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selenium: predicted two-
dimensional materials with ultrahigh anisotropic
carrier mobilities†

Fazel Shojaei,ab Maryam Azizi, b Zabiollah Mahdavifar, *a Busheng Wangc

and Gilles Frapper *c

On the basis of first-principles calculations, we discuss a new class of two-dimensional materials—CuXSe2
(X ¼ Cl, Br) nanocomposite monolayers and bilayers—whose bulk parent was experimentally reported in

1969. We show the monolayers are dynamically, mechanically and thermodynamically stable and have very

small cleavage energies of �0.26 J m�2, suggesting their exfoliation is experimentally feasible. The

monolayers are indirect-gap semiconductors with practically the same moderate band gaps of 1.74 eV and

possess extremely anisotropic and very high carrier mobilities (e.g., their electron mobilities are 21 263.45

and 10 274.83 cm2 V�1 s�1 along the Y direction for CuClSe2 and CuBrSe2, respectively, while hole

mobilities reach 2054.21 and 892.61 cm2 V�1 s�1 along the X direction). CuXSe2 bilayers are also indirect

band gap semiconductors with slightly smaller band gaps of 1.54 and 1.59 eV, suggesting weak interlayer

quantum confinement effects. Moreover, the monolayers exhibit high absorption coefficients (>105 cm�1)

over a wide range of the visible light spectra. Their moderate band gaps, very high unidirectional electron

and hole mobilities, and pronounced absorption coefficients indicate the proposed CuXSe2 (X ¼ Cl, Br)

nanocomposite monolayers hold significant promise for application in optoelectronic devices.
1. Introduction

Inspired by the discovery of graphene monolayers in 2004,1

scientists have undertaken extensive research efforts to explore
other two-dimensional (2D) materials. Due to their broad range
of unique physicochemical and electronic properties, 2D
materials hold promise for several technological applications,
such as nanoelectronics,2–4 catalysis5–7 and energy conversion/
storage.8–10 Chemical composition is well-recognized to deter-
mine the electronic properties of 2D materials, i.e., graphene is
a zero band gap material1 while phosphorene is a semi-
conductor with a band gap of approximately 1.45 eV.11 However,
only a small number of 2D elemental compounds have actually
been synthesized.12 Most 2D materials are binary (AxBy) and
ternary (AxByCz) compounds that exhibit highly diverse struc-
tural and electronic properties. In the last few years, 2D ternary
compounds have received considerable research attention
because of the higher possibility of tuning their properties due
ce, Shahid Chamran University of Ahvaz,

r; Fax: +98-611-3331042

ch in Fundamental Sciences (IPM), P. O.

CNRS, 4, Rue Michel Brunet TSA 51106-

lles.frapper@univ-poitiers.fr

tion (ESI) available. See DOI:

26
to the multiple degrees-of-freedom in their chemical composi-
tions. Metal phosphorus trichalcogenides (MPX3: MnPSe3,
MnPS3, FePS3, etc),13 ternary MXenes14 and ternary transition
metal dichalcogenides15 are typical 2D ternary compounds.

Copper halogen dichalcogenides with the chemical formula
CuXY2, where X ¼ Cl, Br or I and Y ¼ Se or Te, are an emerging
class of ternary layered materials.16–20 Copper halide dichalc-
ogens were rst synthesized in 196916 and their crystal struc-
tures were identied in 1988.17 This class of materials is also
called layered nanocomposites, as the chalcogen nanochains
are inserted into the matrix of the CuX system. To the best of
our knowledge—other than their experimental synthesis—there
are very few reports on this class of material. However, the
potential applications of CuClSe2, the rst copper halide
dichalcogen to be synthesized, have been experimentally
investigated in optoelectronic devices.21,22 Previous studies
showed the compound is a semiconductor with an indirect
band gap of 1.45 eV and very high absorption coefficients in the
range of 104–105 cm�1.21 Additionally, the low cost, convenient
preparation, and high efficiency of CuClSe2 make it a promising
light absorber material that could potentially be exploited in
solar cells. Therefore, it is of great importance to understand
the electronic and optical properties of this type of material.

In this work, we studied the stability and mechanical, elec-
tronic and optical properties of CuXSe2 (X ¼ Cl, Br) monolayers
using rst-principles calculations. The monolayers are predicted
to possess good dynamic, mechanical and thermodynamic
This journal is © The Royal Society of Chemistry 2020
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stabilities. The CuXSe2 monolayers can be easily exfoliated from
the bulk, indicating weak interlayer interactions. The monolayers
are semiconductors with indirect band gaps of 1.73 eV for
CuClSe2 and 1.74 for CuBrSe2. Remarkably, extremely anisotropic
and very high mobilities of �104 cm2 V�1 s�1 for electrons and
�103 cm2 V�1 s�1 for holes are observed for both materials,
implying efficient separation of photo-generated electrons and
holes. In addition, the monolayers show strong absorption over
a wide range of the visible light spectrum, indicating their
promising potential as light absorber materials.
2. Theoretical methods

The rst-principles calculations use a plane-wave basis with an
energy cutoff of 400 eV and the projector augmented wave
(PAW)23 method as implemented in the Vienna Ab initio Simu-
lation Package (VASP) code.24,25 For structure (shape, volume,
and atomic positions) and energy determination, the Perdew–
Burke–Ernzerhof (PBE) functional26 at the generalized gradient
approximation (GGA)26 level of theory was used, if not otherwise
noted. We investigated the performance for structural param-
eters and cleavage energy for a selective set of vdW DFT
methods (optB88, SCAN-rVV10, DFT-dDsC, FIA and PBE-D2,
using standard production settings in VASP code) in model-
ling non-covalent vdW interactions in layered bulk CuXSe2
(X ¼ Cl, Br) structures. Calculated structural parameters and
cleavage energies are tabulated in Table S1 in ESI.† Considering
both accuracy and computationally efficiency, Grimme's D2
correction (PBE-D2)27 is selected for this work. For the 2D
systems, we set a sufficiently large vacuum space to avoid
interactions between neighboring images. K-point sampling
was performed using G-centered 10 � 8 � 6 and 10 � 8 � 1 for
bulk and 2D systems, respectively. All of the structures were
fully optimized until the net forces on atoms were below 1 meV
�A�1, resulting in enthalpies that converged to better than 1 meV
per atom. Since PBE is known to systematically underestimate
the band gap for semiconductors, the Heyd–Scuseria–Ernzerhof
hybrid functional (HSE06) was employed for high-accuracy
electronic structure calculations.28

In order to evaluate the dynamic stability of the monolayers,
phonon dispersion relations were calculated by employing
density functional perturbation theory (DFPT), as implemented
in the Phonopy package,29,30 using VASP as the force-constant
calculator. To further verify the thermal stability of the mono-
layers, Nose–Hoover ab initio molecular dynamics (AIMD)
simulations were performed for constant NVT systems with
a time step of 1.0 fs and G-point sampling (see Computational
details in S2, ESI†).31–33

In a 2D system, carrier mobility34 can be calculated from the
deformation potential approximation:

m2D ¼ eħ3C2D

kTm*md

�
E1

i
�2 (1)

where C2Dis the direction-dependent elastic modulus, m* is the
effective mass of the carrier in the same direction, md is the
average effective mass in the two directions given by
This journal is © The Royal Society of Chemistry 2020
md ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
m*

xm
*
y

q
and E1

i mimics the deformation energy constant

of the carrier due to phonons for the i-th edge band along the
transport direction through the relation E1

i ¼ DEi/(Dl/l0), where
DEi and Dl/l0 represent the energy change of the i-th band and
lattice dilation, respectively.

To perform chemical bonding analysis, we carried out single-
point calculations (using the geometries obtained from VASP) to
calculate the density of states (DOS), crystal overlap Hamilton
population (COHP) using the LOBSTER package,35 and electron
localization function (ELF). Molecular orbital diagrams were
generated via the extended Hückel method36 using CACAO
code.37 Images of the crystalline structures reported in ESI (S3
and S4†) and crystal orbitals were produced using VESTA so-
ware package.38
3. Results and discussion

Here, we take CuClSe2 as a representative bulk example of iso-
structural CuXSe2 title compounds (X ¼ Cl, Br). CuClSe2 crys-
tallizes in the monoclinic space group P21/c (No. 14) with two
formula units per unit cell. The structure is isotypic to other
copper(I) halide adducts to chalcogen chains with the compo-
sition CuXY2 (X ¼ halide, i.e., Cl, Br; Y, chalcogen, i.e., Se).

Fig. 1 shows drawings of the CuClSe2 compound, viewed
along different axes, while the DFT-optimized structural
parameters are displayed in Table 1. The relevant PBE-D2-
calculated distances are typical of single covalent bonds, and
t well with experimental structural parameters (see Table 1).
CuClSe2 structures contain formally neutral innite one-
dimensional selenium chains 1

N[Se] directed along the a-axis.
Each polymeric chain has a helical structure composed of bent
selenium atoms and single Se–Se bonds along the chains
[d(Se–Se) ¼ 2.29 and 2.57 �A for (Se–Se)in and (Se–Se)out bonds,
respectively; see Fig. 1]. As shown in Fig. 1b, the substructure
formed by the copper halides ts perfectly to the selenium
chains. The selenium chains are coordinated to copper atoms
on two sides via typical single Cu–Se bonds (d(Cu–Se) ¼ 2.37 �A),
creating a two-dimensional covalent net composed exclusively
of edge shearing pentagons and heptagons. The obtained
CuClSe2 layers contain only tetrahedrally coordinated copper
atoms. This local structural feature is expected for the
18-valence electron ML4 unit (d10 Cu+: 10 electrons; two
bridging m-Cl� ligands: 2 � 2 electrons; two R2Se ligands or one
bidentate RSe–(Se)2–SeR ligand: 2 � 2 electrons). Finally, bulk
CuClSe2 is obtained through stacking of CuClSe2 layers along
the c-axis in such a manner that short interlayer Cl/Se contacts
are formed (d ¼ 3.42 �A); these interactions are out of the cova-
lent bonding range. An ABA sequence is observed; the top layer
can be considered as a mirror-image of the bottom layer with an
in-plane shi along the~a and~b directions (see Fig. 1). Thus, the
3D crystal structure of CuClSe2 is based on these weak van der
Waals interactions and approximates to a graphite-like mate-
rial. We will discuss the binding energy between the covalent
layers when we investigate exfoliation of this layered material
later in this manuscript.
RSC Adv., 2020, 10, 8016–8026 | 8017
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Fig. 1 Different views of the chemical structures of layered bulk CuXSe2 (a), the CuXSe2 monolayer (b), and the first Brillion zone of CuXSe2
monolayer and points of special symmetry (c). Primitive lattice vectors ð~a;~bÞ and in-plane and out-of-plane Se–Se bonds, (Se–Se)in and (Se–
Se)out, are shown. Orange, reddish-brown, and green circles represent halogen (X ¼ Cl, Br), copper (Cu), and selenium (Se) atoms, respectively.

Table 1 PBE-D2-calculated lattice parameters (in �A), bond lengths (in �A) and angles (in degree, �) for bulk CuXSe2 compared with the corre-
sponding experimental data

CuXSe2 (a, b, c, g) dCu–X dCu–Se dSe–Se
a dSe–X

b :Se–Se–Se

X ¼ Cl Cal. (4.87, 7.56, 14.19, 134.78) 2.289, 2.312 2.331, 2.373 2.287, 2.579 3.42 101.4, 104.2
Exp. (4.63, 7.68, 14.55, 132.79) — 2.409, 2.420 2.316, 2.393 3.19 102.9, 104.4

X ¼ Br Cal. (4.88, 7.86, 12.38, 114.53) 2.427, 2.428 2.361, 2378 2.339, 2.521 3.59 103.0, 103.1
Exp. (4.64, 7.88, 11.18, 103.44) 2.421, 2.436 2.420, 2.436 2.339, 2.410 3.32 102.88, 104.25

a The two values correspond to the (Se–Se)in and (Se–Se)out bond lengths, respectively. b Interlayer Se–X distances.
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To assess the thermodynamic stability of CuXSe2 nano-
composites with respect to the bulk of their constituent partial
structures, we calculated the related enthalpies of reaction
(DrH) using the following equation:

DrH ¼ [E(CuXSe2)bulk � (E(CuX) + 2 � E(SN))] (2)

where E(CuXSe2) and E(CuX) are the total energies of bulk
CuXSe2 and CuX (F�43m space group, No. 216) per formula unit.
E(SeN) represents the total energy of bulk trigonal Se (P3121
space group, No. 151) per atom (the optimized bulk crystal
8018 | RSC Adv., 2020, 10, 8016–8026
structures of Se, CuCl and CuBr are presented in the ESI†). The
calculated reaction energies are �0.37 eV and �0.34 eV for
CuClSe2 and CuBrSe2, respectively, conrming the nano-
composites are thermodynamically stable. The calculated
values are in good agreement with experimentally obtained data
for CuXSe2 (>�0.52 eV).39
From bulk to layers

CuXSe2 monolayers were constructed by optimizing the atomic
positions and lattice constants of single layers taken from the
This journal is © The Royal Society of Chemistry 2020
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bulk structures. Both CuClSe2 and CuBrSe2 monolayers are
composed of a rectangular primitive cell with a P21 symmetry
group (No. 4). As shown in Fig. 1b, the general structural
features of the monolayers remain quite similar to those of the
bulk structures aer optimization. These results were expected
based on the nature of the bonding—i.e., weak van der Waals
interactions—between the stacked covalent layers. The opti-
mized lattice constants are calculated to be a ¼ 4.84�A and b ¼
7.56�A for CuClSe2 monolayers and a¼ 4.86�A and b¼ 7.70�A for
CuBrSe2 monolayers, which are slightly different from the
respective values for the bulk structures.

Are the two-dimensional P21 CuXSe2 (X ¼ Cl, Br) structures
viable?

To answer to this question, we investigated the thermodynamic,
dynamic, mechanical and thermal stabilities of the structures.
Note that an assessment of chemical stability, such oxidation
processes, was not the purpose of the present study. Thus, we
rst evaluated the thermodynamic stability of 2D CuXSe2 using
the eqn (1) reaction in which the bulk phase is replaced by the
2D structure. The calculated reaction enthalpies at T ¼ 0 K are
negative: �0.09 and �0.08 eV per f.u. for the CuClSe2 and
CuBrSe2 monolayers, respectively. Next, we quantied the ease
of exfoliating CuXSe2 by calculating the cleavage energy of its
monolayers and bilayers from the bulk system.

The cleavage energy was computed as the energy difference
between the ground state energies of (i) a six-layer slab, approxi-
mated as a model of the bulk, and (ii) a ve (four)-layer slab plus
a monolayer (bilayer) separated from the slab. As shown in Fig. 2,
the cleavage energies are 0.24 and 0.25 J m�2 for CuClSe2 and
CuBrSe2 monolayers, respectively, which are slightly smaller than
the cleavage energies calculated for the bilayers (0.25 and 0.26
J m�2). However, the slab method of calculating exfoliation
energy has two main disadvantages: (i) it neglects further stabi-
lization of the exfoliated monolayer due to a possible change in
lattice constants and (ii) a thick slab is required to obtain reliable
results. In 2018, Jung et al.40 proposed an exact, simple method
for calculating the exfoliation energy of layered materials. In this
Fig. 2 Cleavage energy as a function of separation distance between
the CuXSe2 monolayer (bilayer) and five (four)-layer slab. The theo-
retical PBE-D2 and experimental exfoliation energies of graphene are
also shown.

This journal is © The Royal Society of Chemistry 2020
method, the n-layer exfoliation energy per unit area (Eexf(n)) is
calculated by: Eexf(n) ¼ (Eiso(n) � Ebulk(n/2))/A where Eiso(n) is the
energy of a fully optimized isolated n-layer CuXSe2, Ebulk/2 is the
energy of the bulk CuXSe2 per layer, and A is the in-plane area of
bulk CuXSe2. The calculated Eexf(1) and Eexf(2) values are 0.24 and
0.26 J m�2 for CuClSe2 and 0.23 and 0.22 J m�2 for CuBrSe2,
which are slightly different to the values obtained using the slab
model. To compare these exfoliation energies with others, we
calculated the exfoliation energy of graphene from graphite AB at
PBE-D2 level of theory (see Fig. 2). Our calculated value (0.344
J m�2) is in very good agreement with the experimentally ob-
tained value of 0.37 J m�2 and another theoretically predicted
value by Jung et al. (0.336 J m�2).40,41 Thus, one may see that the
exfoliation energies of 2D CuXSe2 are smaller than the theoreti-
cally value for graphene and many other 2D materials (e.g. theo-
retically predicted exfoliation energies: 0.37 J m�2 for GeS,42 0.63 J
m�2 for GeTe,43 and 1.14 J m�2 for GeP3 44), indicating that
monolayer or few-layer CuXSe2 can be easily synthesized using
mechanical or liquid-phase exfoliation methods. Our investiga-
tion demonstrates that these two-dimensional CuXSe2
compounds could be directly fabricated or exfoliated from their
bulk systems as free-standing or suspended monolayers.

As well as being thermodynamically stable, CuXSe2 mono-
layers must also be dynamically and mechanically stable to
exist. The dynamic stabilities of the monolayers were assessed
by calculating their phonon dispersion spectra. As apparent
from Fig. 3a and b, zero imaginary frequency is found in the
phonon spectrum of the two 2D structures, conrming their
dynamic stability. Our detailed analysis of the phonon-
projected DOS shows that the highest frequency modes of
both monolayers (�295 and 280 cm�1 for CuClSe2 and CuBrSe2,
respectively) contributed almost exclusively from vibration of
the SeN. In addition, the highest frequency modes (�233 and
�190 cm�1 for CuClSe2 and CuBrSe2, respectively) correspond
to vibration of Cu–Se bonds. These values are close to that of
tellurene (�200 cm�1),45 while appreciably smaller than those of
strongly bonded covalent materials like GeP3 (480 cm�1)44 and
MoS2 (473 cm�1),46 indicating relatively weak interactions occur
between the SeN and CuX nanochains.

Let us now turn our discussion to the mechanical stability of
our proposed 2D crystalline P21 CuXSe2 compounds. A 2D
structurewith a rectangular primitive cell ismechanically stable if
it satises the following conditions: C11C22� C12

2 > 0 and C66 > 0,
where C11, C22, C12

2 and C66 are the elastic constants.47,48 Within
the framework of harmonic approximation, the elastic constants
can be determined from a series of parabolic ttings of the strain
energy (Es) with respect to uniaxial and biaxial strain. The strain
energy of a 2Dmaterial is dened as Es ¼ 1/2C113xx

2 + 1/2C223yy
2 +

C123xx3yy + 2C663xy, where Es, 3xx, 3yy, and 3xy are strain energy per
unit area, uniaxial strain along the x and y axes, and shear strain,
respectively. The calculated elastic constants for CuClSe2 (C11 ¼
21.25 N m�1, C22 ¼ 26.81 N m�1, C12 ¼ 6.63 N m�1, and C66 ¼
9.74 Nm�1) and CuBrSe2 (C11¼ 12.57 Nm�1, C22¼ 25.53 Nm�1,
C12 ¼ 7.68 N m�1, and C66 ¼ 1.92 N m�1) fully satisfy the
mechanical stability criteria. To investigate more deeply the
mechanical properties of CuXSe2 monolayers, we computed their
in-plane stiffnesses (C) and Poisson's ratios (n) on the basis of the
RSC Adv., 2020, 10, 8016–8026 | 8019
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Fig. 3 Phonon dispersion for CuClSe2 (a) and CuBrSe2 (b) monolayers.

Fig. 4 Resonant Lewis structure of a CuCl2Se4 fragment found in the
2D P21 CuClSe2 crystalline structure. The building block, CuClSe2, is
highlighted by the blue brackets. The five one pairs of d10 copper are
shown in pink, while the 2e metal–ligand bonds are symbolized by
arrows. The s-bond skeleton of the 1D covalent selenium chain is
displayed as red lines. VSEPR AXnEm notation is used (A, central atom;
X, ligand and n, its number; E, lone pairs andm its number; n +m is the
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calculated elastic constants. In-plane stiffness along X and
Y directions are dened as follows: CX ¼ (C11C22 � C12

2)/C22 and
CY ¼ (C11C22 � C12

2)/C11. CuClSe2 has comparable stiffness along
the X and Y directions (CX ¼ 19.61 and CY ¼ 24.74 N m�1),
whereas CuBrSe2 shows highly anisotropic mechanical behavior
and is two times soer along the X direction (CX ¼ 10.26 N m�1

and CY ¼ 20.83 N m�1). The stiffness values for the two mono-
layers are appreciably lower than those of graphene (350 Nm�1)49

and MoS2 (127 N m�1).50 The Poisson's ratios (nx ¼ C12/C22, ny ¼
C12/C11) are nx ¼ 0.25 and ny ¼ 0.31 for CuClSe2. However, the
Poisson's ratios for CuBrSe2 (nx ¼ 0.30 and ny ¼ 0.61) also show
strongly anisotropic behavior. In fact, the large ny value of
CuBrSe2 indicates that greater transverse contraction occurs in
response to tensile strain along the Y direction than along the X
direction. Recall that similar anisotropic Poisson's ratios (narmchiar

¼ 0.24 and nzigzag ¼ 0.81) and in-plane stiffness (Carmchiar ¼ 26.16
and Czigzag ¼ 88.02 N m�1) were observed for a phosphorene.51

Finally, we checked the thermal stability of 2D CuXSe2 by
running ab initio molecular dynamics (AIMD) simulations at
300 and 450 K for 5 ps (see technical details in the ESI†). Note
that, experimentally, bulk CuClSe2 melting point is about 601
8020 | RSC Adv., 2020, 10, 8016–8026
K.21 As shown in Fig. S1,† the interchain (Cu–Se) and intrachain
(Cu–X, Se–Se) bonds remain almost intact, even at temperatures
as high as 450 K. The tetrahedral CuX2Se2 and selenium chain
motifs persist up to 450 K, conrming the good thermal
stabilities of 2D CuXSe2 materials.
Electronic and bonding properties in two-dimensional
CuXSe2

Now, we focus our bonding discussion on the prototypical 2D
P21 CuClSe2 layer, which is isostructural and isovalent to
CuBrSe2. The formal oxidation formalism for CuClSe2 is
(Cu+)(Cl�)(Se2). As mentioned previously, the CuClSe2 layer
contains two one-dimensional helical Cu2Cl2 and Se4 chains
running along the [100] direction with optimized PBE-D2
dihedral angles of 54.76�/56.85� and 32.26�/74.36�, respec-
tively. These inorganic spirals are linked to each other through
copper–selenium 2e–2c bonds, leading to ve-membered CuSe4
rings. Two-dimensional CuClSe2 contains tetrahedrally coordi-
nated copper atoms—CuCl2Se2 units—and bent Cl ligands.
Each Se chain contains bent selenium atoms with alternating
short (2.29 �A) and long (2.58 �A) single Se–Se bonds (2.40 �A in
pure solid-state Se). These local atomic structural environments
can be easily understood from simple electron counting and
VSEPR theory. A Lewis structure—one localized bonding
picture—of a CuClSe2-based fragment is displayed in Fig. 4.

A tetrahedral environment is expected for this 18-valence
electron CuCl2Se2 unit (d

10 Cu+: 10 electrons; two bridging m-Cl�

ligands: 2 � 2 electrons; two R2Se ligands or one bidentate RSe–
(Se)2–SeR ligand: 2 � 2 electrons). Along the spiral Se chain,
each selenium is bent as expected based on VSEPR rules (AX2E2

center), while the helical form of the covalent Se chain is mainly
due to repulsive interactions between the lone pairs located on
each Se atom. The electronic structure of this periodical 2D
crystalline structure can be understood by starting with an
analysis of the orbitals of an isolated d10 tetrahedral CuL4
fragment (L ¼ two-electron donor ligand such as Cl� or Se2�).
steric number).

This journal is © The Royal Society of Chemistry 2020
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Let us start with a symmetric molecular model, Td CuCl4
3� (the

charge was chosen to preserve the closed shell conguration
corresponding to Cu+ and Cl�); the orbital interaction diagram
is shown in Fig. 5. Only the s orbitals—a pure ps atomic orbital
if s–p mixing is weak (Cl case) or a hybrid sp orbital if not (Se
case), as displayed in Fig. 5 on the far right—are taken into
account here. One may also consider the p contributions from
the ligand—one pp orbital per sp2 main group atom—though
this leads to the same frontier orbitals picture, which has been
previously studied by others.52

First, d orbital splitting is observed, Cu e below Cu t2 –

HOMO, which is expected for a tetrahedral complex. The HOMO
has signicant contributions from the p orbitals of the ligands
and the 3d orbitals of Cu, in an out-of-phase combination.
Nevertheless, mixing of the Cu 4p orbitals into the HOMO with
a Cu–L bonding phase renders the HOMO less antibonding.
Thus, the three t2 levels are fully occupied and metallic in
character (HOMO) as the two e levels are occupied (d10 cong-
uration). Second, the vacant Cu 4s and 4p atomic orbitals
interact strongly with the occupied s and p levels of the ligand,
leading to four occupied bonding s levels (a1 + t2) and four
unoccupied antibonding levels. As the Cl 3p orbitals are above
the 3d Cu AOs, the antibonding LUMO s Cu–L levels are more
localized on the chlorine atoms.

Next, in our Td CuL4 model, we replaced the two Cl� ligands
with two Se2� atoms, leading to C2v CuCl2Se2

5�. The frontier
orbital character remains: the HOMO is mainly Cu in character;
whereas the LUMO is mainly Se (Cl is more electronegative than
Fig. 5 Molecular orbital derivation of the frontier orbitals of a tetra-
hedral ML4 complex. The CuCl4

3� fragment with d10 Cu+ and 2-
electron Cl� ligands is taken as a model.

This journal is © The Royal Society of Chemistry 2020
Se). This is a localized picture of the chemical bonding in
extended two-dimensional CuClSe2, highly simplied. Let trace
possible electronic structure relationships between these
molecular models (localized picture) and the extended net of
two-dimensional CuClSe2 (delocalized picture). To do so, the
density of states (DOS) of CuClSe2 can be decomposed into Cu,
Cl and Se contributions, as illustrated in Fig. 6a. Moreover,
chemical bonding analyses were also performed by computing
the crystal orbital Hamilton population (COHP),35 which allows
identication of bonding and antibonding contributions to the
electronic band structure by weighting the off-site projected
DOS with the corresponding Hamiltonian matrix elements
(hence, negative COHP values denote stabilizing interactions).
Thus, integrated COHP (ICOHP) gives a measure of bond
strength in the CuClSe2 layers (see Fig. 6a).

At the top of the valence band, the states are mainly Cu 3d, as
expected (e + t2 levels, so called block d based on ve lled
orbitals, d10). These states are only weakly Cu–Se and Cu–Cl
antibonding due to the stabilizing effect of Cu 4p mixing into
Cu 3d (see the COHP for Cu–Se and Cu–Cl in Fig. 6a). The DOS
for the bottom of the conduction band is mainly Se in character,
corresponding to the antibonding Se–Se s* levels as shown in
projected Se–Se COHP curves (Fig. 6a).

The interactions between a Se atom with its two Se neigh-
bors is estimated at �3.67 eV per pair (averaged value;
�3.96 eV per pair in elemental P3121 Se), indicative of
a stronger covalent character along the single-bonded sele-
nium chains. Here, the computed copper-ligand ICOHP values
are �1.62 eV per pair (Cu–Se) and �1.34 eV per pair (Cu–Cl),
reecting rather weaker Cu–L covalent bonding. We calculated
the electron localization function (ELF) to obtain more insight
into the nature of the Cu–Se/Cl bonds in CuXSe2. ELF can
quantitatively distinguish different types of chemical bonds by
assigning values in the range of 0 to 1 to each point of real
space; generally, regions with ELF values close to 1 indicate
strong covalent bonding or lone pair electrons, while lower
ELF values correspond to metallic or ionic bonds and low
electron density localization. From the ELF counter maps of
CuClSe2 and CuBrSe2 shown in ESI Fig. S2,† one can clearly see
electrons are strongly localized around the selenium and
halogen atoms, as expected from our Lewis structures that
assign lone pairs on Se and halogen atoms (see Fig. 4). Finally,
Fig. 6b proposed a conceptual and simplied bridge between
the molecular tetrahedral ML4 model and extended net of two-
dimensional CuClSe2 electronic structures.

What about the metallicity of these two-dimensional mate-
rials? With formal d10 ML4 tetrahedra forming the slab, CuXSe2
should be an insulator or, at least, a semiconductor. The band
structure and DOS of the 2D material shown in Fig. 7 agree with
this statement. A HSE06 indirect gap of �1.7 eV is computed
between the valence and conduction bands for CuClSe2 (1.73
eV) and CuBrSe2 (1.74 eV). For both materials, the valence band
maximum (VBM) is located at the Y point, whereas the
conduction band minimum (CBM) lies on the G point (see the
band structures displayed in Fig. 7). Although Cl atoms are
more electronegative than Br atoms, one may wonder why both
materials show almost equal band gaps? Our electronic
RSC Adv., 2020, 10, 8016–8026 | 8021
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Fig. 6 (a) Calculated COHP curves and DOS for two-dimensional P21 CuClSe2. (b) Schematic of the 2D P21 CuClSe2 density of states. The metal
MO levels of the isolated d10 tetrahedral ML4 fragment are displayed on the left.
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structure analysis shows that for both materials, the VBM is
mainly derived from Cu d orbitals, with minor contributions
from the p orbitals of Se and X atoms. However, the CBM comes
8022 | RSC Adv., 2020, 10, 8016–8026
almost exclusively from the valence orbitals of Se atoms.
Consequently, Cl and Br have minor contributions to the band
edge states, resulting in almost equal band gaps.
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 HSE06 band structures and the corresponding partial density of states (PDOS) for (a) CuClSe2 (a) and CuBrSe2 (b) monolayers. The charge
density distributions of the VBM and CBM are also shown for each monolayer.
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From monolayers to bilayers

We also calculated the electronic band structures of CuXSe2
bilayers to examine the effect of decreasing quantum conne-
ment on the electronic properties of the monolayers. The same
stacking pattern used for bulk CuXSe2 was used to construct the
bilayers. Fig. 8 shows the HSE06 electronic band structures and
charge density distributions of the VBM and CBM for both
CuClSe2 and CuBrSe2 bilayers. The bilayers exhibit indirect
band gaps of 1.54 and 1.59 eV for CuClSe2 and CuBrSe2,
respectively; these values are slightly lower than those of the
corresponding monolayers. The decrease in the band gap from
mono to bilayer formation is 0.19 eV for CuClSe2 and 0.15 eV for
CuBrSe2, appreciably smaller than the change for phosphorene
(0.49 eV),53 indicating much weaker quantum connement
effects in CuXSe2. To understand this, we carefully analyzed the
charge density distribution in the VBM and CBM of CuXSe2
bilayers. The CBM represents a weak bonding interaction
between the CBMs of two layers, while the VBM represents
a non-bonding interaction between the VBMs of two layers
(Fig. 8). Therefore, the bilayer CBM is more stable compared to
the monolayer, while the VBM remains almost unchanged,
resulting in slightly smaller band gaps for CuXSe2 bilayers.
Fig. 8 HSE06 band structures of CuClSe2 (a) and CuBrSe2 (b) bilayers.
Charge density distributions of the VBM and CBM are also shown for
each system.
Carrier mobility of the proposed 2D copper halide selenium
materials

Next, we investigated the carrier (electron and hole) mobility of
CuXSe2 monolayers along the x and y directions using effective
mass approximation and deformation potential theory. In fact,
high charge transport in 2D materials has a profound inuence
This journal is © The Royal Society of Chemistry 2020
on the performance of electronic devices. Table 2 presents the
calculated elastic modulus (C2D), effective mass ðm*

i Þ, defor-
mation potential constant (E1

j), and carrier mobility (mi) of
CuXSe2 monolayers. Both monolayers show extraordinarily
RSC Adv., 2020, 10, 8016–8026 | 8023
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Table 2 Elastic modulus (C2D), effective mass ðm*
e;m

*
hÞ of electrons and holes with respect to the free-electronmass (m0), deformation potential

constant of VBM and CBM (E1VBM, E
1
CBM), and mobility (me, mh) of electrons and holes along X and Y directions for CuXSe2 monolayers. All

parameters were calculated using the HSE06 functionala

Direction C2D (J m�2)

Electron Hole

m*
e E1CBM (eV) me m*

h E1VBM (eV) mh

CuClSe2 X 19.61 1.30 3.737 27.673 1.17 0.588 2054.206
Y 24.74 1.23 0.155 21 263.445 0.81 3.644 98.298

CuBrSe2 X 10.26 1.22 3.850 16.289 1.47 0.558 892.608
Y 20.83 1.22 0.229 10 274.830 0.73 3.620 95.645

a Mobility at 300 K, cm2 V�1 s�1.
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anisotropic charge transport along the x and y directions. The
electron mobilities along the y direction are 21 263.45 and
10 274.83 cm2 V�1 s�1 for CuClSe2 and CuBrSe2, respectively,
which are �768 and 631 times larger than the values along x
direction (27.67 and 16.29 cm2 V �1 s�1). However, the opposite
trend is observed for hole mobility: the mobilities along the y
direction (98.30 and 95.64 cm2 V�1 s�1) are 20 and 9 times
smaller than the values along the x direction (2054.21 and
892.61 cm2 V�1 s�1). In other words, electron transport occurs
almost exclusively along the y direction, while holes highly favor
the x direction. This effectively separates the photo-generated
electron–hole pairs, which indicates the monolayers hold
promise for application in photovoltaic cells and photo-
catalysis. The calculated mobilities are in the same range as
those of phosphorene (�10 000 cm2 V�1 s�1),53 and appreciably
larger than those of other 2D materials like MnPSe3 (�626 cm2

V�1 s�1)54 and MoS2 (�200 cm2 V�1 s�1).50 According to Table 2,
the anisotropic charge transport mainly originates from the
highly direction-dependent deformation potentials for both
electrons and holes. Specically, the E1CBM values along the y
direction are 0.16 and 0.23 eV for CuClSe2 and CuBrSe2,
respectively, which are about 24 and 17 times smaller than the
corresponding values along the x direction (3.74 and 3.85 eV).
This observation can be rationalized when one considers that
the CBM for bothmonolayers represents weak (Se–Se)inp bonds
along the y direction and (Se–Se)out s* bonds along the
x direction (Fig. 7). Accordingly, we can condently say that
Fig. 9 Frequency-dependent absorption coefficients of CuXSe2
monolayers. The energy range corresponding to visible light is indi-
cated by vertical dashed lines.

8024 | RSC Adv., 2020, 10, 8016–8026
(Se–Se)out s* bonds are much more sensitive to lattice dilation
than weak (Se–Se)in p bonds, which have much larger
E1CBM values along x.

Optical performance of CuXSe2 monolayers

Their good stability, ease of exfoliation, moderate band gap and
extraordinary anisotropic charge transport make CuXSe2
monolayers promising potential candidates for optoelectronics
applications. Thus, we examined the optical performance of
CuXSe2 monolayers by calculating their frequency-dependent
complex dielectric constants using the HSE06 method. As
shown in Fig. 9, the monolayers obviously absorb light over
a broad range of the visible spectrum (2 to 3.2 eV). The mono-
layers also show anisotropic absorbance coefficients, similarly
to phosphorene. In spite of their indirect band gaps, the
calculated absorbance coefficients (>105 cm�1) are comparable
to those of hybrid halide perovskites, which are highly efficient
light harvesting materials employed in solar cells.55,56

Strain effects

We also examined the effect of strain on the electronic band
structure of CuXSe2 monolayers. We only focused on biaxial
tensile strain up to 8%, as compression is barely achievable
experimentally. The strain energies at 8% are 50 meV per atom
for CuClSe2 and 44 meV per atom for CuBrSe2, slightly larger
than the thermal energy at room temperature (25 meV per
atom), indicating its energetically feasible. Fig. 10 shows the
Fig. 10 Band gap variation of the CuXSe2 monolayers as a function of
biaxial strain.

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 The HSE06 band structures of CuClSe2 (a) and CuBrSe2 (b) under 1%, 4% and 8% biaxial tensile strain.
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band gap initially increases as strain increases for both mono-
layers, reaching maximums of 1.90 eV for CuClSe2 and 1.83 eV
for CuBrSe2 at 4%, and then decreases at 8% to 1.60 eV for
CuClSe2 and 1.49 eV for CuBrSe2. The nature of the band gap
also sensitively responds to strain, as each monolayer experi-
ences indirect–direct–indirect band gap transitions (Fig. 11).
The gap remains indirect up to 3%, while the CBM moves from
G-point to Y-point at 4%, resulting in an indirect-to-direct band
gap transition. Moreover, at 5%, the VBMmoves to Z0, which lies
on the Z / G path, again transforming the monolayers to
indirect band gap semiconductors.
4. Conclusion

We systematically investigated the structural, mechanical,
electronic and optical properties of CuXSe2 (X ¼ Cl, Br) nano-
composite monolayers and bilayers using rst-principles DFT
calculations. Exfoliation from CuXSe2 (X ¼ Cl, Br) layered bulk
phases is computationally feasible based on the small cleavage
energies. In addition, the phonon spectrum, calculated elastic
constants and AIMD simulations suggest freestanding 2D
CuXSe2 (X ¼ Cl, Br) are dynamically, mechanically and ther-
modynamically stable. The monolayers are indirect-gap semi-
conductors with practically the same band gaps (1.73 eV for
CuClSe2 and 1.74 eV for CuBrSe2) and exhibit extremely aniso-
tropic and very high carrier mobilities. We found that intrinsic
charge transport in CuXSe2 is almost exclusively unidirectional
for electrons and holes (i.e., electron mobilities are 21 263.45
and 10 274.83 cm2 V�1 s�1 along the y direction for CuClSe2 and
CuBrSe2, respectively, while hole mobilities are 2054.21 and
892.61 cm2 V�1 s�1 along the x direction). These results indicate
very good separation of photogenerated electron–hole pairs.
CuXSe2 bilayers are also indirect band gap semiconductors with
slightly smaller band gaps of 1.54 and 1.59 eV for CuClSe2 and
CuBrSe2, respectively, suggesting weak interlayer quantum
This journal is © The Royal Society of Chemistry 2020
connement effects. On the other hand, CuXSe2 monolayers
have high absorption coefficients (>105 cm�1) over a wide range
of the visible light spectrum. Their moderate band gaps, very
high unidirectional electron and hole mobilities, and high
absorption coefficients indicate the proposed CuXSe2 (X ¼ Cl,
Br) nanocomposite monolayers hold promise for applications
in optoelectronic devices.
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