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Abstract

New bulk chalcogenides from the system (GeTes)1xCux, where x=5, 10, 15 n 20 mol %, has been
synthesized. The structure and composition of the materials was studied using X-ray powder
diffraction (XRD) and energy dispersive spectroscopy (EDS). Scanning electron microscopy (SEM)
has been applied to analyze the surface morphology of the samples. Some thermal characteristics as
glass transition, crystallization and melting temperature and some physicochemical properties as
density, compactness, molar and free volume were also determined. The XRD pattern shows sharp
diffraction peaks indicating that the synthesized new bulk materials are crystalline. The following
four crystal phases were determined: Te, Cu, CuTe u Cu2GeTes. The results from the EDS confirm the
presence of Ge, Te and Cu in the bulk samples in a concentration in good correspondence with those
theoretically determined. A layered thin film material based on the synthesized new GeuTesiCus
chalcogenide, which has the most flexible structure, and the azo polymer PAZO has been fabricated,
and the kinetic of the photoinduced birefringence at 444 nm has been measured. The results indicate
an increase in the maximal induced birefringence for the layered structure in comparison to the non-
doped azo polymer film.

Keywords: transition metal doped chalcogenides; azo polymers; Ge-Te-Cu

1. Introduction

Among the chalcogen family, tellurium-based are of special interest as they demonstrate
industrial valuable phase transition by being heated through an electrical current [1] or upon
irradiation with light [2], which has already been used in rewriteable optical discs [3] and electronic
3D memory chips [4]. Since the commercialization of the GeSbTe [5] and of the AgInSbTe [6] as
information storage media, many investigations have been carried out in order to improve the optical
and electrical contrasts between the crystalline and glassy phase, to increase the number of reversible
phase transitions, etc. A lot of them involve synthesis of Ge-Sb-Te or quaternary alloy (Ag, In)-doped
Sb2Te with different concentrations of constituent elements [7,8], adding of dopants [9], introduction
of Se and/or S into the matrix [10], incorporation of another chemical element in place of Sb [11,12].
Regarding the latter, it was reported by Y. Sutou et al that the crystallization starting time of an
amorphous GeCu:Tes film is as fast as that of an amorphous GeSbTe film, but it can be re-amorphized
by laser irradiation at lower power and shorter pulse [13]. Dongol et al synthesized Ge-Te-Cu bulk
glassies with higher thermal stability compared to the Ge-Sb-Te system [14]. Furthermore, it was
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found that Cu—-Ge-Te alloys exhibit smaller density change upon crystallization and the crystalline
phase has a lower optical reflectivity than the amorphous one [15,16]. The observed results have been
attributed the to the copper d-electrons giving rise to different nature of the bonding between the
structural units in amorphous and crystalline phase compared to the p-bonded chalcogenides [17].
Since, Ge-Te based chalcogenides doped with transition-metal have gathered attention as previously
overlooked and underexplored materials for optoelectronic application. Many other interesting
properties has also been reported for the Ge-Te-Cu system including resistance to oxidation,
relatively high electrical conductivity, low heat conductivity, high Seebeck coefficient, high
transmittance, low absorbance, and reflectance in the visible/near-infrared region, but high
absorbance in the ultraviolet region [18]. In last years, a significant scientific effort has also been paid
on the development of composite or hybrid materials combining the advantages of the chalcogenides
with those of other materials [19-21]. An attractive class among them represent the azo dyes or
polymers with embedded chalcogenide particles or prepared as multilayer structures, where the
optical recording capability of the azo chromophores has been significantly enhanced after
incorporation of the nanoparticles into the polymer matrix or as result of interface effects between
the stacked films [22,23].

In the present article we report on the synthesis of new chalcogenides from the system Ge-Te-
Cu, their structural investigation and determination of some physico-chemical properties.
Furthermore, a layer-by-layer structure based on one of the synthesized new chalcogenides and the
azo polymer PAZO has been fabricated, and the kinetic of photo-induced birefringence has been
studied. The idea for this investigation originates from previously reported by a part from our
research group increase in the maximum induced birefringence in PAZO polymer based composite
materials dopped with various nanoparticles [24-26]. In all these studies, the composite thin film
materials were fabricated through spin coating of dispersion containing the azo polymer and the
nanoparticles. In the case of chalcogenides as dopant [27], this technology has shown many
challenges related to proper grinding of the synthesized as bulk material chalcogenides or their
insolubility in aqueous media and methanol, in which the PAZO is good soluble. Tellurium-rich
chalcogenides are well kwon for their high tendency to crystallize, especially in bulk form, but also
prepared as thin film. A replicated crystalline surface structure of the underlying chalcogenide film
in the top layer of the PAZO polymer may play role similar to that of the embedded nanoparticles.
To the best of our knowledge, no results from measuring the photoinduced birefringence in a bilayer
structure of a chalcogenide and an azo polymer has been reported up to day.

2. Materials and Methods

2.1. Synthesis of the New Chalcogenides from the Ge-Te-Cu System and Preparation of the Bilayer Structure

The bulk samples from the system (GeTes)1xCux, where x=5, 10, 15 u 20 mol %, were synthesized
by conventional melt quenching technique. High-purity Ge, Te and Cu, respectively Ge and Te — 5N
and Cu - 4N, were weighed in appropriate mol % proportions, put into quartz ampoule and sealed
in vacuum under residual pressure of 1.33.103 Pa. The ampoules were then placed in a muffle furnace
(Firemagic FM4 Plus), heated at a rate of 5.102 K/s to a final temperature of 1373°C and kept at this
temperature for 2 h. During the heating process, the ampoules were frequently shaken for better
homogenization of the melt constituent. Afterward, the samples were quenched in ice-water mixture
at cooling rate of 1.102 K/s. Finally, the bulk samples were taken from the quartz tube and cut into
slices.

The azo polymer poly[1-4-(3-carboxy-4-hydrophenylazo) benzensulfonamido]-1,2-ethanediyl,
sodium salt], denoted as PAZO throughout the text below, was purchased from Sigma Aldrich (Prod.
#346411).

For the preparation of the non-doped PAZO polymer film, 44.6 mg from the PAZO polymer
were dissolved in 1200 ul methanol by means of a magnetic stirrer (IKA ® RET B 8000). The mixture
was stirred for one hour at 1700 rpm by room temperature. A drop of 130 ul from the resulting
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solution was deposited on a quartz substrate and spin coated for 60 seconds at 1000 rpm. The
substrate was cleaned and polished in advance.

For the preparation of the layered structure, the bulk chalcogenide was evaporated from a quartz
evaporator on a quartz substrate using the vacuum-thermal evaporation technique. The layer was
deposited at evaporation rate of 1 A/s. The pressure was kept below 2.104 mbar. The thickness and
the deposition rate were controlled by a QCM-quartz crystal microbalance (INFICON SQM-160),
which together with the substrate holder was placed 12 cm above the evaporator. The azo polymer
film was deposited onto the chalcogenide film by spin-coating a drop of 130 ul from the solution
prepared for the fabrication of the non-doped PAZO polymer film for 60 seconds at 1000 rpm.

2.2. Methods Used for Characterization of the Synthesized New Chalcogenides and Measuring the Kinetic of
the Photoinduced Birefringence

The XRD experiment were carried out at “Philips” powder diffractometer working in the Bragg-
Brentano (0-20) geometry, with a CuKa radiation (A =1,54060.10"°m) and a graphite monochromator
for the reflected beams. The XRD patterns were obtained for 75 s at constant scan rate and reflection
angle of 26 in the scan range from 15° to 70° with a scan step of 0.05°.

Scanning electron microscope (EVO MA 10 ,Carl Zeiss”) connected with EDX (Energy
Dispersive X-ray detector system , Bruker”) was used to study the surface morphology (at 10 000x
and 30 000 magnification) and chemical composition of the synthesized new bulk chalcogenides. The
micrograph of the GewuTes1Cus film was obtained using scanning electron microscope Philips 515 with
acceleration voltage of 30 kV and magnification 10 000x.

Differential scanning calorimetry (NETZSCH DSC 404 F3) was used to determine the glass
transition, crystallization and melting temperature of the new chalcogenides. The DSC analysis was
carried out by heating 11 mg of each sample in fine powdered form at a constant heating rate of 10
K/min, and the change in heat flow with reference to an empty aluminum pan were measured.

The thicknesses of the films were determined by a high precision profilometer “Talystep” with
an accuracy of + 5 nm. The measured thickness of the pure PAZO polymer film was 300 nm, of the
chalcogenide film 30 nm and of the spin coated PAZO polymer onto the chalcogenide layer 292 nm.

The density of the bulk samples was estimated by pycnometer technique, with an accuracy of +
0.7 %, using water as immersion fluid. The compactness of the materials was calculated according
the equation given below:

Zi%_ZiCiTM
=— <~ @
L
where @ is the density of the sample, gi, Ai and ci are the density, the atomic mass and the i-th
component atomic fraction, respectivelly.
The molar volume, Vm, was calculated using equation (2):
Vn=-%iciAi ()
The free volume percentage, FVP, was obtained in accordance with equation (3):
FVP = 2=T.100,%  (3)

m

where Vr is the theoretical molar volume determined as a sum of the molar volumes of the
components multiplied by the atomic fraction of each of them (equation 4).
Ve =26V, 4)

2.3. Optical Setup for Measuring the Photo-Induced Birefringence

A classical polarimetric setup [28] was used to induce birefringence (An) at wavelength of 444
nm of the pump laser beam (Coherent cube, intensity 330 mW/cm?) in a film spot area of
approximately 0,2 cm?2. The writing laser was vertically polarized. A linearly polarized at 45° beam
from a diode-pumped solid-state (DPSS) laser, with wavelength 635 nm was used as a probe beam.
The parameters of Stokes of the output beam were measured by a PAX5710 Polarization Analyzing
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System (Thorlabs). The value of the induced birefringence was then calculated according equation
©)-
- A 53
An = g aretan (Sz) (%)
where A is the wavelength of the probe laser, d is the film thickness, and Sz and Ss are two of the four
components of the Stokes vector.

3. Results

The XRD pattern shows sharp diffraction peaks indicating that the synthesized bulk
chalcogenide materials are crystalline (Figure 1). The following four crystal phases were determined:
hexagonal Te (JCPDS card Ne 36-1452), cubic Cu (JCPDS card Ne 85-1326), orthorhombic CuTe (JCPDS
card No 07-0110) and orthorhombic Cu2GeTes [29]. Based on the data obtained, it can be assumed that
the synthesized new chalcogenides consist of GeTes and CuTes tetrahedra and tellurium chains.
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Figure 1. XRD patterns of the samples from the system GeTes-Cu.

Figure 2 presents the energy-dispersive spectrum obtained for the sample containing 5 mol%
Cu, which indicates the presence of germanium, cooper and tellurium in the material studied. Peaks
corresponding to these chemical elements has also been observed in the spectra of the samples
containing 10, 15 and 20 mol % Cu.
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Figure 2. Energy-dispersive spectrum of sample Ge14TesiCus.

Table 1 summarizes the data obtained from the EDS analysis concerning the amount of Ge, Cu
and Te present in the samples studied. For comparison, it is given the theoretically determined
amount of Ge, Cu and Te for each of the synthesized composition. The results from the EDS confirm
the presence of Ge, Te and Cu in the bulk samples in a concentration in good correspondence with
those theoretically determined.

Table 1. EDS elemental analysis (expressed in percentage of weight) and comparison with the calculated

elemental concentration in mol % converted to weight percent (wt. %).

Sample Theoretically determined elemental Elemental concentration
mol % concentration, wt. % determined by EDS, wt. %
GewuTesiCus Ge-8.7 Ge -10.0+0.1
Te -88.6 Te - 83.4+0.1
Cu-27 Cu-2.7+0.0
Ge1sTe77Cuio Ge-8.3 Ge - 6.6+0.1
Te - 86.1 Te - 82.2+0.1
Cu-5.6 Cu -5.6:0.0
Ge12TersCuis Ge-7.8 Ge -7.9+0.1
Te -83.6 Te - 76.5+0.1
Cu-8.6 Cu-9.7+0.0
GenTesCuzo Ge-7.3 Ge -0.7+0.0
Te -81.0 Te - 71.3+0.1
Cu-11.7 Cu-9.2+0.0

On Figure 3 are presented SEM images revealing the morphology of the synthesized new bulk
materials and of the GewuTesiCus film. The electron micrographs of the bulk sample containing 5 mol
% Cu shows the presence of single, different in shape and size, white crystals, which could be
attributed to the GeTes and CuTeus tetrahedral structural units. With increasing the Cu amount in the
samples, the crystals become more and larger. For the sample dopped with 20 mol. % Cu, some of
the crystals have a rectangular parallelepiped-like shape with a length between 1.0 and 2.2 um and a
height between 1.4 and 2.6 um. Other form clusters of smaller or larger crystals. On all the images,
long tellurium chains with metallic luster are observed. The micrograph from the surface of the
GewuTesiCus film shows the presence of a lot of well-defined grains. They are almost uniformly
distributed into the Te and Cu matrix and have parallelepiped-like form with a length and height of
about 90-140 nm. According to the obtained XRD data, the bulk GewuTesiCus sample consists of
tellurium, which is in higher amount in comparison to the other components, and of approximately
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equal amounts of Cu and CuzGeTes, the latter consisting of GeTes and CuTes tetrahedra forming an
orthorhombic crystal lattice. Therefore, the observed grains could be contributed to the Cu2GeTes
phase.

EHT=2500kY  Mag= 100KX WD=845mm  PhotoN

v
245680

Figure 4. SEM images of the bulk samples studied (a, b, c and d) and of the GewuTes1Cus film (e).

Figure 5 presents the results from the carried-out thermal analysis. The DSC curve for sample
GeuTesiCus shows glass transition temperature (Tg) at 139°C. With increasing the Cu content, Tg
decreases and takes a value of Tg = 121°C for GewsTerzCuwo and Tg=114°C for GenTersCuis and
GenTessCux. The thermogram of the sample containing 5 mol % Cu shows an exothermic peak at
229°C, which corresponds to the crystallization temperature (Tc) of the material. For the sample
dopped with 10 mol % Cu, Tc = 206°C as the observed exothermic peak is more clearly expressed
compared to this one obtained for sample GeuTesiCus. On the thermogram for samples Gei2TersCuis
and GenTessCuzo such peak is not to observed. The DSC curve for sample GewTesiCus shows a clearly
expressed endothermic peak corresponding to melting temperature (Tm) at 369°C. The shoulder at
387°C indicates the presence of two crystalline phases, the first one being in higher concentration.
Based on the obtained XRD data, it could be assumed that the peak at 369°C correspondents to
tellurium and the shoulder at 387°C to Cu2GeTes crystalline phase. The DSC curves for the samples
containing 10 mol % and 15 mol % Cu show a doble melting peak, with two clearly expressed
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maxima, respectively at 369°C and 381°C for GesTersCuio, and at 369°C and 377°C for Ge12TezCuus,
which could be associated with the presence of tellurium and Cu:GeTes crystalline phases in the
material. The thermogram of sample GeiTewCu shows an endothermic peak corresponding to
melting temperature at 344°C and a shoulder at 363°C indicating the presence of two crystalline
phases. Based on the obtained XRD data, we assume that these phases are Te and CuTe.

—— Geq1TeggCugq
- —— Geq2Te73Cuqs
7 -
£ 114°C Geq3Te77Cuq0
5 ) —— Geq4Teg1Cus
£ \
] 4 b
= 206°C
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Figure 5. DSC curves of the samples studied.

In Table 2 are presented the obtained values for the density, compactness, molar volume and
free volume percentage of all the samples studied, and their dependence on the copper concentration
are shown on Figure 6. As seen, the value of the density increases as the copper content increases.
Since the size of the Ge and Gu atoms is close (atomic radii of 1.22 and 1,28 A respectively), the
observed increase in the density is probably due to the lowering in the tellurium content as the
tellurium atom possess bigger atomic radii of 1.40 A. The introduction of smaller atoms leads to
formation of more dense structure as confirmed by other studies [30]. The dependence of the
compactness on the copper concentration follows the same trend as the density, an increase with
increasing the Cu content is observed. The increase in the concentration of atoms smaller in atomic
radius and less heavy in weight (the atomic weight of Ge, Te and Cu is respectively 72.6 g.mol, 127.7
g.mol” and 63.5 g.mol') leads to the formation of more compact and dense packaged structure. Figure
6c presents the molar volume of the materials as a function of the composition, and it is seen that Vm
decreases with the addition of Cu. The observed reduction in the values can be viewed as defined by
the following two facts: decrease in the molecular weight and increase in the density of the material.
From Figure 6d it is seen, that the free volume percentage has a lowest value for the sample containing
20 mol% copper and highest value for the sample doped with 5 mol% Cu.

The functional relation between the studied physico-chemical futures and the copper content
shows similar trend of the curves, namely they increase or decrease with increasing the Cu
concentration but not linearly. At around 10 mol % copper content there is a change in the slope of
the curve. As explained by many authors [30], this non-linearity is probably due to structural
transformation associated with tight bonding, shorter bond length and followed by sharp decrease
of the volume.

Table 2. Physico-chemical properties of the bulk samples studied.

Sample Density, Compactness, Molar volume, FVP, %
10° kg/m?3 102 10°m?3/mol
GeuTesiCus 5.950 -3.890 1.961 4.00

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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GesTe77Cuio 6.248 -0.015 1.825 0.12
GenTersCuis 6.140 -2.709 1.814 2.80
GenTesoCu2o 6.529 2.378 1.666 -2.28
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Figure 6. Density (a), compactness (b), molar volume (c) and FVP (d) dependence on the composition.

In Figure 7 (a) are presented the results from measuring the kinetics of birefringence induced in
the samples studied at 444 nm recording wavelength of the pump laser.
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Figure 7. Birefringence kinetics for the samples studied induced at 444 nm.

For the pure PAZO polymer film, the maximal induced birefringence has a value of Anmax=0.083.
For the layer-by-layer structure an increase in the maximal induced birefringence, respectively
Anmax=0.095, has been measured.

4, Discussion

Generally, the observed higher value of the Anmax for the bilayer structure based on the azo
polymer and GeuTesiCus in comparison to the pure PAZO film could be viewed as result from:
changes in the free volume and/or increased number of scattering and reflectance points within the
top layer due to the underlying film morphology (i); interference effects between light reflected at the
boundaries between the two layers (ii) and/or some photoinduced phenomena appear in the
chalcogenide film contributing to the value of the measured birefringence (iii). Considering (i), a
polymer layer spin-coated onto a chalcogenide film closely replicates the surface texture of the
underlying film [31,32]. As shown on Figure 4e, there are a lot of grains on the surface of the
chalcogenide film, which “copied” into the structure of the azo polymer layer increase the path length
of the light within the film and provide opportunity for interaction of the photons with the azo
chromophores at various angles. In such case, the GewsTesiCus film plays a role similar to that of the
nano-particles used as dopant in PAZO polymer based composite materials, which according the
main reported up to date hypothesis consists in increasing the free volume around the azo
chromophores making the number of molecules capable for isomerization higher or in increasing the
scattering inside the composite allowing excitation and reorientation of originally off-plane
chromophores that would otherwise not contribute to the birefringence [33]. Considering (ii), when
light interacts with a layer-by-layer structure, reflections or scatterings from the interface between
the two layers can undergo constructive interference resulting in increased light intensity and since
in enhanced birefringence of the top layer. Furthermore, scattering and reflectance effects may alter
the polarization stay of the incident light. These changes can lead to activation of azo chromophores,
even those that are not inherently sensitive to the polarization of the incident light. Considering (iii),
the photo-induced phenomena in chalcogenide materials upon irradiation with laniary polarized
light are numerous, with different mechanism [34,35]. They are generally stronger in amorphous
chalcogenides due to the more space for atomic movement (higher free volume) than in crystalline
ones [36] and depend heavily on sufficient light intensity. By the studied bilayer structure, when the
light enters the top layer, its intensity dramatically decreases before reaching the chalcogenide layer
below as a result from the strong absorption of the azo chromophores at the used wavelength of the
laser beam. Since the SEM image of the GewuTesiCus film suggests, even if is not confirmed, some
polycrystallinity, and valuable photoinduced phenomena in chalcogenides require sufficient light
intensity to occur, we believe on this stage of our investigation, that the observed higher value of the
Anmax for the bilayer structure in comparison to the pure PAZO film is more due to (i) or (ii). These
assumptions are under consideration in our ongoing investigations.

5. Conclusions

New chalcogenides from the system (GeTes)1-«Cux, where x=5, 10, 15 1 20 mol %, has successfully
been synthesized by one-step melt quenching technique. The obtained bulk materials consist of GeTes
and CuTeu tetrahedral structural units and Te-Te chains. With increasing the copper content, the glass
transition temperature decreases from 139°C to 114°C as the crystallization temperature follows the
same trend. The carried-out DSC analysis indicate also the presence of two crystalline phases in the
bulk materials dopped with 5, 10 and 15 mol% Cu, namely Te u Cu2GeTes, and the presence of Te u
CuTe crystal phases in the sample dopped with 20 mol% Cu. The study of some physicochemical
features of the new chalcogenides has shown the existence of a local extremum at 10 and 15 mol% Cu
in the functional dependence of the density, compactness, molar volume and free volume on the
copper concentration. The most flexible structure possesses sample GewTesiCus. A layered thin film
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material based on the synthesized new GewTesiCus chalcogenide and the azo polymer PAZO has
been fabricated, and the kinetic of the photoinduced birefringence at 444 nm has been measured. The
results indicate an increase in the maximal induced birefringence for the layered structure
(Anmax=0.095) in comparison to the non-doped azo polymer film (Anmax=0.083).
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