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ABSTRACT: In this work, CdSe was taken as the representation
to systematically investigate the (111) and (110) surface
reconstructions, the electronic properties transition related to the
layer size, and the corresponding physical mechanism through the
density functional theory (DFT) calculation. For the (111) surface
slab structure, the bulk truncated relaxation (BTR) surface and the
honeycomb (HC) surface were carefully examined. The HC surface
configuration, ignored by previous studies, is an energetically
preferred surface compared to both the as-truncated and BTR
configurations. Based on the HC surface, the band structure of the
(111) surface shows a semiconductor character below four layers
(4L). Surprisingly, the (111) CdSe turns metallic in the 4L system.
In a higher-layer (>4L) system, the two side surfaces and internal
regions show metallic and semiconductivity features, respectively. Such an abundant electronic properties transition should be
attributed to the electron transfer under the intrinsic polarization perpendicular to the asymmetrical (111) plane. Different from the
(111) surface, drastic structural reconstructions were not observed in the (110) surface and the band gap gradually decreased with
the increasing number of layers until it approached the value in the bulk. Our results not only revealed the additional possible surface
structure but also clarified the underlying mechanism of semiconductor-to-metal (even the edge metallic) transition related to the
number of layers. All these findings could be extended to other II−VI group MX compounds for further development of electronic
devices.

■ INTRODUCTION
Photovoltaic materials play a role in converting light energy to
electrical energy and are widely used in photodetectors, solar
cells, fiber optic communications, and photoelectric sensors.1−4

Due to their special structural character, low-dimensional
photovoltaic materials can generate diverse novel physical
properties enabling great advancement in photonic devices
with improved efficiency, speed, transparency, wavelength
range, flexibility, integrability, etc.5,6 All of the above excellent
potential photovoltaic performance promotes more attention
to preparing low-dimensional materials including the quantum
dot (0D), nanoribbon (1D), film (2D), etc.7−11

The low-dimensional van der Waals (vdW) materials were
first exfoliated in experiments due to the naturally weak
interlayer vdW interaction.12−15 Some of them, such as
silicene, phosphorene, and transition-metal dichalcogenides,
show a direct band gap ranging from 0.3 to 2.10 eV.16−19 They
suggest the potential broad applications in ultrasensitive light
detection devices ranging from ultraviolet (UV) to far-infrared
(FIR) ranges.20−23 In addition to vdW materials, the
exfoliation of the covalent materials also attracts great interest.
Owing to the stronger covalent bond, the dangling bond will
induce various unique properties once the surface state is
cleaved from the bulk structure including surface (edge)

reconstruction, semiconductor−metallic transition, magnetism,
high-efficiency catalysis, etc.24−27 Therefore, the edge structure
and the layer number of nanomaterials significantly determine
their properties. For example, the armchair and zigzag
nanoribbons of PtSe2 show metallic and semiconductor
properties, respectively.28 Furthermore, many other properties
(magnetism, band structures, spin polarization, and elastic
properties) also depend on the layer number of nanostructures,
e.g., the width of nanoribbons and the diameter of nano-
particles.29

Recently, cadmium chalcogenides (CdX, X = S, Se, and Te),
as a typical photovoltaic material of the II−IV group, have
attracted much more attention because of the combination of
excellent electronic properties, optical properties, and high
quantum yields.30,31 In addition, many theoretical and
experimental advances suggested that the electronic and
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optical properties of CdX can be efficiently modulated by
manipulating the physical dimensions.32,33 For example,
quantum confinement effects (QCEs) are observed in
dimension-reduced nanomaterials of CdX including colloidal
0D quantum dots (QDs)34,35 and 1D nanoribbons (wires,
rods, and belts).36−38 Recently, Devi et al. also reported layer-
number-dependent stability and electronic properties of CdX
(X = S, Se, and Te) based on the (0001) surface slabs of
wurtzite (WZ) CdX compounds.39 The unique band gap
oscillations accompanied by the layer variation are observed in
CdSe and CdTe, i.e., metallic and semiconductor for even- and
odd-layer systems, respectively.
In addition to the WZ phase, CdX also shows another zinc

blende (ZB) phase with stability similar to that of the WZ
phase. Based on the different stacking order compared to
WZ,40 ZB CdX should present many other possible properties.
The as-truncated (111) and (110) surfaces are characterized
by zigzags and armchairs, respectively. There is an intrinsic
polarization in the asymmetric (111) surface, and there is no
polarization in the symmetric (110) surface. Such character-
istics of these two surfaces have attracted much attention in
previous studies and show great interesting properties.41,42

However, many previous theoretical studies always focus on
the monolayer (1L) or bilayer (2L) ZB CdX.43,44 As reported
by Zhou et al., the ZB (111) CdX seems to present surface
reconstruction when layers are limited below 3.44 Confusingly,
surface reconstruction disappears as the layers increase beyond
4. The surface structure seems to be contradictory to the 2L
honeycomb structure found by Lucking et al. in 2L III−V, II−

VI, and I−VII zinc-blende semiconductors.45 Therefore, some
additional surface reconstructions were ignored by previous
studies despite the extensive work that has already been
reported about CdSe. Furthermore, the (111) CdSe shows the
layer-size-dependent transition of electronic structures. The
mono- and bilayer systems are direct semiconductors. In
addition, the 3L ZB (111) CdX is still classified as a direct
semiconductor despite both the conduction band bottom
(CBM) and valence band bottom (VBM) crossing the Fermi
level already. Furthermore, the band gap of 3L ZB (111) CdX
is only ∼0.04 eV with a HSE06 hybrid functional correction.44

It is expected that the surface reconstruction may induce layer-
dependent properties of ZB (111) CdX, such as metallic
transition. Therefore, there are still existing misunderstandings
about ZB CdX referring to surface reconstruction, layer-
number-dependent electronic structure, and the underlying
mechanisms of a possible metallic transition with increasing
layers. In this work, the density functional theory (DFT)
calculations were adopted to investigate the (111) and (110)
surface reconstructions and the electronic structures of CdSe
from 1L to 12L. We found that the honeycomb surface
configuration is energetically preferred, which is ignored by
previous studies. Furthermore, the (111) slab is much more
sensitive to the layer number compared to the (110) slab. The
(111) CdSe shows the semiconductor (1L, 2L, and 3L),
metallic (4L), and surface metallic state (>4L), i.e., metallic
and semiconductor state at the surface and in the internal
region, as layers increase. On the contrary, the band structures

Figure 1. Crystal structure of CdSe. (a) Crystal structure of bulk. The (111) and (110) planes are denoted by gray and pink planes, respectively.
(b) Cd-terminated surface reconstruction after truncation from the (111) plane and fully relaxed (BTR). (c) Honeycomb (HC) reconstruction of
the Cd-terminated (111) surface. (d) (110) Surface reconstruction. Blue arrows in (b−d) indicate the displacements of surface Cd atoms.
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of the reconstructed (110) surface slabs always show
semiconductivity and are independent of layer number.

■ RESULTS AND DISCUSSION
Crystal Structure and Surface Reconstruction of ZB

CdSe. Figure 1a depicts the bulk crystal structure of ZB CdSe
with the F4̅3m space group, which is very similar to that of
SiC.46,47 The unit cell of CdSe is cubic, featuring eight Cd
atoms positioned at each of the eight corners, six Cd atoms at
the center of each face, and four Se atoms within the cube.
After complete relaxation, the lattice constant of the bulk CdSe
is a = b = c = 6.21 Å, while all three angles are 90°, i.e., α = β =
γ = 90°. The bond length of Cd−Se is 2.69 Å. In addition to
the crystal structure, the corresponding band structure was
calculated and is shown in Figure S1. The bulk CdSe shows the
direct semiconductor with a ∼0.48 eV gap by using the PBE
functional. All these results agreed well with both previous
theoretical and experimental results, ensuring the reasonability
of parameters in our calculation.48,49

As shown in Figure 1a, the blue triangle and pink rectangle
denote the (111) and (110) planes, respectively. Accordingly,
the bulk CdSe were truncated to two surface structures from
the (111) and (110) planes and are shown in the right region
of Figure 1. Here, the (111) and (110) surfaces were arranged
perpendicular to the z-direction in these two truncated slab
structures. The thickness of these two slabs (NZ) is defined as
the number of Cd layers along the z-direction. In order to keep
the stoichiometric ratio in the asymmetrical (111) surface
structure, the atoms at the bottom and top surfaces are those of
Se and Cd, respectively. Clearly, the as-truncated (111) and
(110) surfaces present zigzag and armchair characters,
respectively. Here, we also calculated the surface formation
energies of the (111), (110), and (100) surfaces (see Table
S2). Both (111) and (110) are significantly more stable than
the (100) surface due to the positive value of (100). The as-
truncated structures with NZ changing from 1L to 12L were
fully relaxed and are presented in Figures S2 and S3. Some new
surface configurations at the Cd-terminated surface can be
observed (highlighted by red dash boxes). For more
convenience, the top and side views of the (111) slab with
the spontaneous surface reconstruction are schematically
shown in Figure 1b. The pink dotted circle stands for the
initial position of Cd in the as-truncated structure. Obviously,
the Cd atoms at the Cd-terminated surface show significant
spontaneous inward displacement toward the neighboring Cd
after complete relaxation but without the in-plane movement.
This surface structure is energetically favorable, e.g., energy
reduction is ∼0.25 eV in the NZ = 6 slab. The Cd atoms shift
inward, leading to the Cd−Cd interatomic distance at the Cd
surface reducing from ∼4.39 to ∼3.45 Å. At the Se-terminated
surface, despite the Cd−Se bond length reducing from ∼2.69
to ∼2.97 Å, there is no obvious reconstruction of surface
structures after full relaxation. Such reconstructed surface
structure is named as bulk truncated relaxation (BTR) surface,
which is also observed in the bilayer III−V, II−VI, and I−VII
2D materials such as InSb, InAs, GaSb, GaAs, and HgTe.45

In addition, there is also another possible surface
reconstruction with both out-of-plane and in-plane Cd
displacement in the (111) surface, as depicted in Figure 1c,
i.e., Cd moves to the top of Se at the adjacent inside layer.
After that, the (111) surface structure shows the honeycomb
(HC) character. This surface configuration was reported in 2L
II−VI group compounds by Lucking.45 Furthermore, a ∼0.61

eV energy barrier can be observed from BTR to HC in 3L
(111) ZB CdSe, as shown in Figure S4. Such a large barrier
will prevent the spontaneous transition from BTR to HC
despite the HC configuration being more stable than BTR.
Here, we also calculate the energy of the HC surface in the NZ
= 2 and 6 (111) surface structures. The energy reductions are
∼0.88 eV (NZ = 2) and ∼0.33 eV (NZ = 6) compared to the
as-truncated surface. In other words, the HC surface should be
the most stable configuration in the (111) surface structure.
Figure S3 summarizes the crystal structures of the (110)

surface structure from NZ = 1 to 12 after full relaxation. The as-
truncated Cd-terminated surface is still unstable and
spontaneously moves inside. Figure 1d depicts the (110)
surface structure after full relaxation. Despite the (110) surface
having no notable structural change after relaxation compared
to the (111) slabs, the surface Cd still shows inward
displacement to the inside layer forming the Cd−Se plane.
Here, we also measure the Se−Cd−Se bond angle. It increases
from ∼109 to 123°. In addition, the ∼0.98 eV energy decrease
compared to the as-truncated surface could be obtained in NZ
= 2 (110) surface structure. Here, we also manually construct
the different surface configurations of Cd atoms, including
moving Cd to the internal position and in-plane displacement.
All of these structures still spontaneously return back to the
(110)-BTR surface, as depicted in Figure 1d.
Mechanism of Surface Reconstruction. According to

the crystal structure of the (111) surface structure in Figure S2,
the Cd−Se bonds are broken when the bulk CdSe is truncated,
i.e., the surface cutting breaks the Cd−Se bonds at the Cd-
terminated surface. Considering the as-truncated structure
along the (111) plane should be a polarized structure (Figure
1a) such as (111)-SiC,50,51 the polarization discontinuity in the
as-truncated structure generates a negative charge at the Se-
terminated surface and a positive charge at the Cd-terminated
surface. It will drive certain electron transfer from the Se-
terminated surface to the Cd-terminated surface. This is
confirmed by the Bader analysis summarized in Table 1. For

example, the negative charge of Se1 at the Se-terminated
surface decreases from 6.72e− in bulk CdSe to 6.58e− in the as-
truncated structure. Meanwhile, the negative charge of Cd at
the Cd-terminated surface increases from 11.29e− in bulk CdSe
to 11.43e− in the as-truncated structure. Therefore, ∼0.14e−
from the Se surface to the Cd surface can be observed in the
NZ = 6 system. Consequently, these unpaired electrons
forming the dangling bonds on Cd greatly increase the
instability of the Cd-terminated surface.

Table 1. Negative Charge of Cd and Se at the (111) and
(110) Surfaces in As-Truncated, BTR, and HC NZ = 6
Surface Structuresa

(111)
as-truncated

(111)
BTR

(111)
HC

(110)
as-truncated

(110)
BTR

Cd
surface

Cd 11.43 11.35 11.36 11.28 11.30
Se1 6.67 6.69 6.67 6.74 16.67
Se2 6.70 6.69 6.74 6.72 6.73

Se
surface

Cd 11.28 11.29 11.28 11.28 11.31
Se1 6.58 6.62 6.60 6.74 6.67
Se2 6.71 6.72 6.73 6.71 6.73

aThe notion of each atom corresponds to that in Figure 2. The
electron number in the POTCAR file is 12 and 6 for Cd and Se single
atoms.
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To reduce the total energy of the whole system, the (111)
slab should undergo spontaneous structure reconstruction to
self-passivate the unpaired electrons at the surface of Cd. As
shown in Figure 2a, the PDOS peak of the BTR surface shifts
to a lower energy level compared with the as-truncated
structure, especially the peak at the (−2.0, −1.0) eV range
from the Fermi level, suggesting that the BTR structure is
energetically favorable. Such a result is consistent with the
results in Table S1. Furthermore, the electron density on the
surface of Cd obviously decreases, as shown in the
corresponding ELF in Figure 2b. Despite slight negative
charge changes in the BTR surface as listed in Table 1, i.e.,
electrons slightly decrease on the surface Cd atoms, unpaired
electrons (dangling bonds) of surface Cd are redistributed and
passivated according to the energetically favorable PDOS and
ELF. The bare Cd surface, therefore, undergoes observable
inward displacement of Cd and spontaneous structural
reconstruction from the as-truncated structure to BTR,
which is similar to the edge reconstruction in other low-
dimensional structures including TMDs and black phospho-
rus.52,53

However, the PDOS values between Cd and Se2 did not
completely match with each other in the BTR surface. This
should be the reason that BTR has a metastable structure,
according to previous results. Here, we also present the PDOS
of the HC (111) surface structure of NZ = 6 in Figure 2a.
When the Cd surface turns to the HC configuration, the PDOS
peak of each atom further shifts to a lower energy level

compared with both the as-truncated and BTR surfaces.
Another obvious characteristic is that the PDOS of Cd and all
Se (Se1 and Se2) show very similar peaks at the same energy
level. The corresponding ELF in Figure 2b shows significantly
weak electron density at the top of surface Cd but more in the
top two interlayer regions between Cd and Se2, indicating the
enhanced interlayer interaction at the top two layers
highlighted by a white dot circle. Such results suggest that
the reconstructed HC surface configuration can eliminate more
dangling bonds on Cd and enhance the bonding between Cd
and Se2, increasing the stability of HC configuration compared
to BTR. That is why the HC configuration is the most stable
and energetically favorable.
For the (110) surface structure, the Cd−Se bonds in the

bulk are also broken along the (110) plane after the surface
formation. Different from the (111) plane, there is no intrinsic
polarization between the two surfaces because the as-truncated
(110) surface structure is symmetrical on both sides. Bader
analysis in Table 1 confirms this to be due to the very close
negative charge at the two side surfaces of NZ = 6. In other
words, the additional electrons cannot be transferred from one
surface to another. Figure 2c presents the PDOS (Cd and two
neighboring Se) of the (110) as-truncated and BTR structures,
respectively. For the as-truncated surface structure, the
intensity peaks of Cd and Se1 are quite different at the
(−0.75, −0.25) eV range, where Se1 shows a very large
intensity compared to Cd. In addition, Cd and Se2 also show
mismatch peaks around −2.1 eV, denoted by red arrows. All

Figure 2. Electron projection density of states (PDOS) of Cd and Se atoms of the NZ = 6 surface structure. (a) PDOS of Cd and neighboring Se at
the bare Cd surface in the (111) as-truncated, BTR, and HC surfaces. (b) ELF of the as-truncated, BTR, and HC surfaces in the (111) slab model.
(c) PDOS of Cd and neighboring Se at the bare Cd surface in the (110) as-truncated and BTR surfaces. (d) ELF of the as-truncated and BTR
surfaces in the (110) slab model. The positions of the Cd, Se1, and Se2 atoms are labeled in the diagram.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06465
ACS Omega 2024, 9, 42488−42497

42491

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06465/suppl_file/ao4c06465_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


these incomplete matched PDOS, especially the large charge
intensity closing to the Fermi level (−0.5 eV), might make the
(110) as-truncated surface configuration unstable. Therefore,
the (110) slab should undergo spontaneous structure
reconstruction to reduce the total energy of the system during
the structural relaxation process. The Cd at the surface shows
the inward movement to the inside layer, forming a Cd−Se
plane, i.e., Cd is surrounded by three Se atoms. As shown in
Figure 2c, the DOS peaks of the BTR surface shift to a lower
energy level compared to the as-truncated structure, especially
the peaks at −0.75 and −0.25 eV, and the peaks are
particularly well aligned.
Size-Dependent Electronic Structures. It is known that

the size effect of a nanostructure including nanoribbons,
nanotubes, nanoholes, etc., significantly affects their physical
properties. For example, the magnetic moment at the edge of
1T′-MoS2 nanoribbon periodically variates depending on the
odd and even widths.53 In addition, the size effect will also
induce the variation of the electronic structure of nanomateri-
als, such as the band gap of the graphene armchair nanoribbon
sensitively depends on its width NZ = 3p − 1, 3p or 3p + 1
(where p is a positive integer number) when periodic holes are
induced into it.54 The stability and band gap of WZ CdSe
based on the (0001) surface slabs oscillate with the number of
odd and even layers.39 Inspired by the above knowledge, we
carefully investigated the size effect (the number of layers)
related to the electronic structures of the CdSe (111) and
(110) surface structures.

Layer-Dependent Semiconductor-to-Metallic Transition
of (111) CdSe. The band structure of the (111) HC surface
structure as the function of layer number NZ from 1 to 12 was
calculated as shown in Figure 3a−c (NZ = 3, 4, and 5) and
Figure S5 (other layers). It can be observed that CdSe shows
direct semiconductivity when NZ < 4. This is very similar to
the bulk CdSe, i.e., both the CBM and VBM are located at Γ
point. The band gap of the NZ = 1, 2, and 3 (111) HC surface
structure is ∼1.29, ∼0.95, and ∼0.22 eV, respectively.
Furthermore, the projected band structure of NZ = 4 is
shown in Figure 3b. The red and blue balls denote the
contribution from the surface and internal regions, respectively,
while the layer number of each ball stands for the weight or
probability. For NZ = 4, both the surface and internal regions
contribute to the VBM and CBM at Γ point, respectively.
Compared to the band of NZ = 3, the VBM from the surface
region seems to shift upward and cross the Fermi level, while
the CBM from the internal region shifts downward and crosses
the Fermi level. The CdSe, therefore, unexpectedly transits to
the metallic when NZ increases to 4. For a larger layer number
(NZ > 4), the projected band of the surface and internal middle
layers are in Figure 3c (NZ = 5) and Figure S5c−i (NZ > 5). It
can be observed that the VBM from the surface layer also shifts
higher to the Fermi level, showing the metallic character.
However, the band structure from the internal middle layer
acquires semiconductivity, as denoted by the blue ball in
Figure 3c. It is still a direct semiconductor in which VBM and
CBM are located at the Γ point with a ∼1.8 eV band gap. For

Figure 3. Layer-dependent band structure of the HC surface in the (111) slab model. Band structure of NZ = (a) 3, (b) 4, and (c) 5. The red and
blue spheres denote the bands contributed by the inside surface and internal region. (d) Band gap of the HC surface from NZ = 1 to 12 by PBE and
NZ = 1−6 by HSE06 in the (111) slab. The green and red lines denote the inside semiconductive band gap. The blue and black lines denote the
semiconductive band gap of the surface and the gapless metallic surface. The black dot line is the gap value (0.48 eV) in bulk CdSe.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06465
ACS Omega 2024, 9, 42488−42497

42492

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06465/suppl_file/ao4c06465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06465/suppl_file/ao4c06465_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06465?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NZ > 5, all of the CdSe shows the surface metallic and internal
direct semiconductor characters as presented in Figure S5c−i.
The band gap as a function of NZ is summarized in Figure 3d.
Obviously, the (111)-HC surface model of CdSe shows three
different electronic properties as the change of layer number.
When NZ < 4, CdSe shows semiconductivity. When NZ = 4,
CdSe is completely metallic. When NZ ≥ 5, the surface region
of CdSe shows a metallic character, while the internal region
shows a semiconductor character. In addition, the hybrid
functional (HSE06) calculation was also performed to
calculate the band gap of (111)-HC surfaces from 1L to 6L.
The band structures are shown in Figure S6, and the band gap
is summarized in Figure 3d. The HSE06 results also show the
semiconductor-to-surface metallic state transition as the layer
size increases. Such results are similar to those of PBE.
To investigate the underlying mechanisms behind the sharp

changes in the band gap related to NZ, the charges of the Cd
atom at the Cd-terminated surface and the Se atom at the Se-
terminated surface of the (111)-HC slab (NZ = 1 to 12) are
summarized in Figure 4a. The negative charge of the Cd atom
at the Cd surface increases gradually with the layer thickness. It
is ∼11.28e− in the monolayer and reaches ∼11.35e− when NZ
increases to 6. The negative charge of the Se atom at the Se
surface decreases gradually with an increase in NZ. It is ∼6.72
e− when NZ = 1 and reaches ∼6.59e− when NZ increases to 6.
Additionally, the z-direction electrostatic potential of the HC
surface structure (NZ = 1−5) is shown in Figure S7a. The
bilayer system shows a balanced electrostatic potential in
vacuum space. As the NZ increases, the difference in the
potential step at the vacuum space increases. The z-direction
electrostatic potential in Figure S7a shows that polarization is
present at the (111) surface with NZ = 1, but electrons transfer
from one side to another side should not take place. When NZ
= 2, the HC configuration shows a nonpolarized state (Figure
S7b). Despite the polarization being observed in the NZ = 3
system (Φ = 1.5), it is still not enough to cause a significant
electron transfer and further make the CBM and VBM cross
over at the Γ point because there is only ∼0.6 eV potential
increase from 1L to 3L. When NZ increases to 4, the potential
difference increases to ∼2.5 eV (∼1 eV increasing from 3L to
4L). The greatly enhanced potential difference should be
derived from the increased polarization layer, as shown in
Figure S7, leading to more electron transfer from the Se surface
to the Cd surface. Ultimately, electron transfer from Se to Cd
enables both the Cd and Se surfaces to be metallic. This
suggests enhanced surface polarization with the increase in
layer number. Therefore, more electrons are transferred from
the Se surface to the Cd surface with an increase in the number
of layers.
Figure 4b,4c depicts the projected bands of Cd and Se atoms

at the bare Cd and Se surfaces of the HC surface when NZ = 4,
respectively. The CBM is mainly contributed by the electrons
of surface Cd. It, thus, could be considered that more electrons
are doped into surface Cd, causing an upward shift of the
Fermi surface with the increase of NZ. The CBM will move
down and cross the Fermi surface, leading the Cd surface to
become metallic and gain an electron pocket character at Γ
after the so-called “electron doping” process, as depicted in
Figure 4d. On the contrary, the electrons of Se at the Se
surface contribute to the VBM. As the layer number increases,
more electrons are transferred from the Se surface to the Cd
surface. In other words, the positive hole could be regarded as
doping at the Se-terminated surface. The Fermi surface,

therefore, shifts downward to the lower energy level, and the
VBM shifts upward, crossing the Fermi surface and then
forming the hole pocket. This process leads the Se surface to
become metallic. At the internal region (middle layers), the
negative and positive charges keep neutral, i.e., close to the
bulk state. That is why the internal region shows semi-
conductivity. The above process is schematically shown in

Figure 4. Analysis of metallic surface when NZ > 3. (a) Negative
charge of Cd and Se at the Cd-HC and Se surfaces, respectively. The
projected bands of the NZ = 4 HC surface along the (111) plane of
(b) Cd at the HC surface and (c) Se at the Se surface. The red and
green balls represent the band contributed by Cd and Se atoms,
respectively. (d) Schematic figure of the charge transfer of the HC
surface structure leading to the CBM and VBM shifts.
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Figure 4d to illustrate the mechanism of the band structures of
the (111)-HC surface depending on the layer number.

Layer-Dependent Band Structure of (110) CdSe. Figure 5
shows the layer-number-dependent (NZ = 1−12) (110) BTR
surface band structures. NZ = 3, 4, and 5 are shown in Figure
5a−c, while the others are shown in Figure S8. All layers of
CdSe show direct semiconductivity with both the CBM and
VBM located at Γ. The band gap of NZ = 1 and 2 is ∼1.83 and
∼1.35 eV, respectively, and the band gap of NZ = 3 and 5 is
∼1.14 and ∼0.92 eV, respectively. The band gap as the
function of NZ is summarized in Figure 5d. It can be seen that
the (110) BTR surface consistently maintains the same direct
band gap semiconductor character as the bulk CdSe, and the
band gap gradually decreases with the number of layers to
close to that of the bulk CdSe. The z-direction electrostatic
potential of the BTR surface structure (NZ = 2, 3, and 5) is
shown in Figure S7c. The potential shows a balance of
electrostatic potential in the vacuum space regardless of NZ.
This indicates that there is no charge transfer among different
layers, according to the Bader analysis in Table 1. Therefore,
the (110) surface always remains semiconductive.

■ CONCLUSIONS
In this work, using DFT calculations, we investigated the
surface reconstruction of CdSe and layer-number-dependent
electronic properties. The HC configuration, ignored by
previous studies, is energy-preferred compared with both the
as-truncated and BTR configurations. In addition, it shows the
semiconductor-to-metallic transition as the layer increases.
When NZ < 4, CdSe shows semiconductivity. When NZ = 4,

CdSe is completely metallic. When NZ ≥ 5, the surface region
of CdSe remains metallic, while the internal region transits to
semiconductivity. This metallic state surface derives from the
intrinsic polarization of (111)-ZB CdSe. In contrast, the
electronic properties of the (110) surface structure are
independent of the layer number and only refer to the
decrease in the band gap. In other words, it always remains a
semiconductor. It should be attributed to the symmetrical
structure at two side surfaces without charge transfer among
different layers. Although experimental data of our findings on
CdSe are still lacking, similar structures and properties have
been observed experimentally in other materials, suggesting
that our conclusions may be reasonable. For example, the HC
configurations could be observed in GaX compounds.45 In
addition, Qin et al. also reported the successful growth of AlSb
with a honeycomb surface structure on graphene-covered SiC
(0001).55 This also suggested the possibility of the HC
configuration in (111) CdSe. Our finding not only revealed the
additional possible surface structure but also clarified the
underlying mechanism of metallic-to-semiconductor (even the
edge metallic) transition related to the number of layers.
Furthermore, ZB CdSe is characterized by its “layered”
structure, consisting of six-membered rings with alternating
Cd and Se atoms, with adjacent layers connected by covalent
bonds. As a result, the stacking structures of the (111) and
(110) surfaces are also representative, showing the typical
zigzag and armchair characters, respectively. These surface
configurations broadly exist in many other III−V, II−VI, and
I−VII 2D materials, such as SiC, InSb, InAs, GaSb, GaAs, and
HgTe.43−45,56 Consequently, the insights and findings

Figure 5. Layer-dependent band structure of the BTR surface in the (110) slab model. Band structure of NZ = (a) 3, (b) 4, and (c) 5. (d) Band
gaps as a function of the number of layers from NZ = 1−12 in the (110) slab model. The black dot line is the gap value (∼0.48 eV) in bulk CdSe.
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presented in this work may inspire further study of surface
configuration and electronic structures of other III−V, II−VI,
and I−VII group MX compounds.

■ COMPUTATIONAL METHODS
Our DFT calculations were conducted by using the Vienna Ab
inito Simulation Package (VASP).57 The Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional58 and
projector augmented wave method59 were adopted. The
Monkhorst−Pack k-point mesh of 3 × 3 × 3 was adopted
for the first Brillouin zone in the calculations of the total
energy and density of states (DOS) for bulk CdSe, and the
tetrahedron method with Blöchl corrections was employed.60

The Monkhorst−Pack k-point mesh was set as 7 × 7 × 1 for
these as-truncated, BRT, and HC surfaces in the (111) surface
from 1L to 12L to ensure that k-point sampling spacing is less
than 0.2 Å−1. The Monkhorst−Pack k-point mesh of 3 × 5 × 1
was set for the as-truncated and BTR surface along the (110)
plane from 1L to 12L. Then, the atomic positions and lattice
constants were fully relaxed until the total energy difference
and forces were less than 10−5 eV and 0.01 eV/Å, respectively,
with an energy cutoff of 500 eV for the plane-wave expansion.
After full structure optimization, the BTR configuration of the
(111) and (110) surfaces can be obtained. To construct the
(111)-HC configuration, the Cd atoms on the surface layers
are manually moved to the top of the Se atoms in the lower
layer, and then the structure optimization was conducted with
a similar convergence criterion in the previous. To avoid the
metastable or saddle point state, the atomic position and lattice
distortion were introduced. After full relaxation, the same
structure was obtained, confirming its stability. Similar
operations were also applied to the Se surface. A higher
convergence criterion for total energy, 10−6 eV, was adopted to
perform self-consistent calculations to obtain the electronic
structures. Periodic boundary condition was applied in all three
directions, and a 20 Å vacuum space was applied along the z-
direction to avoid the interaction between two periodic images
for all calculations.
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