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Drain

in modern field-effect transistors (FETs) could transform our

understanding of the physics and improve the function of related

devices. In particular, phosphorene allotropes present a fertile a 1
landscape for the development of high-performance FETs. Using L

density functional theory-based methods, we have systematically ’%\ 3 l 2
investigated the influence of electrostatic gating on the structures,

stabilities, and fundamental electronic properties of pristine and

carbon-doped monolayer (bilayer) phosphorene allotropes. The  (Champion Platform of Phosphorene Polytypes as a Channel in Field Effect
remarkable flexibility of phosphorene allotropes, arising from intra- | Transistor Structure

and interlayer van der Waals interactions, causes a good resilience

up to equivalent gate potential of two electrons per unit cell. The resilience depends on the stacking details in such a way that rotated
bilayers show considerably higher thermodynamical stability than the unrotated ones, even at a high gate potential. In addition, a
semiconductor to metal phase transition is observed in some of the rotated and carbon-doped structures with increased electronic
transport relative to graphene in the context of real space Green’s function formalism.

ABSTRACT: The ability to directly monitor the states of electrons PC& B /
| Y

1. INTRODUCTION individual phosphorene allotropes can be coupled through
noncovalent interactions leading to bi/tri/few layer phases up
to the bulk material.’’ The resulting stacks can be
characterized into three types: in-plane shifted, in-plane
twisted, and hybrids of the former two polymorphs. In
addition, a new family of 2D materials consisting of
phosphorus and carbon (phosphorene carbide, (PC)) has
been rather recently predicted theoreticallyfm_43 Interestingly,
the experimental realization of 2D PC allotropes was achieved
by combining the theoretical predictions and previous
experimental observations.** These studies demonstrated that
various structures in phosphorus carbide can be produced by
considering different atomic ratios of P/ C.**~* PFurthermore,
structure, stability and electronic properties of PC monolayers,
namely a-, f-, and y-PC, have been predicted.45 Rather
recently, Kou et al.*’ suggested that polytypism and poly-
morphism in phosphorene play a crucial rule and provide a
fertile landscape to design novel architectures and instructing
new functionalities.

On the other way, field-effect transistors revolutionized the
field of electronics, enabling the development of smaller, faster,
and more efficient devices. FETs work by controlling the flow
of current through a semiconductor channel using an electric

The phenomenon of polytypism, a variant of polymorphism, is
ubiquitous in layered materials."” Polytypes exhibit the same
close-packed planes but with a different stacking sequence in
the third dimension, the one perpendicular to these planes.
Hence, a diverse crystal structure can be obtained by just
changing the layer stacking sequence, while the periodic
structure of each layer is preserved. In fact, only the periodicity
along the growth axis varies from one polytype to another.
Polytypes of a material have analogous structural features as
well as nearly the same internal energies, the simultaneous
occurrence of several similar structures under identical growth
conditions being at the heart of this phenomenon."” Layered
materials also exhibit other interesting properties and, in
particular, have the potential for the development of high-
performance field-effect transistors (FETs).”

Among layered materials, phosphorene is a promising
candidate due to rich geometric structures that is leading to
various polymorphs and polytypes’ >’ while having none of
the obstacles exhibited by other two-dimensional materi-
als.** " Several structurally different two-dimensional poly-
morphs of phosphorus namely, a-P, -P, y-P, 5-P, €-P, 7-P, 5-P,
0-P, 6-P, ¢-P, tricycle-type red phosphorene (R-P), square-
octagon phosphorene (O—P) and hexagonal-star phosphorene
(H—P) have been investigated using first principle meth- Received: August 31, 2023
o0ds.”®™** Most of these two-dimensional polymorphic Revised: ~ November 14, 2023
materials are semiconductors with a band gap in the range of Accepted:  November 14, 2023
0.4 to 2.1 eV.”**™% We recall that a-P and f-P have been Published: February 9, 2024
prepared experimentally, while other allotropes have not yet
been synthesized.”® According to the polytypism definition, the
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field, making the device more efficient and less prone to noise,
which is important in high-speed and low-power applications.
FETs consists of a gate (metal), a channel, a source, and a
drain, all of which are made of a given semiconductor material
(Figure la). The gate is separated from the semiconductor
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Figure 1. (a) Schematic representation of the Field Effect Transistor
model used in the present work. (b) Sketch of a gated system model
in a periodically repeated unit cell (left), potential energy barrier
(blue), monopole potential (red), and dipole potential (green) in the
Z direction.

channel by a thin layer of an insulating material. When a
voltage is applied to the gate, an electric field is created in the
channel, which controls the flow of electrons between the
source and the drain. The channel of an FET is a key
component that determines the device electrical characteristics
and performance. Recent research on FET channel materials
has focused on improving device performance by optimizing
the channel g)roperties and exploring new materials and
structures. >

The channel consists of a region of a semiconductor material
connecting the source and drain terminals of the transistor. It
is the pathway through which the current flows when the
transistor is turned on. The conductivity of the channel can be
controlled by varying the voltage on the gate terminal. The
length and width of the channel also affect the transistor
performance. A shorter channel allows for faster switching
speeds but can lead to an increased leakage current and
reduced reliability. A wider channel can handle higher currents
but may also have a higher capacitance, which can limit the
device performance under high frequency. Summing up, FETSs
have their own unique properties and applications, but the
channel constitutes a fundamental component to controlling
the current flow.””™>* The choice of semiconductor material
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depends on the specific application requirements, such as the
operating frequency, power handling capability, and thermal
performance. Recent studies have reported high-performance
2D- based FETs with record-high transconductance and low
power consumption, and with high on/off ratio and sensitivity
to light and gas molecules.”> "

There is evidence that field-effect transistors with p-channel
such as phosphorene show higher performance and efliciency
than other nanomaterials.”” This is confirmed by Das et al.”’
who showed that in phosphorene the on-to-off current ratio
(Ion/Iog) of holes (10°) is much larger than that of electrons
(10%), which is very desirable in FETs. With this perspective,
we have examined the capability of phosphorene polymorphs
as channel candidates in the field-effect transistor and analyzed
their geometry and electronic properties under the influence of
the gate potential. Hereby, we report a first-principles study
that clarifies the microscopic origin of the band gap variation in
the electrostatic gated polytypes and polymorphs of phosphor-
ene. In addition, we report transport properties of these
structures in the context of real space Green’s function
formalism that have prominent importance for FET’s

technology.

2. COMPUTATIONAL DETAILS AND MATERIALS
MODELS

Calculations reported in the present work have been carried
out in the framework of density functional theory (DFT) using
periodic models, as described below and in the next section.
Due to our objective of comparing the trends in structural
parameters and electronic properties, we utilized the cost-
effective Perdew—Burke—Ernzerhof (PBE)®' forms of the
generalized gradient approximation (GGA) exchange—corre-
lation functional.*> However, to investigate whether changing
the functional affects the trend of variations, we also employed
the SCAN®*** functional. Notably, the band gap obtained
from the SCAN functional showed significant similarities to
the band gap results corrected by meta-GGA, confirming our
choice.

The electron density is expanded in plane-wave basis sets
with a cutoff energy of 52 Ry and the interaction between the
valence electrons and ion cores is described through the P.pbe-
n-rrkjus_psl.1.0.0.UPF, C.pbe-n-rrkjus_psl.1.0.0.UPF ultrasoft
pseudopotentials.”® The effect of van der Waals interactions is
taken into account by the DFT-D3 approach due to Grimme
et al® To avoid the interaction between the monolayer
(bilayer) structure and its periodically repeated images in the
slab model, a vacuum layer of 30 A thickness is added. For all
periodic systems, the Brillouin zone is sampled with 4 X 4 X 1
and 15 X 15 X 1 k-point meshes for the structural and
electronic properties, respectively. It should be noticed that
after optimizing the required number of k points along various
directions while considering optimal conditions, we generated
a uniform density of k points. The lattice constants and the
positions of the atoms are optimized until the Hellmann—
Feynman forces are less than 0.001 eV/A. All calculations were
carried out using the Quantum-Espresso packa§e version ge-
6.5°” and the XCrySDen®® and Vesta packages®” were used to
visualize the atomic structures.

Using the experimental lattice parameter that is reported for
black phosphorus (BP)’*”" we have designed the starting
geometry of the unit cell of the different phosphorene
polymorphs. We have classified the studied polymorphs into
five categories: monolayer structures, polytypes, hybrid-
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polytypes, rotated polytypes, and PC. Information of the
individual phosphorene allotropes are summarized in Table S1
and Figure Sla in the Supporting Information. We must point
out that to ensure a meaningful comparison; a single cell with
the same number of atoms (4 atoms) has been selected for all
three starting structures (@, , and y), and among possible
stable stackings, three high symmetry polytypes of AA, AB, and
AC of a, f, and y allotropes have been considered (Figure S2).
In addition, hybrid-polytypes were designed by considering
different stacking of two polymorphs. Herein, three hybrid-
polytypes of a/f, y/B, and a/y have been investigated (Figure
S3). Rotated polytypes are considered including ava, S5,
and y¥y with rotation angles of 90, 21.79, and 90° for the
upper layer, respectively (Figure S4). The rotated unit cell is
chosen based on minimum mismatch of the top (rotated) and
bottom (unrotated) layers. In addition, less than 100 atoms in
the unit cell were taken into consideration.

Furthermore, we have generated single and bilayer carbon-
doped phosphorene structures considering a constraint,
namely, that in phosphorene with a 50 percent concentration
of carbon, carbon atoms are not placed next to each other.
Note also that, in bilayer structures, it is possible to place the
atoms in two positions, which are represented by m; and m,
(see Figure SS). For the later doped models, AA, AB, and AC
stacking with m, and m, arrangements has also been
investigated.

To evaluate the bond strength of atoms and obtain a
measure of the thermodynamical stability of structures, the
cohesive energy of bare and carbon-doped structures is
calculated using eqs 1 and 2, respectively.

Ecgpp = —2% — Ep

(1)
E

__ “total

1
ECoh—c—doped - E(EP + EC)

@)
where E, ., and n are the total energy of the system and
number of atoms in the system, and E;, and E_ the energy of
isolated phosphorus and carbon atoms, respectively. The
coefficient of 1/2 in eq 2 is due to the 1:1 carbon/phosphorus
atom ratio in the structures.

2.1. Modeling the Field-Effect Transistor (FET)
Configuration. DFT-based computations can be used for
modeling field-effect transistors due to their ability to predict
the properties of materials and interfaces at the atomic scale
with rather good accuracy. Back in 2014, Brumme et al.””
designed a DFT-based approach to study doping effects in
field-effect devices. Their method allows for calculation of the
electronic structure as well as complete structural relaxation in
a field-effect configuration. Here, we apply their approach to
phosphorene-polytype-based field effect and analyze in detail
the structural chan§es induced by the electric field. Following
Brumme’s model,”” the phosphorene polytypes are placed in
front of a charged plane or monopole—the location of the
monopole in the unit cell is specified as “zgate” in the quantum
espresso input—which models the gate (Figure 1b). The
phosphorene polytypes layers are charged with an equal and
opposite amount of ny,, X A charge where ny,, represents the
number of doped electrons per unit area, and A stands for the
area of the unit cell parallel to the surface. Consequently, a
finite electric field is generated in the region between the gate
and the system. To correctly determine the changes in the
electronic structure and geometry for a given field-effect setup,
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the electric field within the vacuum region between periodi-
cally repeated images must be zero (the total potential should
be constant). However, due to the dipole generated between
the charged system and the gate, an artificial electric field is
generated between the periodically repeated slabs. To
overcome this effect, we introduce an electric dipole consisting
of two planes of opposite charge located at the vacuum region
adjacent to the monopole—in the quantum espresso input, the
position of the dipole and the unit cell thickness are defined as
“emaxpos” and “eopreg”, respectively. Following previous
work,”" the optimal bipolar size is one-hundredth of the unit
cell length, in line with the definition of dipole in the z-
direction.

The application of an electric field between the gate and the
system alters the atomic structure of the channel in the gate
model, and it is necessary to perform a structural relaxation at
the different fields of interest. Due to the opposing charges of
the gate and the system during the structural relaxation, the
atoms are displaced from their original positions and attracted
to the gate. To prevent the movement of atoms toward the
gate, a barrier potential is added between the system and the
gate, which is equivalent to the dielectric structure placed
between the channel and gate in the real FETs. Technically,
the width and height of the potential barrier are defined in the
quantum espresso input as “block 17, “block 27, and “block_-
height”, respectively. “block 1” and “block 2” represent the
starting and ending points of the potential barrier, respectively,
and the difference between these two determines the width of
the barrier potential. The optimal size of the width barrier
potential has been estimated as one-tenth of the unit cell
length in the z-direction.”””"

Finally, the WanT code”” has been used to calculate electron
transport and current—voltage curves. To investigate the
transport properties of the candidate structures, we use the
real space Green function method with the localized-orbital
basis Hamiltonian constructed by using maximally localized
Wannier functions (MLWFs). To this end, for each P and C
atoms in the unit cell, we have positioned four sp® and three
sp> hybrid orbitals, respectively, according to the definition of
Wannier90.”* After wannierization, the spatial spread of each
type of orbital is reduced to less than 10~” Bohr %, To show the
accuracy of obtained MLWFs, the variation of the Hamiltonian
with distance in the basis of Wannier function is shown in
Figure S6 for the three desired structures in the absence of gate
potential. Obviously, the band structure obtained from the
Wannier functions completely matches the one build from
Bloch functions. These confirm basis transformation has been
carried out properly.

3. RESULTS AND DISCUSSION

As already mentioned, polytypism applies to close-packed or
layered materials, where polytypes are characterized by
constituent layers with identical structures but different
periodicities perpendicular to the layer plane (ie., different
stacking). Since layered materials have weak van der Waals
(vdW) like interlayer interactions, polytypism is commonly
observed and constitutes a highly relevant form of poly-
morphism for multilayer 2D materials.”” On the other hand,
we recall that the main objective of the present work is to
explore the FETs model of the phosphorene polymorphs
which makes use of the flexibility and anisotropy of the
phosphorene family in line with the need to use flat structures
in the design of electronic devices.”® To this end, we make use
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of candidate structures in the gate model of the simple yet
realistic FET model which is described in the previous section.

The beta phosphorene and phosphorene carbide structures
are more stable than the other structures; their stability is in
the range of —3.713, —5.483 eV per atom and —4.720, —5.176
eV per atom, respectively.

Interestingly, according to the literature, phosphorene
carbide structures have the lightest electrons and holes
effective mass'""** leading to a high mobility of charge carriers
in these structures.”” The stability and high mobility of charge
carriers of phosphorene carbide suggest that this material may
have good performance as a channel in the gated model, which
can reveal details about the structural and electronic properties
not easily accessible by experiments on FET. One of the key
factors in the present FET model is the stability of the channel
material in the different ranges of electric field because it is
related to its FET performance as it is discussed in the
following sections.

3.1. Geometric and Electronic Properties of Bare
Phosphorene Polymorphs. As mentioned in the computa-
tional section, the studied structures include the @, f, and y
polymorphs (monolayer), homogeneous bilayers with different
stacking, heterogeneous bilayers (a/f, a/y, f/y), and rotated
bilayers (av>a, P, and y©y). The unit cells of all
monolayers and bilayers with three different stacking are
shown schematically in Figures Sla, S2, S3, and S4.

Numerous theoretical and experimental data regarding
structural and electronic properties for monolayer phosphor-
ene, its allotropes and some of its bilayer structures have been
reported.”*™*° The present results of our systematic study on
the three stable allotropes, namely, @, f, and y, are summarized
in Figure Sla and Table S1. A comparison with previous work
shows good agreement between both sets of results® ~** and
supports the use of these computational parameters in the
calculations reported in the following subsections.

Phosphorene sheets have two types of P—P bonds in the
relaxed structures. We marked the bonds parallel to the
puckered layer as d,, ., (bottom surface) and d’,_, (upper

surface) as shown in Figure 2, while the bonds tilted to the

two-dimensional in-plane directions are marked as sz‘P3

(bottom surface) and d',_, (upper surface), respectively,
with the bond lengths for all structures reported in Table S2. In

the monolayer structures, the largest d, ., (231 A) and dyp,

(2.26 A) bond lengths belong to 7 and f3 allotrope, respectively.
In all homogeneous bilayer structures, the d,, ,, and d,, , bond

lengths in the top layer and d’, ., and d',_, bonds lengths

from the top and bottom layers coincide. The maximum and
minimum of buckling height (2.11 and 1.24 A; see Table SI)
correspond to the a and f allotropes, respectively, while the y
allotrope exhibits an intermediate value of 1.49 A. Among a, 8
and y allotropes, f is the most stable one. According to the
results reported for phosphorene,®” all bilayers are more stable
than their constituent monolayers. This is also the case for
heterogeneous structures.

For all stacking possibilities of homogeneous bilayers of a
and f allotropes, the bonds parallel to the puckered layer
remain the same as in the monolayer structure. But in the AA
stacking of the homogeneous y bilayer, there are noticeable
changes with respect to the y monolayer allotrope; —0.06,
—0.01 Ain d,_, for the AA stacking and 0.03 A in d,_, in the

AC one. A noteworthy point in the obtained data for

3000

Barrier Potential

Figure 2. Schematic side view of the a phosphorene bilayer with the
parameters defining the buckling layer in the z-direction, the distances
between two top and bottom layers (D), and the different distances
between atoms. Light and dark spheres represent the top and bottom
atoms in each layer, respectively.

homogeneous rotated bilayer structures, where the top layer
is rotated at a certain angle with respect to the bottom layer
(aoa (90°); pp (21.79°); yoy (90°)) is that d,, ., and

d’pl_Pz as well as alpz,P3 and d’pz,P3 increased. The details of the

changes for three rotated structures are respectively as follows:
ara: 0.45% (0.45%) and 0.00% (—0.44%), d (4.26%). fp:
0.44% (0.44%) and 0.44% (0.88%), d (0.00%). yy: 3.46%
(2.16%) and 1.77% (0.88%), d (26.17%). These are compared
to those of the monolayer structures (Table S2, Figure S7).
In the a/p heterogeneous bilayer structure, the mutual
interaction of the two layers affects the bond length in the beta
layer while the structure of the & layer remains unchanged. The
mutual interaction effect in the a/y heterogeneous bilayer
structure causes changes in the bond length of the two
constituent layers. Besides, in a/f and f/y heterogeneous
bilayers, the structure of the f allotrope becomes altered.
Indeed, among the investigated allotropes, B is not only the
most stable one but also induces the largest effect in
heterogeneous bilayer structures. In all homogeneous bilayer
stacking that involves the § allotrope, the buckling height of
the individual layers remains almost the same as in the f
allotrope. This is not the case for stacking involving a- and y-
allotropes, where a change in the buckling height is observed.
In any case, in the homogeneous bilayer structures, the change
is small and does not show a specific trend. It is noteworthy
that the buckling height in the rotated bilayers is slightly
changed compared with the constituent monolayers. In the
heterogeneous bilayer structures, mutual interactions of
constituent monolayers cause a change in the buckling height
of both, top and bottom, layers. Distortion of buckling height
of the a layer in the a/f and a/y is 4.7% and 9.9%,
respectively. Likewise, in the other layers of heterogeneous
bilayers, the buckling height of constituent § and y layers
changes by 0.8% and 2.0%, respectively. Furthermore, for the
B/y heterogeneous bilayer, the buckling height of the y layer
remains unaltered, while the buckling height of the f layer

https://doi.org/10.1021/acs.jpcc.3c05876
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experiences a mere 1.6% change compared to that of the
monolayer structure.

The present results indicate that ", f*4, and y** stacking
exhibit the largest cohesive energy of —3.737, —3.746, and
—3.897 eV per atom, respectively, (Table S2), in agreement
with values in the literature.””** The largest cohesive energy
for the y** homogeneous bilayer is consistent with the fact that
the y monolayer is the less stable one. It is noteworthy that all
rotated bilayer structures ava, p¥fB, and yvy show
remarkable stability along with more (~46%) (Table S2)
cohesive energy as compared to the most stable unrotated
counterparts. Another intriguing observation is the enhanced
stability of a¥™a compared to the other two rotated bilayers
(B p and yy), even though its constituent allotropes are not
individually the most stable ones. As previously mentioned, the
heterogeneous a/f, a/y, and B/y bilayers exhibit higher
stability than both the constituent monolayers and the
homogeneous bilayers. The observed order of stability for
heterogeneous bilayers is as follows: a/f#> a/y > f/y. Although
the cohesive energy for o and f monolayer is larger than that
of the y monolayer allotrope, the cohesive energy of a/f is
larger than that of @/y and f/y with the values of 1.95% and
2.3%, respectively. As a result, the allotropes containing y
allotrope are less stable. Another valuable point is that, in
general, heterogeneous bilayers are about 4% (Table S2) more
stable than the homogeneous bilayers (Figure S7).

At the utilized computational level, a, f, and ¥ monolayers
exhibit band gap values of 0.91, 1.9, and 0.43 eV, respectively.
Analysis and comparison of band structures for homogeneous,
heterogeneous, and rotated bilayers of phosphorene allotropes
show that by adding a layer, the band gap decreases.
Essentially, it has been reported that the interlayer stacking
pattern plays a crucial role in determining the gap values.*
The present results (Figure S7) show that the largest band gap
change occurs in all stacking structures involving the less stable
allotrope (y), which has zero gap. The band gap of structures
involving the a allotrope is altered by at least 50% and at most
~78%. The minimum variation of band gaps corresponds to
the different stacking of the f allotrope, which is placed in the
range of 12.6%. to 22%. The band gap is also reduced in the
studied heterogeneous bilayers. As a conclusion of this part, in
addition to the effect of increasing the number of layers on the
band gap, a clear dependency appears of the band gap variation
on the intrinsic properties of the constituent layers of the
heterogeneous bilayer structures. For example, in the a/f and
y/P heterogeneous bilayers, sharing the f layer, the second
layer is composed of other allotropes (« and y), the band gap
decreases from 1.66 eV (homogeneous bilayer (5**)) to 0.52
eV (a/f) and 0.74 €V (y/f3). This means that creating multiple
layers of different allotropes can be a means of controlling the
band gap (Table S2 and Figure S7).

3.2. Structural and Electronic Properties of Bare
Phosphorene Carbide. In recent decades, numerous stable
two-dimensional allotropes of monolayer PC were theoretically
predicted.*>® Afterward, few-layer two-dimensional PC was
synthesized successfully via a novel carbon doping technique.*®
In this section, we present findings concerning the stability and
electronic structure of PC models for the «, f, and y
phosphorene polymorphs as well as the homogeneous bilayers
(Figures S8—S11). Related structural details and binding
energies are summarized in Table S3.

The structural optimization of a, B, and y phosphorene
layers doped with C in a one-to-one ratio results in a single
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shared structure hereafter referred to as CPCS (common
phosphorene carbide structure) and displayed in Figure S8.
This structure has a configuration similar to that of the bare
allotrope. Moreover, similar to those of other phosphorus
carbide monolayers,*”**> CPCS has zero band gap. It is 29.38%,
28.96% and 33.27% more stable than the undoped a, 5, and y
structures, respectively (Tables S2 and S3). The bonds lengths
and angles obtained for CPCS monolayer are in good
agreement with the reported values*”***® of carbon-doped
phosphorene structures.

Although the carbon-doped @, f, and y monolayer structures
were all optimized to a CPCS, the doping of homogeneous
bilayer structures of @, f, and y with carbon according to the
conditions that we mentioned earlier leads to distinct
structures for each of the allotropes. In the homogeneous
bilayer of ac structures, including @pen;, Fpemy Fom
ahS ., and obS.,, a new interaction with covalent bond
characteristics appears (see Figure S9). In the ap¢.,,; structure,
the mentioned covalent interaction involves carbon and
phosphorus atoms from two constituent layers, resulting in
the formation of six-member rings. However, in the dp¢. .,
a{}g_ml and a?g_mzstructures, a new strong interaction forms
between two phosphorus atoms of the constituent layers. This
leads to the formation of similar ten-member rings in the
apd > and ahS , structures, while in the oS ,structure, four-
membered rings are formed (see Figure S9).

Except for fpc.my in the homogeneous bilayer of the fic
structures, the situation is different. In these structures, due to
the high interlayer distance, no covalent bond is formed
between the two constituent layers. In the fac. ., structure, due
to the arrangement of the atoms, a covalent bond is formed
between P and C atoms from top and bottom layers, which led
to 6-member rings in these structures (see Figure S10).

The characteristic feature of yc homogeneous bilayer
structures is the formation of four, six, eight, and ten-member
rings (Figure S11). Covalent bond forms between the two
constituent layers in all structures of these doped allotropes. In
the yA&..1, pc.miand, structures, the rings are made up of six
atoms. It should be noted that the optimization of ype.,;and
Ya&.m1 Structures leads to a shared single structure. The strong
interactions between C and P atoms, enabled by the sliding of
vertically stacked layers, facilitate the formation of eight-
membered and four-membered rings in the structure ype
and yhc_,,; structures. In theyse. ., structure, the covalent bond
formed between the carbon and phosphorus atoms from
constituent layers leading to the formation of six-member rings
in these structures. Typically, the covalent bond length
between the two constituent layers falls within the 1.83—2.22
A range. All structural parameters related to the examined
structures are reported in Table S3.

3.3. Properties of Gated Monolayer and Polytypes.
To assess the suitability of the phosphorene monolayer and
polytypes for application in field-effect transistor channels, the
monolayers and bilayers were placed at the center of the region
as in Figure 1, with a constant external electric field. To
minimize interactions between bilayers in neighboring super-
cells, a large supercell size of 30 A was chosen. The
arrangement of structures in the gate model follows a similar
grouping as in the geometric and electronic studies section.
Since the change in the structural parameters affects the
electronic properties, electron transport and performance of
the structures as FET channel, we first examine the electronic
structure details in the presence of the gate and subsequently
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discuss the electronic properties including the details of the
band structure, charge density distribution and electron
transport. To this end, single and bilayer systems with different
doping hole levels ranging from 0.05 to 2 holes per unit cell
with increment of 0.5 were selected. Hole doping was
considered because, as mentioned in the computational part,
the potential of the gate is equal to the charge of the system
with the opposite sign. Furthermore, we recall that in field-
effect transistors with p-type channels, the gate potential must
be negative, otherwise the transistor will not perform
properly.”” The criterion for selecting this range for the hole
loading to the system was the stability of the system versus the
loading amount. As a measure of the stability of the systems,
the resistance of phosphorene to tension was chosen.
According to a report by Wei et al.,** a-phosphorene polytype
exhibits a tensile strength of 30% in the armchair direction.
Further application of tension can result in a structural change.
Subsequently, we compared the collected data with the results
obtained after applying potential gates up to 2 holes per unit
cell. The findings revealed that hole doping exceeding 1.5 holes
per unit cell on a-phosphorene led to a decrease in the
cohesive energy compared to the state in which a 30% tension
was applied to it. Hereupon, we have limited the amount of
doping up to 2 holes per unit cell. We have included data for
doping 2 holes per particle to show the instability of the
structures and its effect of the different properties. It is worth
mentioning that the degree of effectiveness of the systems by
the created electrical field between the system and gate
depends on the potential value of the gate as well as the
distance of the system from the gate.

3.4. Atomic Structures within the Channel of Field-
Effect Transistors. Since, for homogeneous bilayer polytypes
with different stackings (a™*, a8, o, pA4, B8, pAC, A4 /18,
and y*€), the geometric changes for the monolayer closer to
the gate in the optimized bilayer structures are the same as the
changes of the bare monolayer of allotropes in the gated
model, we present only the results of optimization for the
homogeneous bilayers of a**, f** and y**. We recall that the
increase of the layer number causes to stability of the
structures.

In all homogeneous bilayer structures, van der Waals
interaction between the layers led to the increase of the top
layer distance from the gate. Moreover, bilayer structures
contain a higher number of atoms within the same surface area
compared with their monolayer counterparts. Consequently,
the top layer in all bilayer structures is less affected by the gate
potential than the bottom layer (closer to the gate). The
results show that the general arrangement of atoms in bilayer
structures of homogeneous B4, B, pAC, /A% A8 and yAC
remains the same as their monolayer structures under the gate
potential and there is no change by increasing the potential.
But in the a**and o”® bilayer structures, increasing the gate
potential changes the structure of the layer closer to the gate,
as for the bare phosphorene monolayer, and its thickness
increases. In the presence of a gate potential, the @*C stacking
bilayer has enhanced stability when compared to o** and a**
stacking. In the a** structure, the interlayer distance decreases
as the gate potential increases, so that at the potential of 2
holes per unit cell, the interlayer distance decreases by ~9%,
compared to that of the bare structure. The distance decrease
between layers causes the upper layer to be closer to the gate,
the closer to the gate the more affected by the gate potential.
At a 2 hole per unit cell potential, the thickness of the
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mentioned monolayer (d’) increases by 1.10%. The effect of
the potential on the layer closer to the gate is an ~34%
increase in the thickness of this monolayer (d) at a potential of
2 holes per unit cell compared to a bare counterpart. In the o*®
and a®® cases, with the continued increase in the gate
potential, the interlayer distance begins to expand. Specifically,
at a potential of 2 holes per unit cell, there is an increase in the
distance between the layers within the structures @*® anda*©
by ~14.18% and ~13%, respectively, compared to that of the
bare structures. In both a® and a*Cstructures, the thickness of
the layer (d’) far from the gate remains unchanged by applying
the gate potential, but in the layer closer to the gate, as in the
a** bilayer, the thickness of the monolayer (d) increases by
increasing the gate potential (Figure S12). It is worth noting
that the @*C structure exhibits a lower increase in monolayer
thickness (d) compared to a**and a*®. This distinction in the
trend of variation of structural parameters is the only difference
observed. In the #**and f*® bilayers, the interlayer distance
(D) decreases by increasing the gate potential, while in the
PCstructure, it increases by ~30%, compared to that of the
bare state. Bilayers of f*, % and p*C are different from
homogeneous alpha phosphorene bilayers; as the gate potential
increases, the thickness of the layer closer to the gate decreases
with a trend similar to that of the f monolayer. Also, by
applying the gate potential, bond lengths in these three
structures decrease. In all studied stackings of the y bilayer, all
bond lengths in the layer closer to the gate decrease and those
of in layer further away the gate increase.

In heterogeneous bilayer structures, the bond lengths and
bond angles experience slight alterations while the overall
atomic arrangement of the structures. However, by increasing
the gate potential up to 2 holes per unit cell in the f/a
structure, the thickness of the /3 layer (d) decreases by 4.16%
and that of the « layer increases by 1.33% compared to those
of the bare states. In the y/a structure, the thickness of the y
(d') decreases by 0.66% and that of in a increases by 2.10%
and in the structure /y thickness of f§ decreases by 4.20% and
that in y increases by 0.66%. The layers’ distance in f3/a, y/a,
and fB/y decreases by 2.48%, increases by 0.6%, and decreases
by 3.48%, respectively.

The obtained results from the relaxation of the atoms in the
primary unit cell of a¥™a show that the in-plane bond length is
increased by 0.44% in both layers compared to that of the
phosphorene monolayer. The thickness of phosphorene
monolayers (d) in this structure has increased by ~4%
compared to that of the phosphorene monolayer. This increase
is attributed to the angle changes observed in this structure
compared to those in the phosphorene monolayer.

The phosphorene monolayer has anisotropy™ ™' and this
feature plays an important role in the properties of the rotated
homogeneous bilayers and results in different characteristics
from the homogeneous bilayers. For this reason, the structural
changes caused by applying the gate potential are less in the
rotated homogeneous alpha—alpha bilayer compared to the
homogeneous bilayer and monolayer of phosphorene. In the
90° rotated bilayer y¥y, the thickness of each monolayer
increases by 20.74% and 25.78% for the bottom top layer,
respectively, compared to that of monolayer y-phosphorene.
The thickness of the bottom and top layer as well as the
distance between the two layers in the S f structure at the
gate potential of 2 holes per unit cell decreases by 3.33%,
3.07%, and 2.22% compared to those of the bare structures,
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Figure 3. Structures of a, f§, and y phosphorene from the top and side views in the absence of the gate potential (ng,,= 0) and in the presence of a

gate potential (ndop= 2 hole per unit cell).

respectively. In rotated structures, the overall arrangement of
the structures does not change by applying the gate potential.

Summing up, while all three phosphorene allotropes, a, f,
and y, possess an identical number of electrons and atoms in
the primary unit cell, they display varying structures as well as
distinct electron density distributions within these structures.
(Figure S1). Therefore, different trends and ratios of changes
in the bond lengths and angles were found in these structures
under application of the gate potential. Upon closer
examination of the data, it becomes apparent that in o and
y-phosphorene structures, three types of bonds exist that
exhibit varying degrees of effectiveness in response to the gate
potential. This is because of the different positions of atoms
and their structure. In a-phosphorene, the longer out-of-plane

P—P (d, _, ) bond length than the in-plane (d,, _, ) bond length

P1P2 P1-P2
causes easier bond breaking by increasing the gate potential.
Moreover, the atom closer to the gate moves toward the gate
and leads to the increment of roughly 35% in thickness
compared to that of the bare state and hence an overall change
in a-phosphorene structure (Figure 3). In contrast to the a-
phosphorene structure, the overall arrangement in y-
phosphorene remains unchanged even when a gate potential
is applied. This is attributed to the nonplanarity of the y-
phosphorene structure in the z-direction (Figure 3). In the f-
phosphorene structure, similar to the results found for a- and
y-phosphorene structures, the positions of the atoms differ
from each other. However, due to the buckled structure and
high symmetry of f-phosphorene, all three bonds occupy the
same position relative to the gate potential, resulting in equal
changes in bond lengths. Additionally, the increase in angles of
PB-phosphorene caused by the application of the gate potential
leads to a decrease in thickness.

In the CPCS structure, with an increase in the gate potential,
the closer in-plane phosphorus—carbon bond length to the
gate potential decreased. The thickness (d) of the CPCS
structure decreases by increasing the gate potential and reaches
its minimum value at the gate potential of 1.5 holes per unit
cell (151.22% decrease compared to that of the bare state). At
the gate potential of 2 holes per unit cell, the thickness
increases compared to 1.5 holes per unit cell, but at the end,
the thickness of the CPCS structure at the gate potential of 2
holes per unit cell is still lower compared to that of the bare
state.

The results in this subsection demonstrate that the gate
potential causes formation of a quasi-flat structure and results
in a CPCS which has similar structure to graphene. A
comparison of the structural data for undoped and doped
counterparts shows that the effectiveness of doped bilayers by
the gate potential is larger than in the undoped structures, in
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such a way that by applying the gate potential, to most of the
doped bilayers their overall structures are changed. This
indicates that the range of gate potential for no structural
change is lower in the doped structures compared to undoped
ones.

The overlap between phosphorus and carbon atoms in the
doped structures led to the formation of modified structures.
However, it is important to note that this overlap is not