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In this study, the structural, electronic, and vibrational properties of the thinnest crystal structure that
can be obtained by thinning bulk Cd down to a monolayer are investigated by performing first-principles
calculations. Total energy optimization and dynamic stability calculations reveal that the single layer
crystal structure has a hexagonal unitcell with a two-atomic basis where alternating layers are formed by
trigonal arrangements of Cd atoms. Softening occurs with decreasing zone center optical phonon
frequencies as a result of structural relaxation when going from a bulk to a single layer (SL) structure. It
is also shown that the thinnest structure obtained from bulk Cd crystals maintains its metallic features
despite the dimensional crossover. In addition, it is predicted through calculations that the SL Cd crystal
strongly interacts with oxygen and that the oxidized regions even undergo chemical transformation to
form a CdO crystal. In the double-layer CdO crystal resulting from the oxidation of individual Cd layers,

Received 12th March 2024, the layers are connected to each other with partially covalent bonds, and this structure is a

Accepted 4th April 2024 semiconductor with a band gap of 2.10 eV. On the one hand, the robust metallic structure of the
DOI: 10.1039/d4nj01166; thinnest possible Cd crystal provides flexibility for its use in nanoscale applications, on the other hand,

the fact that its electronic properties can be changed by oxidation is important for optoelectronic device
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1 Introduction

As a member of transition metals, cadmium (Cd) has consis-
tently played a critical role in driving innovation and modern
technology, from its use in telecommunications’ to protective
coatings.” Bulk Cd has garnered attention especially due to its
ability to resist corrosion.® Its metallic properties combined
with its resistance make it an excellent sacrificial anode* for
battery applications.>® In addition, Cd can be alloyed with
other metals, to create electrical contacts and connectors.”
Moreover, Cd is the base metallic element of II-IV metal
chalcogenides: CdX (X = S, Se, and Te) which are used as
elements of technological devices such as LEDs,® LCD
devices,’ photodetectors,’® photovoltaic cells, photoresistors™*
and solar panels.'®> Another one of the most common com-
pounds of cadmium is CdO. In the technology of thin-film
transistors (TFTs)," electroplatings'®"'® and transparent con-
ducting films (TCFs),'® efficient use of CdO has been reported.

In the meantime, there are examples of various low-
dimensional forms of Cd crystals that have been used in the
advancing field of nanotechnology. Zhao calculated that Cd,
clusters that have closed electronic shells demonstrate magic
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number behavior for some n, and the size dependence of
ionization potentials converges towards the bulk limit."” While
Alvarez et al. showed that metallicity of Cd,, clusters emerges as
a result of sp-hybridization,'® and a study by Kohaut et al.
revealed that such clusters do not show metallic properties up
to n = 60.'° Besides, Oyeniyi et al. developed and used a method
to calculate the electronic excitation energies and absorption
spectra of zero dimensional Zn, Cd and S clusters.* Xie et al.
demonstrated that nanoribbons of CdTe with their large photo-
response and high gain to visible NIR irradiation are promising
candidates for photodetection applications.*" As shown by Li
et al., CdS nanobelts exhibit high photosensitivity and short
decay time making them usable in Schottky junctions.”” In
addition, the enhancement of quantum efficiency and electrical
conductivity of CdS nanobelts was studied by Zhang et al.>* As
another one-dimensional form, nanowires of Cd-based materials
have also been studied widely. It was shown that CdS nanowires
have a direct band gap resulting in light emission/absorption in
the visible range, while CdTe nanowires exhibit a high absorption
coefficient and an optimal band gap for solar cell applications.>*
Furthermore, Wang et al. studied the zero-dimensional structures
of Cd and predicted that Cd-based clusters generate delocalized -
electron channels, which are used as photoelectrochemical-type
photodetectors.”> Moreover, Ganiga et al. reported that quantum
dot (QD) CdS is a fluorescence recoverer, therefore it is a promis-
ing candidate that can be used in advanced biological sensors.>®
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Although various low-dimensional forms of Cd crystals have
been studied to date, atomically thin possible two-dimensional
crystal structures have not been investigated. In this study, we
investigate which characteristic properties of Cd crystals
change and how they are modulated when going from their
known bulk form to their thinnest possible two-dimensional
form. In addition, considering the fact that oxidation of Cd
crystals is inevitable, the interaction of the surfaces of the
single layer (SL) Cd crystals with oxygen is also investigated.
It is also predicted here that CdO crystals are formed as a result
of the strong Cd-O bonds established by the oxidation of
cadmium. The stability and electronic properties of similar
ultra-thin CdO crystals were also studied by Hoat et al.’” As a
result of such chemical conversion, SL Cd crystals are trans-
formed and have a more stable structure. In this context, it is
seen that oxidation acts as a process that strengthens the
crystal structure rather than damaging it.

2 Computational methodology

The electronic and vibrational characteristics of bulk Cd, SL Cd,
and CdO were investigated by employing Density Functional
Theory (DFT) within the framework of the Vienna Ab initio
Simulation Package (VASP).*® The choice of the exchange-
correlation functional was based on the Generalized Gradient
Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
parameterization®® and corrected with the Heyd-Scuseria-Ern-
zerhof (HSE) screened-nonlocal-exchange functional.*® Pseudo-
potential datasets were meticulously constructed utilizing the
projector augmented wave (PAW) potentials to ensure an accu-
rate representation of the atomic interactions. This study
further investigated the van der Waals (vdW) interactions
utilizing the DFT-D3 methodology developed by Grimme.*!
Atomic charges were analyzed by the Bader technique.*? In
order to mitigate undesirable layer-layer interactions along the
vacuum direction in the SL Cd configuration, a vacuum spacing
of 12.95 A was judiciously introduced. For precise calculations,
a kinetic energy cutoff of 700 eV was implemented, accompa-
nied by a total energy convergence criterion of 10> eV for the
total energy calculations. Gaussian smearing with a width of
0.05 eV was employed. To comprehensively explore the Bril-
louin Zone (BZ), distinct k-point meshes were adopted for
structural optimization and density of states calculations.
Specifically, a 21 x 21 x 21 k-point mesh was applied for bulk
Cd, while a 21 x 21 x 1 is preferred for SL. These choices
ensured accurate sampling of the reciprocal space. The relaxa-
tion of the unit cell was achieved by reducing pressures
along each direction below +1 kB. Vibrational properties were
investigated utilizing the PHON code,”® which leverages the
small displacement method to extract phonon spectra and
vibrational modes.

Here, to investigate the Raman activities of the phonon
modes, we used the finite-difference method to calculate the
polarizability of the crystal lattice by taking the derivative of
the polarizability tensor, o;, concerning the normal mode
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describing the whole motion of individual atoms participating
in the kth vibrational phonon mode, Q.
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The total Raman activity is written from the type of Raman
invariants given for the backscattering experimental geometry
as follows:

1
5= 3 + 3y - 52) @)

Ir,. - - - - .
B = 3= 30) + (5 = )+ = 30

#6005

where @ represents the isotropic part and f represents the
anisotropic part of R. Using these, the Raman activity R, is
given as:

Rx = 456 + 7f° (4)

3 Results

3.1 Stability and the electronic properties of single layer
cadmium

As shown in Fig. 1, a bulk Cd structure constructed by metallic
bonding of atoms to each other forms a hexagonal-close
package structure that belongs to the space group of P6;/mmc
and the point group of Dg,."® Using total energy calculations,
lattice parameters for the bulk structure are found to be a = b =
2.98 A and ¢ = 5.75 A. However, as shown in Fig. 1(b), when
going from the bulk to single layer, the thinnest possible crystal
structure is a hexagonal structure with a two-atomic basis in
which Cd atoms are bonded to each other in a highly buckled
manner. Additionally, due to the absence of adjacent layers in
the out-of-plane direction in the SL crystal structure, stronger
Cd-Cd bonds are established in the in-plane direction. There-
fore, compared to the bulk structure, the lattice parameters of
the SL shrunk to 2.93 A. The calculated crystal thickness (%) for
this structure, defined as the out-of-plane distance between the
bottom and top atoms, is 3.09 A. While the cohesive energy per
atom for the bulk crystal is 2.13 eV, it is 1.63 eV for the SL
structure. In addition, it should be noted that the single-atom-
thick trigonal symmetric crystal structure obtained, which is a
thinner alternative to the two-atom primitive cell SL crystal,
does not correspond to a possible structure on the Born-
Oppenheimer surface.

Calculation of phonons is important for the investigation of
the dynamic stability but not only limited to that, it also allows
determination of the characteristic fingerprints of a given
material. First of all, it is seen from Fig. 1 that, similar to the
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Fig. 1 (a) and (b) Atomic structures and (c) and (d) phonon dispersions of
bulk and SL Cd. Top and side views of the crystal structure are shown in the
upper and lower panels, respectively. Phononic eigenmotions are shown
as the inset.

bulk crystal, theoretically predicted double-layered SL crystal
structure has positive phonon eigenfrequency for all g values.
Therefore, the SL structure obtained by total energy calcula-
tions corresponds to a dynamically stable structure and its
synthesis in the freestanding form can be possible under
appropriate experimental conditions. Here, phonon dispersion
obtained for the bulk Cd crystal shows that there are two optical
phonon branches at the I' point. While the mode at 54 cm™*
corresponds to in-plane vibrations of neighboring atoms in
opposite directions relative to each other, the doubly degen-
erate mode at 147 cm ™' corresponds to out-of-plane counter-
phase movements of neighboring atoms. When switching from
the bulk crystal to a SL crystal, it is seen that both in-plane and

View Article Online

Paper

out-of-plane modes are subjected to dramatic phonon soft-
ening, as the inter-atomic distance between neighboring atoms
is increased. Apparently, the part of the thermal conductivity
mediated by phonons decreases in ultra-thin Cd crystals. In
addition, for the SL structure zone center optical phonon
eigenfrequencies are 36 and 85 cm ™ '. Here, the phonon
modes are located at lower energies in comparison with
other 2D materials such as graphene (~1600 cm ') and MoS,
(~460 cm™"),>** indicating that SL Cd is a softer material with
a lower thermal conductivity.

Determination of the Raman activity spectrum of SL crystals,
which allows their characterization and identification at the
nanoscale, provides important preliminary information before
future experiments. As shown in Table 1, both optical phonon
modes of bulk and SL crystals at the I point have Raman
activity and are expected to appear as distinct peaks in the
experimentally measured Raman spectrum. Here, the theoreti-
cally obtained prominent R-active phonons are in good agree-
ment with the experimental data.>®3’

It is also essential to obtain electronic band dispersion to
understand how the dimensional crossover, which occurs by
thinning cadmium from the bulk form to two-dimensional SL
structure, affects the behavior of charge carriers. As shown in
Fig. 2, SL Cd crystals have metallic properties like the bulk
material. It is also noteworthy that the number of states cross-
ing the Fermi level decreases due to the absence of atoms
surrounding the out-of-plane direction in the SL structure.
Linear crossing bands located at the K and H high symmetry
points just above the Fermi level arise as a result of the in-plane
trigonal symmetry in the crystal structure. Orbital decomposi-
tion of the bands crossing the Fermi level shows that the
metallicity of both bulk and SL structures mainly originates
from the electrons in s and p states.>® It is also seen that, when
going from the bulk to SL, the contribution of p state electrons
to metallicity is enhanced. As a result, it is theoretically
predicted that the Cd material maintains its metallic nature
even if it is thinned down to its thinnest possible crystal
structure. If it is considered in terms of suitability for use in
nanoscale device applications, the Cd material is important
because it allows operational errors.

3.2 Oxidation characteristics of single layer Cd

Oxidation of materials is an inevitable fact in daily life and
under laboratory conditions. Therefore, it is essential to
examine the structural stability of the ultra-thin SL Cd crystal
against oxidation, which we have examined in detail. Whether
a material undergoes structural change when exposed to

Table1 Calculated quantities for bulk Cd, SL Cd and CdO: optimized lattice parameters (a) and (c), thicknesses (h), bond lengths (dycq)_2(0). between Cd

EG GA

atoms labeled 1-2 and between Cd-O for CdO), work functions (@), cohesive energies (E.), energy band gaps calculated with GGA (Egz5’) and within
HSEO6 on top of GGA (Ef55°°), and eigenfrequencies of Raman active vibrational modes

a(d) @A)  dicaso B k(@A) D(eV) E.(eVperatom) Egu (V)  Egn® (eV)  Raman active modes (cm ')
Bulk Cd 2.98 5.75 3.36 — 4.06 2.13 Metal Metal 54, 147
SL Cd 2.93 — 3.53 3.09 3.95 1.63 Metal Metal 36, 85
BL CdO 3.76 — 2.17 2.51 4.80 6.90 0.57 2.10 64, 104, 242, 247, 410
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Fig. 2 Electronic band dispersions (on the left) and orbital decomposed
partial density of states (PDOS) (on the right) of (a) bulk and (b) SL Cd.

oxidation depends on how strongly the crystal structure inter-
acts with atomic and molecular oxygen. For the SL Cd crystals,
binding energies were calculated on points with high electron
density on the surface and points that provide a certain
symmetry between them.

As shown in Fig. 3(a), when an oxygen atom approaches the
middle of the three Cd atoms at the top and onto another Cd
atom at the bottom layer (Top-1 site), it is absorbed with a high
binding energy of 4.37 eV. While this strong bond is estab-
lished, a charge transfer of up to 1.10 e occurs from the Cd
atoms to the O atom on the surface. If the O atom is adsorbed
on the holey site of the hexagon formed by atoms of two
uppermost layers, it forms three strong covalent bonds with
three atoms of the uppermost layers. Bonding on the hollow
site occurs with a binding energy of 4.34 eV, resulting in a
charge transfer of 1.03 e from the neighboring Cd atoms to O.

In addition, there are two possible sites for adsorption of the
O atom bonded to two Cd atoms; (i) a bridge site between two
top layer atoms (Bridge-I) and (ii) a bridge site between Cd
atoms, one in the bottom and the other in the top layer (Bridge-
1I). The total energy calculations performed show that the O
atom approaching the Bridge-I site relaxes to the Top-1 shown
in Fig. 3(a), and the O atom approaching the Bridge-II relaxes to
the N-Bridge site by tilted bonding with only one Cd atom.
Absorption on the N-Bridge site occurs at 2.17 eV, with a charge
transfer of 0.83 e from the upper one Cd to oxygen. The Top-2
site corresponds to the possible bonding location on the top of
an uppermost Cd atom (see Fig. 3(d)). The O atom binds to SL
Cd from the Top-2 site with a binding energy of 1.92 eV and a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 Possible adsorption sites, charge density differences, binding ener-
gies, and charge transfer for O atoms from the top view: (a) Top-1 site, (b)
Hollow site, (c) Nearly Bridge (N-Bridge) site, and (d) Top-2 site. Possible
adsorption scenarios from the top view, (e) and (f), for O,: charge density
differences, binding energies, and charge transfers for both situations.

charge transfer of 0.81 e from the surface to the O atom. It
seems that when the SL Cd material is exposed to atomic
oxygen, the Top-1 and Hollow sites are rapidly oxidized first,
followed by the N-Bridge and Top-2 sites.

Moreover, how the SL Cd crystal interacts with the O,
molecule is also taken into consideration. As shown in
Fig. 3(e) and (f), when the O, molecule approaches the surface,
where its center of mass coincides with the Top-1 or Hollow
site, it binds with a binding energy of 170 meV. Ultimately,
when the O, molecule is bonded, one of the atoms forms two
bonds with the Cd atoms, and the other forms a single bond.
Here, single-bonded O receives 0.55 e electrons while double-
bonded O receives 0.51 e.

3.3 From Cd to CdO through oxidation

It has been revealed that the oxygen atoms of the SL Cd crystal
surface interact strongly and therefore chemically converted
Cd-O domains are nucleated rapidly. This section is devoted to
the investigation of fully oxygenated SL Cd. As shown in Fig. 4,
the most intense oxidation of the SL Cd crystal occurs when one
O atom is bonded to each Cd atom at the binding points
predicted as Top-1 in the previous section. Here the resulting
bilayer structure can be called BL CdO. The BL crystal structure
has a graphene-like honeycomb symmetry, which can be

New J. Chem., 2024, 48, 9036-9042 | 9039
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Fig. 4 (a) Crystal structure of CdO from the top (on the left) and side (on
the right) views. (b) The corresponding phonon band dispersions (on the
left) and normalized Raman spectra in comparison with those of SL Cd.
The eigenmotion of each Raman active mode of CdO is shown as the
inset.

attributed to the P3m1 space group and the point group of Cs,.
From total energy calculations, the lattice constant of BL CdO is
found to be 3.76 A. Bond lengths between Cd and O are 2.17
intralayerly, resulting in charge transfer, and 2.51 A interlayerly,
which is also the thickness (%) of the BL CdO. The cohesive
energy per atom for the BL CdO is calculated to be 6.90 eV.

Calculated phonon dispersion shows that the BL CdO struc-
ture, which emerged through the chemical conversion, is also
dynamically stable and contains 9 optical phonon branches in
its spectrum. Among these, three doubly degenerate modes
with in-plane vibrational character lie at 64, 410, and 393 cm ™!
and the non-degenerate modes with out-of-plane vibrational
character lie at 104, 242, and 247 cm™ .

Raman active vibrational modes are calculated using
eqn (4), and then normalized, as shown in Fig. 4(b). CdO
crystalline exhibits six characteristic R-active vibrational modes
at the I' point. The highest and lowest R-active modes (410,
64 cm ') have opposite in-plane vibrational characteristics of
inter and intralayer O and Cd atoms, respectively. The remain-
ing R-active modes have out-of-plane characteristics with eigen-
frequencies of 104, 242, and 247 cm ™. Specifically, the R-active
modes at 104 and 257 cm ™' possess the opposite out-of-plane
motion both inter and intralayerly, whereas the interlayered Cd
and O atoms follow the same trend for the mode at 242 cm ™.
As shown in (b), the R-active modes of SL Cd and CdO show very
similar intensities for relatively low frequencies. The reason for
this is that the vibrations of Cd atoms dominate the vibrations
of oxygen atoms (see insets), reducing them to a regime that
can be ignored. This leads to distinguishing the differences of
materials by looking at their electronic properties rather than
their vibrational characteristics.

9040 | New J. Chem., 2024, 48, 9036-9042
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Fig. 5 Electronic band dispersion of CdO with the corresponding orbital
decomposed PDOS of Cd and O atoms.

Electronically, differing from SL Cd, the BL CdO crystal is a
direct gap semiconductor with a bandgap of 2.10 eV (0.57 eV),
calculated with GGA + HSEO06 (pure GGA) at the I' point (see
Fig. 5). The BL obtained from SL Cd has a smaller band gap
compared to the CdO bulk crystals (2.5 eV).****° Here, the VBM
is mainly composed of O-p states with a small contribution
from Cd-d state electrons, whereas the CBM is formed by the
hybridization of O-p and Cd-s states. Moreover, the electron
(hole) effective mass of CdO at the vicinity of the I' point is
calculated to be 0.13 m,. (0.56 m.), where m, is the electron rest
mass. For monolayer MoS,, electron (hole) effective mass is
0.45 m. (0.63 m.).*" Thereby, charge carriers are expected to
move faster in CdO than MoS,, however, slower than graphene.
Compared to the bulk CdO crystals, ultra-thin BL CdO crystals
obtained by dimensional reduction hold promise to be used in
photodiodes, phototransistors and photovoltaic cell devices
that can operate at higher wavelengths.

The fact that ultra-thin Cd crystals can be easily chemically
converted into CdO makes possible novel applications of this
material. Thanks to the advances in nanotechnology tools, by
using masks with nanoscale smoothness, it has become possi-
ble to cut materials into desired sizes or functionalize them
in patterns suitable for the purpose. As shown in Fig. 6,
when a Cd/CdO interface is created, a lateral heterojunction
is also obtained. This simple metal-semiconductor interface,

SL Cd CdoO
| Ir
| ©,=058eVy ||
i
2ap
A B "1

Fig. 6 (a) Top view of the possible lateral SL Cd/CdO heterojunction
interface. O atoms are magnified for better visualization. (b) Comparative
band alignments of SL Cd and CdO with Schottky barrier height (@) and

energy band gap (E555°¢) of CdO are given as insets.
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obtained by oxidation of a single material, creates a Schottky
barrier of 0.58 eV against current carriers. The fact that ultra-
thin Cd crystals can be easily obtained with a single material
and offer a smaller Schottky barrier height compared to other
metals (typically 0.7-0.9 eV)*> makes them a promising material
for use in nanoscale device applications.

4 Conclusions

In this study, the thinnest possible crystal structure of the well-
known Cd crystal and its electronic and vibrational properties
were investigated using DFT-based calculations. Total energy
optimization and dynamical stability analysis showed that in its
thinnest stable form, Cd crystallizes in a graphene-like struc-
ture consisting of alternating layers formed from trigonal
arrangements of Cd atoms. It has also been predicted that this
ultra-thin material, called SL Cd, has two characteristic Raman
active modes that allow characterization and differentiation
from other materials with similar crystal structures. In addi-
tion, it has been seen that the Cd crystal retains its metallic
properties even if the thinnest possible structure is obtained
from the thickest bulk crystal. In the last part, it is shown that
SL Cd crystals are transformed into a BL CdO structure, which
displays semiconductor behavior, through chemical conver-
sion, and its possible lateral heterojunction applications are
discussed. Ultra-thin cadmium with an ultra-thin stable crystal
structure, thickness-independent metallic behavior, and che-
mically controllable electronic properties stands out as a pro-
mising material for nanoscale device applications.
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