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GG 2y 0 In the present paper, V,05-TeO, glass was prepared by the melt-quenching

Published online: technique. Crystallization of glass with a vanadium content higher than 35%mol
21 May 2023 results in an increase in electrical conductivity by a few orders of magnitude and

a decrease in activation energy from ~0.40 to ~0.12 eV. In this work, a critical
© The Author(s) 2023 review of existing charge transfer models was presented on the example of

V,05-TeO, glass and glass—ceramics. Schnakenberg’s and Friedman-Triberis’
charge transfer models were found to be applicable to both glass and glass—
ceramics. Optical phonon frequencies obtained from Schnakenberg’s model are
in agreement with FTIR studies. Values of activation energies obtained from the
Schnakenberg model decrease after crystallization. Friedman-Triberis’ model
shows an increase in the density of states near the Fermi level from 10" -
eV !l em 2 in glass, to 10%' eV ! em2in glass ceramics. Structural studies show
that the main crystallizing phase is Te;V,0g which occurs with the V,0s shell in
glasses with compositions 50-50%mol and 45-55%mol. It is concluded that
crystallization results in the reduction of vanadium ions in the remaining glass
matrix which leads to an increase in the V¥*/V°™ ratio and therefore, an increase
in electrical conductivity.

Introduction conductive and optical properties and potential
applications as cathode and anode materials,
switches, and others [1-8]. However, that cannot be

Electrical conductivity in glasses containing transi- said about the partially crystallized TMO glass—ce-

tion metal oxide (TMO) was intensively studied by  ramics. It was noticed that partially crystallized

many researchers because of their interesting samples containing V,Os exhibit conductivity higher
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by a few orders of magnitude [2]. In the past years,
Pietrzak and Garbarczyk et. al. [9-12] were investi-
gating the structural origin of the conductivity
enhancement in the crystallized vanadate systems
but no DC conductivity investigation was performed
in the TMO glass—ceramics yet. In the P,O5-V,0s5 it
was recognized that crystallization of the glass results
in the presence of the core-shell structures, in which
highly disordered V,Os constitutes the shell of the
crystallites [13]. The crystallization under DC moni-
toring and isothermal differential scanning
calorimetry (DSC) investigation showed that the
structure of conductive elements in the crystallized
P,05-V,05 glass—ceramics is two-dimensional [13].
The conduction mechanism was well described in
binary and ternary TMO glasses in terms of hopping of
the small polaron (SPH) [2, 3]. It was recognized that in
most TMO glasses electron mobility is very low because
of its interaction with the lattice of the material, whether it
is crystalline or vitreous [14]. An excess electron located
near a group of atoms distorts the lattice, resulting in the
appearance of a potential well in which electrons become
localized. That state of the electron is called polaron, in
which the radius (r,) corresponds to the size of lattice
distortion caused by the trapped electron. The depth of
the potential well is called polaron binding energy (Wg).
To move the electron to another position an external field
has to supply the energy equal to polaron binding energy
plus, in disordered systems, a part of distortion energy
(Wp). Because of the strong interaction with the lattice,
electron hopping is strongly associated with lattice dis-
tortions caused by optical and acoustic phonons. The
contribution of the mentioned phonons changes with the
temperature and one can distinguish three regions:
(T>0p/2), (6p/2>T > 6p/4), and (T <0p/4), where
0Op is the Debye temperature. In the high-temperature
region (T > 0p/2), mainly optical phonons contribute to
the conductivity, at low temperatures (T < 0p/4), optical
phonons are frozen out, and acoustic phonons play a
dominant role in the conduction process. At the inter-
mediate range of temperatures (6,/2 > T > 6p/4) both,
optical and acoustic phonons are considered in the SPH.
Due to differences in the interaction of the glass network
with the environment depending on the temperature,
different conductivity models are used in different tem-
perature ranges: Mott SPH in high and low temperatures
(Egs. 4,6)[15], Schnakenberg SPH in intermediate

temperatures (Egs. 8, 9)[16]. However, as phonon fre-
quencies of acoustic and optical phonons differ, an
additional Debye-like temperature parameter referring
to optical phonons was introduced -0pp, which was the
theme of discussion in the 90" [10-12]. According to
Bridge and Higazy [17], Debye temperature for acoustic
phonons (Oxc) is two times lower than obtained from
calculations for optical phonons (0op) (from conductivity
and IR absorption studies) in the CoO-Co0,05-P,05 sys-
tem. El-Mallowany [18, 19] in his studies shows, that in
the tellurite glasses, the ratio between 0ac and Oop is
around 3.5-3.6. To separate respecting temperature
ranges for fitting of charge transfer models, Debye tem-
perature of V,05-TeO; glass in a DC investigation has
often been taken as one relating to acoustic phonons (6p),
the value of which is around 0ac = 240K [20]. Optical
Debye temperature from infra-red studies Opp(IR) in
vanadate glasses was reported to be around fgp(IR) =
1000 — 1200K [21-23], but no optical Debye temperature
from DC conductivity investigation Oop(el) has been
determined yet in the V,Os5-TeO, glass or glass—ceramics.
Asin the Schnakenberg model only Wy is a temperature-
dependent parameter (its changes depend only on the
decay of optical phonons), separation of temperature
ranges for accurate charge transfer models fitting should
be in respect to Ogp. If one assumes 0gp = 1000 — 1200K,
then the multi-phonon temperature range should be
considered in the temperature range of (0p/2) = 600 —
500K to (0p/4) = 300 — 250K.

In very low temperatures (T <0p/4), Mott pro-
poses that the preferable way of electron transfer may
be due to variable range hopping (VRH). Greaves [5]
has extended that theory by multi-phonon influence
on electron transport. The latter two models refer to
the linear behavior of the conductivity versus T~ /4
which is found to be applicable to most TMO glass
[4, 5]. The same dependency of conductivity was
predicted by Friedman and Triberis [24] in the per-
colation approach of SPH.

This paper shows the method of determining the
crystallization parameters of vanadium oxide-con-
taining glass to achieve the maximum conductivity of
the glass—ceramics. Optical phonon frequencies in the
V,05-TeO, vitreous and partially crystallized system
from the FTIR studies and the fitting of the Sch-
nakenberg model of SPH were examined for the first
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time. Detailed analysis of DC conductivity in V,Os-
TeO, glass and partially crystallized V,0s5-TeO,
glass—ceramics was performed with the most popular
charge transfer models for TMO glass. As clustering
of vanadium and tellurium oxides during crystal-
lization is highly possible and was considered by
previous researchers in amorphous materials [2], we
will also examine Shimakawa’s multi-phonon hop-
ping model for V,0s5-TeO, glass and glass—ceramics.
A novel method of analysis of activation energy
temperature dependence in a wide range of temper-
atures was presented. With analysis of obtained
results, suitable charge transfer in V,05-TeO, glass—
ceramics was established and associated with
observed structural changes caused by crystalliza-
tion. In this paper, the first detailed analysis of
vanadium-tellurite glass—ceramics was presented.

Experimental

Glass samples were prepared using reagent grade V,05
(Acros Organics, 99.6 + %) and TeO, (Acros Organics,
99 + %). Powders in molar proportions from 30 mol%
V,05-70 mol% TeO, to 50 mol% V,05-50 mol% TeO,
with a 5% step (later called “30V /70T” for 30% mol V,Os-
70% mol TeO,, “35V/65T” for 35% mol V,Os5—65% mol
TeO, etc.) were mixed in the agate mortar. Batchesof 10 g
of mixed powders were melted in the furnace in the silica
crucibles (covered with a silica plate) at a temperature of
1073 K for 30 min. The melt was poured on the cold steel
plate and pressed with another steel plate resulting in
samples within ~1 mm thick. Obtained glass samples
were annealed at 383 K for 10 h.

The DSC measurements were performed using the
NETZSCH DSC 204 F1 Phoenix in a synthetic air
atmosphere with a heating rate of 5 K min~" in the
covered aluminum crucible using the average mass
of the sample of 2 mg. The maximum temperature of
measurement was 673 K for samples 50V /50T and
45V /55T, and 723 K for samples 40V /60T, 35V /65T,
and 30V/70T. The Proteus 7 software was used for
the determination of glass transition (T,) tempera-
tures, the onset of crystallization peaks (T conset), and a
maximum of crystallization peaks (Tcx) where x is the
number of a peak.

To obtain the time of annealing, after which sam-
ples exhibit the maximum possible conductivity

@ Springer

value, the DC conductivity of samples was studied in
isothermal conditions of annealing, selected from
DSC thermograms. The crystallization temperature
was selected to avoid deformation of the sample and
to obtain the crystallization time that would allow it
to be carried out with the available equipment. For
the isothermal annealing upon in-situ DC monitor-
ing, samples were polished with sandpaper to the
thickness [~ 0.6mm for obtaining a smooth sample
surface. For the measurement, gold electrodes with a
diameter of ~0.9 cm were evaporated on the surface
of the samples. To establish the electrical contact
between the sample and the sample holder, platinum
wire and silver paste were used. The resistance of the
samples was measured by a 2-wire method with the
usage of a Keysight 34907 A multimeter with data
acquisition. The authors used the 2-point method due
to the relatively high resistance of the material (much
higher than the resistance of measurement leads,
contacts, and electrochemical reactions on the elec-
trodes). To calculate the conductivity of the sample,
the dependence ¢ =1/(R* A) (where ¢ is the con-
ductivity of the sample, R is the measured resistance,
and A is the area of the electrode) was used. The
crystallization with in-situ monitoring of changes in
electrical conductivity was performed in the furnace
built of a special ceramic heater controlled by a
dedicated PXR4 Fuji temperature controller, with a
temperature precision of ~0.1 °C. After establishing
the parameters of annealing, the external crystalliza-
tion was performed using the Carbolite EHA
12/150B to prepare samples for later studies. The
crystallization with in-situ monitoring of changes in
electrical conductivity and external crystallization
were performed using the same K-type thermocouple
mounted in the furnace. Crystallizations were per-
formed in the air atmosphere.

Partially crystallized samples that were obtained after
the isothermal crystallization applied to measure in-situ
changes in electrical conductivity will be addressed as
“50V /50T cr.”, “45V /55T cr.”, etc. Some of the samples
underwent crystallization for 24 h at the temperature of
crystallization peak from DSC thermograms (602 K for
50V /50T and 679 K for 30V /70T) for better determina-
tion of crystalline phases developing during crystalliza-
tion (later called “fully crystallized”). Fully crystallized
samples were used only for XRD analysis.
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The structure of as-quenched and heat-treated
samples was examined by XRD using an X'Pert
Phillips diffractometer with Cu Ko radiation
(1.541 A). The XRD measurements were carried out
on the powdered samples at room temperature. The
diffraction patterns of crystallized samples were
analyzed using the HighScorePluse software package
[25].

FTIR analysis in the IR region of 4000-400 cm ™"
was carried out using the PerkinElmer Frontier
spectrometer in the transmission mode using dried
KBr as a medium. A mixture of the powdered sample
and KBr in a proportion of 1/50 was pressed with the
force of 2 tons for 2 min to form a tablet. The mea-
surement was averaged from 16 scans with a reso-
lution of 4 cm™".

The topography of samples was observed by using
an Olympus LEXT OLS4000 Confocal Scanning Laser
Microscope (CSLM). The maximum magnification of
the used lens was 100x, with an optical magnification
of 2160x. CSLM measurements were obtained from
the fresh intersection of the sample.

The x-ray photoelectron spectroscopy (XPS) mea-
surement was performed using an Argus (Omicron
NanoTechnology, Taunusstein, Germany) x-ray
photoelectron spectrometer. The photoelectrons were
excited by an Mg-K x-ray source. The x-ray anode
was operated at 15 keV and 300 W. The XPS mea-
surement was performed at room temperature under
ultra-high vacuum conditions, with pressures below
1.1 x 107® mbar. For self-consistency, the Cls line of
285 eV binding Energy was used as a reference for all
charge shift corrections as this peak arises from
hydrocarbon contamination and it's generally
accepted as a remaining constant. Samples had to be
studied without argon sputtering to avoid the
reduction of vanadium and tellurium in the sample.
Data analysis was performed with the CASA XPS
software package (Casa Software Ltd., ver. 2.3.23.,
Devon, UK), using a Shirley background subtraction
and the least-square Gaussian-Lorentzian curve-fit-
ting algorithm.

For the AC conductivity measurements, gold elec-
trodes were evaporated at the polished surface of the
glass and glass—ceramics samples. Impedance mea-
surements were carried out in the frequency range
from 10 mHz to 1 MHz with an AC voltage of 1 Vs
at the temperature range from 153 to 413 K with the
Novocontrol Concept 40 broadband dielectric

spectrometer. The measurements were done under a
nitrogen atmosphere with a temperature step of 10 K.
An additional AC conductivity study at temperatures
up to T point was made using Novotherm HT 1600
Controller with a step of 5 K in an air atmosphere to
investigate the activation energy of the conduction
mechanism at high temperatures. The maximum
temperature of measurement depended on the T,
point of the studied sample. All electrical measure-
ments and the results of fitting are affected by a
measurement error not exceeding 2%.

The density of the samples was measured accord-
ing to the Archimedes principle, using water as an
immersion liquid. Measurements were conducted at
room temperature and repeated 3 times to minimize
the error. The average value was taken as the result.
The average distance R between vanadium ions was
calculated from the dependence R =N -13 [26],
where N is the concentration of vanadium ions per
unit volume, which was estimated from the compo-
sition of glass and measured density.

Results and discussion
Crystallization of glass

All DSC thermograms of prepared glass show dis-
tinctive glass transition points visible as endothermic
drift, and exothermic processes correlated with
crystallization. Ty, Teonset, Tex, and glass stability (S)
were determined and shown in Table 1. Samples with
composition from 30V/70T to 40V/60T show only
one crystallization peak at temperatures around
673 K. Samples with compositions 45V/55T and
50V/50T show also multiple crystallization peaks
between 548 and 653 K (Fig. 2d). Values of T, for all
glass samples are listed in Table 1 and presented in
Fig. 1 as a function of V,0Os. It can be seen that T,
decreases with vanadium content linearly, from
512 K for the 50V /50T sample to 534 K for the 30V/
70T sample. S (calculated using S = Ty — Tconser) sShow
a sudden decrease for glasses 45V /55T and 50V /50T.

The next step was the controlled crystallization of
glass. Results of isothermal annealing upon DC con-
ductivity monitoring for samples 50V /50T, 45V /55T,
and 40V/60T are presented in Fig. 2. Samples 35V/
65T and 30V/70T showed no changes in electrical
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Table 1 Temperatures

obtained from DSC Sample Ty (°K) Teonser (°K) Ta (°K) Ta (°K) Te (°K) S
measurements
50V/50T 512 546 576 602 610 34
45V/55T 517 563 575 603 620 46
40V/60T 522 622 676 - - 100
35V/65T 528 630 670 - - 102
30V/70T 534 639 679 - - 105
e the results are shown in Fig. 3. No reflections can be
535 * 1000 ¢ ° o observed except for a characteristic bump around
T T ® 20-35° typical for glasses. In Fig. 4 exemplary x-ray
530+ » . patterns of crystallized samples 50V /50T, 40V /60T,
* 22 ¢ and 30V/70T are shown. Diffractograms of 50V /50T
_ 5% 0 % g0 48 %0 cr. sample, which exhibited maximum conductivity,
< » V20 (mol%) and a fully crystallized 50V /50T sample are shown in
5201 e Fig. 4a. As can be seen in Fig. 4a a fully crystallized
* sample is composed of two phases: Te,V,09 (2TeO,.
5157 V,05) (dominating) and V,Os (second phase). An
510 = XRD diffractogram of the 50V /50T cr. sample shows
only a few broad maximums indicating the beginning

T T T T T T T T T
30 35 40 45 50

V,0, (mol%)

Figure 1 T, dependence on vanadium oxide content. The inset
shows the glass’s thermal stability behavior.

conductivity; therefore they were not investigated
further in terms of electrical transport studies.

Temperatures of crystallization presented in
Fig. 2a—c with respect to DSC thermograms are
shown in Fig. 2d. To obtain the maximum conduc-
tivity value possible, the annealing time was deter-
mined as 32 h and 20 min for the 50V /50T sample,
439 h for the 45V /55T sample, and 115 h for the 40V /
60T sample. The annealing of sample 50V /50T was
much quicker than this observed in the 45V/55T
sample despite a higher temperature of annealing
and a smaller gap to the first crystallization peak. It
can be seen that the conductivity of all samples
increased by about one order of magnitude. More-
over, despite the lack of a crystallization peak in the
DSC curve, the conductivity increase in sample 40V /
60T is equal to the samples with higher vanadium
content.

Topography and structure of as-quenched
and heat-treated samples

The amorphous structure of as-quenched samples
was confirmed by the X-ray diffraction method and

@ Springer

of crystallization. Similar results were obtained for
the 45V /55T cr. sample. A fully crystallized 30V /70T
sample (Fig. 4b) shows that in the low vanadium
content glasses (below 33 mol% V,0s), the second
phase is TeO,. No second phase was observed in the
40V /60T and 35V/65T samples.

The molar ratio of tellurium in 50V /50T, 45V /55T,
and 40V/60T samples is significantly lower in the
glass matrix than in the Te,V,0q crystallites. With the
growth of the Te,V,Oy (2TeO; - V,0s5) phase, the
surrounding of the crystallite is depleted of tellurium
leaving a vanadium-rich area near the crystallites. As
a formation of Te,V,Oq crystallites with an oxygen
content lower than that of the as-quenched glass
matrix may result in an oxygen-rich region around
the Te,V,0q crystallites, the vanadium-enriched area
is believed to be in the form of V,0s crystals (in
samples 50V/50T cr. and 45V/55T cr.). V,Os5 crys-
tallites may also nucleate separately.

Using the XRD data, crystalline phase contribution
in samples after the annealing was calculated using
the formula: K = 100% * I,/ (I, + 14), where Kis the %
of crystalline phase present in the samples, I, is an
area under the peaks of the crystalline phase, and I4
is an area under the amorphous halo. Crystallinity for
samples 50V /50T cr., 45V/55T cr., and 40V /60T cr.
equals, respectively: 3%, 3%, and 20%.

The effect of the crystallization process on the
morphology of as-quenched and heat-treated

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Figure 2 Time dependence of conductivity and temperature during annealing of the sample: a 50V/50T, b 45V/55T, and ¢ 40V/60T, with

d DSC curves with crystallization temperatures marked.
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Figure 3 X-ray diffractograms of glass.

samples was investigated. In Fig. 5 confocal micro-
scopy images of samples cross-sections are shown.
Figure 5a presents the topography of an exemplary
50V/50T sample. The other glasses exhibit

homogenous topography with no visible structures,
similar to sample 50V/50T. Annealed samples show
two phases of different refractive indexes, which,
based on the XRD results, can be interpreted as
agglomerates of crystallites dispersed in the glass
matrix. Size of crystallites present in the 50V /50T cr.
sample (Fig. 5b) is in the range of < 1-20 um. In the
45V /55T cr. sample (Fig. 5¢), crystallites seem to be
smaller, in the range of < 1-10 um. No specific shape
of crystallites can be observed. Both 50V /50T cr. and
45V /55T cr. samples look similar. The image of the
crystallized 40V /60T sample (Fig. 5d) shows large
crystallites in the shape of needles, where crystal-
lization proceeds from the surface.

The effect of crystallization on the glass structure
and the optical frequencies interacting with the
material were also studied by FTIR. All glass spectra
are shown in Fig. 6. To determine the position and
contribution of the bands to the spectrum, deconvo-
lution was performed. Each peak’s meaning is
described below. The band present at around
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Figure 4 X-ray diffractograms of annealed samples: a 50V/50T, b 40V/60T, and ¢ 30V/70T.

Figure 5 Confocal images of a 50V/50T, b 50V/50T cr, ¢ 45V/55T cr, d 40V/60T cr.

1020 cm™! (1st band,) is assigned to the V=0 bond of
non-degenerated VOs groups (as in crystalline
structures). It can be seen that the 1st band, respon-
sible for the non-degenerated V=O bond, fades out
with lower content of vanadium in samples. The
more structure of VOs deviates from the ideal, the
V=0 band shifts to lower wavenumbers. In the
imperfect structure of V,0s, the V=0 bond exists at
around 1000 cm™' (2nd band)(degenerated VOs
groups), in our case at 1005 cm™' [23, 27, 28]. The
more Te ions are added, the more V=0 bonds are
replaced with weaker degenerated V=0 bonds, V-O-
V and V-O-Te bonds, in sample 50V /50T 2nd band
and 4th band is most likely overlapped by a band of
980-970 cm™" of the free VO, groups of the VO,
polyhedrons (3rd band), which is visible in sample
30V/70T at 980 cm™~'. V-O-V bond can be also rec-
ognized by bands around 960-910 cm ™" (4th band),
920-915 cm ™! (5th band), and > 800 cm™"! (6th band)
responsible for, respectively: symmetric stretching of
VO, groups, anti-symmetric stretching of VO,
groups, and V-O-V bridges [23, 27]. It is known that
TeO, groups are transforming into TeOz; groups
under the influence of the addition of V,0s. The band
around 790-770 cm ™" (7th band) can be described as
a sign of symmetric vibrations of TeO; groups or a V-

‘@ Springer

O-V bond in the V,05 structure as well as in the VO,
structure [29-31]. TeO; groups can also be recognized
by the band around 665-680 cm™' (8th band) while
the TeO, group band is present at around
635-610 cm~' (9th band) [27, 32]. Upshifting of the
8th band in the vanadium-rich samples is a sign of a
higher polymerization degree of the TeO, network or
an intensity increase in the VO, groups’ broad band
present also at around 715 cm™' [30]. A band at
500 cm~! (10th band) is due to symmetric linkage
vibrations in TeO, polyhedra [29] or V-O-V octahe-
dral bending modes in VO, [30].

Comparing the FTIR spectra of glasses it is found
that the various content of V,0Os influences the
intensity of the band at 500 cm™'. One would also
notice that depending on the content of V,Os, the
high-frequency limit of the glass is shifting from
around 1050 cm™' in the 30V/70T sample to
1183 cm™ ! in the 50V /50T sample.

Figure 7 shows a comparison of the as-quenched
and annealed samples 50V /50T, 45V /55T, and 40V /
60T. In both 50V /50T cr. and 45V /55T cr. annealed
samples, a sharp shoulder-like band exists at
1020 cm ™!, which is a characteristic band of V,Os in a
crystalline form. That band is not present in sample
40V /60T cr. All annealed samples show a decrease in
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Figure 6 FTIR spectra of all glass samples with a deconvolution
of 50V/50T and 30V/70T samples spectra.

the intensity of the band at 880 cm ™!, which can be
interpreted as the partial loss of the degenerated VO3
groups, which segregate into non-degenerated VOs
groups. Significant changes of the 500 cm ™' band in
the annealed samples show that vanadium oxide
organizes into VO, groups. In the 40V/60T cr. sam-
ple, the formation of VO, groups can be confirmed by
the presence of these bands at a position typical for
VO, crystallites [30].

Figure 7 Comparison of a 50V/50T, b 45V/55T, and ¢ 40V/60T»
samples before and after crystallization.
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The infra-red studies of tellurite glasses have been
conducted by El-Mallawany [18, 19] to determine the
optical Debye temperature, which denotes the aver-
age optical frequency in tellurite glasses. In the
polaron model of hopping conduction in vitreous
materials, the Debye optical parameter can be written
as:

hv,
QOP *Ta (l)

where v, denotes the optical frequency in the mate-
rial. Additional axes are added in Fig. 7 to visualize
the range of the 0pp(IR) and the optical phonon fre-
quency v,.

As shown previously in the glass, changes in the
position of the band lead to a decrease in average
Oop(IR) with a decrease in vanadium content. A
decrease in average Oop(IR) can also be seen after
crystallization, as the intensity of the bands around
500 cm ™! increases, and a decrease in the high-fre-
quency limit can be noticed.

Preliminary XPS studies of 50V /50T and 50V /50T
cr. samples show, that upon crystallization V2p3,,
peak changes its position by 0.2 eV toward lower
binding energy (Fig. 8a) which can be a sign of a
small increase in the V**/V'' ratio. Te 3ds,, peak
preserves its position after crystallization (Fig. 8b).
Deconvolution confirms the small increase of V**
valence state of vanadium in the annealed sample
(Fig. 8c). The difference in ratio between Te*' and
Te®" remains the same before and after crystallization
(Fig. 8d).

As can be seen in Figs. 1, 4b, and 5d, despite con-
ductivity enhancement, crystallization of the sample
40V /60T occurs differently than in glass with higher
vanadium content. XRD, along with DSC (Fig. 4,
Table 1) shows that the only crystallizing phase in the
sample 40V/60T is the Te,V,09 (2TeO; - V,0s),
which crystallizes in the shape of needles. In samples
50V/50T, and 45V/55T most probably it is the
vanadium-rich shell of Te,V,Oq crystals that stops the
growth of the Te,V,Oy in a shape similar to that
observed in 40V /60T cr. (Fig. 5d). FTIR spectroscopy
of sample 40V /60T cr. (Fig. 7c) shows characteristic
bands of the VO, around 500 cm ™' whose crystallites
cannot be observed on the XRD plot. A similar
enhancement of the intensity of the bands around
500 cm ™! can be noticed in the FTIR spectra of sam-
ples 50V /50T cr. and 45V /55T cr. (Fig. 7a, b). During
the crystallization of the Te,V,09 (2TeO, - V,05)

@ Springer

phase in the 50V /50T and 45V /55T samples, excess
vanadium left in the glass matrix after crystallization
of Te;,V,0y oxidizes to form a crystalline V,0s5 shell
around Te,V,0y crystallites. The oxygen content in
V,0s is higher than in the as-quenched glass and the
Te,V,0y, therefore it should be expected that oxygen
migration to the V,Os crystallites takes place. Both of
the crystalline phases contain vanadium in the oxi-
dation state of (5 +). These premises lead us to the
conclusion that during crystallization, vanadium in
the remaining glass matrix is reduced by the creation
of a V,0s5 shell in a manner shown in Fig. 9; therefore,
the ratio of V**/V>" is increased in the glassy part of
the glass—ceramics, which is supported by prelimi-
nary XPS studies (Fig. 8) (samples 50V /50T cr., 45V /
55T cr., 40V/60T cr.). A glass with similar or lower
vanadium content than the Te,V,Oq crystal does not
show a change in the electrical conductivity upon
crystallization because the majority of vanadium is
contained in the Te,V,0s crystals.

Electrical properties
Small polaron hopping

The AC conductivity dependence on the frequency in
amorphous materials usually obeys the Jonsher law
in the form of [33]:

o' (w) = opc + AFD (2)

where opc is the DC conductivity and oac = Afsm is
the AC component. The DC conductivity region
dominates in the low-frequency region and the AC
component in the high-frequency region. All of the
glass samples fulfill the Jonsher law. The fitting of
Eq. (2) is performed to obtain opc and the s compo-
nents. Example results of the fitting are shown in
Fig. 10 for sample 50V /50T. The obtained opc values
will be considered in a further investigation (Fig. 11c,
d). The AC study of the sample 40V /60T cr. was not
possible due to the significant deformation of the
sample caused by the annealing process.

In general, the electrical conductivity of semicon-
ductors is well described by the Arrhenius-type
equation:

S exp<_ g) (3)

Where, ¢ is a pre-exponential factor, W is the acti-
vation energy, k is the Boltzmann constant and T is
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Figure 8 Comparison of a V2p;/, and b Te3ds), position in 50V/50T and 50V/50T cr. samples. Deconvolution of ¢ V 2p and d Te 3d
spectra in 50V/50T and 50V/50T cr. samples.
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Figure 9 Scheme of the crystallization mechanism in samples 50V/50T and 45V/55T.

the absolute temperature. Conductivity temperature 1
W= WH~|-§WD for T > 91)/2

dependence of the small polaron movement at high- (4)
and low-temperature regions was well described by W = Wpfor T<0p/4

Austin and Mott [34]. In their approach, activation

energy obeys the dependency of [34, 35]: For the intermediate range of temperatures

(0p/2 > T > 0p/4), Mott proposes Schnakenberg
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theory [16] which takes into consideration the decay
of the optical phonons, and therefore a gradual
decrease in the activation energy whose temperature
dependency can be expressed as:
4kT hv,
— W =Wy tanh + Wp 5
g hv, 4kT ’ )
2
o 203K . .
193K Where v, is the optical phonon frequency where
) v 183K hv,/k = Oop(el), in which Oop(el) denotes the Debye-
10° A 73K . . .
o 183K like parameter calculated from electrical studies.
o 153K Mott proposed that in the temperature region of
S L B A L A T > 0p/2 and T<0p/4 the conductivity obeys the
10% 10" 10° 10 0> 10° 10* 10°  10° b/ b/ ty y
te) dependency of [35]:
S
2
v¢*C(1 — C) 14
Figure 10 The frequency dependence of ¢’ for 50 V/50 T sample o(T) = kTR exp(—2aR) exp| — kT )’ (6)
with fitted Eq. (2).
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Figure 11 W plot versus T for a glass and b glass—ceramics and a plot of conductivity versus 1/T for ¢ glass, and d glass—ceramics, with
fitted Eq. 8, and linear fit (45V/55T cr.).
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Where: W is specified in Eq. (4), v is the electron
frequency, o is the rate of wave function decay, C is
the ratio of ion concentration in the low valence state
to the total concentration of transition metal ions
(VH/ (V¥ 4+ V1), R is the average distance between
vanadium ions, k is the Boltzmann’s constant and T is
the absolute temperature. The (—2aR) factor is related
to the fact that electron hopping, in most of the
glasses, will not always occur whenever energy levels
are aligned, but with the probability of
p = voexp(—W/kT).

In Mott’s single-phonon approach to SPH, it is
stated that activation energy at high temperatures
should stabilize to the constant value of
W =Wy + % Wp. To determine the temperature ran-
ges appropriate to investigate conductivity depen-
dence in terms of Mott’s SPH, one should determine
the temperature dependence of activation energy
(this would not apply in systems in which another
charge carrier is present). One way to do so is to take
the derivative of the Ing over 1/T:

Oln al(T) 7 0
o(7)

T

W= —

The temperature dependence plot of W for glasses
and glass—ceramics are shown in Fig. 11a, b. As can
be seen in Fig. 11a, activation energy is changing in
the whole temperature spectrum of the study, even at
temperatures up to T,, which is not consistent with
the small polaron theory when 0p = 0xc is consid-
ered. Thus, it was concluded that the split of the
phonon shares in vanadium-tellurite glasses should
be performed using the 0gp parameter. However,
as the Schnakenberg model is known for its
applicability in the whole temperature spectrum,
this division of temperature ranges (T > Oop/2),
(Oop/2 > T > Opp/4), and (T <0op/4)) will only be
applied in other models as the separation of multi-
phonon and single-phonon dependent ranges.

Figure 11b shows that both crystalline samples
exhibit a decrease in activation energy at high tem-
peratures (> 350 K). This behavior was previously
seen in crystalline V,Os and was interpreted as free
carrier transport resulting from large carrier density
[36, 37]. With the decrease in the temperature, acti-
vation energy is decreasing only slightly in samples
50V /50T cr., while in sample 45V /55T cr. is stable.

According to the Schnakenberg model, the con-
ductivity of the small polaron hopping in the non-
adiabatic regime obeys a temperature dependence of:

a(T) = opexp { (4ZZH> tanh <Z§%)] exp ( %) ,

(3)

Where oy is equal to:

oy = ? [sinh (}]Zfﬂ; 9)

Parameters as Wy, Wp, hv, according to the liter-
ature [22, 38—41] can be obtained in two ways, one:
using Eq. (7), the temperature dependence of the
activation energy; and the other from Egs. (8) and (9).
The first method requires two data operations
(derivative and fitting) and excludes the oy parame-
ter. Therefore, it is concluded that the fitting of Eq. (8)
to the conductivity data should give more precise
parameters.

In Fig. 11c, d, the temperature dependence of opc
for glass and glass—ceramic samples is presented.
Additionally, the results of Eq. (8) fitting and linear
fitting for sample 45V /55T cr. are shown by solid
lines. Parameters estimated by fitting are listed in
Table 2.

As shown in table 2, the parameter Wp is constant
for almost all of the glass samples and equals ~0.2
eV. It should be noted that the values of Wp depend
critically on the applied temperature range as the
measuring points at the lowest temperatures corre-
spond to the Wp value (Fig. 11a, b). It can be seen
that the value of Wy is increasing with a lower
vanadium content. 0pp(el) is increasing with higher
vanadium content. The value of Opp(el) shows a
downward trend with a decrease in vanadium con-
tent similar to the previously observed decreasing
manner of Oop(IR).

In glass—ceramics, we can observe a significant
decrease in the activation energy from ~0.35
to ~0.13 eV at room temperature (Fig. 11a, b), where
the latter is a lower value than the one obtained for
crystalline V,0s [36]. In Fig. 11d it can be seen that in
sample 50V/50T cr. temperature dependence of
conductivity shows curvature characteristic of the
SPH. The 0Ogp(el) parameter for the 50V/50T cr.
sample is lower than obtained for glass, in agreement
with Oop(IR) falling trend.
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Table 2 Parameters of small

polaron hopping obtained A Wp(eV) Whi(eV) 00(1013571) Oop (el) (K)
from Schnakenberg’s formula Glass
30V/70T 42 x 10 0.20 0.42 2.06 983
35V/65T 5.5 x 10* 0.21 0.41 2.18 1046
40V/60T 9.1 x 10* 0.20 0.40 2.13 1024
45V/55T 8.0 x 10* 0.20 0.39 2.15 1030
50V/50T 1.5 x 10° 0.20 0.39 2.15 1033
Glass—ceramics
50V/50T cr 2.7 x 10° 0.11 0.11 1.52 731
45V/55T cr - - - - -

In the 45V/55T cr. sample, conductivity shows
exponential behavior to around 350 K, the activation
energy of which is equal to 0.14 eV, a similar value
obtained in crystalline VO, [42]. No change of acti-
vation energy with a decrease in temperature, char-
acteristic of SPH, can be noticed. At high
temperatures conductivity behavior in the 45V /55T
cr. sample changes similarly to the observed in
crystalline V,0s which most probably is a sign of
carrier density increase. Both annealed samples show
a temperature dependence of conductivity at the
level of crystalline VO, [42]. Schnakenberg model of
SPH gives reasonable results for glass and 50V /50T
cr. sample.

Variable range hopping

According to Mott, at low temperatures (T <0,p/4)
charge transport could occur by VRH. Greeves
extended this model to intermediate temperatures.
Now we will check both of the VRH models as pos-
sible charge transfer mechanisms in our samples. The
expression for the conductivity temperature depen-
dence of the VRH model by Mott is based on a single-
phonon approach and is given by [15, 43]:

o = Bexp(—A/T1/Y), (10)
where A and B are constants given by:

A =425 /9N (EF) Y,

B = ole?/2(87) "2 |up [N (E) /akT) /), (1)

where N(Er) is the density of states at the Fermi level.

In Fig. 12 we presented the logarithm of conduc-
tivity data for glass (Fig. 12a) and glass—ceramics
(Fig. 12b). The data were fitted to Eq. 10 and pre-
sented in Fig. 12. Obtained parameters were pre-
sented in Table 3.

@ Springer

Now we will apply the VRH by Greaves for the full
temperature range. According to Greaves conduc-
tivity temperature dependence can be described as
[5, 391]:

oT1/? = Cexp(—D/T1/Y), (12)

Where C and D are constants. The slope D of the
fitted function is given by:

D =213 /kN(Ep)]*

(13)

In Fig. 13 we presented the logarithm of conduc-
tivity data for glass (Fig. 13a) and glass—ceramics
(Fig. 13b). The data are fitted to Eq. 13 and presented
in Fig. 13. Obtained parameters are presented in
Table 3.

As can be seen in Table 3. values of N(Er) are
similar for both VRH models. Although they are
unreasonably large for TMO glass, this model should
be checked at lower temperatures.

The models above (Mott SPH, Schnakenberg SPH,
and VRH) are assuming a strictly homogenous
structure of the conducting material. Phase separa-
tion on the molecular level is hard to predict and may
be undetectable using standard instruments. Struc-
tural studies of the V,0s5-TeO, system indicate that in
these glasses vanadium oxide tends to organize in
chains of V,Os in glass containing more than 30%mol
V205 [44]. Therefore, some models, in which phase
separation is included, will be examined.

Friedman-Triberis model

Friedman and Triberis [24] applied the percolation
approach in their SPH model and evaluated con-
ductivity and thermopower behavior with tempera-
ture changes. In this model, conductive paths can be
separated from the less conductive parts of the glass

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Figure 12 Ino versus T4 ofa glass and b glass—ceramics with a linear fit at T <6op /4.

Table 3 The density of states

—1 -3
near the Fermi level obtained N(EF)(eV™" cm™") Mott VRH

N(Ep)(eV~' cm™*) Greaves VRH

from VRH models of Mott and

Greaves 30V/70T 24 x 103 1.4 x 10°8
v 35V/65T 2.8 x 102 1.4 x 10%
40V/60T 3 x 108 1.3 x 103
45V/55T 3.1 x 10% 1.2 x 10%
50V/50T 3.4 x 103 1.2 x 103
50V/50T cr 6 x 1077 4.4 x 10%*
45V/55T cr 3.9 x 10%7 5.1 x 10%°
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Figure 13 IneT? versus T~1/* of a glass and b glass—ceramics with a linear fit at T <6p /2.
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in various ways and one should not expect a
homogenous distribution of conductive elements in
the glass matrix. Considering the effect of correlation
between neighboring impedances of better conduc-
tive paths in the material they have obtained:

o = apexp(—To/T)a/¥), (14)
where g¢ and Ty are constants and Ty is given by
12.503
=——f lti — ph T; (0p/2
0 N(EF) or multi — phonon proccesT; (0p/2)
3
1{11\]7'(8;;)f0r single — phonon proccesT; (0p/2)

(15)

Here the density of states near the Fermi level
N(Er) is assumed constant. As can be seen, this

model, similarly to the VRH models, predicts T~/*
dependence of conductivity. We have applied Eq. 15
to the logarithm of the conductivity data in Fig. 14 as
well for the multi-phonon and single-phonon pro-
cesses. Table 4 presents values of parameters
obtained from the slope of the line fitted to the data.
For calculations, we assume the value of o =1 A1
[1]. The obtained values of N(Er) are consistent with
the density of states for oxide glasses. It is clear, that
Triberis and Friedman’s model provides a good fit for
our DC conductivity data.

As can be seen in Table 4 obtained parameters are
reasonable for glass and glass—ceramics [45]. N(Ef) is
rising for better conductive glass—ceramics. Values of
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J Mater Sci (2023) 58:8700-8719

N(Er) are similar for the single- and multi-phonon
ranges, which confirm the applicability of this model
for our materials. In sample 45V/55T, at high tem-
peratures, the fitting is not satisfying.

Shimakawa mutli-phonon hopping model

To obtain the average distance between vanadium
atoms necessary for the Shimakawa multi-phonon
hopping model, a density study was performed.
Density, molar volume, the concentration of vana-
dium ions, and the average distance between them
were calculated and presented in Table 5. It can be
seen that the distance between vanadium ions and
density, decreases with increasing vanadium content.
Similar results were obtained in previous works
[46, 47] as vanadium is replacing tellurium ions in the
tellurium glass structure, reducing TeO, units to
TeOs units [32].

Shimakawa in his theory presents a model of
charge transfer that considers microvoids of air in the
glass. In this approach, the distribution of localized
states is not homogeneous as in the Mott VRH,
Greaves VRH, and Schnakenberg’s model of SPH.
Because of the porous structure of glass, most of the
localized states are located near the dangling bonds
on the interface of glass and air in pores. Small sep-
aration of the dangling bonds causes the overlapping
of the electron’s wave function, hence hopping takes
place between them. The most resistive, and

(b) Temperature (K)
514 427 357 301 256 219 188 163 141 123

o 50V/50T cr.
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Figure 14 Ing versus T~'/* of a glass and b glass—ceramics with a linear fit at temperature ranges of multi-phonon, and single-phonon

influence.
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Table 4 Parameters obtained
from the Friedman-Triberis

Single-phonon range

Multi-phonon range

Eﬁﬂflpﬁifni‘ﬁgﬁ;zi"“°“ and N(Ef)(eV~" em™) To(K) N(Ef)(eV~" em™) To(K)
30V/70T 7.6 x 10" 3 x 10° 5.4 x 10" 2.7 x 10°
35V/65T 8.9 x 10" 2 x 10° 6.1 x 10" 24 x 10°
40V/60T 9.4 x 10" 2 x 10° 6.5 x 10%° 22 x 10°
45V/55T 9.9 x 10" 2 x 10° 7.1 x 10" 2 x 10°
50V/50T 1.1 x 10" 2 x 10° 7.5 x 10" 1.9 x 10°
50V/50T cr 1.9 x 10*! 1.1 x 108 2.8 x 10*! 5.2 x 107
45V/55T cr 1.2 x 10* 2 x 108 3.8 x 10%! 3.8 x 107

Table 5 Density D, molar volume V,,, the concentration of vanadium ions Ny, and the average distance between vanadium ions R

Sample IDs D + 0.01(gem™) Vi & 0.2 (cm®mol™) Nyions £ 0.01 (x10*'em™) R £ 0.01(A)
30V/70T 4.47 372 422 6.19
35V/65T 427 39.2 4.50 6.06
40V/60T 4.16 40.5 479 5.93
45V/55T 3.99 42.6 495 5.87
50V/50T 3.90 437 452 5.78

dominating element in this system would be the
hopping of the weakly coupled electron between
separated surfaces of the micro clusters [48]. In bin-
ary glasses, this model should work similarly as
vanadium and tellurium fractions could easily sepa-
rate and create granules or clusters rich in vanadium,
between which multi-phonon hopping could take
place. As in the annealed samples, phase separation
could occur easily during the crystallization process,
we will examine both, glass and glass—ceramics by
the Shimakawa approach.

Figure 15 shows log,,0pc versus log,,T with a fitted
linear function at the temperature T > 0p/4 as only
multi-phonon influence is considered. As can be seen,
opc can be proportional to T" which is in agreement
with the Shimakawa model of conductivity and is
well-described by opc = a,(T/To)" dependency,
where g, is a constant depending on the glass com-
position, 1 is a non-integral number, and Ty = hvy/k
[6, 39, 48, 49]. Although actual tunneling occurs
between micro-clusters separated by the distance S,
hopping distance should be considered in terms of an
electron hopping between two centers of granules (R)
[6, 48, 49]. Delocalized electrons on clusters will
couple only to long-wavelength phonons whose fre-
quency is lower than vy = (ap/«, ')vp [50], where a9 is

the average lattice separation, o, ! is effective Bohr

radius which is in the order of cluster size I., and vp
which is the Debye frequency (vp = 2.1 % 10"%s~! for
the Debye temperature Tp = 1000K). Assuming
cluster size I. =o,' =R =4nm and ay as V-O-V
average distance 0.6 nm (Table 5) parameters vy and
Ty equal respectively 3.6  10"?Hz and 150 K.

Mott and Davis [35] proposed general conductivity
dependence for hopping given by:

o(T) = N.(eR)*T"/6kT, (16)

where N, is the carrier density and it's equal to
N(Ep)kT [6], e is the electron charge, and I is the
hopping rate. The hopping rate of the multi-phonon
hopping of electrons with weak electron—phonon
coupling is described by:

I = [Cexp(—yp)][1 — exp(—hvp /kT)]" 7, (17)

where,C ~ vy,p = A/hvy, vy is the acoustic phonon
frequency, A is the difference of localized states’
energies, and y is a measure of electron-phonon
coupling. Parameter C implies the overlapping
term(—2yS), where y is the tunneling parameter
[6, 48, 49]. Forhvy <kT, Eq. (18) is approximated by
[39]:
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Figure 15 log,,T dependency of log,y6pc of a glass, and b glass—ceramics with linear fit at the multi-phonon temperature range.

r=(ConC-m)(5) (18)

It has to be mentioned that parameters p and n
(since p = n) are integral numbers but because of the
relation with A and vy, parameters p and n are dis-
tributed around a certain value which makes them
non-integral. Using experimental values n and com-
bining Egs. (17) and (19) values y,A and I' were
estimated (assuming N(Ef) =29 %10%) and pre-
sented in Table 6.

The conditions of occurring multi-phonon tunnel-
ing were presented by Mott and Davis [35], Emin
[50], and Englman and Jortner [51]. Mott and Davis
showed that y values should be equal to 2-3. Engl-
man and Jortner showed that the weak coupling

of a large polaron transport is defined as G < 1.
Obtained parameters are presented in tab. 6.
According to Shimakawa [6], hopping rate I" can be
calculated from Fig. 10. We estimated this parameter
to be between 10" and 10° s™' for glass which is in
agreement with values obtained from DC conduc-
tivity for glass at low temperatures. A high value of
hopping rate for glass—ceramics cannot be compared
to AC conductivity as no AC region can be observed,
because of their high conductivity. We check the
values of parameters y and G in the verges of the
fitting range. In low temperatures, glass is not ful-
filling the conditions of Mott, Davis, and Jortner,
although glass—ceramics are fulfilling the conditions
in the full range of considered temperatures. As
phase separation should occur in the glass—ceramics,

transport of an electron should satisfy the condition =~ Shimakawa multi-phonon hopping should be
G <1, where G = (Ep/hvo) (kT /hvp). Emin’s condition

Table 6 Parameters obtained for the Shimakawa multi-phonon hopping model

Sample n —log106y  p(413K)  7(253K) A(eV) G(413K) G(253K)  En(413K) ['(413K) [(253K)
Glass

30V/70T 134 396 1.89 1.74 0.17 2.06 1.45 965 x 10° 2.6 x 107 2.2 x 10*
35V/65T 13.0 385 1.89 1.74 0.17 1.99 1.99 936 x 10 3.6 x 107 3.6 x 10*
40V/60T 128 375 1.84 1.70 0.17 2.07 2.07 970 x 102 84 x 107 9.4 x 10*
45V/55T 125 36.8 1.84 1.70 0.16 2.02 2.02 9.46 x 107 1x10% 13 x10°
50V/50T 123 36.0 1.79 1.65 0.16 2.09 2.09 9.80 x 10° 22 x 10° 3.0 x 10°
Glass—ceramics

50V/50Tcer 5.0 14.6 1.95 2.04 0.06 0.72 0.41 340 x 107 3.0 x 10'° 1.6 x 10°
45V/55Tcr 4.6 13.8 2.12 3.48 0.06 0.56 0.09 261 x 10 1.8 x 10 3.7 x 10°
@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.


http://mostwiedzy.pl

A\ MOST

J Mater Sci (2023) 58:8700-8719 8717

considered as a possible charge transfer mechanism
in the annealed glass.

Schnakenberg model analysis shows that the
dependence of Opp(el) agrees well with Ogp(IR). It
should be noticed that the optical frequency obtained
from the Schnakenberg model fitting
(~ 2.15*10" s7!) is similar to the vibrational fre-
quency of the V-O-V bond in FTIR measurements
(~2.3*10"3 s71). After crystallization, v, obtained
from Schnakenberg model fitting decreases to
1.52*10" s~ in 50V /50T cr. which corresponds to the
V-O-V band frequency in crystalline VO,.

Friedman-Triberis’s model applicability for both
glass and glass—ceramics confirm the percolative
character of charge transport. Activation energy
decrease at high temperatures in annealed samples
can be interpreted as a result of a large carrier density
which is confirmed by the fitting of the Friedman-
Triberis model. The Shimakawa model can be con-
sidered in the glass—ceramics as vanadium and tel-
lurium phases should tend to separate, however, SPH
seems to be more reasonable considering the crys-
tallization process.

Conclusions

In V,05-TeO, glass with vanadium content higher
than 35%mol, crystallization results in a conductivity
increase by up to 5 orders of magnitude at room
temperature. DSC, XRD, and FTIR studies suggest
that the crystallization process leads to the reduction
of vanadium ions in the glass matrix that remained
after crystallization in the manner shown in Fig. 9,
locally increasing the V**/V°" ratio, which was
supported by preliminary XPS studies and recog-
nized as the reason for the conductivity increase.
Schnakenberg SPH model fitting showed a decrease
of Wp from 0.20 to 0.11 eV and Wy from 0.39 to
0.11 eV after crystallization. The decrease in the value
of optical phonon frequencies obtained from the
Schnakenberg model was in agreement with FTIR
studies. Friedman-Triberis percolation model of SPH
showed an increase in N(Ef) from 10" eV~! cm™ in
glasses to 10*' eV ™' cm ™ in glass—ceramics. Charge
transport in both glass and glass—ceramics was rec-
ognized as SPH, probably of a percolative nature.
Both, the activation energy and conductivity level in
samples after crystallization were similar to those
previously observed in VO, whose groups increased

presence is supported by FTIR studies. Therefore, it is
concluded that the charge transfer in the vanadium-
tellurite glass—ceramics occurs by SPH across the
percolative channels rich in VO, groups created
between the crystalline granules.
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