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Tuning the electronic transport anisotropy in a-phase phosphorene through superlattice design
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Rational tuning the anisotropic electronic properties of monolayer phosphorene is essential to their applications

in electronic and optoelectronic devices. By combining the density functional theory and the nonequilibrium
Green'’s function method, we developed a strategy to tune the anisotropic transport properties of phosphorene
by designing stable arsenic-phosphorene (As,P;_.) superlattice (SL). It was found that, with a careful design
of As:P ratio and atomic arrangement, the anisotropic transport properties could be tuned in a wide range. The
transport current along the zigzag direction, which is very low in pristine phosphorene, was gradually enhanced
by increasing the As:P ratio, and even became larger than that along armchair direction when the As:P ratio
achieved 1:1 under a given arrangement of As atoms in As,P;_, SL. The tunable anisotropic transport properties
of As,P;_, SL are attributed to the interplay between the different scattering rates related to the number and
orientation of As-P interfaces. This finding demonstrates that the As,P;_, SL design could be an effective
approach to tune the anisotropic electronic properties of monolayer phosphorene, which is important for the
development of high-performance electronic and optoelectronic devices based on phosphorene.
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I. INTRODUCTION

In the past decade, two-dimensional (2D) semiconductors
such as graphene, transition metal dichalcogenides (TMDs),
and V-VI group topological insulators (TIs) have attracted
tremendous attention due to their distinct structural, electronic,
and optical properties. They have found important applications
in new-generation devices, including field-effect transistors
(FETs), memories, supercapacitors, and solar cells, etc. [1-6].
Among various 2D semiconductors, phosphorene displays
extraordinary electronic and optoelectronic properties and has
been intensively studied in recent years [7-11]. The direct
band gap of phosphorene can be tuned in a wide range from
1.51 eV for monolayer to 0.59 eV for five-layer structure. It
also possesses a high carrier mobility in the range of 10° —
—10*cm? V~!s~! at room temperature, almost equivalent to
that of graphene (10* cm? V~!s~!). The preparation of few-
layer phosphorene through mechanical exfoliation technique
has inspired extensive interest of its applications in high-
performance nanodevices [12—14]. For instance, few-layer
phosphorene has been utilized as the channel material in FETs,
which exhibited outstanding device performance with large
drain current modulation ratio up to ~10° and high field-effect
mobility up to ~103 cm? V~!s~! [15,16].

It is well known that phosphorene shows strong anisotropic
optical, mechanical, and electronic transport properties, owing
to its puckered geometry [17]. Theoretical study indicates
that, in monolayer phosphorene, the current flowing along
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the armchair direction is about two orders of magnitude
higher than that along the zigzag direction. However, it is
also observed that electron mobility in armchair direction will
decrease rapidly under strain effect, in contrast to the enhanced
mobility in zigzag direction [18]. In common sense, strain is
inevitable during the device fabrication and operation; thus it
may cause the serious degradation of device performance if
the device has a channel direction of armchair. Though the
device with a zigzag channel will not suffer from the strain
and, on the contrary, it could be a favorable factor, the low
conductivity along this direction restricts the improvement of
device performance. On the other hand, the strong anisotropic
transport characteristics of phosphorene may greatly impact
the reproducibility of the devices, since it is difficult to exactly
determine the channel direction during device fabrication; the
deviation of device channel from armchair/zigzag direction
will cause a large device performance fluctuation. To overcome
these drawbacks, one feasible route is to tune the anisotropic
electronic transport properties of phosphorene, especially to
improve the conductivity in the zigzag direction. To date,
various methods, such as the introduction of vacancy defects
and the substitutional doping, have been theoretically proven
as effective methods to tune the anisotropic properties of
phosphorene [19,20]. Nevertheless, the introduction of de-
fects/doping atoms will inevitably break the periodic structure
of phosphorene and introduce additional scattering centers in
its lattice, leading to reduced conductivity and consequently
degraded device performance.

The formation of arsenic-phosphorene (As,P;_y)
superlattice (SL), the phase of which is the same as that of
pristine phosphorene, has been proven an effective way to tune
the optoelectronic properties [21,22]. Theoretical calculations
based on density functional theory (DFT) have revealed that,
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by changing the As atom percentage and its arrangement,
there existed a structural transition from « to 8 phases and a
transition from a direct band gap to an indirect one in As,P;_,
SL [22,23]. The 2D-As,P;_, SL might be synthesized via
chemical vapor transport method, which has been successfully
applied to fabricate high-quality 2D monolayers with puckered
honeycomb structure and SLs [24-28]. To prevent disordering
of the SL monolayer caused by diffusion of intentionally doped
As atoms during the growth and processing, low-diffusive
atoms can be used for n- and p-type impurities [29].
Transmission x-ray measurements enable spatial mapping of
the SL, such as grain size, orientation, uniformity, strain, and
so on [30], which can further ensure the periodic arrangement
of doped As atoms by means of characterization. SLs have
been regarded as promising candidates to tune the transport
properties of semiconductors. Previously, researchers have
focused their effects on the phonon transport properties
[31-33]. Nevertheless, the dynamic electronic transport
behaviors in As,P;_, SL, which are directly related to
the optoelectronic device performance, have not been
clarified yet. To promote the applications of phosphorene
in high-performance devices, a detailed understanding on
the anisotropic dynamic electronic transport behaviors of
As,P;_, monolayer is desirable.

Herein, by combining DFT and the nonequilibrium Green’s
function formalism (NEGF), we developed a superlattice de-
signing strategy to tune the anisotropic electron transport prop-
erties of phosphorene. Through changing the atomic ratio and
the arrangement of As atoms in As,P;,_, SL, the conduction
current along zigzag direction could be remarkably enhanced,
making it possible to reverse the preferable current flowing
direction from armchair in pristine phosphorene to zigzag
in AspsPyps SL. Dynamic transmission study demonstrated
that the incorporated As atoms allowed more efficient carrier
transportation in As,P;_,; meanwhile, it weakened the 7 con-
jugation along the armchair direction, contributing to the rever-
sion of preferable current flowing direction. Moreover, internal
charge transfer on As-P covalent bonds was observed, which
could effectively separate electrons and holes in As,P;_, and
lead to an increased carrier concentration. The superlattice
designing strategy demonstrated in this work has shown its
great potential in designing 2D semiconductor materials with
superior electrical properties for high-performance devices.

II. METHODOLOGY

First-principle computations of monolayer As,P;_, SLs
with various chemical compositions and atomic arrangements
were implemented in Atomistix Toolkit (ATK) software [34].
First, ab initio DFT was utilized to optimize the structures of
monolayer As,P;_, SLs and to calculate their static electronic
properties. During geometry optimization, the generalized gra-
dient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) was adopted to describe the correction of the elec-
tronic exchange and correlation effects [35]. Norm-conserving
Troullier-Martins pseudopotentials were used to approximate
the interactions of the valence and core electrons [36]. A
double-¢ plus polarization basis set (DZP) was employed
to expand the wave functions. To avoid the interaction be-
tween adjacent layers, a large vacuum space (=20 A) was

set along the direction perpendicular to the sheet plane. A
well-converged k-point grid of 5 x 5 x 1 was adopted to
sample the Brillouin zone of As,P;_, SLs in the x, y, and
z directions for structural optimization and static electronic
property calculations. A cutoff energy of 600 Ry was kept
to determine the self-consistent charge density to achieve
a balance between calculation efficiency and accuracy. All
geometries were fully optimized with the maximum atomic
force and stress less than 1072eV/A and 5 x 10~*eV/A,
respectively. The phonon spectrum calculation is obtained with
finite displacement method implemented in CASTEP package
[37]. A plane-wave energy cutoff of 500 eV with ultrasoft
pseudopotential is used. To consider the effect of layer-layer
interaction, DFT+D2 method with van der Walls force cor-
rection is employed to simulate the interlayer interaction of
As,P;_, SLs [38].

Subsequently, the electronic transport behaviors of As, P,
monolayers were examined by DFT combined with NEGF
method. The central scattering region of As,P;_, was sand-
wiched between semi-infinite source (left electrode) and drain
(right electrode) regions. A 2 x 2 and a 2 x 9 supercell was
chosen for the electrodes and the central scattering region,
respectively. The size of the scattering region was tested to be
long enough to damp out charge oscillations at the end layer un-
der electric field. Such two-probe configuration was applied in
the following calculations of I-V curves, transfer characteristic
curves, transmission spectra, device density of states (DDOS),
and so on. The Brillouin zone was represented by Monkhorst-
Pack k-point mesh of 4 x 1 x 100 for geometry optimization
and for computation of dynamic electronic transport proper-
ties. All the atoms in the central scattering regions were relaxed
until the force on each atom was less than 0.10 eV/A, while
the atoms in the electrodes were fixed at their bulk positions.

III. RESULTS AND DISCUSSION

To study the change of lattice constants in monolayer
As,Pi_, SLs, we gradually increase As concentration (x =
[As]/([As] + [P])) from O to 1.0, in which x = 0 denotes
the pristine phosphorene and x = 1.0 refers to the pristine
arsenene. Figures 1(a)-1(e) display the structures of pris-
tine phosphorene, As,P;_, SLs, and arsenene, respectively.
The monolayer geometry of each superlattice has been fully
optimized. It is observed that the lattice constant increases
gradually with increasing x due to the larger atomic radius
of As atom (1.21 A) than P atom (1.06 A). Specifically, the
lattice constants in the zigzag and armchair directions are
enlarged by 13.0% and 11.6%, respectively, when x changes
from O to 1.0. Also, the different sizes of As and P atoms
in As,P;_, (0 < x < 1) distort the uniform lattice of pristine
phosphorene and arsenene. To further illustrate the influence of
atomic arrangement on the lattice structures of As,P;_, SLs,
we have adjusted the relative positions of As and P atoms to
form another allotrope of AsgsPy s SL, as shown in Fig. 1(f).
The other two allotropes at x = 0.5 are also considered but
the phonon dispersion calculation shows they are unstable due
to the appearance of imaginary frequency. All the structures
considered here are stable according to our phonon dispersion
calculations (see Supplemental Material [39]), which also
agrees with the previous reports [21,22]. The two allotropes
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FIG. 1. Top and side views of equilibrium structures for monolayer (a) pristine phosphorene, (b) Asg2s5Po7s, (¢) a-AsgsPo s, (d) Aso.75Po2s,
(e) pristine arsenene, and (f) b-Asg 5Py s, respectively. The region in the cyan dashed frame is the unit cell, in which a and b are the lengths

along the x and y directions, respectively.

of AsgsPogs show different bonding characteristics. For
a-AsgsPos, the As-P bonds (interfaces) are perpendicular to
the armchair direction, while the interfaces in b-AsgsPg s
are perpendicular to the zigzag direction. The equilibrium
structures discussed above indicate that both the atomic ratio
and arrangement of incorporated As atoms can directly affect
the bonding modes in monolayer As,P;_, SLs. Note that in
some of our designed SLs, the length of As or/and P component
is smaller than one lattice period within one SL period; this
type of SL can be called a fractional SL [40,41]. To simplify
the notation, we still call it SLs. The considered SLs here may
not be the most stable arrangements [22], but they can stably
exist according to our phonon dispersion calculations. That
means to transit to the most stable structure (phase separated
or random alloyed structures), they will need to overcome an
energy barrier.

To investigate the static electronic properties of As,P;_,
SLs, the difference charge densities (Ap) are shown in
Fig. 2(a). Ap is defined as Ap = pas — pp, Where puq/p
represents the total electrons gain/loss on all As/P atoms in
the unit cell. p4y/p is given by pas/p = Nas/p(5 — mas/p),
where 5 is the valence electron number of the neutral As/P
atom, N and mp,, are the number of As/P atoms in the unit
cell, and the valence electron number of As/P atom in As,P;_,
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FIG. 2. (a) Difference charge densities (e/ A3) in As,P;_, SLs as
a function of As concentration x and arrangement, respectively. (b)
Plots of Mulliken charge transfer amount between P and As atoms in
As,P,_, SLs as functions of As concentration.

SL, respectively. The regions of electron accumulation and
depletion are displayed in blue and red, respectively. Note that
the amount of electron accumulation on As and P atoms is
different when As,P;_, SLs are formed, owing to a small
difference between the electronegativity of As and P atoms.
The electron redistribution is more remarkable when the As
concentration increases to x = 0.5, revealing a small amount
of internal electron transfer from As to P atoms in As,P;_,
SL, which is quantitatively revealed by the Mulliken charge
transfer [Fig. 2(b)] between As and P atoms (Ag) in a
2 x 9 As,P;_, monolayer cell along the armchair and zigzag
directions. The charge transfer between As and P atoms in
As,P;_, SL is strongly dependent on the number of As-P
covalent bonds. In comparison to As,P;_, SLs with other x
values, a-AsgsPgs possesses the maximum number of As-P
covalent bonds. Correspondingly, the charge transfer between
As and P atoms in a-AspsPgs is the strongest. Since the
number of As-P covalent bonds also depends on the atomic
arrangement, the charge transfer amount will vary in different
allotropes. In a-Asg 5Pg s, it contains much more As-P bonds
than that in b-AsysPys. By coincidence, the internal charge
transfer in a-Asg 5Py s is much larger than that in b-Asg 5Py s.

To gain insight into the effect of As,P;_, SLs on
the anisotropic electronic transport properties, we calcu-
lated the currents both along the armchair and zigzag directions
for the two-probe As,P;_, systems. Figure 3(a) shows the
schematic illustrations for electronic transport calculations
with NEGF. According to the Landauer-Biittiker formula, the
current is written as [42]

2e¢ +00
1=" | ATEV)IFE —p1) — f(E ~ pw)dE,
—00

ey

where f is the Fermi function, p; and ux are the electrochem-
ical potentials of the left and right electrodes, respectively,
and T (E, V) is the transmission coefficient of charge carriers
transmitting through the device at a given bias voltage with the
energy E. The difference in the electrochemical potentials is
given by eV with the applied bias voltage V, i.e., up (V) =
ur(0) —eV/2 and ur(V) = ur(0)+eV/2. For As,P;_,
along the zigzag direction, the current is significantly enhanced
by the formation of As,P;_, SL, as shown in Figs. 3(b)-
3(f). In contrast, the current along the armchair direction is
suppressed when the As concentration increases up to 0.5.
Significantly, at the bias of 2.0 V, the current through the
zigzag direction of a-AsgsPps is enhanced by 27.9 times
compared to that in the zigzag phosphorene. However, the
current through the armchair direction is only 27.2% of that
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FIG. 3. (a) Schematic setup for transport calculations of As,P;_, SLs along the armchair and zigzag directions, respectively. L and R
represent the left and right electrodes. (b)—(f) Calculated anisotropic /-V curves for As,P;_, with varied atomic ratios. (g) The anisotropic

current ratio curves for As,P;_, as a function of atomic ratio.

in armchair phosphorene. The above results demonstrate that
designing As,P;_, SL can effectively tune the anisotropic
electrical transport of phosphorene.

Generally, the anisotropic transport behaviors of As,P;_,
SLs can be quantitatively characterized by the anisotropic
current ratio between the zigzag and armchair directions:
R = (Iarmchair - Izigzag)/(larmchair+Izigzag)s in which Iarmchair
and I;g,,, indicate the current along the armchair and zigzag
directions, respectively. In this definition, the absolute value
abs(R) = 0andabs(R) = 1 corresponds to the extreme values
of isotropic and anisotropic transport, respectively. While the
sign of R indicates the relative magnitude between I,ymchair and
Ljigzag- Figure 3(g) shows the calculated anisotropic current
ratio curves for As,P;_, SLs at the bias above 1.2 V. The
pristine phosphorene displays a strong anisotropic transport
behavior with R > 0 (1.00 at the bias of 1.4 V), indicating a
much better armchair conductance. In As,P;_, SLs, valence
electrons can move more freely around As nucleus than
around P nucleus due to the larger atomic radius of As atom.
The increase of As atomic ratio can enhance the overall
mobility of the superlattice systems. In the meantime, the
incorporation of As atoms into phosphorene monolayer will
introduce As-P interfaces, which will reduce the conduction
due to the carrier scattering. Therefore, the resulted current
of As,P,_, SL is the interplay between the higher freedom of
valence electrons around As nucleus and the scattering at As-P
interfaces. Because the As-P interface is perpendicular to the
armchair direction in Asg5Pg.75, a-Asg5Pg 5, and Asg75Pg25
superlattices, the current along the armchair direction tends to
decrease when the As:P ratio approaches 1:1, i.e., x approaches
0.5, due to the stronger scattering effect, while, in the zigzag
direction, the scattering is much weaker as the current flow is

parallel to the As-P interfaces in a-AsgsPos and Asg75Pg.2s
monolayers. As a result, the higher freedom of valence elec-
trons predominates the current strength, leading to an enhanced
current with increasing As concentration. The two different
behaviors of the current in the zigzag and armchair directions
eventually tune the anisotropic ratio from R > 0 in pristine
phosphorene and arsenene to R < 0 (—0.32 at the bias of
1.4 V) in a-AsgsPys SL, i.e., a reversed anisotropic transport
behavior.

The atomic arrangement can also influence the anisotropic
transport behaviors of As,P;_, SLs. In the two allotropes of
AspsPos SL, the current shows different preferable flowing
directions (see Supplemental Material [39] for the calculated
anisotropic I-V curves for As,P;_, with varied atomic ar-
rangements). In a-AsysPgs systems, the As-P interface is
perpendicular to the armchair direction, which results in a
strong carrier scattering in this direction and thus suppresses
the armchair current. However, opposite to a-AsgsPgs al-
lotrope, the preferable current flowing in b-Asg 5P s is along
the armchair direction with R > 0 value (0.97 at the bias of
1.4 V). The reason for this observation is that the As-P interface
in b-Asg 5Py s is perpendicular to the zigzag direction, which
brings severe carrier scattering in this direction. Therefore, the
electronic transport anisotropy of As,P;_, monolayer can also
be reversed by changing the atomic arrangement.

For the pristine phosphorene and arsenene, it is known that
the lattice strain can reduce the electron mobility along the
armchair direction, in contrast to the increase of electron mobil-
ity in zigzag direction [18,43]. Although arsenene monolayer
has the best electron transport properties in both armchair and
zigzag directions among all the studied structures, its device
performance may be degraded since strain is inevitable in
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FIG. 4. (a) Transmission and (b) DDOS spectra of As,P;_, SLs
with various atomic ratios at 2.0 V. (¢) Transmission and (d) DDOS
spectra of the two allotropes of Asy 5Py 5 at 2.0 V. The shadow regions
denote the bias windows. The Fermi level of electrodes is set to be
0 eV. The dash curves in DDOS spectra represent the partial DOS
localized on As atoms.

devices. Besides, it was found that the helical angle alignment
is essential to achieve the optimum performance of pure
phosphorene-based devices or electrical circuits due to its
large anisotropy [44]. The optimization and reproduction of
device performances, however, remains a big challenge due to
the uncontrollability of monolayer orientation in devices. In
pure arsenene, the reduced electron mobility by strain in the
armchair direction will enhance its anisotropy. Consequently,
the device properties will also be hard to optimize and re-
produce. By contrast, the above drawbacks can be overcome
to a large extent by the formation of stable As,P;_, SLs. The
armchair and zigzag directional /-V curves in the Supplemental
Material [39] indicate that the existence of strain in a-Asg 5Pg.5
monolayer can significantly improve the conductance along
both the armchair and zigzag directions. As a result, the device
performance could be largely improved under strain. In fact,
the improved conductivity of As,P;_, SLs under stress is
very promising for their applications in flexible electronic
devices [45,46]. Moreover, in As,P;_, SLs, the anisotropy
can be tuned with the change of As:P ratio and As atomic
arrangement. Consequently, one can minimize the anisotropy
of As,P;_, SLs and largely improve the reproducibility of
device properties.

The anisotropic transport characteristics of As,P;_, SLs
can be further understood by the transmission spectra and
the device density of states (DDOS). Figure 4(a) plots the
transmission coefficient T(E,V) versus the energy E for
As,P_, SLsatthebias of 2.0 V, in which x ranges from 0, 0.25,
0.50, 0.75 to 1.00. Here the Fermi level of the electrode is set to
Er = 0. Generally, the applied bias will create offsets of band
structures in different regions along the transport direction,

thus decreasing the energy difference between the valence band
maximum (VBM) of the source electrode and the conduction
band minimum (CBM) of the drain electrode [19]. As the
applied bias is larger than the band gaps of the electrodes,
some conduction channels are created in the region around
Fermi level due to the overlapping of the source electrode-
valence band and the drain electrode-conduction band. The
transmission spectrum, which determines the current accord-
ing to the Landauer-Biittiker theory [47], is dependent on the
alignment of the states of electrode and scattering regions. The
first transmission peaks below and above the Fermi level are
initiated by the VBM and the CBM, respectively. Since the
VBM peaks in all As,P;_, systems are close to the Fermi
level and much stronger than the CBM peaks, the currents are
mostly contributed by the VBM resonance, indicating a p-type
conduction of As,P;_, monolayers.

Based on the transmission spectra, it is seen that, for
the pristine phosphorene, the number of transmission peaks
and the amplitude of the peaks along the armchair direction
are much larger than those along the zigzag direction, thus
leading to an anisotropic transport with R > 0. However, in
the armchair As,P;_, systems, the transmission coefficient of
the VBM peak first decreases with the increase of x, from
3.00 (pristine phosphorene) to 0.93 (Asg25Pg.75), and then
increases gradually to 3.85 (pristine arsenene). The reduction
of transmission coefficient in As,P;_, along the armchair
direction can be ascribed to the strong interface scattering,
because the As-P interface is perpendicular to the armchair
direction. In contrast, the transmission of zigzag-As,P;_,
monolayers shows an opposite tendency with the increase of
x. The main feature is the appearance of two new transmission
peaks when the As concentration is larger than 0.5, i.e., the peak
around the left edge of the bias window and the one above the
Fermi level. Both the width and the height of the two peaks
are enhanced with x increase. In As,P,_, SLs, the weakened
interface scattering in zigzag direction promotes the electron
transmission, because the As-P interfaces are parallel to the
zigzag direction. Also, the higher freedom of valence electrons
around the As nucleus contributes to the enhanced transmission
along the zigzag direction. The opposite tendency of transmis-
sion along the armchair direction and along the zigzag direction
with the incorporation of As atoms into the phosphorene lattice
gradually tunes the anisotropic transport properties of phos-
phorene and eventually results in a reversed current conduction
in a-Asg 5Py 5. Moreover, the contribution from As atoms to
the total transport probabilities of monolayer As,P;_, could
be reflected by the DDOS, as shown in Fig. 4(b). The DOS
projected on As atoms increases with x value. As a result, the
current along the zigzag direction is enhanced by almost 240
times from 0.04 A for pristine phosphorene to 1.13 ©A for
a-Asg 5Py 5. Therefore, if the number of As-P interfaces is fixed,
ahigher atomic ratio of As atoms in As,P;_, SLs s a favorable
factor that can promote the electronic transport efficiency.

In addition to the atomic ratio, impact of atomic arrange-
ment of As atoms on the electronic transport anisotropy of
As,P;_, monolayers was further evaluated. Figures 4(c) and
4(d) display the transmission spectra and DDOS of the two
Asp sPg s allotropes at 2.0 V, respectively. Due to a different
interface orientation, the transmission along the zigzag direc-
tion within the bias window is suppressed when the allotrope
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FIG. 5. Local transmissions through As,P;_, monolayers with different atomic ratios at the energy level of 0.20 eV under the bias of 2.0 V.

The Fermi level of As,P,_, electrodes is set to be 0 eV.

of Asy 5Py s changes from a-type to b-type. In contrast, because
the interface is perpendicular to the zigzag direction in b-
As 5Py s, the transmission in the armchair direction is stronger
than that in the zigzag direction.

To check how the As:Pratio affects the transmission channel
at the atomic scale, we have analyzed the local transmission
function with the variation of As concentration (Fig. 5). The
local transmission function can provide a striking picture on
how carriers are transported through the atomic bonds [47,48].
In this method, the transmission can be decomposed into local
(atomic) contributions as follows:

T(E)y= Y Tas(E), ©)

A€eL, BER

where T4 g is the transmission between the atoms A and B. T4 p
can be calculated on the basis of the Fock and overlap matrices
that are the same as those used for the transmission calculation.

Local transmission plots in Fig. 5 illustrate how the local
transmission pattern is changed with x. The local transmission
plots are normalized by the maximum value in each plot. The
transmission probability of each channel is illustrated by the
arrow diameter. To clearly illustrate the figure, we have set a
threshold of 0.4, below which the arrows are not shown. The
blue arrows indicate the components of the transmission that
is in the direction of net current flow, thereby contributing to
the current, whereas the red arrows give components in the
opposite direction, thereby reducing the net current, and the
purple arrows give components in the perpendicular direction,
thereby scattering the carriers. The local transmission in the
pristine phosphorene demonstrates that the main transmission
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FIG. 6. (a) Schematic setups of the bottom-gate FET devices based on As,P;_, monolayers along the armchair and zigzag directions,
respectively. Anisotropic transfer characteristic curves of monolayer As,P,_, FETs with varied atomic ratios (b), (c) and allotropes of As 5Py s
FETs with various atomic arrangements (d), (e) at Vps = 1.6 V. The anisotropic current ratio curves for As,P;_, with varied atomic ratios (f)

and atomic arrangements (g) as a function of Vg ranging from —1.0

is through the m-conjugated P-P bonds. The orientation of
P-P covalent bonds is accordant with the direction of the
net current in the armchair phosphorene, thus leading to a
large electrical current. However, their orientation is almost
perpendicular to the net current in the zigzag phosphorene,
which hinders electrons to move between electrodes. This
conjugated P-P bond alignment finally results in much different
transport properties in the zigzag and armchair directions. The
local transmission in the pristine arsenene also shows similar
anisotropic transport behavior. In contrast, in a-Asg 5P s along
the armchair direction, electrons are transmitted through the
As-P covalent bonds with weakened 7 conjugation, i.e., the
As-P interfaces. Although the transmission probabilities are
large, there are transmissions in the opposite directions and
in the directions perpendicular to the net current. This com-
plicated transmission behavior indicates a strong scattering
effect, which agrees well with the total transmission analysis.
Hence the electron transport efficiency along the armchair
direction is reduced and consequently the conduction current is
suppressed. However, in the zigzag direction of a-Asg 5Py 5, the
transmission is predominated by the ones along the transport
direction, indicating a minimized scattering effect and thus
a large conduction current. As a result, the a-Asy 5Py 5 system
shows an opposite anisotropic transport property relative to the

to 1.0 V.

pristine phosphorene/arsenene. The local transmission in other
As,Py_, SLs with other As:P ratio varies between the above
two cases: the pristine phosphorene/arsenene and a-Asg 5P s.
Moreover, similar phenomena can also be observed from the
spatial distribution of local density of states (LDOS), as shown
in the Supplemental Material [39].

FET devices were constructed to directly assess the elec-
trical characteristics of As,P;_, SLs. Schematic setups of
bottom-gate FETs based on As,P;_, monolayers are illus-
trated in Fig. 6(a). The intrinsic channel materials consist
of a-AsgsPys monolayers along the armchair and zigzag
directions, respectively, with the two ends in contact with
the source and drain electrodes. The simulated regions are
embedded on an HfO, (k = 29¢) dielectric layer of 4.0 A
in thickness. Metallic gate electrodes with a thickness of 1.0 A
are attached to the dielectrics below the intrinsic channels. This
kind of bottom-gate geometry provides highly gate-controlled
electrical performance.

Figures 6(b) and 6(c) show the calculated transfer charac-
teristic curves of As,P;_, FETs with varied atomic ratios at a
source-drain voltage (Vpg) of 1.6 V. The source-drain currents
(Ips) of As,P,_, FETs decrease exponentially with increasing
gate voltage (Vgs), indicating the p-type conduction charac-
teristics of As,P;_, semiconductors. In the armchair-As, Py _,-
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FIG. 7. Plots of anisotropic carrier mobility of As,P;_, SLs as a
function of atomic ratio.

based FETs, the formation of As,P;_, SLresultsin a decreased
Ips, owing to the weakened m-coupling degree on As-P
bonds that hinders electrons to transport through the armchair
direction. In the case of the zigzag-As,P;_,-based FETs, Ipg
increases with x, which is due to the injection of carriers by the
charge transfer between As and P atoms as well as the enhanced
carrier mobility on As atoms. In the zigzag-As,P,_, FETs,
these positive factors predominate the electronic transport.
However, in the armchair-As, P, _, devices, the negative effect
by carrier scattering at As-P interfaces is predominated. For
instance, Ipg of the zigzag-As 75Py 25 FET has been enhanced
to 2.75 uA at Vgs = —1.0V, which is nearly 16 times that in
the zigzag-phosphorene FET. In contrast, Ipg of the armchair-
Asg75Pgos FET is reduced to 7.18 pA, corresponding to
64.8% of that in the armchair-phosphorene FET. Thereupon,
the anisotropic device performance of phosphorene FET can
be rationally modulated by changing the atomic ratio through
designing As,P;_, SLs.

Figures 6(e) and 6(f) depict the transfer characteristic
curves of a-AsgsPgs and b-AsysPys FETs. In the armchair-
Aso 5Py s FETs, in accordance with the transmission analysis,
b-Asg sPo s has higher Ipg value of 9.94 nA at Vgs = —1.0V,
due to the minimized scattering effect at As-P interfaces,
which are parallel to the transport direction. However, in the
zigzag-AsgsPos FETs, a-AsysPgs shows a higher Ipg value
of 1.91 nA at Vgs = —1.0 V. The above results collectively
demonstrate that the carrier scattering at As-P interface has a
great impact on the electronic transport efficiency along the
armchair direction.

The anisotropic device performances of As,P;_,-FETs
varied Vs are further characterized in Figs. 6(d) and 6(g).
From Fig. 6(d), it is seen that the anisotropic ratio, R value of
a-As sPg.5 can be tuned from 0.48 to —0.42, when Vg changes
from —1.0V to 1.0 V, due to variation of the vertical electric
field. However, for As, P, _, with other x value, R values remain
stable. Compared to a-As 5Py s, R value of b-As 5Py s changes
from 0.87 to 0.79 [Fig. 6(g)], showing a stable anisotropic
device performance. Therefore, the Vss-dependent R tendency
of a-AsogsPys FET reflects that controlling vertical electric
field could offer another effective route to tune the anisotropic
transport properties of As,P;_, SLs, in addition to the atomic
ratios and atomic arrangements.

Figure 7 plots the anisotropic carrier mobilities of As,P;_,
SLs with different As atomic ratios. Due to the use of angstrom-

scaled small devices, the simulated carrier mobilities are under-
estimated in general. In addition, since the width of armchair-
As,P,_, is narrower than that of zigzag-As,P;_, with the
same periodicity, while the length of armchair-As,P;_, is
larger than that of zigzag-As,P;_, with the same periodicity,
the calculated carrier mobility along the armchair direction is
usually larger than that along zigzag direction [49]. However,
the obtained results can still be used to predict the changing
trends of carrier mobility in As, P;_, monolayers with different
atomic ratios and arrangements. It can be found that the carrier
mobility along zigzag direction monotonously increases with
the atomic ratio of As atoms in superlattices, whereas the
mobility along the armchair direction first declines and then
increases [Fig. 7(a)]. In the zigzag-As,P;_, monolayers, the
formation of As,P;_, SL can provide additional valence
orbitals, on which electrons can transport with higher mobility
through the zigzag direction. Also, because the As-P interfaces
are parallel to the direction of net current, the carrier scattering
along the zigzag direction is much weaker. As a result, the
less bounded electrons provided by As atoms predominate
the overall mobility, leading to an enhanced mobility with
the increase of As concentration. However, in the armchair-
As,P_, monolayers, the positive factor of As atoms incorpo-
ration has been partly offset by the carrier scattering at As-P
interfaces. Since the As-P interface density reaches maximum
at x = 0.5, the overall mobility reaches a minimum value and
then gradually enhances when x deviates from 0.5. On the
other hand, for the two allotropes of AsgsPg s, the mobility
of b-Asg 5Py s shows a larger difference between the armchair
and zigzag directions, which is again due to the change of
As-P interface orientation. In a-AsysPgs superlattices, the
As-Pinterface is perpendicular to the armchair direction, which
results in a strong carrier scattering in this direction and thus
suppresses the mobilities along the armchair direction. In
contrast, in b-Asg 5Py 5, the As-P interface is perpendicular to
the zigzag direction, which suffers severe mobility reduction
in this direction.

IV. CONCLUSION

In conclusion, by combining DFT with the NEGF method,
we have theoretically developed a superlattice designing strat-
egy to form As,P;_, monolayers with tunable anisotropic
transport properties. The incorporated As atoms provide va-
lence orbitals for electrons to transport through As,P;_, with
higher mobility, due to their larger atomic radius than P
atoms. The formation of As-P covalent bonds also initiates
a small amount of internal charge transfer between As and
P atoms. Nevertheless, the existence of As-P interfaces leads
to carrier scattering from the direction of net current flow
and the scattering strength strongly depends on the channel
direction (armchair or zigzag). Under the interplay of the
above factors, the anisotropic transport properties of As,P;_,
SLs can be efficiently reversed, by controlling the As:P ratio
as well as atomic arrangement. Significantly, the anisotropic
current ratio R between the armchair and zigzag directions
has been remarkably tuned from 1.00 in pristine phosphorene
to —0.32 in stable a-AsysPgs at the bias of 1.4 V. This
work sheds light on the potential application of superlattice
designing in controlling the anisotropic electrical properties
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of 2D semiconductors represented by phosphorene, which is
of significance for their device conduction and performance
improvement.
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