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Local structure of amorphous (GeTe),(Sb,Tes) films
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By the method of Messbauer spectroscopy on the isotope 'S, it was shown that tetravalent germanium atoms in
amorphous films (GeTe)x (Sb,Tes) (where X = 0.5, 1,2, 3) form a tetrahedral system of chemical bonds, and in their
local environment there are mainly tellurium atoms. In crystalline films (GeTe)x(Sb,Tes) is divalent hexoordinated
germanium at positions 4 b of the NaCl type crystal lattice. By the meth-od of Messbauer spectroscopy on
121Sb and '*Te atoms, it was shown that the amorphization of (GeTe)x(SbyTe;) films does not change the lo-cal

environment of antimony and tellurium atoms
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Introduction

Chalcogenide  alloys (GeTe)x (SbyTes) (where
x=0.5,1,2,3) are considered promising materials for
data storage and coding in non-volatile memory devices [1].
The prerequisites for this are the significant contrast in
conductivity and reflectivity between the crystalline and
amorphous phases, as well as the reversibility and short
transition time from crystalline to amorphous state [2].
Obviously, the requirements of miniaturization of memory
devices and increasing the density of information recording
in them are faced with the need to understand the details of
the microstructure of the named materials in the crystalline
and amorphous states.

The crystal structures of (GeTe)y(SbaTes) alloys have
been studied in detail [3-8]. As for their amorphous
modifications, many studies have been done to determine
the near-order structure [9-15] in them, but a comparison
of all the experimental data shows that these structures are
still a matter of discussion [2,3,15]. In particular, apparent
contradictions in the interpretation of experimental results
obtained in the study of amorphous films Ge,Sb,Tes by
X-ray absorption fine structure spectroscopy (XAFS) [9-
12]. This indicates the need to use additional experimental
methods sensitive to minor changes in the local structure
and in the population of the electron shells of atoms during
the transition from amorphous to crystalline state.

Messbauer spectroscopy (MS) is an effective tool for de-
tecting changes in the local environment of atoms and their
electronic structure during amorphization of GeSbTe alloys.
In particular, this has been demonstrated in works [16,17],
in which the MS method on impurity atoms !!°Sn found that
the amorphization of GeAsTe alloys (chemical analogues of

(GeTe)x (SbyTes)) is accompanied by changes in the near-
order structure of germanium atoms.

A commonly cited disadvantage of MS is the limited
number of probes (Messbauer isotopes) that can be used
for such studies. However, in GeSbTe alloys, all atoms
have Messbauer isotopes (3Ge, '?!Sb and 125Te) with
satisfactory values of nuclear parameters, so that all atoms in
GeSbTe type films can be the subject of Messbauer studies
without any restrictions. In particular, this was illustrated
in [18] work on the study of the crystal—amorphic state
transition in Ge,Sb,Tes films by the MS method on '?!Sb
and 1°Te. probes. However, the authors of works [18,19]
also demonstrated the possibility of studying compounds
of the Ge,Sb,Tes type using the MS method on impurity
tin atoms. Both the absorption variant with the isotope
119Sn and the emission variant with the parent atoms '°Sb
and '"™Te, when the a priori possibility of entering the
Messbauer probe ''Sn in any sites of crystalline and
amorphous material is realized, were used.

However, apart from the work [18,19], as well as
work [20], which shows the Messbauer spectra '2!Sb crystal
compounds GeSb,Tes, Ge,Sb,Tes and GeSb4Te7, there are
no Messbauer studies of ternary (GeTe)y(SbyTes) com-
pounds. In addition, we can mention the works [16,17,21—
23], in which the structure of glassy binary alloys GeyTe;_
was studied by the MS method on impurity atoms !'°Sn.
In particular, it has been shown that the coordination
and valence states of the germanium atoms change during
amorphization [16,17,22,23], and the local structure of
germanium sites in amorphous GexTel-x (x < 0.2) [21]
alloys has been described. The same GeyTe;_x alloys in
glassy and crystalline states were investigated by absorption
MS on the isotope *5Te [24,25] and emission MS with
parent atoms !2Te [25,26]. Finally, the authors [27] by
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emission MS on the 3"MFe isotope with parent nuclei >’Mn
implanted in amorphous and crystalline GeTe films showed
a difference in the near-order structures of these materials.

The present work is devoted to the study of the local
structure of crystalline and amorphous films Ge;SbyTeg,
Ge,SbyTes, GeSbyTes and GeSbsTe; by absorption MS on
isotopes '°Sn, 12!Sb and '>3Te.

1. Experimental procedure

X-ray amorphous films a-Ges;SbyTes, a-Ge,SbyTes,
a-GeSb,Tes, a-GeSbsTe; (denote them a-GeSbTe),
a-Gej sTeg s and tin-doped X-ray amorphous
films a-Ge; 955n.95Sb,y Teg, a-Geq 955n¢ g5Sby Tes,
a-Geg 95Sng g5sSb,Tey and a—Geo_958n0.05Sb4Te7 (denote
them a-Ge(Sn)SbTe) and a-Gej.45Sng gsTes s of thickness
3um were obtained by magnetron sputtering of polycrys-
talline targets of similar composition at constant current
in a nitrogen atmosphere on aluminum foil substrates.
Then, the films were annealed in the temperature range
150—200°C to obtain crystalline films. The isotope used
for the syntheses was ''°Sn of 96% enrichment. The film
composition was monitored by X-ray fluorescence analysis.

Ge(Sn) tin-doped germanium samples were obtained by
fusing metallic tin and germanium. For this purpose,
a single-crystal plate of chemically etched germanium
(unalloyed, with an electron concentration of less than
10 ecm™3) of 200um thickness was used. A film of
metallic tin (enriched up to 96% with the isotope '°Sn)
was sputtered on the plate. The melting was carried
out in an evacuated quartz ampoule at 800°C, then the
ampoule was slowly cooled to 400°C and then quenched
in air. After annealing, the sample was washed with a hot
mixture of HCI+HF to remove tin residues from the surface.
According to work [28], the solubility of tin in germanium
under these conditions is about 1at.%, which provides a
surface absorber density of ~ 0.1 mg/cm? by !!”Sn.

Messbauer spectra were taken on a CM 4201 TerLab
spectrometer at 80 K. The spectra of !'Sn, !2!Sb, and
125Te were measured using Ca'!'®™™SnQ;, Ca'?!SnOs3 and
Mg!?>™TeOg, respectively. Isomeric shifts § spectra of ''%Sn,
121Sh and '?°Te are given relative to the CaSnOs, InSb and
Mg;Tes absorbers, respectively. The instrumental spectral
line widths for the isotopes !'Sn, !2!Sb and '>°Te were
0.79(2), 2.35(6) and 6.00(8) mm/s, respectively.

2. Experimental results

The Messbauer spectra of impurity atoms !'°Sn in
amorphous and crystalline films of Ge(Sn)SbTe and
Gej 455n¢ gsTes s are shown in Fig. 1 and 2. All spectra are
single lines with widths at half-height G ~ 1.30—1.36 mm/s
(for the spectrum of c-Gej4sSnggsTess  film,
G = 0.85mm/s was obtained). The spectra of amorphous
films have isomeric shifts & ~ 2.03—2.09 mm/s, for
crystalline films § ~ 3.49-3.54 mm/s was obtained.
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Figure 1. Messbauer spectra of '“Sn films

a-Ge.95Sn9.05SbaTes (a), a-Gey.955n9.05SbyTes (b),
a-Geo.95Sng,05Sb, Tes (o), a-Geo.95Sng.05SbaTey (d),
a-Gey.45Sng gsTes s (e) and crystalline germanium (f) at 80 K.

The spectra of '2!Sb films a-GeSbTe (Fig. 3) and films
c-GeSbTe films (Fig. 4), as well as the spectrum of
the compound b,Te; (Fig. 4) are single broadened lines
(G ~ 5.4—5.7mm/s), the isomeric shifts of which are in
the range § ~ 5.1-5.5mm/s.

The spectra of 23Te films a-GeSbTe (Fig. 5), c-GeSbTe
(Fig. 6), and GeTe and Sb,Te; compounds (Fig. 7)
are single broadened lines (G ~ 6.90mm/s) with iso-
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meric shifts § ~ 1.32—1.39 mm/s. The '*Te spectrum of
the amorphous film a-Ge;sTes is a quadrupolar doublet
(isomeric shift 6 = 1.65(4) mm/s, quadrupolar splitting
QS=8.41(8) mm/s). Crystallization of Ge;sTegs films
results in a two-phase mixture of tellurium (spectrum
parameters: & = 1.73mm/s, QS=7.10mm/s) and ger-
manium telluride (spectrum parameters: & = 1.23 mm/s,
G = 6.90 mmy/s).
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Messbauer spectra of '“Sn  films
c-Gey.95Sn9,05Sba Teg (a), c-Gey.95Sng,.05Sba Tes (b),
c-Geo.95Sn0,05Sby Tes (o), a-Geo.95Sng 05Sbs Ter (d),
c-Ge1.45Sng osTes s (e) and compounds SnTe (f).

Figure 2.
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Figure 3. Messbauer spectra of '*'Sb films a-Ge;SbyTes (a),
a-Ge,Sb,Tes (b), a-GeSb,Tes (c) and a-GeSbsTer (d).

3. Discussion of experimental results

3.1. Germanium atoms in amorphous films

Germanium and tin are in the main subgroup IV of
group DI Mendeleev table and when interpreting the
parameters of the Messbauer spectra of impurity atoms
11981 in crystalline and amorphous films GeSb(Sn)Te and
Gej.45Sng osTeg s, isovalent substitution of germanium for
tin in the film structure was assumed.

Isomeric shifts of the spectra of impurity atoms !'°Sn
films a-Ge(Sn)SbTe and a-Gej 45SngosTess have values
lying in the interval between the values of isomeric shifts
of the spectrum of impurity atoms ''°Sn in crystalline
germanium (6§ = 1.80(1) mmy/s, (Fig. 1)) and spectrum of
gray tin @-Sn (§ = 2.10(1) mm/s). The isomeric shifts of
the last two spectra form the region of isomeric shifts of
tetravalent tin compounds with a tetrahedral s p’-system of
chemical bonds. In other words, the impurity tin atoms in
the structure of a-Ge(Sn)SbTe and a-Ge; 45Sng gsTeg s films
isovalently replace the fourvalent germanium atoms, which
form a tetrahedral chemical bond with atoms in their local

Technical Physics, 2022, Vol. 67, No. 11
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surroundings (i.e., the coordination number of germanium
atoms is four).

In order to determine the chemical nature of the atoms
in the vicinity of germanium atoms in a-GeSbTe films, we
compared the isomeric shift values of the spectra of impurity
tin atoms § in a-Ge(Sn)SbTe films (§ ~ 2.03—2.07 mm/s)
with values 6 in films a-Gej 45SngosTegs (6 ~ 2.09 mm/s,
the local surroundings of germanium contain mainly
tellurium atoms) and in crystalline germanium Ge(Sn)
(6 ~ 1.80 mm/s, their local environment contains only ger-
manium atoms). Based on the above data, we can conclude
that the local environment of germanium in a-GeSbTe
films contains predominantly tellurium atoms. This can be
confirmed by the fact that the isomeric shift of the spectra
19Gn films a-Ge(Sn)SbTe monotonically increases from
the value 2. 03(1) mm/s for the composition GesSb,Tes

Relative count rate
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Figure 4. Messbauer spectra of '*'Sb films ¢c-Ges;Sb,Tes (a), c-
Ge,SbyTes (b), c-GeSbaTes (c), a-GeSbsTes (d) and the crystal
compound SbyTes (e).

Technical Physics, 2022, Vol. 67, No. 11
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Figure 5. Messbauer spectra of '®Te films a-Ge;SbaTes (a),
a-Ge,Sb,Tes (b), a-GeSb,Tey (C), a-GeSb,Te; (d) and a-
GeisTess (e). The experimental spectra of a-GeSbTe are
shown to decompose into two singlet spectra corresponding to
tellurium atoms, whose local surroundings are predominantly
either germanium atoms (dashed line) or antimony atoms (solid
line).
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(containing 27.3 at.% Ge) to the value 2.07(1) mm/s for the
composition GeSbsTe; (containing 8.3 at.% Ge).

Kolobov et al. [9], based on XAFS results, proposed the
,,mechanism of umbrella reversal“to describe the order—free

Relative count rate
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Figure 6. Messbauer spectra of '®Te films c-Ge;Sb,Tes (a),
c-Ge,SbyTes (b), c-GeSbrTes (c), c-GeSbsTes (d) and c-
Gel.5Te8.5 (e). The decomposition of the c-Gel.5Te8.5 ex-
perimental spectrum into a singlet and a quadrupolar doublet,
corresponding to the GeTe and Te phases, respectively, is shown.
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Figure 7. Messbauer spectra of '*Te compounds GeTe (a) and
Sb2T63 (b)

order transition in Ge,SbyTes films, according to which
the amorphization of the crystal film is accompanied by
a jump of the Ge atom from the octahedral position to
the tetrahedral position surrounded by four Te atoms, and
Ge—Ge bonds were not detected.

However, Baker et al. [10,11], also using EXAFS
data for a-Ge,Sb,Tes, concluded that Ge atoms participate
in structural units of Te;Ge—GeTe;, and in contrast to
the mechanism of umbrella flip this model is based on
preferential Ge—Ge bond formation.

Also by EXAFS (combined with high-energy X-ray
diffraction and neutron diffraction) the structure of amor-
phous compounds a-Ge,Sb,Tes and a-GeSb,Te4 was stud-
ied by the authors [12]. It was shown that Ge—Ge and
Ge—Sb bonds are present in both amorphous compounds.
All atoms satisfy formal valence requirements, with Ge
having tetrahedral system of chemical bonds.

Finally, the local structure of the amorphous phase
Ge,Sb,Tes was investigated using anomalous X-ray scatter-
ing near the K absorption edges of germanium, antimony
and tellurium atoms, and the data were analyzed using
inverse Monte Carlo simulations [15]. It was found, that
about half of the Ge atoms have an octahedral environment
similar to that in the crystal. The remaining half of the
Ge atoms with tetrahedral symmetry acts as its own energy
barrier between the phases, providing a long lifetime of the
amorphous Ge;Sb,Tes modification.

Our MS data allow us to conclude that tetravalent
germanium atoms form a tetrahedral sp’ system of chemical
bonds in the structural grid of the amorphous matrix (local

Technical Physics, 2022, Vol. 67, No. 11
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coordination number of germanium atoms is four) and have
mainly tellurium atoms in their closest environment.

Our MS data are in agreement with the authors’ ideas [9]
about the local structure of germanium atoms in the
amorphous compounds Ge,Sb,Tes and allow us to extend
these ideas to other amorphous compounds a-GeSbTe: The
tetravalent germanium atoms form a tetrahedral s p’-system
of chemical bonds in the structural grid of the amorphous
matrix (the local coordination number is four) and have
only tellurium atoms in their closest environment. It
also confirms the conclusion of the authors [12] that in
the amorphous compounds Ge,Sb,Tes and GeSb,Testhe
germanium atoms have a fourfold coordination (with the
only specification that this is true for all the amorphous
films a-GaSbTe).

A characteristic feature of the spectra of impurity atoms
119Gn in a-GeSbTe films is their broadening. There could be
two reasons for the widening.

First, possible distortions of the angles between the bonds
of tin atoms with the atoms in its immediate vicinity should
lead to a broadening of the spectrum due to unresolved
quadrupolar splitting. Processing the experimental spectra
under this assumption leads to quadrupolar splitting values
of QS< 0.55mm/s. This QS value indicates a significant
distortion of the tetrahedral valence angles.

The second reason for the broadening of the spectra —
fluctuations in the bond lengths of Ge—Te while maintaining
the tetrahedral bond angles. This will lead to spectrum
broadening due to heterogeneous isomeric shift. In the
first approximation, we can assume that the distribution of
isomeric shift values obeys Gaussian law:

o =8P,

W = e exp {— 252

where 6y — the mean value of the isomeric shift, § — its
standard deviation.

We performed a numerical calculation of the spectrum
shape, and to agree its results with the experimental values
of the spectra widths of amorphous films a-Ge(Sn)SbTe, it
is necessary to take o = (0.17—0.20) mm/s.

All observed isomeric shifts of the spectra '?Sn in the
films a-Ge(Sn)SbTe and a-Ge; 45Sng osTes s, determined by
the position of their spectra centers of gravity, are less than
the isomeric shift of the spectrum a-Sn. This corresponds
to the fact that the 5sp’-orbitals of tin are less than unity,
the tin atoms have small positive effective charges, and
the Sn—Te (and probably Ge—Te) bond is partially ionic.
However, if we assume the above-mentioned distribution
of isomeric shift values with a standard deviation of
o ~ 0.2mm/s, then about half of the shifts will be in the
region of values with populations of 5sp’-orbitals greater
than unity. Such settlements correspond to negative tin
charges, which is hardly possible for the Sn—Te bond. The
latter means that the broadening of the Messbauer spectral
lines of ?Sn films a-Ge(Sn)SbTe cannot be explained
by fluctuations in the Sn—Te bond lengths alone, and
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distortions of the valence angles, which seem to be the main
contributors to the broadening, must be considered.

3.2. Germanium atoms in c-GeSbTe crystalline
films

The impurity atom spectra of !'°Sn of films c-GeSbTe and
c-Gej 45Sng g5 Tes s have isomeric shifts typical of the spectra
of 1%Sn ion compounds of divalent tin. For comparison, Fig.
2 shows the spectrum of the divalent tin compound SnTe,
for which § = 3.54(1) mm/s.

According to [3-5], c-GeSbTe alloys can be obtained as
metastable vacancy-unordered cubic phases by heating the
amorphous film above the 150°C crystallization tempera-
ture. These phases have rhombohedral distorted NaCl-type
lattices (Fm3m) with stoichiometric vacancies. The anion-
like positions are occupied by Te atoms, and the cation-
like positions — by Ge, Sb atoms, and 20% of them are
vacant. The XAFS [9] method demonstrated that the six
neighboring Ge—Te bonds with octahedral symmetry sites
are separated into three short and three long bonds, as in
the GeTe-cristal [29].

The MS data on impurity atoms '?Sn for c-Ge(Sn)SbTe
films are consistent with the results of X-ray diffraction
studies of metastable vacancy-unordered cubic c-GeSbTe
compounds. The divalent tin Sn?>* (electronic configuration
5s?pX) replaces the divalent germanium Ge** (electronic
configuration 4s?pX) in the positions 4b of the rhombo-
hedral distorted lattice like NaCl, and only the tellurium
atoms are in the immediate neighborhood of the six
coordinated germanium atoms. The latter circumstance
explains the proximity of the isomeric shifts of the spectra
of the '"”Sn compounds c-GeSbTe to the isomeric shift
of the spectrum ''”Sn compound SnTe, which also has
a NaCl type lattice. The broadening of the spectra of
ternary compounds in comparison with the width of the
SnTe spectrum (G = 0.94mm/s) is associated with the
rhombohedral distortion of the NaCl-type lattice of these
compounds, as well as with a large concentration of
randomly distributed stoichiometric vacancies.

Note that the change in the local structure of germanium
atoms during amorphization of GeSbTe compounds (transi-
tion from the divalent six-coordinated state to the tetravalent
four-coordinated state) is not unique to GeSbTe compounds,
since a similar effect was observed earlier for alloys of the
Ge—As—Te [16,17] system.

For the c-Gej 45Sngo5Tegs film, X-ray phase analysis
showed the presence of two phases — the GeTe compound
and elementary tellurium. The isomeric shift of the Mess-
bauer spectrum !'Sn of this sample (8§ = 3.53(1) mm/s)
is close in isomeric shift to that of the SnTe compound,
but reveals a slightly larger width (G = 1.13(2) mm/s). In
the system Ge;_yxSnxTe, there is a continuous series of
solid solutions and, obviously, when the glass crystallizes,
a solid solution of Gej 45Sng gsTe; s forms, which at 80 K
has a rhombo-hedrically distorted NaCl [30] lattice structure.
Breaking the cubic symmetry of the local environment of
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the tin atoms in Gej 45Sng gsTeq s leads to an electric field
gradient on the nuclei ''°Sn and quadrupolar splitting of
the spectrum. Therefore, we interpreted the broadening of
the spectrum of c-Gej4.5Sng sTegs films as a consequence
of unresolved quadrupolar splitting. The obtained value
of quadrupolar splitting (QS= 0.42(3) mm/c) indicates
insignificant distortion of the octahedral environment of tin
atoms, and we can assume that the coordination number of
tin in the crystal sample is six.

3.3. An antimony atoms in amorphous
and crystalline GeSbTe films

The isomeric shifts of the '>!Sb spectra of the a-GeSbTe
and c-GeSbTe films, as well as the spectra of the SbyTes
compound lie within é ~ 5.1-5.5mm/s, which is typical
for the spectra of 21Sb trivalent antimony compounds. It
should be concluded that the local structure of the antimony
atoms in all of the films studied is close to the local structure
of the antimony atoms in the compound Sb,Te;. Crystalline
antimony telluride has a rhombohedral structure [18]. It
contains two types of octahedral positions, differing in
the degree of distortion, which are occupied by trivalent
antimony atoms. Only divalent tellurium atoms are in
the local environment of antimony

Thus, the MS data confirm the conclusions of the
authors [9,15] that the local arrangement of atoms around
the Sb atom during the crystallization of the amorphous film
Ge,SbyTes remains practically unchanged, ie., structural
changes occur within the local arrangement of Sb atoms,
which play the role of the core of the overall structural
stability (with the specification that this is true for all
GaSbTe alloys).

3.4. Tellurium atoms in amorphous and crystalline
GeSbTe films

The isomeric shifts of the spectra >Te of the films
a-GeSbTe and c-GeSbTe) are close to the parameters
of the spectra '2>Te of the divalent tellurium GeTe and
SbyTes compounds.  Therefore, Figs. 5 and 6 show
the decomposition of the experimental spectra of a-
GeSbTe and c-GeSbTe films into two singlet spectra
with parameters close to those of the »Te spectra of
GeTe (6 =1.23(4) mm/s, G = 6.90(8) mm/s) and SbyTes
(6 = 1.38(4) mm/s, G = 6.90(8) mm/s), and the amplitudes
of the spectra components for the films were varied
according to the chemical composition of the films. The
satisfactory agreement between the calculated and exper-
imental spectra of 2°Te films allows us to conclude that
in crystalline and amorphous films the local structures of
tellurium atoms correspond to the structural units of GeTe
and SbyTe; compounds. The first of these has a NaCl-
type lattice with a rhombohedral distortion, and in the
immediate vicinity of the divalent six-coordinated tellurium
atoms, there are germanium atoms [29]. The second has
a structure containing sheets of five atoms thick in the

order Te—Sb—Te—Sb—Te, with the tellurium atoms of
the boundary layers forming only three bonds, while the
tellurium atoms within the layers form six bonds with the
antimony atoms [20].

Conclusion

The local environment of atoms in amorphous and
crystalline films (GeTe)x(SbyTes (where x = 0.5, 1, 2, 3)
was determined by the MS method on isotopes !'°Sn,
121Sb and !25Te. Impurity tin atoms in the structure of
amorphous films isovalently replace the tetravalent germa-
nium atoms, which form a tetrahedral system of chemical
bonds (the local coordination number of germanium atoms
in amorphous films is four), and in the local environment
of germanium atoms are predominantly tellurium atoms.
Distortions of the angles between the bonds of germanium
(tin) atoms with tellurium atoms in its vicinity lead to a
broadening of the spectrum due to unresolved quadrupolar
splitting. Fluctuations in the distances from the germanium
(tin) atoms to the tellurium atoms while maintaining
the tetrahedral system of chemical bonds will lead to a
broadening of the spectrum due to a heterogeneous isomer
shift.

The MS data on impurity atoms ''Sn for crystalline
films are consistent with the results of X-ray diffraction
studies — divalent tin replaces divalent germanium in a
rhombohedral distorted NaCl-type lattice. The broadening
of the Messbauer spectra of crystal ternary compounds
(GeTe)x (SbyTes) is associated both with lattice distortion
and with the presence of large concentrations of sto-
ichiometric vacancies in the cation sub-lattice of these
compounds.

It is concluded that the local structure of both anti-
mony and tellurium atoms in amorphous and crystalline
(GeTe)y (SbyTes) films is close.
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