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Two-dimensional CP, and Li,CP, (x = 1 and 2) monolayers with high-mobility transport anisotropy, and
tunable electronic and optical properties were identified through density-functional theory calculations. Our
results indicate that the carrier mobility of CP, monolayer is highly anisotropic with high hole mobility of
5.192~6.826m? V~! 57! along the x direction. The CP, exhibits linear dichroism and extraordinary optical
absorption in the ultraviolet- to visible-light spectrum range. More importantly, the electronic and optical
properties of CP, can be turned via lithiation. A semiconductor to semimetal transition is revealed by lithiated
CP, with the formation of LiCP,. The LiCP, shows a high Fermi velocity of 0.69 x 10 m/s and strong optical
absorbance in midwave-infrared regions. Further increasing the Li concentration leads to a semimetal to direct
band-gap semiconductor transition with the formation of Li,CP,. The Li,CP, has a high intrinsic conductivity
with an anisotropic character (a high electron mobility of 4.665~7.336m> V~!' s™! along the y direction) and
intense optical absorbance in near-infrared regions. All these desirable properties make CP,, LiCP,, and Li,CP,
promising for a wide range of future applications in a variety of technologies, especially in electronics, and

photovoltaic and optoelectronic devices.
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I. INTRODUCTION

Two-dimensional (2D) layered materials with intriguing
electronic and optical properties have received increasing at-
tention in the past decades. Graphene is one of the typical
2D materials with extremely high carrier mobility of ~ 10
cm? V-'s7! at 300 K [1-4], making it a promising candidate
for high-performance electronics. The lack of a band gap in
graphene, however, limits its applications [5-8]. Few-layer
black phosphorus is a new category of layered materials with
direct band gap and high carrier mobility, which has a broad
application prospect in the field of electronics [9-11].

Previous theoretical works indicate that compared to
graphene and black phosphorus alone, the combination of
C and P to form a novel 2D carbon phosphide may result
in more superior electronic and optical properties due to the
competition between the planar sp?> bonding of C—C and
nonplanar sp* bonding of PP [12—17]. For instance, Wang
et al. reported three allotropes of carbon phosphide, in which
the o-CP and B-CP showed superior carrier mobility, while
the y-CP exhibited a semimetallic behavior with Dirac cones
[12]. Referring to Guan et al., several allotropes of phosphorus
carbide (ay-CP, By-CP, a1 -CP, B,-CP, ar»-CP, and 8,-CP) were
identified, which can be metallic, semimetallic, or direct band-
gap semiconductors [13]. Under a sufficiently large strain,
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the monolayer carbon phosphide also exhibited extraordinary
ability to bend and form ripples with large curvatures [15].
In the study of Yu et al., a new buckled graphenelike CqP
monolayer with extremely high carrier mobility and excel-
lent optical properties was proposed [16]. Additionally, Kar
et al. reported that CP; monolayer with metallic behavior
possessed high Fermi velocity on the same order as
graphene [17].

Experimental studies on the synthesis of bulk carbon
phosphide with P-C bonds were carried out with P-doped
diamondlike carbon, radio-frequency plasma deposition with
CH,4 and PHj3 gas mixtures [18,19], pulsed laser deposition
[20,21], and magnetron sputtering techniques [22]. Theoret-
ical studies suggested that synthesizing CP monolayer via
homogeneous doping of C (P) into phosphorene (graphene)
and layer exfoliation of three-dimensional (3D) bulk carbon
phosphide with 8-InS-like structure is possible [14]. Tan ez al.
experimentally confirmed the predicted few-layer o-CP phase
through doping C atoms into phosphorene [23,24]. The syn-
thesized a-CP shows high hole mobility of 1995cm? V! s7!,
in good agreement with the theoretical calculations.

Although there are many different allotropes of carbon
phosphide monolayer that have been reported, it is very pos-
sible to find 2D carbon phosphide materials with different
stoichiometric compositions or other allotropes due to the
diversity of the C—P bond configuration. On the other hand,
black phosphorus reacts with Li to form LiP, LisP, and other
lithium phosphides, resulting in collapse of the layer struc-
ture [25]. Our calculation based on crystal orbital Hamilton
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population (COHP) analysis indicates that compared with P-P
bonds in black phosphorus, the carbon phosphide monolayer
possesses more stable C—P and C—C bonds, which may result
in breaking the relatively weak P—P bonds after lithiation,
while preserving the C—C and C-P bonds, thus inducing phase
transition to form 2D Li-C-P materials with intriguing elec-
tronic and optical properties. As y-CP has been reported to
have strong Li absorption energy [26], we report the phase
transition of 2D carbon phosphide induced by lithiation.

Herein, we identified three 2D materials, CP,, LiCP,,
and Li,CP,, with excellent electronic and optical proper-
ties. Among them, CP, monolayer is a semiconductor with
an indirect band gap of 1.14 eV and high hole mobil-
ity of 4.665~7.336m?> V~! 57!, showing excellent optical
anisotropy and extraordinary high optical absorbance in the
ultraviolet- to visible-light spectrum range. More importantly,
the lithiation of CP,-induced phase transition and electronic
properties changing from indirect band-gap semiconductor
to semimetal or direct band-gap semiconductor depends on
the concentration of Li. The excellent electronic and optical
properties of CP,, LiCP;, and Li,CP, make them promis-
ing candidates for future applications in a wide variety of
technologies, particularly for electronic, photovoltaic, and op-
toelectronic devices.

II. COMPUTATIONAL METHODS

The DFT calculations were performed using a
projector-augmented wave [27] method as implemented in
MEDEA@VASP [28]. The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof [29,30] was applied
to describe the exchange-correlation functional. The
density-functional dispersion correction (D2-Grimme) [31]
was adopted to describe the van der Waals interactions.
The plane-wave cutoff energy for wave function was set
to 500 eV. A large vacuum distance of ~20 A along the z
axis was used to minimize the interactions between adjacent
layers. I'-centered k meshes of 16 x 14 x 1 were used to
sample the first Brillouin region of the conventional cell
for geometric optimization. The shape and volume of the
cell were fixed and all atoms in the cell were allowed to
relax until the residual force was less than 0.01 eV/A.
Since GGA usually underestimates the band gap, the hybrid
Heyd-Scuseria-Ernzerhof (HSE06) functional [32] was used
to get relatively accurate electronic structure and optical
properties. The phonon spectra were calculated by the finite
displacement method as implemented in the MEDEA @ PHONON
program [33] with supercell size of (2 x 2 x 1), (2 x 2 x 1),
and (3 x 3 x 1) for CP,, LiCP,, and Li,CP,, respectively.
The Li diffusion barriers were estimated by the climbing
image nudged elastic band method [34].

The cohesive energies of C,P, and Li,CP, were calculated
using the following expression:

E. = (Eota — xEc — yEp — zE1;)/n,

where Ejoq is the total energy of unit cell of C,P, or Li,CP»,
the Ec, Ep, and Ej; are the total energies of a single C, P,
and Li atom, respectively; x, y, and z are the number of C,
P, and Li atoms in the C,P, or Li,CP, unit cell, respectively;
n is the number of atoms in the unit cell of C,P, or Li,CP,.
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FIG. 1. Top (a) and (b) side views of the monolayer CP, sheet
with gray balls representing C atoms and pink balls for P atoms. The
unit cell is indicated by a gray dashed line. (c) Phonon dispersion
relation of the CP, monolayer. (d) Evolution of total energy of
monolayer CP, of AIMD simulations at 300 K.

The low cohesive energy indicates strong binding interactions
and the possibility of experimental synthesis from elementary
substances.

The formation energies of Li,CP, were calculated using
the following expression:

Ef = (E'vo — Ecp2 — xpi)/x,

where E’(y, is the total energy of unit cell of LiyCP;; then,
Ecp; is the total energies of CP,, ur; is the chemical potential
of Li in lithium metal, and x is the number of Li atoms in the
Li,CP; unit cell. The negative formation energy indicates that
Li,CP, is energetically more stable than the corresponding
CP; and Li metal.

Ab initio molecular dynamics (AIMD) simulations were
performed using a 4 x 4 x 1 supercell. The canonical ensem-
ble (NVT) following the Born-Oppenheimer implementation
was adopted. The ionic equations of motion were integrated
using the Nosé-Hoover algorithm with a time step of 1.0 fs.
The simulated system was equilibrated at temperatures of
150, 300, and 450 K for 10 ps (10 000 steps). VASPKIT code
was used to initial setup for calculations and postprocessing
analysis to derive material such as 3D band structure and
optical properties from the raw calculated data of VASP code
[35]. For chemical bonding analyses, we utilized the COHP
method as implemented in the LOBSTER package [36,37].

III. RESULTS AND DISCUSSION
A. Structure of CP, and Li,CP,

The predicted structure of CP, monolayer was shown in
Fig. | and the lattice constants, bond lengths, and bond angles
of CP, are summarized in Table I. As shown in Fig. 1(a)
and Table I, the CP, monolayer has a space group of P2/m
and lattice constants of a = 4.390 A, b=15.166 A, and 8 =
89.19°. The CP, monolayer has a puckered surface which
is composed of P4 square connected by P—P bonds and six-
membered structure connected by P-P and C-P bonds. Each
C atom is surrounded by one C atom and two P atoms. The
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TABLE I. Calculated structural parameters of CP,, LiCP,, and
Li,CP; monolayers.

a®) bA) B() dec der(B) dpp (D) diip (A)
A A A)

CP, 439 517 89.19 140 1.81 2.25
LiCP, 425 5.11 9203 146 1.79 2.11 2.57
Li,CP, 426 5.19 90.05 144 1.84 226  2.54~2.65

average lengths of C—C, C-P, and P-P bonds are 1.40, 1.81,
and 2.25 A, respectively. The P-P bond length in CP;, is
slightly shorter than that in «;-PC (2.36 A), while the C—C
and C-P bond lengths are slightly longer than that in «-PC
(1.38 and 1.78 A for C—C and C-P bond, respectively) [13].
Previous theoretical work using the structural searching algo-
rithm based on global optimization method also predicted a
CP, monolayer [12]. As shown in Fig. 1 and Supplemental
Material, Fig. S1 [38], the structure of CP, predicted in the
present work is different from that in the previous report.
The CP, monolayer proposed in our work (Fig. 1) has a
puckered surface which is composed of P, square and C,P,4
six-membered structure. The previously predicted structure of
CP, (Fig. S1) is composed of five-membered CP, structure
and eight-membered C,P¢ structure. As shown in Table S1,
although the structural arrangement of CP, proposed in our
work is different from that in previous work, the calculated
cohesive energies are almost the same. No phonon dispersion
or AIMD simulation result of CP, was reported in previ-
ous work. We performed phonon dispersion calculation and
AIMD simulation to confirm the stability of our proposed CP,
monolayer in the following.

The cohesive energy of CP, was also compared with pre-
viously reported CP, CP,, and CP3; monolayer using the same
calculation parameters. As shown in Table S1, the cohesive
energies of CP, CP,, and CP; are higher than graphene,
but lower than phosphorene depending on their composition.
As summarized in Table S1, the cohesive energy of CP; is
~0.7 eV higher than that of CP and 0. 4 eV lower than
that of CP3. In general, the increased C/P ratio decreases the
cohesive energy. In addition, the formation energies of carbon
phosphide via reaction of CH4 and PH3; were calculated and
summarized in Table S2. The formation energy of CP; is 0.4
eV higher than that of «-CP and 0.54 eV lower than that of
CPs.

We further performed crystal orbital Hamilton population
analyses to study the bonding strength of P-P, C-P, and C-C
in CP, monolayer. Figure S2 contains the COHP and inte-
grated COHP data of CP,. The corresponding energy values
after integration of COHP up to the Fermi level ICOHP), an
efficient measure of the covalent bond strength, are also shown
in Table II and Fig. S2. For comparison, the COHP of CP
monolayer, graphene, and monolayer black phosphorus were
also calculated and presented in Figs. S3 and S4 [38].

The calculated -ICOHP of P-P in black phosphorus and
CP, are 5.114 and 5.466 eV, respectively, which are signif-
icantly lower than that of C-P (7.382 eV) and C-C (11.987
eV), indicating that P-P bonds are relatively weak compared
to that of C—P and C-C bonds. Our calculation also indi-

TABLE II. -ICOHP of P-P, C-P, and C-C.

P-P C-P c-C
Black phosphorus 5.114
Graphene 11.511
a-CP 4.787 7.572 13.032
CP, 5.466 7.382 11.987

cates that the bond strength of P-P is weaker than that of
C-P and C-C in previously reported «-CP monolayer. In ad-
dition, the energies of breaking the P-P, C—P, and C—C bonds
were calculated and summarized in Table S3. The calculated
energy of breaking P-P bond is lower than the energy of
breaking C—P and C-C bonds, consistent with the ICOHP
calculation results.

To examine the dynamic stability of the predicted CP,
monolayer, we have performed phonon spectra calculations.
As shown in Fig. 1(b), no imaginary phonon frequencies exist
in the whole Brillouin zone, indicating the inherent dynamical
stability of the CP, monolayer. In addition, AIMD simulations
for 10 ps at 150, 300, and 450 K with a time step of 1 fs
were performed using a 4 x 4 x 1 supercell of CP,. The total
energy fluctuation during AIMD simulation and structures
after AIMD simulation are shown in Figs. 1(d) and S5. During
the AIMD simulations, all the C and P atoms in the supercell
are vibrating around their equilibrium positions. Although the
slight distortion of six-membered C,P, structure is observed,
the C-C, C-P, and P-P bonds are well maintained. Further-
more, the temperature variations of pair-correlation function
g(r) were calculated and presented in Fig. S6. The peaks of
g(r) are well preserved with increasing AIMD simulation tem-
perature, indicating no phase transition occurs within 10 ps.
The above calculation indicates that the CP, monolayer has
good phase stability at room temperature.

The elastic constants of the CP, monolayer were calculated
to examine its mechanical stability. The elastic modulus C;p
is determined by [39]

(E—E) (b
Cp=-—r-"bx|-=]),
» S <A1>

where Ey and Sy are the total energy and lattice volume at
equilibrium for a 2D system, respectively; E is the total en-
ergy of the strain 2D system, [ is the lattice constant in the
transport direction, and A/ is the deformation of /.

As summarized in Table I11, the calculated elastic constants
of CP, well satisfy the mechanical stability criteria: C;; > 0,
Cys >0, and Cy; x Cyp > C122 [35], demonstrating its me-
chanical stability. The elastic constants of the CP; along the x
direction Cy; is 60.35] m~2, significantly higher than that of

TABLE III. Elastic constants of CP,, LiCP,, and Li,CP, (in Jm™).

Cu Cyn Ciz Cus
CP, 60.35 92.50 21.68 3.39
LiCP, 25.26 149.38 14.29 2.37
Li,CP, 63.61 128.72 6.84 4.01
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28.94Im™ in monolayer black phosphorus [9], which could
be attributed to the existence of stronger C—P bonds compared
to that of P-P bonds. The elastic constants of the CP, along
the y direction C,, are 92.50J m~2, which is slightly lower
than that of 101.6J m in monolayer black phosphorus.

Since the P-P bonds are relatively weak compared with
that of C—P and C—C bonds in CP, monolayer, it is intriguing
to find out whether the lithiation of CP, would lead to cleav-
age of P-P bonds and induce phase transition from CP, to
Li-C-P materials with interesting electronic and optical prop-
erties. Keeping this in mind, the lithiation of CP, with various
Li concentration were investigated using 2 x 2 x 1 supercell
of CP;. Our calculations indicate that the P—P bridge sites are
the most stable adsorption site for Li. Hence, the number of Li
atoms on the P-P bridge sites were gradually increased and the
corresponding cohesive energies and structural arrangements
are summarized in Tables S4 and S8. As summarized in Table
S4, the cohesive energy increased with increasing Li atoms,
which indicates that the bond energy of Li-P is lower than
that of P-P, C-P, and C—C in CP,. We further compared the
energies of Li,CP, with CP, monolayer and Li metal in terms
of formation energy. As presented in Fig. S8, our calculated
results indicate that the formation energy of Li,CP, reduces
with increasing the Li concentration from x =0 to 1. The
formation energy of LiCP, is almost the same as Li,CP;.
When the concentration of Li is further increased to x = 3,
the formation energy is significantly increased to —0.87 eV.
Although the negative formation energies indicate that Li,CP,
are energetically feasible, the dynamical stability of Li,CP;
need to be confirmed by phonon dispersion relation. Various
structures of Li,CP, (x = 0.125~3) were examined (Fig. S7),
but only the LiCP, and Li,CP, show no imaginary phonon
frequencies exist in the wholes Brillouin zone [Figs. 2(c)
and 2(d)], indicating the inherent dynamical stability of the
LiCP; and Li,CP;,. The AIMD simulations were performed
using 4 x 4 x 1 supercell of LiCP, and LiCP,. All the Li,
C, and P atoms in the supercell are vibrating around their
equilibrium positions during the AIMD simulations; although
the distortion of six-membered C,P, structure is observed,
the C—C, C-P, and P-P bonds are well maintained (Fig. S9
and Fig. S11). In addition, as shown in Figs. S10 and S12,
the peaks of g(r) are well preserved with increasing AIMD
simulation temperature, indicating no phase transition occurs
within 10 ps. It should be noted that it is still possible to find
other allotropes of Li,CP, monolayers using global optimiza-
tion algorithms.

The LiCP, [as shown in Fig. 2(a)] possesses a space group
of P2/M, and the optimized lattice constants are a = 4.25 A,
b= 5.111&, and B = 92.03°. The x direction of LiCP; is
composed of C, P, and Li atoms and the y direction is com-
posed of alternating C-C, P-P dimers and C—P bonds, and
Li atom coordinates with neighboring P atoms. The average
Li—P bond length is 2.57 A, which is slightly shorter than that
of 2.64 A in LiP [40]. The structure of Li,CP, has a space
group of PM and lattice constants of a = 4.26 A, b = 5.19 A,
and B = 90.05°. The C—C and C-P bonds and other P-P bond
lengths are comparable to that of CP, monolayer. The shortest
Li—Li distance is 2.79 A, about 0.2 A longer than LiP, and
similar to LizP [40]. As shown in Figs. S13 and S14, the
calculated -ICOHP of P-P is 7.560 eV, comparable to that
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FIG. 2. Top and side views of the monolayer LiCP, (a) and
Li,CP, (b) with gray balls representing C atoms, pink balls for P
atoms, and green balls for Li atoms. The unit cell is indicated by a
gray dashed line. Phonon dispersion relation of the (c) LiCP, and (d)
Li,CP; monolayer.

of C-P (7.589 eV), indicating the similar bonding strength of
P-P and C-P in LiCP, monolayer. In the case of Li,CP,, ac-
cording to the ICOHP values, the bonding strength is C—C >
C-P > P-P. As summarized in Table III, the calculated elastic
constants of the LiCP; and Li,CP, well satisfy the mechani-
cal stability criteria: Cj; > 0, Cq4 > 0, and Cy; x Cpp > C},
[35], demonstrating their mechanical stability. The elastic
constants calculation reveals that LiCP, has a low C;; of
25.26 Jm2 due to its unique structure. As shown in Fig. 2(a),
the x direction of LiCP; is composed of C, P, and Li atoms.
Hence, applied external strains along the x direction need to
overcome relatively weak Li—P ionic bonds. Compared with
LiCP,, the increased Li—P bonds in Li,CP, result in increas-
ing the Cy; to 63.617J m~2. The y direction of both LiCP, and
Li,CP, are composed of alternating P-P, C-P, and C—C bonds,
which show relatively high Cy, of 149.38 and 128.72] m2,
respectively.

We also examined the formation energies and structure
stability of Na,CP, and KyCP,. Our preliminary calculation
indicates that both the Na,CP, and K,CP, have negative
formation energies. As shown in Fig. S15, imaginary phonon
frequencies were found for NaCP,, which indicates that
NaCP; is dynamically unstable. Figure S16 shows that no
imaginary phonon frequency exists in the whole Brillouin
zone of KCP,, indicating the inherent dynamical stability of
the KCP, monolayer. The structural arrangement and me-
chanical properties of KCP, are included in Fig. S17 and
Table S5. As summarized in Table 5, the calculated elas-
tic constants of KCP, well satisfy the mechanical stability
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criteria: Cy > 0, Cy; x Cyp > Cyp x Cyp, and det(C;;) > 0,
demonstrating its mechanical stability. The elastic constants
of the KCP, along the x direction C;; are 50.298J m2, sig-
nificantly higher than that of 25.26 J m in monolayer CP5. In
addition, the elastic constant of the KCP, along the y direction
is comparable to that along the x direction, which is due to the
similar structural arrangement along the x- and y directions.
We would like to focus on the Li,CP, in this paper, and the
structural stability and electronic properties of Na,CP, and
K,CP, will be discussed in detail in the future.

The above calculation results suggest that lithiation of CP,
monolayer leads to the formation of structures of LiCP, and
Li,CP,. To further understand the phase transition from CP,
to LiCP, and Li,CP;,, the diffusion path and energy barrier
of Li on the CP, and Li,CP, monolayer were investigated.
Our calculations indicate that the P-P bridge sites are the most
stable adsorption site for Li. Hence, the diffusion of Li from
one P-P bridge site to the three nearest P-P bridge sites were
studied. As shown in Figs. 3(a)-3(c) and 3(d)-3(f), single
Li atoms diffuse along the x- and y directions to the next
P-P bridge site and need to overcome relatively low-energy
barrier of 0.47 and 0.52 eV, respectively. The energy barrier
of Li diffused along the diagonal direction [Figs. 3(g)-3(1)] is
significantly higher than that along the x- and y directions,
indicating that Li prefers to diffuse along the x- and y di-
rection. The calculated energy barrier for a single Li atom

diffused on the CP, monolayer is about 0.3 eV lower than
that of Li diffused on phosphorene monolayer (0.76 eV) [41],
which indicates that the diffusion of Li is preferable on the
CP, monolayer. In order to study the diffusion of Li on the
Li,CP,, a Li vacancy was created and the energy barrier for
the diffusion of a neighboring Li atom towards the Li vacancy
was calculated. As shown in Fig. 4, the energy barrier of a Li
atom diffuses along x, y and the diagonal directions are 0.51,
0.91, and 1.68 eV, respectively. This indicates that Li prefers
to diffuse along the x direction on the Li,CP,. It has been
reported that the Li diffusion energy barrier increases with
increasing Li concentration on the monolayer black phospho-
rene [41]. In contrast, the energy barrier of Li diffused along
the x direction on the Li,CP, is very close to that of CP,,
suggesting the diffusion of Li is preferable on both the CP,
and Li,CP, monolayers.

B. Electronic structures

Since GGA usually underestimates the band gap, the hy-
brid HSEO06 functional form was used to obtain accurate
electronic properties. Figure 5 presents the band structure,
electron localization function (ELF), and density of states
(DOS) of the CP, calculated with the HSEOQ6 functional. As
shown in Figs. 5(a) and 5(b), the CP, is a semiconductor with
an indirect band gap of 1.14 eV, which is 0.37 eV lower than
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that of monolayer black phosphorus [9]. The valence-band
maximum (VBM) and the conduction-band minimum (CBM)
are located at (0.5000, 0.3668, 0.0000) and (0.2835, 0.5000,
0.0000) in reciprocal space, respectively. The ELF results as
shown in Figs. 5(c) and S18 indicate that the C—C bonds are
in the sp? configuration, similar to that in graphene. There
is a nonbonding lone electron pair around each P atom. The
P atoms adopt sp* hybridization configuration, in which one
of the hybrid orbitals is filled with a lone electron pair, and
the other three hybrid orbitals form covalent bonds with the
neighboring C and P atoms. The DOS [see Fig. 5(d)] reveals
that the VBM and CBM of the CP, monolayer are predomi-
nantly derived from the p orbitals of C and P atoms.

It should be noted that the projected band structure of
LiCP, shows two quasi-Dirac cones around the Fermi level
[see Fig. 6(a)], indicating that the lithium of CP, induces
the transition of electronic properties from semiconductor
to semimetal. The VBM and CBM are located at (0.0000,
0.2051, 0.0000) and (0.5000, 0.2051, 0.0000) in recipro-
cal space, respectively. The calculated 3D band structure of
LiCP; [see Fig. 6(b)] further confirmed that the quasi-Dirac
cones are not caused by band fold, which means that LiCP,
would have great potential on high-efficiency photoelectric
detectors. By a linear fitting of the band, we obtain the Fermi
velocity vp = %(%)IEFE/ of the Dirac fermions in LiCP;.

The Fermi velocity is 0.69 x 10°m/s along the ky direction,
which is very close to that of graphene (0.85 x 10°m /s) [42].
The Fermi velocity is 0.16 x 10® m/s along the k, direction.
Both the high- and direction-dependent Fermi velocities imply
the great potential for direction-dependent quantum informa-
tion devices. The ELF results [Figs. 6(c), 7(c), S19, and S20]
indicate that for both LiCP, and Li,CP,, the C-C covalent
bonds are in the sp2 configuration, and the C-P and P-P
covalent bonds are in the sp® configuration, similar to that of
CP,. The ELF between Li and P is close to zero, indicating the
ionic bonds feature of Li—P. It is observed from the DOS of
LiCP; [as shown in Fig. 6(d)] that the densities of states near
the VBM and CBM have significant contributions from the
p orbitals of C and P, while the contributions from Li atoms
are much lower. The densities of states close to the VBM and
CBM are relatively high, indicating strong optical absorption
may be observed in the infrared region.

As mentioned above, a further increase in the concentration
of Li results in the formation of Li,CP,. The electronic prop-
erties of Li,CP, are distinct from that of LiCP, and CP,. As
shown in Figs. 7(a) and 7(b), the Li,CP; is a semiconductor
with a direct band gap of 0.88 eV. The VBM and CBM are
located at (0.0000, 0.5, 0.0000) in reciprocal space. The partial
DOS of the Li,CP, monolayer [Fig. 7(d)] reveals that the
states near the VBM and CBM are predominantly derived
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FIG. 5. Electronic properties of CP, monolayer: (a) Projected
band structure with Brillouin-zone inset; (b) three-dimensional band
structures of the highest valence band and lowest conduction band;
(c) ELFs with isosurface value set to 0.8; and (d) total DOS of CP,,
along with orbital projection for p and s orbitals of C and P.

from the p orbitals of C, P, and Li. It has been reported that the
adsorption of Li on the monolayer black phosphorus surface
leads to electronic properties change from semiconductor to
metal [41]. Unlike single-layer black phosphorus, CP, has
tunable electronic properties that convert it from an indirect
band-gap semiconductor (CP,) to a semimetal (LiCP;) and
then to a direct band-gap semiconductor (Li,CP,) depending
on the concentration of Li.

C. Effective mass and carrier mobility

The finite-difference method was used to estimate the ef-
fective mass of CP, and Li,CP, [43]. The effective mass
of holes in CP, along different directions at VBM [(0.5000,
0.3585, 0.0000) in reciprocal space] and the effective mass of
electrons along different directions at CBM [(0.2835, 0.5000,
0.0000] in reciprocal space) were estimated and presented
in Fig. 8. The effective mass of electrons is significantly
greater along the x direction than along the y direction. The
electrons have the smallest effective masses of 0.12 my at the
y direction. The electrons’ effective mass reach a maximum
of 0.47my along the x direction. In addition, the effective
masses of holes in CP, are asymmetric in the y direction, con-
sistent with the asymmetric energy band structure as shown
in Fig. 2(b). The holes have the smallest effective mass of
0.21 my along y direction and reach a maximum of 0.43 my
along the x direction.

The effective mass of electrons and holes in Li,CP, along
different directions at CBM and VBM [(0.5000, 0.3585,
0.0000) in reciprocal space] are estimated. As presented in
Fig. 8(b), the Li,CP; shows high anisotropy in effective mass
of electrons, namely 1.47my and 0.21 my along the x- and
y directions, respectively. The effective mass of electron in

Density of states (DOS)

\ ) 0 9 6 3 0 3 6
Energy (eV)

FIG. 6. Electronic properties of LiCP, monolayer: (a) Projected
band structure; (b) three-dimensional band structures of the highest
valence band and lowest conduction band; (c) ELFs with isosurface
value set to 0.8; and (d) total density of states DOS of LiCP,, along
with orbital projection for p and s orbitals of C, P, and Li.
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FIG. 7. Electronic properties of Li,CP, monolayer: (a) Projected
band structure; (b) three-dimensional band structures of the highest
valence band and lowest conduction band; (c) ELFs with isosurface
value set to 0.65; and (d) total DOS of Li,CP,, along with orbital
projection for p and s orbitals of C, P, and Li.
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FIG. 8. Effective mass of electrons and holes of CP, (a) and Li,CP, (b) along different directions at CBM and VBM; The magnitude of

effective mass is proportional to distance from center to data point.

Li,CP, along the y direction is 0.09 my less than that in CP;.
The effective mass of electron in Li,CP; along the x direction
is much higher than that in CP,, which may be attributed to
the breaking of P-P bonds due to the lithiation. The minimum
effective mass of holes in Li,CP, along the x- and y directions
are 0.42 mg and 0.23 my, respectively.

The carrier mobility is calculated to understand the elec-
tronic conductance of CP, and Li,CP,. The carrier mobility
Uop was calculated using the below expression based on the
deformation potential theory [9,44,45]:

eh3C2D
Mp = ———,
kT mimgy(E})
where e, /i, and T are electron charge, Planck’s constant, and
temperature, respectively; m is the effective mass of electron

or holes in the transport direction, which can be calculated
from the derivatives of electronic bands. my = ,/(mim¥) is

the average effective mass of electrons or holes. E} is the
deformation potential constant for electrons or holes, defined
as El = AV, x i—”, in which AV; is the energy change of the
valence-band minimum or conduction-band maximum under
proper cell compression and dilatation (calculated using a step
of 0.5%).

The calculated carrier mobility using deformation potential
theory at room temperature (7 = 300 K) for CP; and Li,CP,
are summarized in Table IV, and detailed information of
VBM and CBM band energy is summarized in Figs. S21-S24.
The predicted electron mobility in the CP, shows moderately

large and isotropic along the x- and y directions, namely
0.373~0.396 and 0.367~0.386m? V! 57!, respectively.
While the hole mobility is significantly anisotropic, the hole
mobility along the x direction is 5.192~6.826 m? V! 57!,
which is nearly 13 times the values along the y direc-
tion. Such strong anisotropy in hole mobility indicates that
the CP, is a promising candidate for anisotropic electronic
devices. The extremely large value of hole mobility along
the x direction in the CP, monolayer can be attributed to the
small deformation potential (0.41 £ 0.028 eV). It has been
reported that the monolayer black phosphorus has a high hole
mobility of 1~2.1m? V! s7!; the predicted hole mobility in
the CP; is about 3~5 times higher than the maximum value
in monolayer black phosphorus [9].

The predicted electron mobility in the Li,CP, (Table IV) is
significantly anisotropic, namely 0.007 ~ 0.008 m?> V~!s7!
along the x direction and 4.665~7.336m? V! 5!
along the y direction. The hole mobility also shows
anisotropic features with hole mobility of 0.106~0.120
and 1.906~2.103m? V! s along x- and y directions,
respectively. In general, the carrier mobility along the y
direction is significantly higher than that along the x direction,
which may arise from the anisotropic structural arrangement.
As discussed above, the unique structure of Li,CP, results
in a relatively high elastic constant along the y direction.
In addition, the Li atoms are almost collinear along the y
direction, which may facilitate carrier transport, leading to
low carrier effective mass along the y direction. The relatively
high elastic constant and low carrier effective mass result in
relatively high carrier mobility along the y direction.

TABLE IV. The predicted carrier mobility of CP, and Li,CP;.

m,/ing my/ing Ei (eV) Eyy Cop G Hexp Hyop
(eV) Jm™2) Jm™3?) (m? V1 g1 (m? V1 s
CP, e 0.47 0.12 1.73 £0.029 4.29 4+ 0.055 60.35 92.50 0.373~0.396 0.367~0.386
h 0.43 0.21 0.41 4+ 0.028 2.40 £ 0.005 60.35 92.50 5.192~6.826 0.540~0.545
Li,CP, e 1.47 0.21 4.82+0.11 0.71 £ 0.08 63.61 128.72 0.007~0.008 4.665~7.336
h 0.42 0.23 3.04 £+ 0.094 1.50 &+ 0.004 63.61 128.72 0.106~0.120 1.906~2.103
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Both the CP, and Li,CP, show significant anisotropy
and high carrier mobility. The CP, has a maximum hole
mobility of 5.192~6.826m? V! s7! along the x direction,
and the Li,CP, reaches maximum electron mobility of
4.665~7.336m? V- s7! along the y direction. The carrier
mobility in the CP, and Li;CP; is much higher than that in
many 2D materials, such as phosphorene and MoS; mono-
layer [9,46]. The significant anisotropy and extremely high
carrier mobility in CP, and LiCP, should be valuable in
future applications in electronics and optoelectronics.

D. Optical properties

The CP, monolayer has a band gap of 1.14 eV, which
is desirable for photovoltaic and optoelectronic applications.
Hence, the optical absorbance of CP, monolayer was eval-
uated using the HSEO6 functional. The optical absorbance of
black phosphorene monolayer and MoS, monolayer were also
calculated for comparison. For low-dimensional materials, the
dielectric function may depend on the thickness of the vacuum
layer. To avoid the thickness problem, the optical conductivity
oop(w) is used to characterize the optical properties of 2D
sheets. The 3D optical conductivity can be calculated using
the following expression [47,48]:

o3p(w) = i[l —e(w)]eow,

where e(w) is a frequency-dependent complex dielectric
function, g is the permittivity of vacuum, and w is the fre-
quency of incident wave. The in-plane 2D optical conductivity
was calculated using the below expression [47,48]:

oxp(w) = Losp(w),

where L is the slab thickness in the simulation cell. The
normalized absorbance A(w) can be calculated using the fol-
lowing expression [47,48]:

_ Res
1 +6/217

where 6 = osp(w)/eoc is the normalized conductivity and ¢
is the speed of light.

As shown in Fig. 9, the CP, exhibits strong light absorption
over a broad range from 300 to 750 nm. There is a wide over-
lap area between the absorption spectrum and the solar flux
in the UV- to visible-light range, indicating the extraordinary
light-harvesting ability in the UV- to visible-light spectrum.
The optical absorbance of CP;, is significantly larger than that
of monolayer black phosphorene from UV- to visible-light
region. Among 2D materials, MoS, has shown strong light
absorption in the visible region [49,50]. CP, also showed
stronger light absorption compared to that of MoS, monolayer
in the visible region. The excellent optical performance indi-
cates monolayer CP; is a very promising material for efficient
photovoltaic solar cells and optoelectronic devices.

As presented in Fig. 10, the optical absorbance of LiCP,
is strong anisotropy, as the absorbance along the y direction
is significantly higher than that along the x direction from
the near-infrared to midwave-infrared region. The LiCP, ex-
hibits two strong absorbance peaks located at ~2000 and
~3700 nm. The absorbance approaches extremely large val-
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FIG. 9. Calculated in-plane absorption coefficients of CP, mono-
layers. The yellow background indicates the reference solar spectral
irradiance (right y axis, air mass 1.5, ASTM G173-03).

ues up to 26%, indicating very strong light absorption in the
midwave-infrared region. It is well known that optoelectron-
ics in the midwave infrared is of paramount importance for
applications including environmental monitoring, gas sensing,
hazard detection, food and product manufacturing inspection,
and so forth. The few-layer black phosphorus is reported as
a promising 2D material for photodetection in the midwave-
infrared spectral range [51]. Compared with monolayer black
phosphorus, LiCP, shows stronger optical absorption in the
midwave-infrared region, which makes it a promising and
efficient medium-wave infrared optoelectronic material.

As shown in Fig. 11, the optical absorbance of Li,CP,
also shows strong anisotropy. The light absorbance of Li,CP,
along the y direction is significantly higher than that along
the x direction in UV and 440~2000-nm region. The Li,CP;
exhibits strong light absorbance peaks at 650 and 760 nm.
Compared with monolayer black phosphorus, Li;CP, shows
stronger light absorption in the near-infrared region, which
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FIG. 10. Calculated in-plane absorption coefficients of LiCP,
monolayers. The yellow background indicates the reference solar
spectral irradiance (right y axis, air mass 1.5, ASTM G173-03).
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FIG. 11. Calculated in-plane absorption coefficients of Li,CP,
monolayers. The yellow background indicates the reference solar
spectral irradiance (right y axis, air mass 1.5, ASTM G173-03).

means Li;CP, monolayer has a broad application prospect in
the near-infrared optical field.

Overall, all the three 2D materials CP,, LiCP,, and Li,CP,
are predicted to have anisotropic optical properties, which
distinguishes them from other 2D materials, such as MoS,
and graphene with isotropic optical properties. It should be
noted that the optical absorbances of LiCP, and Li,CP, along
the y direction are significantly higher than that in the x
direction. This may be attributed to the unique structural ar-
rangement of LiCP, and Li,CP;, in which the almost collinear
arrangement of Li atoms along the y direction may benefit
carrier transport with particularly low scattering, thus result-
ing in relatively high optical absorbance along the y direction.
The excellent anisotropic optical feature makes them promis-
ing materials for nano-optical devices sensitive to polarized
light. The CP; exhibits extraordinary light-harvesting ability
in the UV- to visible-light region, which should be valuable
in applications such as efficient photovoltaic solar cells and
optoelectronic devices. The LiCP, shows very strong light

absorption in midwave-infrared regions, which is desirable for
midwave-infrared optoelectronic devices, while the Li,CP,
shows strong optical absorbance in the near-infrared light
region, which makes it a promising candidate for applications
in near-infrared optoelectronics.

IV. CONCLUSION

In summary, two-dimensional CP, and Li,CP, (x =1
and 2) monolayer with a number of favorable functional
properties has been proposed through density-functional the-
ory calculations. The CP, is a semiconductor with an
indirect band gap of 1.14 eV and high hole mobility of
5.192~6.826m? V~! 57! along the x direction and exhibits
extraordinary light-harvesting ability in the UV- to visible-
light region, which should be valuable in applications such as
efficient photovoltaic solar cells and optoelectronic devices.
More importantly, the lithiation of CP, induced the phase
transformation of CP, to LiCP; or Li,CP,, and the electronic
properties change from indirect band-gap semiconductor to
semimetal or direct band-gap semiconductor. Unlike CP;,
LiCP; is a semimetal with Fermi velocities of up to 0.69 x
10%m/s, comparable to that of graphene. Further increasing
the Li concentration would lead to the formation of Li,CP,,
which is a semiconductor with a direct band gap of 0.88 eV
and high electron mobility of 4.665~7.336m?> V! s7! along
the y direction. The LiCP, and Li,CP, exhibit high optical
absorbance in midwave-infrared and near-infrared regions,
respectively, which makes them promising candidates for
applications in midwave-infrared and near-infrared optoelec-
tronics.
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