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ARTICLE INFO ABSTRACT

Keywords: We present here a combined experimental and theoretical study of the structural and chemical properties of
Tin antimony telluride polycrystalline Sn-Sb-Te film with nominal composition SnSb,Te4 grown by pulsed laser deposition technique on
Thin films

mylar substrate. From the experimental side, surface-sensitive techniques as x-ray photoelectron spectroscopy
(XPS), grazing incidence x-ray diffractometry (GIXRD) and '!°™Sn integral conversion electron Mopbauer
spectroscopy (ICEMS) have been applied to the study of the film at room-temperature and under normal con-
ditions of pressure. GIXRD showed that the Sn-Sb-Te film adopted a NaCl- type structure (Fm-3m), and in the
detection limits, no other crystalline phase was revealed. ICEMS technique unambiguously indicated the coex-
istence of two different tin fractions: Sn(II), as expected for the SnSb,Te, phase, and Sn(IV), suggesting oxidation
of tin. Chemical in-depth profile obtained by means of XPS suggests the oxidation of all the constituent atoms at
the topmost layers of the film and the progressive depletion of tin and antimony oxides going depth in the film.
The in-depth atomic concentration profiles also reveals a notorious deficiency of Te in the sample. Theoretically,
density functional theory-based calculations (assuming that the Sn-Sb-Te film adopts the Fm-3m structure)
support the hypothesis that Te - vacancies sites are occupied by oxygen atoms during the natural oxidation
process of Sn-Sb-Te film. Additionally, our calculations demonstrated that only the substitution of Te atoms by
oxygen ones induces a semiconducting behavior of the otherwise metallic Sn-Sb-Te host.

Grazing incidence x-ray diffraction

119mgp integral conversion electron Mopbauer
spectroscopy

Density functional theory

X-ray photoelectron spectroscopy

1. Introduction transition, exhibits at first a metastable (with cubic lattice) phase in thin

films. This cubic version of the Ge;SboTes thin films underlies the fast

Chalcogenide - based materials are versatile systems for many
technological applications but, when presented as thin films, such ma-
terials are particularly attractive. Phase change- based memories, ther-
moelectrics, topological insulators, superconductors are some of those
potential applications where chalcogenide - based materials have lead-
ing positions in terms of fulfillment [1-5]. Therefore, a thorough study of
such films at the basic level becomes an important task to have precise
control over the material’s properties.

Due to its potential application as a base material in phase change
memories, Ge;SbyTes (GST) composition aroused unprecedented inter-
est in the scientific community [6-8]. It is interesting to notice that this
compound, during the amorphous-to-stable crystalline (hexagonal one)
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amorphous-crystalline transition exploited as a principal mechanism in
the phase change-based memories.

In the last years, more and more attention is being devoted to another
compound of the chalcogenide family, SnSboTe4 (SST). This is because,
in analogy GST, SST also exhibits a metastable cubic phase when tran-
sitioning from amorphous to stable trigonal lattice with attractive
transition temperatures [9] besides of other interesting properties.

Recently, cubic SnSbyTe4 film was investigated as potential ‘spin
memory’ device [10]. Song et al. reported a pressure-induced super-
conductor phase of SST at extremely low temperature [11]. Sans and
co-workers published some important high-pressure findings in trigonal
SnSbyTe4 powdered sample [12]. Also, Wu et al. [13] studied trigonal
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SST-nanodots (a topological insulator) coupled to doped graphene for
high-rate energy storage.

As it is well known, the crystallization temperature is a critical
parameter for phase change — based materials. It was reported that the
crystallization temperature of GST can be changed by adding an impu-
rity element (O, N, C, etc.) [14-16]. Devices based on such materials can
be affected significantly by presence of oxygen improving or worsening
their performance. For instance, in the case of GeTe films exposed to air,
the crystallization occured at a much lower temperature than the
non-exposed ones (AT = 50°C), meanwhile for Ge;SbsoTes films, AT =
20°C [17]. It was found, for instance, in uncapped Ge;SbyTes films that
Sb and Ge get oxidized [18]. Agati et al. studied Ge - rich GST alloys and
found Ge, Sb, Te reduced content in the surface region and oxygen
diffuse in almost throughout the entire thickness of 100 nm-film [19]. As
far as we know, no similar studies have been reported in the literature up
to date regarding SnSb,Te4 phase.

In order to elucidate the properties of SST films, first of all, the
detailed understanding of their chemical composition and structure are
of fundamental importance. Moreover, mastering the material becomes
a key condition when its best performance requires its synthesis in two
dimensions.

In this work the potentiality of three surface-sensitive techniques are
gathered in order to follow some aspects of structural and chemical
analysis of uncapped Sn-Sb-Te thin film grown by pulsed laser deposi-
tion technique and air exposed. A deeper insight of the chemical state
and the distribution of the elements in the nominally SnSb,Te4 film and
their in-depth concentration are presented, finding an important pres-
ence of oxygen and lacking of Te in the sample. In spite of that the only
crystalline (NaCl-type) phase of Sn-Sb-Te phase is witnessed. Addition-
ally, our density functional theory (DFT) - based calculations show that
ideal SnSboTe4 with cubic lattice is metallic in nature. Only with oxy-
gens substitutionally occupying Te-vacancy sites a semiconductor
behaviour is induced. Also, our calculations correctly reproduce the
isomer shift associated to Sn(II) in the SnSb,Te4 structure.

2. Experimental

Sn-Sb-Te ingot was obtained by the melt quenching procedure of a
mixture of the elemental components, enclosed in a previously evacu-
ated quartz ampoule and then heated for 8 h at 750°C. The thin film was
prepared by laser ablation of the target (fluence ~2.2 J/cm?), made of
ingot pieces, employing a pulsed Nd-YAG laser radiation of A = 355 nm
and pulses of 5 ns and 10 Hz. The pressure in the chamber during the
deposition was as high as about 5 x 10~ Pa. The substrate used was a
commercial mylar film. The target-to-substrate distance used was 6 cm.
The estimated thickness of the film was approximately 150 nm. The
atomic composition of the Sn-Sb-Te ingot was close to Snj4Sbs;Tess [9].

SmartLab Rigaku 0-20 diffractometer with Cu-Ka radiation was used
measuring with 0.05° step and 0.2°/min sweeping velocity. The film was
exposed to x-ray radiation using parallel beam set in grazing incidence
geometry. Grazing incidence x-ray diffractometry (GIXRD) experiments
were carried out keeping the incident angle fixed (w = 0.3°, 0.7°, 1.0°
and 3°).

119mgy integral conversion electron Mopbauer spectroscopy (ICEMS)
was applied to study the film deposited on mylar using the 23.875 keV
y-radiation from a Ca''°™SnOj3 source of, nominally, 5 mCi. The velocity
drive of the spectrometer operated under the constant acceleration
mode over 1024 channels. The calibration was carried out employing
bce-Fe as absorber. The measurements were carried out using a con-
ventional ICEMS chamber with a gas mixture of 94% of He and 6% of
CH4. The spectrum was fitted to Lorentzian profiles by least-squares
method using the NORMOS 90 program [20].

Thermo Fisher Scientific equipped (model K-Alpha™) with a mono-
cromatic Al K, source (hv = 1486.68 eV) and 12 kV voltage was used for
x-ray photoelectron spectroscopy (XPS). Survey spectrum is the average
of 3 scans per etch, of duration 6 m 45 s each one, step 0.5 eV, pass
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Fig. 1. (top) GIXRD pattern of Sn-Sb-Te film grown on mylar. Incident angle ®
= 0.3° (middle) XRD pattern of mylar; (bottom) simulated XRD pattern of
SnSb,Te,4 (space group Fm-3m).

energy 150 eV. Short scans are the average of 2 ones per etch, of
duration 1 m 25 s each one, step 0.05 eV, pass energy 75 eV. The beam
spot size was 400 pm. For decapping, Ar" beam of 500 eV - energy was
used. The instrument work function was calibrated using C 1s photo-
electron. The binding energies of the core levels were referred to the
Fermi level. The XP spectra were analyzed using the Avantage software.

3. Theoretical methodology

The electronic structure calculations were performed using the
Wien2K [21] implementation of the full potential linearized augmented
plane-wave method [22-24] in a scalar relativistic version. The ex-
change and correlation (XC) potential were described using the local
density approximation (LDA) [25] and different parameterizations of
generalized gradient (GGA): Wu-Cohen (WC) - GGA [26], the
Perdew-Burke-Ernzenhof (PBE) [27] and PBE-sol [28]. All these ap-
proximations for the XC potential yield very similar results. For this
reason, we report here the results obtained using WC - GGA. The atomic
spheres’ radii used for Sn, Te and Sb and O were 1.32 A and 0.7 i\,
respectively. The parameter RKy,,x controls the size of the basis set and
was set to 8 for the calculations performed for the case of the unit cell. In
the case of the 2ax2ax2a supercell we took RKy,.x = 7. Here R is the
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Fig. 2. ICEM spectrum of SnSb,Tey film.

smallest muffin-tin radius and Ky, the largest wave number of the basis
set. Atomic internal positions were relaxed until the forces on the atoms
were below 0.1 eV/A. We use this tolerance criterion because a
displacement induced by forces smaller than this limit produces changes
in the hyperfine parameters that are below the convergence error (see
below). Integration in reciprocal space was performed using the tetra-
hedron method, taking an adequate number of k-points (1000 points for
the unit cell, 100 k-points in the case of the 2ax2ax2a supercell) in the
first Brillouin zone. The details of the calculation of the isomer shift and
quadrupole splitting can be found in references [29] and [30].

To check the precision of our calculations, we performed several
additional calculations. In order to determine a well-justified error-bar
we follow the procedure described by some of us in ref. [31]. Calcula-
tions performed using LDA and the different parameterizations of GGA
predicted structural, electronic and hyperfine properties that differ in
less than 2%. By examining the effect of different basis sets and k-point
samplings we conclude that for the previously reported parameters
relative errors are 1% or less. Based on all these studies we can infer that
our results are very well converged, giving confidence to our
conclusions.

4. Results and discussion

Figure 1 displays GIXRD pattern of the obtained Sn-Sb-Te film grown
on mylar substrate, whose main characteristic feature is a broaden peak
at nearly 26°. The Bragg peaks mounted on mylar’ signal were identified
as a NaCl-type structure of, nominally, SnSbyTe4 film (Fm-3m), in
accordance with previous results [9]. It is worth noting that SnSbyTey4
phase adopts hexagonal R-3m space group for material in bulk or
powders [32], but films prepared by pulsed laser deposition technique
grow adopting cubic Fm-3m space group. The inset of Figure 1 shows the
simulated XRD pattern of SnSbyTes phase, validating the aforemen-
tioned NaCl-type of Sn-Sb-Te film grown.

The experimental pattern presented in Figure 1 was acquired in
grazing geometry (the angle of incidence ® = 0.3°). No evidence of the
formation of other crystalline phase was found within the threshold of
the technique. It is necessary to underline that GIXRD experiments were
also performed at higher incident angles in order to obtain information
from the deepest layers of the film. For example, for ® = 1°, one gets
information approximately from the upper 90 nm of the film (for cubic
SnSb,Teys). On the other hand, for @ = 3°, all the film’s thickness is
penetrated by the x-ray beam. Again, only the crystalline Fm-3m phase
was detected.
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Table 1

Hyperfine parameters extracted from the fitting procedure of the ICEM spec-
trum: isomer shift (IS, mm/s), quadrupole splitting (QS, mm/s), area (A, %), line
width (G, mm/s). Subindex is the number of the interaction.

IS, QS; Ay G, IS, Az G,

-0.01(2) 0.47(9) 85(1) 1.40(8) 3.46(3) 15(1) 0.9(2)

4.1. ICEMS

Figure 2 presents the obtained '°™Sn integral conversion electron
Mopbauer spectrum of the SST film. Table 1 contains all the details of the
fitted parameters that characterize the ICEM spectrum. Two interactions
with essentially distinct isomer shifts (IS) were identified that allows
discriminating among two tin fractions: Sn(II) and Sn(IV). The hyperfine
interaction characterised by the largest IS (Table 1, 2nd interaction) is
attributed to Sn(II) at the sites of the NaCl-type Sn-Sb-Te structure. This
interaction, due to its low intensity and lack of appreciated quadrupole
splitting, was fitted to a singlet.

As it is well-known, Sn is easily oxidized in presence of oxygen [33,
34]. Its natural oxidation state is 4+ with the formulation SnO,. The film
was in a contact with air before being located into the camera (con-
taining inert gas) for ICEMS measurements after its growth. It was
discovered that tin chalcogenide systems resulted air sensitive: after 5
min exposure to air, a Sn(IV) fraction was increased twice (with respect
to a Sn(II) fraction) in nanocrystals of SnS [35]. Moreover, the effect of
tin oxidation in nanocrystals of SnTe was even more prominent. Inter-
estingly, the observed Sn(IV)- containing phases were amorphous.

Most likely our film suffered oxidation during its exposure to air. This
could explain the existence of Sn(IV) in the ICEMS spectrum. The only
phase that might have been formed on the surface of the films with Sn
(IV) and having the revealed hyperfine parameters is SnO, [36]. Since
no footprints of crystalline SnO, were detected in GIXRD pattern, more
likely, we deal with amorphous tin dioxide. The broad line width (1.40
mm/s) also suggests that. Interestingly, in GeaSboTes film the existence
of amorphous Ge-O island boundaries was reported as a result of oxygen
exposure [37].

To give a quantitative analysis of the tin populations (n;), the fitted
areas (A;) have to be corrected by the corresponding value of Lamb-
Mopbauer factor (the recoil-free fraction of tin atoms contributing to the
Mopbauer effect), iy (f;) as it is shown in eq.1. [38]:

_ Ai/fi
YA
In its turn, the value of Lamb - Mopbauer factor can be estimated (for

given temperature, T) once, when the Debye temperature, 0p, of the
phase is known [39]:

T.E
f—exp(lf 9};) 2)
B -Up

where Eg = 2.57 x 1073 eV is the recoil energy of the y-ray for 11°Sn and
kg the Boltzmann constant. It is worth noting that eq.(2) is only an
approximation and implies the Debye model in the high tempertature
limit (T > Op).

For amorphous SnO, phase, the reported fiy value found in the
literature is 0.4 for room temperature [39]. Using 0p = 160 K, reported
for cubic SnSbyTey [40], the estimated fiy; value for cubic SnSboTe4 at
room temperature is around 0.12. Taking into account that, the areas A;
from table 1 were revised. The corrected amounts of the Sn(IV) and Sn
(I) populations (n;) in the ICEMS spectrum are roughly 60 % for Sn (IV)
and 40 % for Sn (II). They differ substantially from those from table 1,
but we have to remark again that these results are a rough approxima-
tion to the tin fractions and rely on the validity of the Lamb-Mossbauer
factors reported in the literature. Also, it is well known that the value of
these factors depends on the sample preparation method and the nature
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Fig. 3. Survey XP spectrum of Sn-Sb-Te film. The scale of the y-axis is reduced
by 10* factor. 1: O KLL; 2: Te 3p; 3: Sb 3p; 4: Sn 3p; 5: Te 3d; 6: Sb 3d + O 1s; 7:
Sn 3d; 8: C 1s; 9: Te 4s; 10: Sb 4s; 11: Sn 4s; 12: Sb 4p; 13: Te 4d; 14: Sb 4d; 15:
Sn 4d.

of the samples (bulk samples or thin films). It is worth mentioning about
the depth information that can be extracted form a ICEMS experiment.
In case of tin L — conversion electrons, whose energy is 19.4 keV, the
mean penetration depth is estimated to be at least 1-2 um [41]. Taking
into account the thicknesses of our film, ICEMS gives its complete pro-
file. This conclusion was checked by the following experiment: the
film/mylar system was put into the camera backwards. Exactly the same
profile of the spectrum was obtained, meaning that the mylar is trans-
parent to gamma rays, and the Mopbauer information gathered was from
the complete thickness of the film.

4.2. XPS

The survey XP spectrum of Sn-Sb-Te film’s surface is shown in
Figure 3 (where O corresponds to Fermi level). The well-defined peaks
associated with the Sn, Sb and Te core levels were identified using the
database of the Avantage software. Beyond the expected elements that
constituted the film, the presence of O and C (usually found on any
surface exposed to air) was clearly registered.

Figure 4A shows a high-resolution XP spectra in the range 480-500
eV binding energy (BE). Each spectrum displays the spin-orbit split-
ting characteristics of Sn 3d core-sublevels, namely, 3ds,2 and 3ds/».
During the deconvolution of the spectra, Sn-3ds 2 - 3ds,2 splitting is kept
8.41 eV, in agreement with the literature [42]. In Figure 4B the spectrum
of as made sample (corresponding to O s - etch) was deconvoluted in a
pair of peaks (495.16 and 486.75 eV) assigned to Sn(IV). Each pair
corresponds to a specific chemical element of the absorbing atom. A
number of pairs in the fit provides a number of possible chemical
environment for the absorbing atom. The area under each pair of peaks
(weighed by atomic sensitivity factor if there is more than 1 chemical
element under consideration) provides the concentration of the corre-
sponding element in the sample. After the first step of sputtering (40 s) a
pair of peaks with similar values of binding energies was found. Each
cycle of sputtering with the selected energy removes some layers of the
material. The thickness of the removed material per sputtering cycle was
estimated to be at least 4.4 nm (but in fact it is more). After removing at
least 9 nm - layer of the film, other pair of Sn 3d peaks appears (493.89
and 485.47 eV), besides the aforementioned ones. The latter persists up
to the latest removing experience (at least, about 40 nm - layer of the
film) and can be unambiguously assigned to Sn(II) in (nominally)
SnSb,Tey4 cubic phase. Meanwhile the signal of Sn(IV) assigned to Sn - O
bonds in SnO,, was gradually depleting after each removing cycle and
was quantified at around 4 % after 360 s — sputtering.

The presence of two types of tin species found by XPS supports the
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information provided by ICEMS technique. At the same time this fact
rises a new question: what happened with Sb and Te when tin does not
form SnSb,Te4? The following figures shed light on the aforementioned
concern.

Figure 4C shows a high-resolution XP spectra in the range of 525 -
544 eV BE. Each spectrum displays the spin-orbit splitting characteris-
tics of Sb-3d core-sublevels, namely, 3ds,, and 3ds,;. During the
deconvolution of the spectra, Sb-3ds,2 - 3ds3,2 splitting is kept 9.34 eV, in
agreement with the literature [42]. In Figure 4D the spectrum of as made
sample (corresponds to O s - etch) was deconvoluted in a pair of peaks
(539.83 and 530.43 eV) assigned to Sb(III) and additionally had a
feature, the signal belonging to O 1s core-level (532.43 eV) in accor-
dance with the reference [43]. As in the case of the Sn spectra, after 2
cycles of removed material, a second pair of peaks with substantially
distinct BEs appeared (537.60 and 528.23 eV). The latter persists up to
the latest removing and can be assigned to Sb in SnSbyTey structure,
meanwhile the pair of 3d peaks with higher binding energy is attributed
to Sb-O bond in likely SbyOs [44]. As in the case of tin oxide, the
presence of antimony oxide was registered in all the expected layers
with similar depleting trend being quantified close to 4 % after the last
removing. Antimony oxidation was also reported in GeySbyTes films
[18].

The spectra shown in Figure 4E in the range of 567-590 eV BE display
Te-3d core-level. During the deconvolution of the spectra, Te-3ds/, -
3ds,, splitting is kept 10.39 eV, in agreement with the literature [42].
Unlike the spectra of Sn and Sb, the Te spectrum corresponding to the
case of 0 s — etch was fitted to two pair of peaks (Figure 4F). One pair of
peaks with values of 586.74 and 576.37 eV was assigned to Te-3ds,2 and
3ds/9, respectively, of Te - O bonds in likely TeOy, The second pair of
peaks of 0 s - sputtering spectrum was 583.58 and 573.21 eV. Wu et al. in
their study of SnSbyTe4 (R-3m space group) assigned the doublet with
very similar BE to Te-C bond [13]. We cannot discard it in our case since
the surface of the film was rich in carbon. It is worth noting, after 40 s —
sputtering and therinafter, TeOy (unlike SnO5 and Sb,03) was absent.
After 80 s — sputtering a signal with slightly distinct (0.7 eV lower) set of
BE is born. It means Te is forming a bond with a less electronegative
element (like Sn or/and Sb in our case). This signal is attributed to Te in
SnSb,Te4. Hereinafter, the BE are 582.9 and 572.5 eV until the last
sputtering cycle.

Formation of oxides on surfaces is a frequent situation for chalco-
genide - containing systems exposed to air and was found in a number,
in particular, of Te-containing systems: SnTe, SbyTes, SnSbyTey,
GeySbyTes, etc. Based on the XP spectra as a function of sputtering time
it was possible to follow the in-depth atomic concentration profiles in
the film (Table 2). The general trend is the lacking of the expected
stoichiometry: a deficient Te presence is notoriuos. In particular, the top
layers of the Sn-Sb-Te film are rich in antimony and poor in tellurium.
Approximately after at least 9-10 nm inside the film, the atomic profile
of the cubic Sn-Sb-Te specie is kept practically unchanged (averaged,
SnysSbsaTeys) in the inspected region but deflecting notoriously from
the nominal stoichiometry. For instance, it is well known about Te
volatility during the growing process of the films. This could explain the
lower tellurium content in the sample. Interestingly, in spite of the lack
of stoichiometry seen by XPS, the GIXRD pattern was clearly compatible
with cubic SnSb,Tes. The possible explanation is Te - poor sites of
nominally SnSboTe,4 phase’s layers were substituted with O as a result of
exposure to air as it was suggested in ref.[18] for GesSbyTes. This hy-
pothesis has been explored by means of comparing the experimentally
obtained results with those predcited by the DFT calculations assuming
different scenarios.

4.3. DFT-study
The analysis of the Mofbauer spectrum of SnSb,Te4 films provides an

evidence of two interactions, each one with different hyperfine param-
eters. These interactions were associated with Sn(II) in the NaCl-
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10* factor.

structure of Sn-Sb-Te film, and also with Sn(IV) attributed to the pres-
ence of tin dioxide likely in an amorphous state. To support this inter-
pretation of the observed hyperfine interactions we performed density-
theory based ab initio calculations. For this purpose, we determined the
self-consistent potential and the charge density of the SnSb,Te,4 host and
then the quadrupole splitting and the isomer shift at the Sn probe nu-
cleus replacing Sb atoms and considering the presence of Sb vacancies
and oxygen atoms.

As it was mentioned before, SnSboTe, film crystallizes in the cubic
NaCl-type structure, being isostructural with GeSbyTes [45], Fm-3m

space group. One sublattice is occupied by Te atoms, the other sub-
lattice by Sb (50%), Sn (25%) and vacancy (25%). The Te and Sb atoms
are located at positions (0, 0, 0) F.C. and (0.5, 0, 0) F.C., respectively. F.
C. denotes that the positions can be repeated adding (0.5, 0.5, 0), (0, 0.5,
0.5) and (0.5, 0, 0.5). Initially, we removed the F.C. symmetry and
performed calculations in the unit cell consisting of 8 atoms. In this cell
we performed calculations replacing one Sb atom by a Sn. The substi-
tution of one Te atom by a Sn one was also considered. The vacancy was
simulated by simple removing one Sb or Te atom.

In a second step, and to better simulate the real situation we built a
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Table 2

Estimated (roughly) in-depth atomic concentration profile of nominally
SnSb,Tey film. 0 nm- depth corresponds to the surface of the approximately 150
nm-thickness film.

Depth (nm) Te (at.%) Sb (at.%) Sn (at.%)
39.6 40 34 26
35.2 44 33 24
30.8 43 32 25
26.4 43 32 25
22 43 32 25
17.6 43 33 24
13.2 44 33 23
8.8 45 35 20
4.4 29 41 30
0 25 46 29

64-atom supercell with the dimensions 2a x 2a x 2a. The Sn and
vacancy-concentrations have been simulated replacing eight Sb-atoms
by Sn ones and removing eight Sb atoms (for these calculations, based
on the results obtained for the unit cell, we only considered the case of
Sn and vacancies located in the Sb-sublattice). Here a situation appears
that has to be solved: the distribution of 8 Sn atoms and 8 vacancies in
the 32 Sb sites of the supercell. To deal with this problem, we performed
calculations for different distributions of the Sn and Sb-vacancies in
these 32 sites taking into account the changes in the volume cell and the
internal structural distortions induced by the tin atoms and the
vacancies

As the first step we performed calculations using the unit cell for the
study of the localization of the Sn atoms in the structure and to confirm
that the vacancies are formed in the Sb sublattice. For this purpose, we
studied four cases:

SnSbyTe4 (Sn replacing Sb, one Sb vacancy)

SnSbsTes (Sn replacing Sb, one Te vacancy)

SbySnTes (Sn replacing Te, one Sb vacancy)

Sb3SnTey (Sn replacing Te, one Te vacancy)

To estimate the stable structure, we compared the formation energy
of each system, E®™, defined as:

Efnrm —E— ZniE?l (3)

Here E is the total energy of the unit-cell containing a single substitu-
tional Sn atom and a Sb or Te vacancy, E;** denotes the energy of the Te,
Sb and Sn atoms, and n; the number of Sn, Te, and Sn atoms in the unit
cell in each case. The formation energies were obtained by calculating
the energies of each of the four systems considered and E;*' from metallic
Sn, Sb, and Te with the same precision as that in the Sn-Sb-Te com-
pounds. The obtained results were:

EP™(SnSbyTey) = -15.9 €V

E™(SnSbsTes) = -14.4 eV

E°™M(SbySnTes) = -15.3 eV

E™(SbsSnTes) = -11.4 eV

It means the system SnSbyTe4 (Sn replacing Sb and a vacancy in the
Sb sublattice) is the most stable one. For this system, we obtained that
the equilibrium lattice parameter is 6.12 A, slightly smaller than the
experimental one, 6.19 A [9]. This underestimation of the lattice
parameter can be attributed to the small size of the cell used for the
calculation of the system with tin and Sb-vacancies. SnSb,Tey4 presents a
metallic nature and the hyperfine parameters at the Sn sites are IS = 3.20
mm/s, QS = 0.28 mm/s.

For this cell we also evaluated the effect on the hyperfine parameters
of the presence of an oxygen atom. When an oxygen atom replaces a Te
atom located in the first coordination shell of Sn, the IS grows to 3.40
mmy/s. This value is very close to the experimental one, 3.46 mm/s. We
also considered the possibility of an interstitial oxygen atom. For this
case, IS = 3.10 mm/s, moving away from the experimental result.

After that, we extend our study to the 2ax2ax2a supercell. As it was
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Fig. 5. Isimer shift (left) and quadrupole splitting (right) results obtained at
each Sn site for all the configurations considered. The results correspond to the
ab initio calculations performed in the 2ax2ax2a supercell and considering that
tin atoms subtitute Sb atoms in the Te-Sb structure and considering vanacies at
the Sb sites.

aforementioned, we have to solve the problem of the distribution of the
Sn atoms in the structural sites of the Te-Sb cell. Based on the results
obtained for the case of the unit cell and the experimental result, we
focus on the case of Sn and vacancies in the Sb-sublattice. So, we have to
determine the distribution of 16 Sb atoms, 8 Sn and 8 Sb vacancies at the
32 Sb sites. Initially, we replace two Sb atoms by Sn ones, and we study
the energy of the system as a function of the Sn-Sn separation. We ob-
tained that the energy of the system is irrespective of the localization of
the Sn dopants. A similar result was obtained for the case of only two Sb-
vacancies. Finally, we considered the case of one Sn and one Sb vacancy.
Again, the energy of the system is nearly independent of the Sn-Sb-
vacancy site separation. After that and based on all these results we
performed calculations considering different random distributions of Sn
and Sb-vacancies in the Sb sublattice. We obtained that the energy dif-
ference between the configurations is relatively small, suggesting that
the overall properties of the Sn-Sb-Te sample are a statistical average of
different Sn-Sb vacancies configurations and the experimental results
must be compared only with these average estimations.

For all these configurations we obtained that the equilibrium lattice
parameter is 6.15 A. This result is nearly irrespective of the configura-
tion considered (differences smaller than + 0.02 A). The results for the IS
and the QS are presented in Figure 5. The average IS is 3.17 mm/s and is
characterised by a narrow distribution, showing that the IS is nearly
independent of the Sn and vacancies distribution. In the case of the QS,
the average value is 0.22 mm/s with a standard deviation of 0.15 mm/s.
This distribution in the QS value is expected due to the extreme sensi-
tivity of the QS to small changes in the asymmetry of the charge density
in the close vicinity of the Sn probe. Note that these average values for
the IS and the QS are similar to those obtained in the case of the cal-
culations performed considering the unit cell with one Sn and one Sb
vacancy. When an oxygen vacancy is included in the calculations, the tin
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Fig. 7. Total density of states (DOS) of Te-Sb-Sn.with oxygen vacancies at the
Te sites. Energies are referred to the Fermi level (Eg, 0.0 eV).

atoms that have (at least) one oxygen at a first-neighbour Te-site present
an IS in the order of 3.35 mm/s. Also, when oxygen atoms are incor-
porated, the system becomes semiconductor with a band-gap in the
order of 0.3 eV (Figure 6 and 7). These results confirm that the experi-
mentally observed hyperfine interaction characterized by an IS of 3.47
mm/s is related with the oxidation of the sample. As it can be seen these
results support the hypothesis we put forward about the formatin of Te
vacancies that are occupied by O atom in the sample.

5. Conclusions

By means of surface sensitive techniques such as GIXRD, ICEMS and
XPS, the structural study and chemical analysis of nominally SnSbyTe4
thin film grown on mylar by pulsed laser deposition were performed.
GIXRD showed that the grown film was polycrystalline and adopts a
NaCl-type crystalline structure. 1°"Sn ICEMS demonstrated the pres-
ence of two tin environments: the expected Sn(II) located at the sites of
the NaCl - type Sn-Sb-Te film, and also a fraction of Sn(IV) that was
attributed to the presence of tin dioxide, likely, in an amorphous state. It
has been found by XPS that uncapped SnSb,Te,4 film is prone to oxida-
tion and that the topmost layers (at least about 10 nm tickness) of the
studied film exposed to oxygen become depleted of Te and transformed
into Sn-O, Sb-O and Te-O. Underneath approximately 10 nm and down
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to, at least, 40-50 nm, the sample is mostly Sn-Sb-Te crystalline phase
keeping the inalterable distribution of the elements albeit with deviation
from the stoichiometric SnSb,Te4 with a notorious lacking of Te. DFT-
based calculations performed considering SnSbsTes4 with the Fm-3m
structure showed that this system presents a metallic nature and only
with oxygens substitutionally located at Te-vacancy sites the system
presents a semiconducting behaviour with a band gap of about 0.3 eV.
The isomer shift at Sn sites with O atoms in their first coordination shell
for the aforementioned case is in excellent agreement with those
experimentally found in the film affected by the oxidation process.
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