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In-Sb-Te when is a thin film presents a huge difference in its electrical resistivity when transform from the
amorphous (insulating) to the crystalline (conducting) phase. This property made this system one of the
main phase-change materials used in the data storage industry. The change in the electrical conductivity
is probably associated to a change in the bonding geometry of some of its constituents. To explore this
point, we present in this work an study of the bonding geometry of In atoms in In-Sb-Te films by means
of In K-edge X-ray absorption near edge structure (XANES) spectroscopy using synchrotron radiation in
both as deposited (amorphous) and crystalline thin films obtained as a result of resistance (R) vs temper-
ature (T) measurements. Comparison of the XANES spectra obtained for ternary amorphous films and
Phase change memories binary crystalline reference films suggests that in amorphous films the bonding geometry of In atoms is
XANES tetrahedral-like. After the thermal annealing has been carried out the differences in the XANES spectra
Dft of the as deposited and the annealed films indicate that the bonding geometry of In atoms changes. Based
on X-ray diffraction results and ab initio calculations in the framework of the Density Functional Theory
(DFT) we show that the new coordination geometry is associated with a tendency of In atoms towards
octahedral-like.
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1. Introduction

The switching effect evidenced in phase change memory
(PCM)-based materials made them very attractive candidates for
applications in non-volatile memories’ technology. Usually with
the presence of a chalcogenide element (like, Te or Se) these materi-
als reveal very interesting electrical properties depending on their
structural characteristics. In particular, the electrical conductivity
of this type of materials can change in a factor 107 when it trans-
forms from the amorphous to the crystalline phase [ 1]. What makes
these materials really valuables for applications in technology is
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a numerous cyclic recurrence transformation between low- and
high-resistivity states with a high frequency. This phase transition
also drastically affects the optical properties of the systems [2].
The knowledge of the coordination geometry of constitutive ele-
ments of the amorphous material is a key factor at the moment
of understanding the amorphous-to-crystalline phase transition as
well as to understand its main attractive properties. Many efforts
were already put to understand this transition in the well-known
Ge,Sb,Tes (GST) system [3,4]. It was shown that the local geome-
try of the Ge atom is different in amorphous and crystalline films.
In particular, it was found that in the as deposited amorphous GST
thin films the Ge atoms present tetrahedral geometry meanwhile
after crystallization the geometry coordination of Ge atoms is octa-
hedrally distorted. Moreover, it was shown that in GST amorphous
film, Ge coordination geometry depends on the synthesis method.
For example, in as deposited amorphous films prepared from the
vapor phase, Ge sites are tetrahedrally coordinated, whilst laser- or
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current pulsed-induced amorphous phase reveals pyramidal (alter-
natively referred as four-fold coordinated distorted octahedral) Ge
sites [3,5]. On the other hand, the films produced by sputtering,
present both distorted octahedral and tetrahedral Ge coordination
[6].

Other system that exhibits the required properties for practical
applications as a PCM is In3SbTe, [7]. Both Ge,Sb,Tes and In3SbTe;
systems are structurally similar, crystallizing in a metastable
cubic rocksalt type (NaCl) crystal structure [8]. In particular, the
crystalline phase of In3SbTe, is stable only in the temperature
470-570°C range. At room temperature, crystalline In3SbTe; is a
metastable quasi-binary alloy that decomposes into InSb and InTe
below 470°C [9]. In the case of the ternary crystal, indium coordi-
nation geometry is known to be octahedral. For the binary phases,
tetrahedral geometry for Indium is unique in InSb. In the case of
InTe, there are two types of In atom sites. One of them is approx-
imately tetrahedrally coordinated with four Te atoms whilst the
second In atom is surrounded by eight Te atoms in a distorted
square antiprismatic arrangement [10,11]. As for the structures of
amorphous phases, their analysis is more complicated because of a
lack of long-range order. The literature about In-Sb-Te is not as
abundant as in Ge-Sb-Te case and experimental and theoretical
studies of this system are still lacking.

Hereby, we will present an study of the system In-Sb-Te in the
form of thin films obtained by pulsed laser deposition technique
[12]. We focus our studies on the local geometry of In atom in both
amorphous and crystalline films of two ternary eutectic compo-
sitions, IngSbgTegs (E1 in the following) and InigSbsiTesg (E2). A
third film with composition InsgSbhy5Tess, called in advance IST, will
be studied. IST presents a composition that is nearby that of the
ternary compound In3SbTe,. The lack of long-range order in amor-
phous materials imposes limitations to the use of diffraction-based
techniques that are typically used to probe structures. On the other
hand, X-ray absorption near-edge spectroscopy (XANES) involving
synchrotron radiation is very sensitive to three-dimensional order
around specific atomic species. In consequence, XANES could give
very valuable information about the local structure around a given
atom in amorphous materials. Based on this, in the present work,
we applied In K-edge spectroscopy to elucidate the local geometry
and the changes induced by the thermal annealing around In atoms
inboth as deposited amorphous and crystalline E1, E2, and IST films.
Traditionally, in order to identify the bonding geometry of a specific
element in a sample, the analysis of the XANES results has been
done by comparison with reference experimental spectra. In this
sense, ab initio methods in the framework of the Density Functional
Theory (DFT) [13] has been used to effectively evaluate XANES
results (see, for example, Ref. [14-17] and references therein),
because this methodology enables realistic electronic structure cal-
culations including the core-hole effect produced in the XANES
process. So, in order to better analyze the experimental XANES
results realistic theoretical modeling of XANES spectra were per-
formed.

2. Material and methods
2.1. Experimental

Bulk targets with nominal compositions IngSbgTegs (E1),
In19SbsTesg (E2) and InsoSbysTess (IST) were obtained by means
of a melt quenching procedure of the elemental components con-
tained in previously evacuated quartz ampoules as was described in
[12]. The bulk targets were underwent an ablation process employ-
ing a pulsed Nd:YAG laser (A =355 nm) and deposited as films on
either standard microscope glass substrates or Si wafers. The final
composition of the films is in agreement with those of the targets
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Fig. 1. Crystal structure of a) InSb and b) Sb,Te3 compounds. Blue, red and green
balls represent In, Sb and Te atoms, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

though a low chalcogen loss takes place due to its relatively high
vapor pressure. Te loss is about 1% for E1, 2% for E2 and 3% for IST.
Similar results were reported by other authors [18,19]. The struc-
tural characteristics of the In-Sb-Te as deposited films as well as
those of the crystalline phases observed after thermal annealing
were established by XRD [12].

InSb and InTe crystalline films were grown with the same tech-
nique and methodology described above with the goal to use them
as XANES references in subsequent analysis.

Thermal annealing of the as-deposited films was achieved by
measuring resistivity vs temperature curves. The heating, per-
formed in vacuum, is well fitted with sigmoidal T vs t curves
(Boltzmann type) up to the maximum temperature, followed by
a free cooling into the measurement cell (exponential decay). After
the first minutes, on heating, the heating rate is nearly constant and
of about 30°C/min.

XANES measurements at the In K-edge were performed at room
temperature in fluorescence mode using X-ray Diffraction and
Spectroscopy beamline of Laboratério Nacional de Luz Sincrotron
(Campinas, Brazil). The XANES data analysis was performed using
Athena software (version 0.8.056) by subtracting a linear back-
ground and rescaling the absorbance by normalizing the difference
between the baseline and the post-edge absorption.

2.2. Electronic structure calculation

For the interpretation of our experimental XANES results, we
have performed ab initio calculations using the full-potential lin-
earized augmented plane wave method (FP-LAPW) [20] in order to
obtain the electronic structure of relevant reference compounds,
namely, InSb and In doped-Sb,Tes (see ref. [12]), and from it the
theoretical XANES spectra were obtained. In Fig. 1, the crystal struc-
tures for the InSb and Sb,Te; compounds are shown. InSb has
a cubic crystal structure with space group F-43m (216) and lat-
tice parameter a=6.1100A [21], the In and Sb atoms are located
at the positions (0, 0, 0) and (1/4, 1/4, 1/4), respectively, corre-
sponding to the 4a and 4c Wyckoff positions. Both atoms present
a tetrahedral coordination, see Fig. 1(a). Sb,Te; crystallizes in
a rhombohedral crystal structure with space group R-3m (166)
and lattice parameters a=b=4.264A and c=30.458 A [21]. This
structure is characterized by three non-equivalent crystallographic
sites: Sb, Te1 and Te2. Sb is located in the 6¢:(0,0,u) position, whilst
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Tel and Te2 are located at 6¢:(0,0,v) and 3a:(0,0,0) Wyckoff posi-
tions, respectively. u and v are internal parameters with values
u=0.39880 and v=0.78720. In this structure Sb and Te sites present
an octahedral coordination, see Fig. 1(b).

Inorder to determine the site that the impurity-In atom occupies
in the Sb,Te3 host we have performed ab initio total energy calcula-
tions using the supercell (SC) method. Calculations were made for a
periodic SC of 2 x 2 x 1 of Sb,Tes. The resulting SC has dimensions
ai=bi=2a=8.5280A, ci=c=30.4580 A.We have considered that the
In atom could occupy the three possible crystallographic sites, Sb
(6¢), Tel (6¢c) and Te2 (3a) and for each case we determine the ener-
gies of the systems. In all cases, the structural distortions induced
by the In impurity in the host systems were also computed. In order
to estimate the preferred site occupation, we compared the defect
formation energies, i.e. the substitution energies,E,;, for all sites
using the expression:

tot
Esubst = Esubst

_ Eln + EX _ Epure (1)
Here Esf% o s the total energy of the SC containing a single substitu-
tional In atom, E™ and EX denote the energies of an In impurity and
Sb or Te atoms, and EP¥'® is the energy of the SC without impurities.
E™ and EX were obtained from metallic In, Sb and Te with the same
precision as that in the doped SC. In passing we note that small val-
ues of the substitution energies indicate preferential replacement
of a native atom by an Indium impurity.

All calculations presented here were performed with the
Wien2k code [22], an implementation of the FP-LAPW method.
The exchange-correlation potential was treated within the
Generalized-Gradient Approximation (GGA) with the parametriza-
tion of Perdew-Burke-Ernzerhof (PBE) [23]. The muffin-tin radii
(Rmr) used for In, Sb, and Te were 1.30A and the Ryr x Kmax
parameter (which controls the size of the basis set) was set to 9.0,
where Ryt is the smallest muffin-tin radius and Kpax is the largest
wavenumber of the basis set. Integration in the reciprocal space
was performed using the tetrahedron method taking up to 182 k-
points in the First Brillouin Zone. Several convergence tests showed
that, for these parameters, the obtained results are extremely well
converged.

For the calculations of the XANES spectra we considered two
cases that were computed separately: the ground state and the
transition state that is characterized by the excitation of an 1s-In
core electron to an unoccupied 5p-In band (core-hole correlation
[17]). This hole in the core states of the probe atom influences the
electronic structure of the system and this perturbation must be
taken into account in the calculation of the XANES spectra. Simi-
larly to other works [14,17,24] calculations in which the core-hole
effect is not included predict XANES spectra that are far from being
satisfactory in reproducing the experimental results. In the present
calculations the core-hole effects were fully taken into account by
removing one electron from the 1s-In state and adding one electron
as a uniform charge background.

Due to periodic boundary conditions, 2 x 2 x 2and 2 x 2 x 1 SCs
were considered for InSb and Sb,Tes, respectively, in order to min-
imize spurious interactions between adjacent core-holes. For these
SCs the minimum distance among adjacent atoms with core-hole
is at least 9A. Although a small interaction cannot be excluded,
such separation is typical of FP-LAPW calculations including the
core-hole correction [14,15,17], such as MgO [25], LiO [26] and
other systems that contains transition metals atoms [27]. Theoret-
ical XANES spectra were obtained by a product of the projected
partial density of state (PDOS) for unoccupied 5p orbitals in the
final state and the radial part of the transition matrix elements. A
Gaussian broadening of 1.0eV (full width at half maximum) was
included in the calculation of the PDOS.
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Fig. 2. In K-edge XANES spectra of crystalline InSb and InTe films used as reference
standards. Inset: zoom of the top part of the absorption jumps.
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Fig.3. InK-edge XANES spectra of as deposited (amorphous) E1, E2, IST films. XANES
spectrum of InTe film is also shown as a reference.

3. Results

Fig.2 shows In K-edge experimental XANES spectra of crystalline
InSb and InTe films used as reference standards. As it can be appre-
ciated, the XANES spectra of the binary compounds are very similar,
although a slight difference is observed when magnifying the top
part of the XANES curves. A more detailed discussion about the
similarities and differences between these XANES spectra will be
presented in Section 4.

Fig. 3 clearly demonstrates the similarity of the XANES spec-
tra of as deposited E1, E2 and IST amorphous films (the spectra are
intentionally shifted in vertical axes). This similarity points to a
similar coordination geometry of the In-probe atoms in all stud-
ied as deposited films. On the other hand, these spectra are similar
to the ones of the binary crystalline films taken as the reference
standard. This unambiguously indicates that the In atoms present
similar bonding geometry coordination in all the films.

XANES spectra of as deposited (amorphous) and corresponding
annealed E1, E2 and IST films are shown, for a comparative purpose,
in Fig. 4. In all cases clear differences between XANES spectra of
the as deposited and annealed films can be seen. In the following,
these differences will be referred to as “features”. Feature 1 is an
increase of the intensity of the absorption edge observed weakly in
IST film, moderately in E2 film and strongly in E1 film. Feature 2 is
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Fig.4. In K-edge XANES (smoothed) spectra of amorphous and thermally annealed:
(a) E1, (b) E2 and (c) IST films. The main differences after thermal annealing of the
films are: feature 1: change in absorption intensity; feature 2: disappearance of
27980 eV- resonant line.

a tendency towards disappearance of the 27980 eV — resonant line
in the annealed films, especially evident in E1.

4. Discussion

It is well known that InSb crystallizes in a ZnS-type crystal struc-
ture (F-43m space group) [21]. In such a structure, the In atoms
with 3+ oxidation state are in a unique crystallographic site with a
tetrahedral coordination (In atoms has four Sb atoms as first neigh-
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bours). On the other hand, InTe crystallizes in a TISe-type crystal
structure (I4/mcm space group) [11]. In this case the metal atom
adopts two equally abundant crystallographic sites: In1 atom (with
3+ oxidation state) located in the 4b Wyckoff position is tetrahe-
drally coordinated by four chalcogen (Te) atoms at 2.819A; In2
atom (with 1+ oxidation state) located in the 4a Wyckoff position is
surrounded by a “cage like” (antiprismatic) system of 8 chalcogen
atoms at 3.576 A and two In2 atoms at the same distance located
symmetrically along the caxis [10,11]. Both units form chains along
the caxis but while In13+ tends to form covalent bondings, the In21+
tends to form bonding with a larger ionic character [28]. Although
the local geometry of In2 atom is very different from that of In1 atom
this peculiarity does not correlate to a very remarkable contribu-
tion to the XANES curve of InTe film, as can be seen in Fig. 2. That
is, the In2-Te contribution to the intensity of the XANES curve has
been smeared out. In order to understand this fact, we can refer
to the results reported in reference 11. In that work the authors
reported an Extended X-Ray Absorption study at the Se K-edge in an
InTeygSeq» sample (Se substitutes Te in the solid solution). In this
system the second shell of the Se atoms consists of four atoms in In2
positions and is characterized by a very large Debye-Waller factor
(o2), so is strongly smeared out. Additionally, a notable contribu-
tion of the third shell formed by the closest chalcogen atoms in the
cage was reported. This fact is attributed to the weak chemical bond
between a In2 atom and chalcogen neighboring atoms, and can be
applied to understand why mainly In1 (tetrahedral coordination)
contributes to the XANES spectra obtained in our study.

X-ray absorption process involves an electronic transition from
a (filled) core level to an empty state. The transition (a dipole tran-
sition to a first order) is allowed, according to the selection rule,
for Al=+1. In such a way, measuring absorption at the K-edge of
In, we promote 1s — 5p electronic transition in the In-probe atom.
Generally, the occupancy of p states influences the absorption peak
height being an indication of empty density of states (EDOS). As
it was observed from XANES experimental curves, the intensity of
the absorption curve for Indium in the tetrahedral sites is smaller
than that of those corresponding to the octahedral sites [29]. This is
an indication of lower EDOS in tetrahedral sites, comparing it with
EDOS in octahedral sites. This is because in tetrahedral geometry
the bond-lengths are shorter, strongly affecting the occupancies of
p states of absorbing atom due to sp3 hybridization. In the literature
the term “octahedral-like” is used when referred to defective octa-
hedral site (5, 4, 3-fold site). One of the main differences between
tetrahedral and defective octahedral sites consists in slightly longer
bond lengths for the latter ones. Besides, bond angles close to 90°
are characteristic of octahedral-like sites, whilst bond angles about
109° are the characteristic ones of tetrahedral sites [30].

As we reported earlier, all three as deposited films prepared by
pulsed laser deposition technique resulted amorphous as it was
shown by XRD technique [12]. Qualitative analysis (by comparison
with the references) of the experimental spectra shown in Fig. 3
suggests that In atoms in all as deposited amorphous films are in
tetrahedral-like bonding geometry. Similar XANES features of In
coordination geometry were thorough studied for the same probe-
atom in aqueous complexes [29] and unambiguously attributed to
tetrahedral environment.

One common characteristic of the three as deposited films is
their highly resistive behavior. This fact can be understood in the
framework of a simple model proposed by Mott and Davies [31].
Chalcogenide glasses appear to obey the 8-N rule whatever the
composition. That is, the coordination number of an atom depends
onits number of outer electrons (N) as 8-N. However, if constituents
with less than four outer electrons are present, they may form
four bonds and may probably be negatively charged [31]. In our
case, Sb may be coordinated by three atoms, Te by two and In
four-fold coordinated and, occasionally, negatively charged with an



1070 V. Bilovol et al. / Applied Surface Science 425 (2017) 1066-1073

Ag Ag @

n Te

% InSb, Te,+ Sb
& In,Te,

Intensity (a.u.)

20 30 40 50 60 70
26 (%)

Fig. 5. XRD patterns, obtained at room temperature, from thermally annealed films
(a) E1, (b) E2, (c) IST. The presence of Ag is due to rests of electric contacts on the
films. Taken from ref. [12].

electron provided by an ionic In*! or by structural defects (i.e. dan-
gling bonds). These characteristics are compatible with the highly
resistive behavior of these as prepared glasses.

After as deposited amorphous films have been submitted to
thermal annealing as a result of R vs T measurements, their crystal-
lization was corroborated by XRD as it has been previously reported
[12] (see Fig. 5). On the other hand, both XRD and XANES tech-
niques make evident structural changes in the films after thermal
energy has been provided to them. The changes are not only of
a long-range order but of a short-range (local) as well. The most
evident changes in the In K-edge XANES spectra come as feature
1 and 2 in all three films (see Fig. 4). In accordance with other
experimental studies reported in the literature [29,32], these dif-
ferences could be attributed to a change of the local geometry of In:
a change from tetrahedral to octahedral-like coordination. In order
to better describe the In environments, we will analyzed each film
separately.

E1 film: The most prominent change of the XANES spectra of the
annealed E1 film with respect to the as deposited film (octahedral-
like geometry for In atom is highly dominant in the annealed E1
film, see Fig. 4a) can be explained as it follows. We found that E1
film crystallized in Te phase (P3121 space group) with the lattice
constants a and c slightly reduced. As a consequence, the volume
of the cell is about 2% smaller as it was compared with pure Te bulk
sample. Since Te atoms in Te phase are located in sites with octahe-
dral geometry (Fig. 6a), we suggest that In atoms are solute in the Te
phase, replacing the octahedrally coordinated Te atoms (Fig. 6b). In
order to corroborate this, we performed ab initio simulation of the
XANES spectrum at the In K-edge of In-doped Te (4 at% of In doping,
see Fig. 6b). On the other hand, as areference for tetrahedrally coor-
dinated In, we simulated the XANES spectrum at the In K-edge of In
atoms in the InSb compound. At this point we have to mention that
the comparison ab initio calculations-experiment will be qualita-
tive, even though they reveal the main features of local geometries.
Besides numerical errors and the intrinsic error introduced due to

the functional employed for the exchange and correlation func-
tional (we verified that these errors are not significant), different
approximations are a source of a deviation between theory and
experiment. DFT is a ground-state theory, so it should fail for the
prediction of excited state properties. However, for some systems
and properties it works pretty well. In the case of X-ray absorption
properties, only the XANES region (few tens of eV above the Fermi
level) can be accurately calculated. Other source of error in our cal-
culations is related to the core-hole correction. In order to avoid
(spurious) interactions between core-hole corrections, a supercell
is required. The question at this point is the size of the supercell
needed for the calculation (larger supercells give better results but
implies larger computational time and resources). In our case, the

core-hole separation is in the order of 9 A, so we can discard signifi-
cant errors associated to the supercell size in our results. Finally, we
have to take into account that we are comparing amorphous films
with the XANES spectra predicted for crystalline references. This
approach gives us qualitative information that enables the inter-
pretation of our results but to go further and to obtain a better
agreement between the calculated XANES spectra and the experi-
mental ones, a more refined model will be necessary.

In Fig. 6¢c we present the FP-LAPW prediction for the In K-edge
XANES spectra of In-doped Te (octahedral In coordination) and InSb
(tetrahedral In coordination). For a simple comparison the XANES
spectra of the as deposited E1 film is also included. As can be seen,
the simulated XANES spectra at the In K-edge in both bonding
geometries reflect the main features of the corresponding experi-
mental results (Fig. 4a): a higher white peak intensity for octahedral
geometry and absence of a shoulder on its right (that is proper of
tetrahedral geometry). From Fig. 6¢c we can conclude that the exper-
imental spectrum is qualitatively well reproduced by the simulated
InSb spectrum.

In Fig. 6d we compare the same theoretical spectra with the
experimental XANES results for the annealed E1 film. In this case, it
is clear that the simulated XANES spectrum of In diluted in Te phase
is in very good agreement with the XANES spectrum of thermally
annealed E1 film.

In conclusion, the change of the XANES spectrum of E1 film after
annealing treatment (a manifestation of change of bonding geom-
etry of In atom) can be associated with the In solute in Te phase.
On one hand, we have identified this phase in the XRD pattern of
annealed E1 film (Sb solute in Te phase is also assumed, [12]). On the
other hand, In in a 3+ charge state, doping Pbg 78Sng 2, Te, has been
reported by Aleksandrov et al. [33] for In concentration between
0.7-0.8 mol%. In this case, In atoms are surrounded by Te atoms in
an octahedral type coordination involving ionic In-Te bonds. Rein-
forcing these evidences, the first-principles study indicates that
In atom should have octahedral-like geometry after the annealing
treatment. This is indicative of a loss of directionality of the bonds
[34,35], when it is dissolved in pure tellurium.

E2 film: One of the crystalline phases identified in E2 film after
R vs T measurements is Sb,Tes. As it was reported in Refs. [36,37]
and mentioned by us in [12], Sb,Tes phase admits an important
solubility of In,Tes. In such a case In atom should be substitutionally
located at the Sb site. Here, in order to get more evidences that
confirm this assumption, we performed a first-principles study of
the Sb,Te; compound where Sb is in octahedral environment and
there are two non-equivalent sites for Te (Tel and Te2) [10]. For
the calculations we considered separately the possible scenarios:
In-impurities replacing Sb, In replacing Tel and In replacing Te2.
Taking into account the maximum In,Tez solubility in Sb,Tes at
room temperature [37], we adopted the following systems for the
calculations: i) the In atom occupies the Sb site (In — Sh) forming
Ing 33Sby g7Tes compound, ii) and iii) the In atom occupies one of
Te sites (In— Tel or In— Te2) forming Ing33Sb,Te, g7 compound.
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octahedral In coordination) and InSb (tetrahedral In coordination). For the sake of comparison the experimental In K-edge XANES spectrum of as-deposited E1 film is shown.
(d) Ibid (c) but now the experimental XANES spectrum corresponds to the thermally annealed E1 film.

Table 1
ab initio predictions for the substitution energies for an In atom in the Sb,Tes
structure.

Ing33Sby67Tes Ing33SbaTez 67 Ing33SbaTez 67
In at Tel site In at Te2 site
AE (meV) —166.46 1094.13 1324.37

For each case all atomic positions were optimized and the energy
of substitution was calculated using equation (1). The results for
the substitution energies can be found in Table 1. From this, we
conclude that In atom substitution for Sb is favored rather than
substitution for Te.

Then, we simulated the XANES spectrum at the In K-edge of
the Ing 33Sb; g7 Tes structure where In atom is located in octahedral
geometry, as it was mentioned before. Fig. 7 shows the simulated
XANES curves for In in Ing33Sbq g;Tes together with that of In in
InSb, already presented in Fig. 6¢ and the experimental In K-dge
XANES spectrum of the thermal annealed E2 film. The simulated
XANES curves at the In K-edge in both bonding geometries reflect
rather reasonably the main features of the corresponding experi-
mental one.

The XANES spectrum of E2 film after annealing treatment can
be mainly associated with the InkSb(,_yTes phase. On one hand, we
have identified this phase as it is expected from the corresponding
phase diagram [37] in the XRD pattern of annealed E2 film [12].
On the other hand, the first-principles study indicates that In atom
should have octahedral-like geometry when it is dissolved in anti-
mony telluride compound. Nevertheless, In, Te3 compound has also
been identified in annealed E2 film (see Fig. 5b). As it was reported
by Madelung [38], In,Tes has a zinc blende structure with In atoms
in tetrahedral coordination. Since XANES technique gives infor-
mation about average local geometry of all In atoms, the XANES
curve obtained for E2 annealed film averages two contributions

InSb - DFT
Sb, ,,Te, - DFT

In0.33 1.67
o E2 film experimental

Normalized Intensity

-10 o 10 20 30
Energy (eV)

Fig. 7. FP-LAPW XANES In K-edge spectra of Ing33Sby 67Tes and InSb. For the sake
of comparison the experimental In K-edge XANES spectrum of the annealed E2 film
is also shown.

and one of them, that corresponding to In,Tes, is “responsible” for
that characteristics associated with In in octahedral coordination
lose relevance as compared with E1 film.

There is a last point to discuss here. As can be seen in Fig. 4b,
a weak peak at nearly 27925eV is observed. A similar pre-edge
structure was observed in the case of Al K-edge XANES studies of
AI3* goethite [39]. The peak was attributed to a 1s — 3 s electronic
transition. Similarly, for the case of In3*, the peak we observed can
be attributed to a 1s — 5 s electronic transition. Atomic calculations
of the In energy levels confirms this conclusion.

IST film: In the diffractogram of the crystalline IST film, traces of
In3SbTe, phase were found in addition to InSb and InTe. In3SbTe,
ternary compound has a NaCl-type cubic structure (Fm-3 m space
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group) where In atoms and vacancies occupy the Na sites while
Sb, Te and vacancies occupy the Cl sites [10]. In such a structure In
atoms in 4a Wyckoff position have octahedral-like bonding geom-
etry. As was already mentioned for E2, due to the coexistence of
In in tetrahedral and octahedral-like environments, the resulting
experimental XANES spectrum is a weighted average of both In-
coordinations. On the basis of the qualitative analysis of the X-ray
diffractogram of thermally treated IST film, we conclude that a
slight change of the bonding geometry around In atoms can be
explained by, at least, the presence of the crystalline cubic ternary
In3SbTe, phase in which the In atoms are located in sites with
octahedral-like geometry.

Summarizing, when as deposited films were crystallized during R
vs T measurement [ 12], a qualitative change of the annealed XANES
spectra was observed: the absorption edge intensity of XANES
curve (feature 1) increased while the resonance at nearly 27980 eV
(feature 2), characteristic of tetrahedral-like coordination geom-
etry, reduced its intensity. These features are associated with an
octahedral-like geometry of In atom (in agreement with already
mentioned references 29 and 31). In particular, a very large frac-
tion of In atoms in the E1 film, most of which were tetrahedrally
coordinated in the as deposited amorphous films, changed its short
range order towards octahedral-like coordination when crystalliza-
tion took place. On the other hand, this is not the case either for
E2 or for IST. Accordingly, those features that are the signature of
octahedral coordination for In, are particularly strong in the XANES
curve of annealed E1 film as compared with those of E2 and IST.

Finally, the change from tetrahedral to octahedral type coordi-
nation of In is an indication of a loss of directionality of In bonds
which may add an extra improving of electrical conductivity upon
crystallization.

Now, the evaluation of the resistivity results reported in [12]
is performed in the framework of the above description, that is,
structure-properties correlation is evaluated.

E1 sample crystallization takes place at about 135-145°C with a
fall of log(p;) of more than one order of magnitude. This jump may
be attributed to the change in cation geometry from tetrahedral to
octahedral. All cation environments result octahedral upon crys-
tallization, particularly all In environments. Cation concentration
(In+Sb) is 16 mol%.

E2 sample crystallization takes place at about 200-225 °C with
a fall of log(p;) of about two orders of magnitude. This fact may
be attributed to the change of the cation (In, Sb) geometries
towards octahedral geometry. However the presence of In in tetra-
hedral sites at In,Tes is also observed. The relative amount of both
compounds (InxSby_xTes/In,Tes) can be estimated. For example,
asuming x = 0.33 as before, their relative fraction is about 2.8. In this
case, it results that the crystallized sample is formed by 47.9 mol% of
Ing 33Sb g7Tes, with cations in octahedral environments, 17.1 mol%
of In,Tes, with cations in tetrahedral environments, and 35 mol% of
metallic Sb. As a consequence, the major fall in resistivity log(pr),
in this sample, may be attributed to cations (In, Sb) in octahedral
environments plus the simultaneous presence of metallic Sb. The
relative weight of each contribution depends on temperature.

IST as prepared sample has a strong dependence of log(p;) on
temperature, however the change of p, upon crystallization at
about 310-330°C is not remarkable. This fact may be attributed to
the similarity of the cation (In) environments either in amorphous
or in crystalline phases (InSb and InTe). Indium has tetrahedral
environments in all of them. After the solid state reaction that
begins at about 380-400 °C, where In3SbTe2 is formed, a decreasing
jump of one order of magnitude in log(p;) takes place. This fall may
be attributed to the change of the local geometry around cation,
from tetrahedral to octahedral. A last change takes place above
450°C where the resistivity regime turns to be metallic.

5. Conclusions

Indium bonding geometry in In-Sb-Te thin films, as deposited and
after their thermal annealing, was analyzed by XANES technique
using synchrotron radiation. It was verified that in all semicon-
ductor (at room temperature) as deposited amorphous films under
study (with 8, 10 and 50 at.% of In), In atoms are predominantly
in sites with tetrahedral-like coordination geometry (similar to
the case of Ge atom in GST films). After annealing treatments a
change from tetrahedral-like to octahedral-like coordination was
observed. This change was explained on the base of the XRD results
obtained for the annealed films. Ab initio calculations reinforce our
interpretation of the experimental data. As the cation coordination
may be associated to the band structure, including the band gap,
without entering into the analysis of each particular composition,
the key of the remarkable jump in resistivity upon crystallization
[12] may be the switching between their tetrahedral and octahedral
coordination.
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