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Amorphous CdO (a-CdO) is obtained by cooling the liquid at a sufficiently fast cooling rate using first-principles
simulations. The topology of the amorphousmodel is examined using a variety of analyzing techniques. The local
structural arrangement of a-CdO is found to be partially similar to that of crystalline phase. The model is chem-
ically ordered but consists of a significant amount of coordination defects. a-CdO is predicted to be a semiconduc-
tor with a band gap energy less than the crystalline state. It is likely that a-CdO might serve as a novel electronic
material.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Cadmium oxide (CdO) is a transparent oxide in the visible range and
has high-quality structural, electrical and optical properties. It is one of
key materials in optoelectronics and has a wide range of technological
applications such as solar cells [1], photo transistors [2], diodes [3], trans-
parent electrodes [4] and gas sensors [5]. Because of its important appli-
cations it has been studied extensively for last a few decades [6–11].

The ground state of CdO is the octahedrally coordinated cubic
rocksalt structure (RS). Therefore it is distinguished structurally from
the other IIB–VI semiconductors having tetrahedrally coordinated
either wurtzite or zinc blende structures. Interestingly, in spite of the oc-
tahedral arrangements of atoms in CdO, it still possesses semiconducting
propertieswith a direct band gap of 2.32–2.5 eV and an indirect band gap
of 1.36–1.98 eV, demonstrating that electronic properties of CdO are very
much related to those of the other IIB–VI semiconductors [12].

An amorphous form of CdO as a powder also exists in addition to
these crystalline modifications. Recently, amorphous nanoclusters [13,
14] and amorphous thin films depending on the substrate temperature
[15,16] were synthesized experimentally as well. However the atomic
structure of a-CdO and its electronic properties have not been carefully
investigated to date, to our knowledge. Indeed it is quite appealing to
see how a-CdO forms at the atomistic level and to expose its properties
when the technological applications of the crystalline CdO are consid-
ered. Herewe use an ab initiomolecular dynamics approach to generate
an a-CdOmodel using the traditional melt-and-quenchmethod and ex-
amine the topology of the model using several analyzing techniques.
Based upon our results, we propose that a-CdOmay serve as a new elec-
tronic material and find some applications in technology.
2. Methodology

The calculations were carried out using the SIESTA code [17]. The
method is based on the density functional theory adopting a localized
linear combination of atomic orbital basis sets for the description of va-
lence electrons and norm-conserving nonlocal pseudopotentials for
atomic core. The pseudopotentials were constructed using Troullier
and Martins scheme [18]. The exchange correlation energy was calcu-
lated using the generalized gradient approximation of Perdew, Burke,
and Ernzerhof [19]. The double-ξ plus polarized orbitals were
employed. A uniform mesh with a plane wave cut-off of 120 Ryd was
used to represent the electron density, the local part of the
pseudopotentials, and theHartree and the exchange–correlation poten-
tial. This program was found to be very successful in reproducing the
high pressure phase of CdO [20]. Themolecular dynamics (MD) simula-
tions were performed using the NPT (constant number of atoms, con-
stant pressure, and constant temperature) ensemble. The simulation
cell consists of 216 atoms (108 Cd atoms 108 O atoms) with periodic
boundary conditions. We used Γ point sampling for the Brillouin zone
integration. The initial rocksalt structure was melted at 2500 K
(5.0 ps) and then the liquid statewas gradually cooled to 2000 K in a pe-
riod of 5.0 ps. At this temperature, the structure was thermalized for
10.0 ps. To ensure that the 10 ps is enough to capture the dynamics of
the liquid state, we studied the mean square displacement (MSD) for
last 1000 configurations using the isaacs program [21] and presented
it in Fig. 1. TheMSDwas proportional to t2 up to 40 fs suggesting ballistic
motion. Beyond this time, it exhibited a linear behavior, indicating
that the liquid was in a diffuse state. The linear behavior of the
MSD also specified that liquid reached a state of equilibrium. Fitting
the diffusive part with a straight line and using the Einstein relation,
b(r(t) − r(0))2N = 6tD, we obtained a value of 6.6 × 10−5 cm2/s for
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Fig. 1. Mean square displacement at 2000 K.
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the diffusion constant D. The liquid state was gradually cooled to 300 K
using different cooling rates. The amorphous state was only achieved at
a sufficiently fast cooling rate of 0.5 K/fs. With other cooling rates, the
crystallization into a RS phase as shown in Fig. 2 was observed around
400–600 K depending on the cooling rates in our simulations. The amor-
phous network at 300 Kwas finally relaxed. Each time step is one femto-
second (fs). Temperature was controlled using the velocity rescaling
method. The volumeof the supercellwas equilibratedusing the Parrinello
and Rahman technique [22] without allowing any shear deformation.

3. Results and discussion

The solidification mechanism can be characterized using various an-
alyzing techniques. The first quantity we would like to focus on here is
partial pair distribution functions (PPDFs), a commonly used practical
technique to determine the interatomic correlations particularly for dis-
ordered systems. Fig. 3 shows PPDFs as a function of temperature. In all
pairs at different temperatures, a well defined nearest neighbor peak
and a rapid loss of the interatomic correlations are observed, as expected,
due to the lack of long-range order. From the figure, the sharpening of
the first Cd–O peak is clearly evident with decreasing temperature, sug-
gesting more order around Cd and O atoms. The similar tendency is also
determined in the first peak of both Cd–Cd andO–Obut it is not as severe
as in the Cd–O correlation. Interestingly, the position of the first peaks is
found to be not too sensitive to temperature, that is, it does not notice-
ably alter with temperature. Here it can be concluded that the micro-
structures of liquid and amorphous CdO are roughly similar to each other.
Fig. 2. Crystalline structure formedduring quenching from themelt. Big and small spheres
are Cd and O atoms, respectively.
To compare the local atomic arrangements of a-CdO (relaxed) with
those of the crystalline RS structure, we also study PPDFs of the RS
phase and present them in Fig. 4. The disordered nature of amorphous
state results into broad and weak peaks relative to the crystal. As can
be seen from the figure, thefirst sharp peaks of both a-CdO and the crys-
tal are roughly located at the same positions. The first Cd–O neighbor
separation is located around 2.26 Å, which is slightly shorter than the
Cd–O distance of 2.34 Å formed in the crystal. On the other hand, the
Cd–Cd and O–O pairs split into two peaks (will be called subpeaks).
For Cd–Cd (O–O) correlation, the first subpeak's position is at 2.93 Å
(3.06 Å) and the second one is around 3.32 Å (3.4 Å). The splitting
of the peak in the Cd–Cd and O–O correlations means that there
are two different characteristic length scales between nearest Cd
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Fig. 4. Partial pair distribution functions (PPDFs) of a-CdO (solid line) and RS structure
(dashed line).
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(O) neighbors in the amorphous and a-CdO apparently has a local envi-
ronment partially different from the crystalline morphology.

In order to understand the origin of the splitting, the imaginary Cd–
Cd and O–O bonds for 3.1 Å and 3.2 Å distances (subminimums) respec-
tively are created in the model and each topological unit that forms the
imaginary bonds for these certain separations is carefully analyzed. As
shown in Fig. 5, the splitting is due to the angle distortions. For the
case of bond bending (bending of plane), both Cd–Cd and O–O separa-
tions decrease, relative to the crystal, and produce the first subpeaks.
For the case of the bond distortions with almost no bond bending, the
square lattice becomes a diamond like lattice and the distance between
atoms located at larger angles decreases while the distance between
atoms positioned at small angles increases. These types of angular dis-
tortions result in two Cd–Cd or O–O separations and hence the splitting
of these correlations.

To further analyze the topology of the model, we calculate the Cd–
O–Cd and O–Cd–O bond angle distribution functions using the cutoff
radii of 3.08 Å (amorphous) and 3.18 Å (liquid) for the Cd–O pair corre-
lation and plot them in Fig. 6. Themodel has very broad bond angle dis-
tribution functions ranging from 60° to 180° for a-CdO and from 45° to
175° for the liquid CdO in stark contrast to two sharp peaks at 90°
(strong) and 180° (weak, relative to 90°) in the crystal. As temperature
is decreased, the peak near 90° is sharpened. The angles around 90° and
180° can be interpreted as the tendency of the amorphousmodel to pre-
serve its crystalline like short-range order and to form an octahedral
structure. One can also notice that Cd atoms have a more trend to
form a local structure similar to the crystal since the peak's intensity
around 90° in the O–Cd–O is larger than that of Cd–O–Cd.

Coordination numbers (CNs), total and partials, are another impor-
tant structural parameter for materials. Here we analyze the average
CNs using the Voronoi polyhedral technique [23], more sensitive ap-
proach than the PPDFmethod to determine CNs in disorderedmaterials.
This approach also provides valuable information about local structural
units and their connectivity in amorphous structures. A Voronoi polyhe-
dron can be constructed by connectingperpendicular bisectors between
a central atom and all of its neighboring atoms and is represented by in-
dices bn3, n4, n5, n6,….N where ni offers the number of i-edge faces of
polyhedron andΣni gives the total CN. Fig. 7 presents the types and frac-
tions of Cd and O-centered polyhedrons for the liquid state at 2000 K
and amorphous state (relaxed). As seen from the figure, sixfold coordi-
nated clusters with an index of b0, 6, 0, 0N, and fivefold coordinated
Fig. 5. Atomistic origin of splitting in the Cd–Cd and O–O correlations. Topological units
with angle distortions (a) bond bending (b) without bond bending. The clusters are
viewed in two different directions to distinguish to their differences. Big and small spheres
are Cd and O atoms, respectively.
polyhedrons having an index of b2, 3, 0, 0N and b4, 0, 0, 0N are the
major building units around both Cd and O atoms in the short-range
order of liquid CdO. With decreasing temperature, the fraction of b4,
0, 0, 0N polyhedra decreases considerably and the b0, 6, 0, 0N and b2,
3, 0, 0N clusters become dominated for a-CdO. Additionally, O atoms
form b2, 2, 2, 0N structures with a small frequency. The b0, 6, 0, 0N
structure is an octahedron (see Fig. 8). The five fold coordinated b2, 3,
0, 0N cluster might be considered as an incomplete octahedron with
missing one atom. It has a central atom surrounded by five atoms.
This cluster is pyramid shaped (see Fig. 8). The central atom and its
four neighboring atoms are on the same plane (the base of the pyra-
mid), similar to a cross-sectional view of the face centered cubic struc-
ture, and its one neighboring atom is on the plane passing through the
top vertex and perpendicular to the base of the pyramid. Although the
b2, 2, 2, 0N polyhedron has a central atom having six neighbors, it is
closely related to the b2, 3, 0, 0N cluster. The central atom and its four
neighboring atoms are on the same plane, similar to the b2, 3, 0, 0N
polyhedron and its two neighboring atoms are on a different plane.
These two planes are perpendicular to each other. If one of the two
neighboring atoms is removed, the b2, 2, 2, 0N cluster becomes a very
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Fig. 7. Distribution of Voronoi clusters for Cd and O atoms.



Fig. 8. Typical O-centered b0, 6, 0, 0N, b2, 3, 0, 0N, b2, 2, 2, 0N and b4, 0, 0, 0N clusters
formed in CdO system. Big and small spheres are Cd and O atoms, respectively. Noted
imaginary bonds between Cd–Cd are formed to have a clear description of these clusters.
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deformed b2, 3, 0, 0N polyhedron. Missing one atom at the base of the
pyramid (b2, 3, 0, 0N) yields to the b4, 0, 0, 0N cluster. We should
note here that the definition of these clusters is for ideal cases. In liquid
and amorphous states, they are distorted and hence they do not have
uniform bond distances and angles. Noted that the RS phase has only
one type polyhedron with the index of b0, 6, 0, 0N and hence the liquid
and amorphous states carry structurally some characteristic of the RS
crystal. The temperature dependence of the average CNs is illustrated
in Fig. 9. The CN of Cd and O atoms computed to be 5.36 and 5.35, re-
spectively for liquid CdO. The CNs correlate with temperature and
four-to-five and five-to-six coordination modifications occur stepwise
in the system during the solidification process, yielding a gradual in-
crease in the CNs and an average CN of 5.46 for Cd atom and 5.47 for
O atom at 300 K.

The fivefold coordination, similar to the pyramid shaped in a-CdO,
frequently occurs in silicate glasses [24] and TiO2 (Ref. [25]) and the av-
erage CN is found to be lower in amorphous states than in their corre-
sponding crystalline structures in these systems. Additionally the
liquid state of these materials has a lower average CN, relative to the
crystalline counterparts. The adopting lower coordination is perhaps a
common characteristic of disordered forms of octahedrally coordinated
oxide materials. Consequently the observation of the coordination de-
fects (undercoordinated atoms), a lower average CN and partially differ-
ent structure is completely typical for CdO.

The Voronoi analysis additionally suggests that both states of CdO
are chemically ordered, that is, no Cd–Cd and O–O homopolar bonds
exist in the model, which can be attributed to the ionicity of CdO.

We finally study the electronic structure of the amorphous model,
which can be described by electron density of state (EDOS). The calcu-
lated EDOS of a-CdO and the RS phase is presented in Fig. 10.
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Surprisingly a-CdO still presents semiconducting properties even
though it has a significant amount of coordination defects. The theoret-
ical band gap energy of a-CdO is predicted to be about 0.45 eV, which is
less than 1.35 eV calculated for the RS phase. The experimental gap en-
ergywould be larger than this value since DFT underestimates band gap
energy. For a deeper understanding, we also analyze the partial density
of states (PDOS) given in Fig. 11. The energy band levels around−20 eV
are due to O-2s states. The upper valance bandnear the Fermi Level con-
sists of O-2p states. The band with the strongest intensity is dominated
by Cd 4d states. The lower conduction band near the Fermi level has
contributions from both O-2p and Cd-5s states. These findings are sim-
ilar to what has been observed for the crystalline phase in a previous
study [11].

Note that the band gap of a-CdO might be easily altered by either
simply improving the coordination defects or inducing nanostructures
in the amorphousmatrix. Both can be achievable possibly using thermal
treatments. If its band gap can be engineered experimentally to desired
values, then a-CdOmight find some important electronic and optoelec-
tronic device applications.

4. Conclusions

a-CdO is modeled from the melt using an ab initio technique. The
model is found to be chemically ordered but highly defective. Its average
coordination is lower and it is partially different than the RS state. De-
spite a substantial amount of coordination defects, a-CdO still presents
semiconducting properties. Based on our findings, it is probable that
a-CdO might find some uses in electronic and optoelectronic devices.
Yet additional works, in particular, experimental works are definitely
needed to fully reveal the properties of a-CdO.
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