate voltages of 0, 5, 10, and —10 V, respectively. The rectification ratio R is shown in the insets of (b)—(e). (f) Distribution
of the current of the p-i-n-junction FET at the bias of —1 V under different gate voltages for the ScSI monolayer.

the Supplemental Material [62]. Simultaneously, the rec-
tification ratio improved as the gate voltage increased.
Both X -type and Y-type FETs based on ScTel and strain-
engineered ScSI monolayers induced a much higher cur-
rent density than those based on ScSI monolayers at the
same bias voltage and gate voltage, yielding stronger elec-
trical anisotropy, similar to their p-n junctions (Figs. S15
and S16 in the Supplemental Material [62]). In addition,
the subthreshold swing (SS) is a crucial parameter for
evaluating the performance of FET devices as it has a
direct impact on energy consumption and switching speed

[76-79]. We investigated the SSs of the FETs, as shown in
Fig. S18 in the Supplemental Material [62]. Note the SS of
each FET is larger than those of the WSi;N4 FETs [24] and
carbon nanotube Dirac source FETs [76], which means that
the FETs investigated here would not be useful as logical
switches.

E. Phototransistors of ScX1 monolayers

Furthermore, we investigated the optical properties
and photoelectric performance of the ScX1 monolayers.
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Photoelectric properties of the ScSI monolayer. (a) Optical absorption coefficient and (b) real part of optical conductivity of

the ScSI monolayer. (¢) Schematic of the p-i-n-junction phototransistor of the ScSI monolayer. (d) Intrinsic photocurrent density of
the p-i-n-junction phototransistor of the ScSI monolayer under zero bias (without power) and zero V.

The optical conductivity, complex refractive index, and
absorption coefficient were calculated as follows [80]:

o = —iweox(w),n+ik = |1 +ii,a =29K, 4)
Eow C

where w is the frequency of the electromagnetic waves, &
represents the electrical constant, x (w) is the susceptibility
tensor, k (w) is the extinction coefficient, and c is the speed
of light. The susceptibility tensor x (w) was calculated by
the Kubo-Greenwood formula as follows [81]:

)

ent F(E,) —F(E) ,
iy - _ J
X (@) m2ey Va? ; E,, — how — i mmomm

where V is the volume, F is the Fermi-Dirac function, I
is the broadening, and 7/ is the ith dipole matrix ele-
ment between the states n and m. Figure 8(a) displays
the optical absorption spectra of the ScSI monolayer. It
can be seen that the absorption coefficient curves begin
to rise from zero at a photon energy of approximately
2.4 eV, which corresponds to its electronic band gap
(2.421 eV). Simultaneously, photoconduction is initiated
[Fig. 8(b)]. There are two main peaks around 3.27 and
4.44 eV along the x axis corresponding to the purple and
ultraviolet regions, respectively, and one main peak around
3.65 eV (UR) along the y axis in the optical conductivity

curves. The peaks in the conductivity curves are consis-
tent with the high peaks (up to 10° cm™!) of the absorption
coefficients. These results demonstrate the sensitive pho-
toresponse and anisotropic optical behavior of the ScSI
monolayer.

A phototransistor was constructed using a p-i-n-junction
consisting of a ScSI monolayer, as depicted in Fig. 8(c).
Furthermore, the characteristics of the phototransistor
response to linearly polarized light were investigated.
Within this analysis, the absorption of photons with
frequency @ was considered, resulting in a first-order
correction to the photogenerated current at electrode
y (y is D or §). The formula used to derive the current was
[82,83]

I, = 2/ 3 = Fy(B)F(E — ho) T, 4(E)

~®B=p,s
— Fy(E)[1 = Fg(E + ho)]T} 4(E)dE.
(6)

Figure 8(d) shows the intrinsic photocurrent curves of
the p-i-n-junction phototransistor of the ScSI monolayer
with a doping concentration of 3 x 103 cm? under zero
bias (without power) and zero V,. The X-type p-i-n-
junction phototransistor of the ScSI monolayer had a
good photoelectric response in the purple light and URs
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because of its large optical conductivity in these regions,
as two strong photocurrent peaks were observed. There-
fore, it can be used as a photodetector to detect purple
and ultraviolet light. In addition, within the AM1.5 stan-
dard [84], its total photocurrent density was as high as
0.91 mA mm2, which is similar to the silicon solar-
cell device [82], demonstrating its potential application
in photovoltaic devices. For the case of the Y-type p-i-
n-junction phototransistor of the ScSI monolayer, a pho-
tocurrent peak was also observed in the UR with a smaller
total photocurrent (0.39 mA mm™), also revealing the
anisotropic photoelectric properties of the ScSI mono-
layer.

Compared with ScSI, the positions of the absorption
edge and absorption peaks of the ScSel and ScTel mono-
layers were located in the lower photon energy region
because of their smaller energy gap [Figs. S19(a) and
S19(b) in the Supplemental Material [62]]. Meanwhile,
their photoconduction processes were also opened at a
lower photon energy of 2.0 V (1.65 V) for the ScSel
(ScTel) monolayer [Figs. S19(c) and S19(d) in the Supple-
mental Material [62]]. In addition, Fig. 9(a) shows that the
ScSel monolayer exhibited weak anisotropic photoelectric
properties. However, the total photocurrent excited by the
X -type p-i-n-junction phototransistor of the ScTel mono-
layer was significantly smaller than that of the Y-type
phototransistor, exhibiting strong anisotropic photoelectric
properties, as shown in Fig. 9(b). In particular, the Y-type
p-i-n-junction phototransistor of the ScTel monolayer gen-
erated a sharp photocurrent peak (up to 1.57 mA mm2)
in the blue light region, demonstrating its potential use

as a photodetector for detecting blue light. These exciting
photoelectronic properties render the ScX1 monolayer a
promising material for photovoltaic devices and photoelec-
tric sensors.

Furthermore, the applied strain significantly influenced
the photoelectric properties of the ScSI monolayer. Apply-
ing 6% compressive strain along x direction on the ScSI
monolayer led to a wider absorbing range and a slight
decrease of absorption coefficient and optical conductiv-
ity in the visible-light region along the x axis [Figs. S20(a)
and S20(c) in the Supplemental Material [62]]. The absorp-
tion and photoconduction processes were initiated earlier
because of the decrease of the band gap induced by strain.
Its phototransistor had a good photoresponse to almost
the entire visible and ultraviolet regions, and excited a
slightly smaller total photocurrent (0.34 mA mm™) as
a photocurrent peak in the blue light region within the
AML1.5 range [84], as shown in Fig. 9(c). In addition,
when a 3% tensile strain was applied along the x direction
on the ScSI monolayer, its light absorption and photo-
conductivity peaks shifted toward higher energy and fell
within the ultraviolet region, as shown in Figs. S20(b)
and S20(d) in the Supplemental Material [62], because
of the widening of the electronic band gap induced by
the strain. Therefore, the peaks of the photocurrent for its
phototransistor also shifted toward higher energy and fell
within the ultraviolet region, as shown in Fig. 9(d), which
broadens its application scope in ultraviolet detection.
These results demonstrate that the photoelectric properties
of the ScSI monolayer can be adjusted by introducing a
strain.
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To investigate the regulation effect from the gate
electrode on the photoelectric performance of the
phototransistor, we also calculated the photocurrent spec-
tra of the X-type p-i-n-junction phototransistor of the
ScSI monolayer under gate voltages from —6 to 6 V,
as shown in Fig. S21(a) in the Supplemental Material
[62]. Under the AM1.5 standard [84], the application of
gate voltages reduced the photoelectric performance and
should be avoided in photovoltaic devices. For the Y-type
p-i-n-junction phototransistor, the photocurrent within the
UR was enhanced under a positive small gate voltage of
1.5 V [Fig. S21(b) in the Supplemental Material [62]].
For the cases of ScSel, ScTel, and ScSI under 6% com-
pressive strain along the x direction, the results are shown
in the Figs. S21(c)-S21(h) in the Supplemental Material
[62]. These results demonstrate that the application of gate
voltage can influence the photoexcited current and has a
regulatory effect on the photoelectric performance of the
ScX I-based p-i-n-junction phototransistor.

IV. CONCLUSIONS

In summary, we designed several conceptual nan-
odevices based on ScXI monolayers and theoretically
investigated their electronic, mechanical, transport, and
photoelectric properties, as well as strain engineering to
tune these properties. The results demonstrated that the 2D
ScX1 semiconductors with a moderate direct band gap of
2.42 — 1.34 eV were dynamically, thermally, and mechan-
ically stable. The ScXT monolayers exhibited significant
mechanical anisotropy and relatively low stiffness. The
electronic properties of the ScSI monolayer were sensi-
tive to the applied uniaxial and biaxial strains. Strain has
been predicted to be an efficient way to engineer the band
gap as well as the effective mass. Both X-type and Y-
type p-n-junction diodes of ScX1 monolayers showed a
strong rectifying effect with an ultrahigh rectifying ratio
(up to a magnitude of 1020 for ScSI), large current den-
sity (up to 319.45 mA mm~' for ScTel), and remarkable
electrical anisotropy with a large current anisotropy ratio
(n=9.65 for ScTel). The ScXI-monolayer FETs exhib-
ited the same perfect rectifying effects and strong electrical
anisotropy as the p-n-junction diode. Moreover, the gate
voltage could effectively regulate the current through the
FET. The ScX1 monolayers and their phototransistors also
showed good photoelectric responses in the visible and
ultraviolet regions. The ScX1 monolayers from S to Te
also exhibited different device performances. These results
demonstrate the potential applications of ScX I monolayers
in functional electronic and photoelectric devices. Further-
more, a 6% compressive strain along the x direction can
tune the device transport and photoelectric properties of
the ScSI monolayer, such as larger current density, stronger
electrical anisotropy, lower threshold voltage, and a wider
visible-light absorption band. Strain engineering may be

a promising method to modify the electrical transport and
photoelectric properties of ScSI monolayer, with the poten-
tial to achieve high-performance devices. Because of their
strain-tunable band gap, excellent electronic transport, and
photoelectric properties, ScX I monolayers are expected to
be applied in nanodevices and optoelectronic devices.
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