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The local structure of film samples of the SegsAss, SeosTes and Ge20ShzosTes: chalcogenide semiconductors have been
studied by X-ray diffraction and Raman spectroscopy. The effect of EuFs and Sm impurities on the structure of SegsAss,
SegsTes and the effect of heat treatment at various temperatures on structure of Gez20SbzosTes: thin films have been studied. It
was shown that GexoSh2osTes: films obtained by thermal evaporation of an unheated glass substrate are amorphous, and
those that underwent heat treatment at 220 and 400 °C transforms into a crystalline phase with a cubic and hexagonal
structure. The chemical bonds and the basic structural elements that form the matrix of the studied materials, as well as the
changes that occur in them upon the heat treatment and addition of impurities have been determined.
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1. INTRODUCTION

Interest in chalcogenide glassy semiconductors
(CGS) appeared after semiconductor properties were
first discovered in these materials, which combined
with the properties of the glassy state [1]. CGS
promising materials have the ability to change their
electrical, photoelectric and optical properties under
the influence of light, i.e. change the refractive index
of light, the edge of optical absorption. Thanks to
which they are widely used as active materials in
various electrical switches, storage devices, in
infrared (IR) technology and acousto-optical devices.

Switching and memory effects in chalcogenide
glassy semiconductors have long been known, but the
physics of these effects is still unknown. Recently,
interest has increased in the development of non-
volatile memory elements based on the chalcogenide
glass-crystal phase transition, which allows a
reversible phase change between a stable amorphous
and crystalline state.

The memory elements based on CGS are called
variable phase state or phase memory - Phase Change
Memory (PCM), Phase Change Random Access
Memory (PRAM) and Ovonyx Unified Memory
(OUM). The short recording time and large optical
contrast between the amorphous and crystalline states
made it possible to use Ge,Sh,Tes materials to create
rewritable CDs, DVDs, and Blu-ray discs, which
demonstrated the stability and high speed of phase
transitions in the materials of this system [2-4].

This work is devoted to the study of the local
structure at the level short-range and medium-range
order of binary and triple chalcogenide materials. The
CGS systems Se-As and Se-Te doped with EuFs and
Sm impurities, as well as GexShzosTes: have been
chosen as the study objects.
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The choice of rare-earth elements as an impurity
is due to the fact that, as chemically active elements,
they can form new structural elements with selenium
atoms, i.e. can lead to a change in the local structure at
the level of short-range and medium-range order and
thus affect the physical properties. The Ge-Sb-Te
triple chalcogenide material, depending on the
temperature and the technological regime of sample
preparation, can be in amorphous and two crystalline
phases - cubic and hexagonal, which should be
accompanied by changes in the parameters of short-
range and medium-range order. X-ray diffraction and
Raman spectroscopy have chosen as the research
methods. Such studies make it possible to determine
short-range and medium- range order parameters, as
well as chemical bonds and structural elements of the
matrix of samples in both amorphous and crystalline
states and changes depending on the chemical
composition and the presence of impurities.

2. EXPERIMENTS
PREPARATION

Chalcogenide materials Se-As-EuFs, Se-Te-Sm
and Ge-Sb-Te were obtained by fusion of elementary
substances of high purity in vacuumized up to 10*
Torr quartz ampoules. The synthesis was carried out at
a temperature of 900 °C for 10 hours with holding for
at least 5 hours in a rotary kiln, followed by cooling in
the off-furnace mode. The samples for measurements
were films 0.5, 0.75 and 1.5 pum thicknesses and 3-8
pum thickness, obtained by thermal evaporation at a
rate of 0.2-0.5 pm/s in vacuum on a glass substrate at
a pressure of 10™ Torr, as well as bulk samples 1.5
mm thick. X-ray diffraction analysis was performed
using a “’Bruker’” D2Phaser diffractometer and
CuKao-rays with a radiation wavelength of A = 1.5406
-10% min the angle range 20 = 5-80".
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Structural studies and calculations were carried
out using the EVA and TOPAZ programs. Raman
spectra were studied on a three-dimensional confocal
Raman microscope Nanofinder 30 (Tokyo Instr.), the
excitation wavelength was 532 nm. The radius of the
cross section of the laser beam incident on the film
was ~ 4 um. The radiation receiver was a cooled CCD
camera (—70°C) operating in the photon counting
mode with exposure time 10-20 s at a laser radiation
power of 4 mW, and the spectral resolution error 0.5
cm?. The experiments were carried out at room
temperature, and after heat treatment of the samples at
120, 220, 400 °C for 30 min.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

3.1. X-Rays diffraction analysis of the structure

SegsAss<EUF3> and GezoShzosTes: films.

Fig. 1 shows the angular distributions of the X-
ray diffraction intensity of the samples SegsAss<EuFs;>
and GexoShyosTes: systems. X-ray diffraction patterns
(XRD) of the SegsAss and SegsAss (EuFs): 8 pm,
GexoShyosTes: 0.5 pm and 1.5 mm thickness samples
are presented in Fig.la. While Fig.1b are XRD
patterns of the GexoSbzosTes; 0.5 - 0.75 pm and 1.5
mm thickness.

As can be seen from the XRD patterns, film
samples at room temperature (Fig. 1a, curves 1, 2 and
3) have a broad maximum at 26 (0 is the Bragg angle)
located in the range 15-38 °, which indicates their
amorphous. Most CGSs have a similar extent,
including Se-Te and Se-Te-Sm. From the XRD
patterns of Se-As-EuFs and Se-Te-Sm have been
determined the “quasiperiod” (R) of the structure of
fluctuations in the atomic density [5-7], the repetition
of which in a certain region can cause the appearance
of the first sharp diffraction peak (FSDP), the length
of the correlation (L), in which the frequency
fluctuation of the density is preserved, and the
diameter of the nanovoids (D) or a region with a
reduced atomic density.
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Fig.1. XRD patterns of (a) SessAss, SessAss(EuFs): and
Ge2Sh2osTes:  chalcogenide samples at  room

temperature, (b) Ge2oSb2osTes: before (curve 1) and
after the treatment temperature (curves 2, 3, 4).

The values of the parameters characterizing the
structure of the studied films are given in the table 1.

Table 1.
The values of short-range and medium-range orders parameters of Se-As-EuFs and Se-Te-Sm film samples.
R, A LA DA
SegsAss 3.177 6.5443 3.654
SegsAss+1at%EuFs 3.318 6.0349 3.816
SegsTes 4.02 12.94 4.63
SegsTes+1at%Sm 3.35 8.16 3.85

The XRD pattern of the Ge-Sb-Te bulk sample
1.5 mm thick (Fig. 1a, curve 4) shows that, before the
treatment temperature, the presence of peaks at angles
of 25.7 °, 29.7 °, 42.8 ° and 52.9 ° indicates cubic
phase of the crystal structure. Figure 1b shows the
XRD pattern of the GeShaosTes; samples before
(curve 1) and after the treatment temperature (curves
2, 3, 4). XRD pattern of a bulk sample to the

|processing temperature (Fig. 1b, curve 1) obtained in
the off-furnace mode has certain maxima (reflections)
at angles of 25.7° (111), 29.7° (200), 42.8° (220 ) and
52.9° (222), which corresponds to reflections of the
first and second order in the metastable face-centered
cubic (FCC) phase along the (111) direction [8, 9]. At
a temperature of 120°C, the peaks in the film sample
(curve 2 of Fig. 1b) remain almost unchanged, but
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peaks appearing in the films (curves 3, 4 of Fig. 1b)
indicate crystallization. At a temperature of 220°C, the
intensities of these peaks increase and new ones
appear at 29.7° (103), 40.1° (106), 42.8" (210), 60.1°
(206), 63.6° (400), the intensities of which also
increase with a further increase in processing
temperature (up to 400 °C). The positions of the fixed
peaks correspond to the results of [8-10] and indicate
the origin of structural changes in the sample at the
stable hexagonal phase (HEX - phase structure).

The materials of the Ge-Sb-Te system have a
low glass-forming ability and are easy to crystallize,
and to obtain such a material in an amorphous state, it
is necessary to cool the melt in a few tens or hundreds
of nanoseconds. It is the high crystallization rate that
allows in modern memory cells to record information
in less than 50 ns. However, with decreasing
temperature, the crystallization time increases
exponentially and is about 100 years at room
temperature [11]. Therefore, the materials of the Ge-
Sh-Te system are successfully used in modern storage
media.

The analysis of GexShaosTes; XRD patterns
indicates that the film samples are amorphous to the
processing temperature, while the bulk sample has a
crystalline structure, in particular a cubic one. After
the treatment temperature (at 120°C), the film
structures crystallize, partially transforming into a
cubic structure. With a further increase in temperature
to 220 °C, peaks appear in the structure of the films,
indicating a hexagonal phase. At 400 °C the
GexoShyposTes: film sample transfers to the stable
hexagonal phase.

3.2. Raman scattering of SegsAss<EuFz>,
Segs Tes<Sm> and GezoSb2osTes: amorphous and
crystalline films.

Fig. 2 shows the Raman scattering in films 3-8
pum thickness of amorphous selenium (Fig. 2a) and
SegsAss(EuFs)x (X = 0; 0.5; 1 at%) (Fig. 2b). It can be
seen that the spectrum of amorphous selenium
consists of a broad maximum at a frequency of 254
cm™ ! and a narrow maximum at 237.6 cm, which
correspond to vibrations of ring Seg and chain —Se —
Se— molecules [12, 13]. With the addition of arsenic to
selenium, the maximum at 254 cm~ ! weakens and
peaks appear in the frequency range 209-220 cm™ 1,
which is partially due to the destruction of ring
molecules and the formation of an AssSes type
molecular fragment. In addition, a peak appears at
225cm* and is attributed to AsSe; structural elements
[12, 14].

The weak maximum at 170 cm* observed in all
spectra shown in Fig. 2b, is attributed to vibrations of
the As — As homeopolar bond [15]. The introduction
of the EuFz impurity leads to the appearance of narrow
peaks in the Raman spectrum of SegsAss films, which
is associated with the formation of new structural
elements with the participation of europium atoms.
Since europium atoms as a chemically active element
form chemical bonds with selenium atoms. In this
case, the peak at 254 cm™ is strongly attenuated,

which is due to the fact that the participation of
europium atoms leads to a more efficient destruction
of ring selenium molecules. In addition, it is assumed
that europium atoms lead to the crosslinking of the
ends of the polymer chains into a pyramidal structure
and the peaks at frequencies of 220.7 cm?, 211 cm~*
and 160.4 cm~ ! are associated with vibrations of the
EuSes, EuSes, pyramidal structural elements and Eu —
Se bonds, respectively.
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Fig.2. Raman spectra of (a) Se and (b) Se-As, Se-As-EuFs
amorphous film samples.

254
215 1 1- SEQSTES

2 - BegsTesSmy gs
3 - SeggsTesSmy

Intensity ( a1)

0 100 200 300 400 500 600
Raman shift (cm'ly

Fig.3. Raman spectra of Se-Te and Se-Te-Sm amorphous
film samples.
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The Raman spectrum of amorphous SegsTes
doped with samarium is shown in Fig. 3. Peaks at
211.7 and 253.3 cm™ are observed in the SegsTesCGS
composition. As already noted, the peak at 253.3 cm*!
belongs to ring selenium molecules, and the peak at
211.7 cm !, according to [16], corresponds to
vibrations of the Se — Te bond. It is known that
amorphous selenium consists of long polymer chains
and eight-membered rings, inside of which covalent
bonds exist between atoms, and between various
structural elements the van-der-Waals bonds [17]. The
addition of tellurium to amorphous selenium leads to
partial destruction of ring molecules and shortening of
polymer chains. As a result, the number of Se — Se
bonds decreases, and Se — Te bonds are formed,
accompanied by the appearance of a band of 211.7
cm~ ! corresponding to the indicated bonds. As can be
seen from the figure, doping with samarium changes
the shape and intensity of the peaks in the Raman
spectrum. In this case, a decrease in the intensity of
the band peak at 254 cm™! and an increase in the band
peak at 211.7 cm™ 1, as well as a slight expansion of
the latter toward the low-frequency side of the
spectrum, are observed. The latter, apparently, is
associated with the chemical activity of samarium
atoms, which form bonds with both selenium and
tellurium (Sm — Se, Sm — Te, Se — Sm — Te), as well
as pyramidal structural elements involving samarium
atoms (SmSexTes - x ). The frequencies of the
vibrational modes corresponding to the indicated
bonds are close to each other and overlapping form
bands.

Fig. 4a shows the Raman spectrum of a bulk
1.5mm thick and Fig .4b film 0.5-0.75 pum thickness
samples of GexShysTes obtained at room
temperature (Fig. 4b curve 1) and subjected to heat
treatment at 220 °C (curve 2) and 400 °C (curve 3).
The spectrum of films at room temperature consists of
a wide band covering the frequency range 75-175 cm
-1 with weak maxima at 95, 105, 118, 129, 147, and
160 cm ! (Fig. 4b, curve 2). The maxima at 160, 149,
129 cm’, with some deviations, were observed in the
Raman spectrum of bulk sample (Fig. 4a) and films
obtained at room temperature and heat-treated at 220
°C (Fig. 4b, curve 1, 2), and maximums at 115- 117
cm?, 74 — 90 cm? in the spectrum of all samples. A
number of works [18-25] are devoted to studying the
features of the Raman scattering spectrum of
amorphous and crystalline Ge,Sh,Tes samples. The
authors of [18, 22] attributed the 160 cm™ ! peak to
vibrations of defective octahedral structural elements
based on Ge. The authors of [22] calculated the
Raman spectrum of amorphous and cubic crystals of
the GeySh,Tes structure using ab initio phonon
methods and an empirical model of bond
polarizability. They concluded that the observed
features of both amorphous and crystalline Ge,Sb,Tes
can be attributed to vibrations of defective octahedra.
The signs of tetrahedra in the Raman scattering
spectrum of amorphous samples are covered by a
large cross section of the Raman scattering of
defective octahedra. The authors of [19] attributed this
peak to vibrations of the Sb - Sb homeopolar bond,
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and the authors of [20] to the crystallization of the
samples. The authors [22, 24-25] associated the
maximum at 160 cm™ with activation of the A
vibrational modes and their appearance was
considered a sign of the formation of crystalline
structural elements.
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Fig.4.Raman spectra of (a) Ge-Sh-Te bulk sample befor and
(b) Ge-Sb-Te film samples after the processing
temperature.

The band localized at ~150 cm™ 1 (in our studies
at ~147 cm 1) is directly related to the Sb,Tes and
partially to the pyramidal SbTe3 structural element
[18]. The band with maxima of ~145-150 cm™ ! was
attributed by other researchers to vibrations of the Sb
— Te bond in the SbTes pyramidal structural element
[25] or in octahedrally coordinated Sh atoms [22]. A
wide band at 150 cm~ ! was also observed in [26] and
associated with vibrations of the Te — Te homeopolar
bond. The authors of this work noted that this band is
observed only in samples subjected to low-
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temperature annealing. A peak at 150 cm~ ! of the
corresponding Te — Te bond extension modes have not
observed in the Raman spectrum of bulk Ge,Sh,Tes
samples [20], which has considered a sign of good
crystallization of bulk samples.

Peaks at frequencies of ~127-129 cm~ ! in the
Raman spectrum have been observed in all Ge,Sh,Tes
samples except for the film, which is subjected to heat
treatment at 400 °C. The position of this peak is very
close to the maximum at 125 cm™ observed in [18],
which the author of [27], taking into account the
results of Raman scattering studies in a-GeTe thin
films [28], attributed the A; mode of the GeTes.nGen
composition (n =1, 2) - corner-sharing tetrahedra. The
existence of tetrahedral units of GeTes.nGen (n = 1, 2),
including Ge-Ge homeopolar bonds, was also reported
in [29] as the results of the EXAFS study. Tetrahedral
structural elements are inherent in  binary
chalcogenides of the GeSe; and GeS; type [30, 31].

As can be seen from Fig. 4 peak at 115 -118 cm’
Lis very weakly observed in the Raman spectrum of
films (Fig. 4b) obtained at room temperature (curve
1), become pronounced after heat treatment at 220 °C
(curve 2) and strongly amplifies after thermal
processing at 400 °C (curve 3). The indicated peak
will also be observed rather intensively in bulk sample
(Fig. 4a). The indicated peak was also observed at
~115 cm™ in [20], and the peak at 120 cm™ ! in [21,
22, 24, 32] and was attributed to the vibration of
defective octahedra.

Weak peaks in the frequency range 74— 90 cm !
observed in the Raman spectrum of all samples were
also observed by the authors of [27, 34-35,] and the
authors of [27], taking into account the results of
studies presented in [33], were connected by the E
mode of the GeTe, tetrahedron.

In the samples that underwent heat treatment at
220 °C, the peaks at ~127— 129 cm? and ~145- 150
cm? are attenuated and peaks appear at ~105—- 106 cn
1 and ~135 - 137 cm? of vibrational modes for
crystalline phases cubic structure (FCC configuration -
Fig. 1b). According to the authors of [9], the first peak
can be attributed to vibrations of A; mode of corner-
sharing GeTes tetrahedra and the second to GeTesnGen
(n = 1, 2) tetrahedra. In the samples that underwent
heat treatment at 400°C, these peaks disappear and
low-frequency peaks remain and pronounced peaks
appear at 117 and 137 cm?, i.e. crystalline phases with
a hexagonal structure are formed (HEX configuration
- Fig. 1b).

From the above interpretation of the results of
studying the Raman spectrum of GezShoosTes:
samples obtained by various methods (by thermal

evaporation and cooling of the alloy), as well as
crystallized by heat treatment, it follows that their
positions of several peaks coincide. This coincidence
of the peaks in the Raman spectrum for various
samples indicates the coincidence of the short-range
order in the arrangement of atoms in them.

4. CONCLUSION

Using  X-ray diffraction and Raman
spectroscopy, the short-range and medium-range order
features in the atoms arrangement of the

SegsAss<EUF3>, SegsTes <Sm> and GexShyosTes:
chalcogenide materials have been studied. In
particular, the correlation length in the atoms
arrangement, the “’quasiperiod’” of fluctuations in the
atoms density on the scale of the correlation length,
chemical bonds and the main structural elements that
form the matrix of the studied materials have been
determined.

It was established that the technological mode of
sample preparation (melt cooling, thermal evaporation
in vacuum) and heat treatment significantly affect the
structure of GeyShyosTesi. Film  samples of
Ge2oShyosTes: obtained by thermal evaporation on an
unheated glass substrate are amorphous, heat-treated
at 220 and 400 °C pass into the crystalline phase with
a cubic (FCC) and hexagonal (HEX) structure, and
samples obtained by cooling the melt are partially
crystallized.

The chemical bonds and the main structural
elements that form the matrix of the studied objects,
also the changes that occur in them with the heat
treatment and addition of impurities have been
determined. It was shown that the main structural
elements of bulk sample and films obtained by
thermal evaporation on an unheated glass substrate
and thermally processed at 220 °C are the defective
octahedra, GeTesnGen (N = 1, 2) corner-sharing
tetrahedral, the Sh,Tes; structural and the SbTes
pyramidal structural element.
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