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Abstract We show the importance of considering the

detailed local distributions of oxygen atoms around tellu-

rium in CdTeOx glasses when interpreting X-ray photo-

emission experiments. We perform first principles

calculations of core-level shifts that are used to compute

X-ray photo-electron spectra. The core-level shifts are

investigated by means of atomic density of states and a

structural Voronoi analysis. We find that the dominating

effect on the atomic core-level shift of tellurium is charge

redistribution due to the oxygen atoms. There is however

also a prominent effect from the geometrical arrangement

of the oxygen neighbors.

Introduction

Structural analysis of amorphous materials can be a chal-

lenge since the lack of symmetries and infinite range of

possible local environments for an element may complicate

the interpretation of the experimental data. X-ray photo-

electron spectroscopy (XPS) is a widely used experimental

technique for extracting information of chemical compo-

sitions, local environment effects, and the electronic

structure of solids [1]. Chemical compositions are the most

straightforward information that can be obtained in the

analysis of the XPS spectrum by integrating each peak

corresponding to each element.

The determination of the different chemical environment

of a single element within a material is however more diffi-

cult and requires additional information to aid the analysis of

the spectral line shapes [2]. In crystals, for instance, X-ray

diffraction of the crystal structure can limit the number of

parameters in the curve fitting procedure. Hence, more than

one experimental technique are needed to interpret and

obtain structural information of solids. Amorphous materials

complicate interpretation because of their lack of crystalline

order and subsequent local environmental disorder.

Computer simulations can provide valuable information

and an efficient way to analyze experimental XPS data in

solids. For amorphous materials, the random structure can
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be modeled, for example, by means molecular dynamics

(MD) simulations and the spectrum accurately calculated

from first principles. One of the advantages of this

approach is that the correlation between local environments

and spectral peak shapes and positions can readily be

accessed since the contributions to the spectrum from

individual atoms are known.

Recently, this procedure has successfully been applied

to amorphous CdTeOx (x = 0.2, 1, 2, 3) [3]. In that work,

the tellurium electron relative core-level energies were

calculated by means of density functional theory (DFT)

[4, 5] and then used to compute the XPS spectra. The

results corroborated the existence of a correlation between

the magnitudes of two tellurium peaks in the XPS spectrum

[6, 7, 8, 9, 10] and the number of oxygen atoms in close

chemical proximity of the tellurium sites. As yet, however,

no quantitative analysis of the atomic environments that

built the individual peaks has been presented.

In the present paper, we describe the tellurium local

environments that compose each peak in the XPS spectra.

We show that some tellurium atoms with the same number

of oxygen neighbors have local environments with differ-

ent geometries that do not contribute to the same peak in

the spectrum. We analyze the structures and charge redis-

tribution by means of structure factors, density of states,

and Voronoi volumes for the amorphous CdTeO oxides.

Theory

XPS spectra

Experimentally the initial photoemission state consists of a

sample in its ground state plus an X-ray photon, and the

final state is a sample with a core hole (one electron

missing in a deep core-level) plus an electron leaving the

crystal (photo-electron). The binding energy is defined as

EB = Ef
N-1 - Ei

N where Ei
N is the energy of the initial state

with N electrons and Ef
N-1 is the energy of the final state

with one missing electron. The photo-electron binding

energy is measured in an XPS experiment as [11]

EB ¼ �hx� Ekin þ Eref ; ð1Þ

where �hx is the X-ray photon energy, Ekin is the kinetic

energy of the photo-electron measured with a detector, and

Eref is a reference that may be the common Fermi level of

the sample and the detector in the case of metallic samples.

The core-level shift (CLS) can then be defined as the dif-

ference in binding energy between different atomic sites in

a material.

The accurate calculation of absolute binding energies is

a difficult theoretical problem, but, energy differences are

generally well described by density functional theory

(DFT) methods [4, 5]. In particular, for amorphous CdTeO

oxides, the binding energy difference can be expressed as

DEB ¼ EðCdTe1�yTe�yOxÞ � EðCdTeOxÞ; ð2Þ

where EðCdTe1�yTe�yOxÞ is the total energy of the supercell

with a concentration of core-ionized atoms y equal to one

over the number of Te atoms in the supercell. Substitution

of Te by Te* (the excited atom) at different sites provides

the site-dependent CLS.

In the pseudopotential method we are using in this study

we cannot directly ionize a core electron. A way around this

problem is to represent the excited Te* atom by a new

pseudopotential [12] that has a missing core electron, or

simply approximate Te* with the addition of a proton to the

nucleus, i.e., the next element of the periodic table [13]. The

latter approximation is called the Z ? 1 approximation.

The site dependent binding energy differences are

smeared and then summed up to form the continuous line

of the XPS spectrum. The result is a theoretical XPS

spectrum where the energy scale is not absolute.

Computational details

Our first principles, self-consistent electronic structure

calculations were performed by means of DFT using the

pseudopotential method implemented in the Vienna

Ab-initio Simulation Package (VASP) [14] and QUANTUM

ESPRESSO (QE) [15] code. The exchange correlation

energy was calculated employing the generalized gradient

approximation with the PBE functional [16].

The electronic states in the DFT calculation were

expanded using a plane wave basis set with a cutoff of

400 eV for VASP and 530 eV for QE calculations. We

used the projector augmented wave potentials with 5s and

5p valence states for Te, 4d and 5s for Cd, and 2s, 2p for

O. The number of k-points was carefully optimized in order

to achieve energy convergence, giving a 2 9 2 9 2

Monkhorst-Pack Brillouin zone sampling.

We have checked the reliability of the Z?1 approxi-

mation in our system, using the QE code and a Te*

pseudopotential with a missing core electron [3].

In the present investigation, we utilized structural

models for amorphous CdTeOx obtained by MD simula-

tions.1 The MD procedure used to produce the amorphous

structures was carefully described in [17]. The cubic

supercell sizes for CdTeOx were adjusted by linear inter-

polation to fit the experimental densities of the crystalline

1 See EPAPS Document No. E-PRBMDO-78-102845 for the atomic

coordinates in XYZ format. For more information on EPAPS, see

http://www.aip.org/pubservs/epaps.html.
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materials CdTe and CdTeO3, where q(CdTe) = 5.85 g/cm3

and q(CdTeO3) = 6.416 g/cm3. The total number of atoms

in each cubic supercell was 66, 72, 76, and 80 for x = 0.2,

1, 2, and 3, respectively. In general, the symmetry of the

supercell should not affect the results since the size of the

supercell was increased until the effects from the periodic

boundary conditions were minimized. These structures

were thoroughly characterized using several statistical

properties, such as the pair distribution functions, angle

distribution functions, and coordination histograms. From

the analysis in [17] it was found that the CdTeO and

CdTeO2 compounds present more chemical and topological

disorder than CdTeO0.2 and CdTeO3.

Results and discussion

Statistical structural analysis

In the left panel of Fig. 1 we show the calculated total pair

distribution functions g(r) for CdTeOx with x = 0.2, 1,

2, 3. The distance to the first minima in the g(r) determines

the radius of a spherical shell containing nearest neighbors.

For all compositions x, we observe that the first peak is

split into two peaks, corresponding to the distance between

tellurium and oxygen nearest neighbors (approximately

1.97 Å) and between cadmium and oxygen neighbors

(approximately 2.23 Å).

Since the static structure factor S(k) is directly accessi-

ble to neutron or X-ray scattering experiments we show

them for the amorphous compounds in the right panel of

Fig. 1. All of them have two peaks below 4.5 Å-1, the

second one being slightly higher than the first one except

for x = 3, where the two peaks have almost identical

height. This is due to the higher oxygen content of

CdTeO3, as the first peak in S(k) is determined by O–O and

Cd–O contributions.

Local structural analysis, characteristic environments

The oxygen geometries in the local environments of the Te

atoms were closely inspected for each supercell. In our

amorphous structures each atomic environment is unique,

but within a small margin of error, we were able to identify

some idealized characteristic structures. The Te atoms with

one oxygen neighbor are all well represented by a Te–O

dimer. The Te atoms with two oxygen neighbors are repre-

sented by a O–Te–O molecule with bond angle 90�. In the

case of three-coordinated Te, we find one ‘‘planar’’ geometry

and one ‘‘pyramidal’’ geometry. The ‘‘planar’’ geometry is

T-shaped with the Te in the center and all bond angles 90�
(oxygen in the ?x, -x, and ?y directions). The ‘‘pyramidal’’

geometry is a pyramid with the Te at the top and the oxygen

atoms at the base, constructed with all bond angles 90�
(oxygen in the ?x, ?y, and ?z directions). The four-coor-

dinated Te atoms have oxygen in the ?x, -x, ?y, and ?z

directions, and the five-coordinated Te have oxygen in the

?x, -x, ?y, -y, and ?z directions. All these characteristic

structures are explicitly shown in Figs. 2, 3, 4, 5 for clarity. In

the identification of these structures, only Te–O bond dis-

tances within the first peak of the pair distribution function

were considered. The spread in bond angles is about 5�.
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Fig. 1 The calculated pair distribution function g(r) (left panel)
and the static structure factor S(k) (right panel) for the CdTeO0.2,

CdTeO, CdTeO2, and CdTeO3 structures

Fig. 2 (Color online) The calculated tellurium XPS spectrum is

shown for CdTeO0.2. The bars indicate the tellurium energy shifts and

the height of the bars denote the number of oxygen neighbors which

was calculated within a cutoff radius of 2.32 Å. Typical Te

environments are depicted as well, where the blue balls are Te atoms

and the yellow ones represent oxygen
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Local environment effects in spectral peaks

In order to investigate the effects of the local atomic

environments on the XPS spectra, we show the site-

dependent CLS of each characteristic structures in Figs. 2,

3, 4, 5.

In these figures the CLS of each local Te environment is

indicated by vertical bars and the typical geometries in

which these local environments are found are indicated by

arrows. The height of each bar represents the number of

oxygen neighbors of the particular Te site. In counting the

number of oxygen neighbors we employed a radial cutoff

of 2.32 Å, which is the distance of the first minimum of the

partial Te–O radial distribution function of our amorphous

structures [17]. To compute the XPS spectrum, the calcu-

lated electron core levels were represented by normalized

Gaussians of width 0.5 eV which were then summed up to

form the dashed line of the spectrum.

Two spectral peaks are seen in all materials except

CdTeO3 which has only one. When discussing these

amorphous spectra in the literature [8, 18, 6], the peak to

the right has often been assigned to Te bound to Cd atoms,

while the peak to the left has been assigned to Te bound to

O atoms. Figures 2, 3, 4, 5, demonstrate, however, that

each peak has associated tellurium atoms with different

local environments. Each peak therefore contains contri-

butions from one or more tellurium atoms with a different

number of oxygen neighbors. In particular, we can see that

the right peak is mainly composed of Te atoms with 0 and

1 oxygen nearest neighbors and that the left peak is mainly

Te atoms with 3–5 oxygen neighbors. The Te atoms that

have two oxygen neighbors tend to experience varying

core-level shifts and cannot be assigned to any of the two

spectral peaks only.

Moreover, a close inspection of the Te local environ-

ments CdTeO2 in Fig. 4 shows that tellurium atoms with

three oxygen nearest neighbors experience different CLS

because they are arranged in different geometries. The Te

Fig. 3 (Color online) The calculated tellurium XPS spectrum is

presented for CdTeO. The bars indicate the tellurium energy shifts

and the height of the bars denote the number of oxygen neighbors

which was calculated within a cutoff radius of 2.32 Å. Typical Te

environments are depicted as well, where the blue balls are Te atoms

and the yellow represent oxygen

Fig. 4 (Color online) The calculated tellurium XPS spectrum is

displayed for CdTeO2. The bars indicate the tellurium energy shifts

and the height of the bars denote the number of oxygen neighbors

which was calculated within a cutoff radius of 2.32 Å. Typical Te

environments are depicted as well, where the blue balls are Te atoms

and the yellow ones represent oxygen

Fig. 5 (Color online) The calculated tellurium XPS spectrum is

shown for CdTeO3. The bars indicate the tellurium energy shifts and

the height of the bars denote the number of oxygen neighbors which

was calculated within a cutoff radius of 2.32 Å. Typical Te

environments are depicted as well, where the blue balls are Te atoms

and the yellow represent oxygen. In this case, the characterization of

the three-coordinated Te sites was difficult to perform due to the large

amount of oxygen present. The ambiguous characteristic environ-

ments had a close 4th oxygen atom that was still outside the cutoff

radius and they are marked in the figure
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atoms in the planar configuration have a CLS that is about

1 eV lower than the Te atoms in the pyramidal configu-

ration and thus contribute to different peaks in the total

XPS spectrum. This case cannot be explained by consid-

ering the number of oxygen neighbors alone, but must be

attributed to the strong directional bonding of the p

orbitals.

In general, the trend is that the binding energy increases

as a function of the number of oxygen atoms around Te,

but the conclusion is also that both peaks contain signals

from Te atoms with at least one oxygen atom in its local

environment.

Tellurium density of states

The atomic density of states (DOS) for each tellurium atom

in the cell is displayed in Fig. 6. For each structure, the

DOS is arranged from top to bottom in order of increasing

binding energy so that the top DOS corresponds to the Te

atom with the lowest binding energy. In both CdTeO and

CdTeO2 we observe a distinctive peak around -6 eV in the

DOS at the bottom that disappears as the binding energy

becomes lower. At around the DOS where this peak dis-

appears another peak forms close to the Fermi level and it

remains all the way up to the top DOS. CdTeO0.2 has a

peak close to the Fermi level for all Te atoms and while it

is still possible to distinguish this peak in CdTeO3, it is less

prominent. These observations indicate big differences in

charge redistribution between Te sites in the materials.

To quantify this variation we plotted the correlation

between the center of gravity of each DOS and the site-

dependent binding energy differences in Fig. 7. The DOS

center of gravity for CdTeO and CdTeO2 varies apprecia-

bly and shows a clear correlation with the binding energy.

The fact that the binding energy becomes larger when the

DOS center of gravity moves toward lower energies indi-

cates a charge transfer process. The situation is somewhat

different for CdTeO0.2 and CdTeO3 where the DOS center

of gravity does not change much. This indicates that all Te

sites have similar local environments, and hence experi-

ence similar amounts of charge transfer.

Local cell volumes

We have also investigated the effects of local environment

volumes of the Te atoms. This was done by means of the

Voronoi polyhedron volumes. A Voronoi polyhedron is

constructed by bisecting planes the same way as in a nor-

mal Wigner-Seitz cell construction, with the difference that

the structure consists of irregularly spaced atoms. This

results in irregular polyhedra surrounding each atom in the

structure whose volume represents the local space available

to the atom. We encounter a strong correlation between

these Voronoi volumes and the site-dependent CLS. The

results can be seen in Fig. 8. In the figure we can see that

Te atoms in CdTeO0.2 with larger Voronoi volumes have

lower binding energy. There is one Te atom with a small

Voronoi volume that has high binding energy which cor-

responds to the three coordinated Te atom in the left peak

in Fig. 2. For all the systems, there is a clear correlation
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between the Voronoi volume and the binding energy over

the whole range of local volumes and CLS.

Conclusions

We have performed a quantification of the local Te envi-

ronments in terms of detailed geometries in amorphous

CdTeO materials with varying oxygen content. We have

shown that the most important effect on the Te CLS is

charge redistribution of the valence electrons due to oxy-

gen proximity but in the case of CdTeO2 there is a prom-

inent effect of directional bonding on the site-dependent Te

CLS as well. The charge redistribution is manifested in a

change in the center of gravity of the site-dependent Te

DOS. The short bond lengths in the Te–O bonds result in a

strong correlation between the Te Voronoi cell volumes

and the site-dependent Te CLS. We believe that our results

show the usefulness of first principles calculations in the

characterization of important amorphous oxides such as

Al2O3, TiO2, etc.
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