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Electrical measurements were carried out on nanocrystals Yba_; V0344 (YbVO) (where z = 0.10, 0.15,
0.20, 0.30, and 0.40) obtained in the high-energy ball milling process, which crystallite size increased
from 23.3 to 42.4 nm with increasing vanadium content. Electrical conductivity and thermoelectric
power studies showed insulating properties in the extrinsic region (77-300 K) and n-type semiconduc-
tivity in the intrinsic one (350-400 K) with an activation energy of 1.3 eV. Broadband dielectric spec-
troscopy studies showed a low relative dielectric permittivity (e, < 16) and loss tangent (tan(d) < 0.05)
weakly dependent on temperature and frequency with the exception of a wide maximum between 200
and 300 K, suggesting an antiferroelectric-paraelectric phase transition. The most interesting result is
the observation of a strong increase in the thermoelectric power factor with an increase in unit cell
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volume and nanograin size in a highly thermally activated Arrhenius region.
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1. Introduction

The interest in the phases of solid solutions con-
taining rare earths stems from a wide range of their
potential applications. They are used, among oth-
ers, as plasma displays, electro-luminescent diodes
or fluorescence lamps, photocatalysts, scintillators,
thermophosphors, and laser-host crystals [1-5]. The
solid solutions formed in the binary system of V5Og
and YbyO3 oxides show the structure of vanadium
(V) oxide and/or ytterbium (III) oxide. It is known
from the literature that V505 oxide is an n-type
paramagnetic insulator [6] that is applied in the pro-
duction of novel materials used, e.g., in medicine [7]
or as electrodes in lithium batteries [8]. YboO3 oxide
has the rare-earth C-type sesquioxide cubic struc-
ture, which is related to the fluorite structure with
one-quarter of the anions removed, leading to yt-
terbium atoms in two different six-coordinate (non-
octahedral) environments [9].

Recently it has been established that in the bi-
nary system of Vo05-YbyOj3 oxides in solid-state
and in air atmosphere, a substitutive solid solu-
tion is formed with limited solubility of compo-
nents [10]. It is known that the solid solution was
obtained only by high-energy ball milling of mix-
tures of oxides V2O5 with YboOgs, containing vana-
dium (V) oxide in amounts not exceeding 30 mol%.
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In this solid solution, V% ions are incorporated
into the crystal lattice of ytterbium oxide, replac-
ing Yb3* ions, which leads to the generation of
excessive positive charge. Therefore its general for-
mula can be described either as Ybg_5,02, V3,03,
where 0.00 < x < 0.1667, or as Yby_, VO34,
where 0.00 < 2 < 0.60 [10]. The authors have
also shown for the same nanomaterials that with in-
creasing = in Ybg_ 5,09, V3,03 or Ybs_ V.03,
the crystal lattice of the solid solution unexpect-
edly expands [10]. As shown by the results of X-ray
diffraction (XRD) and ultraviolet-visible diffraction
(UV-Vis-DR) measurements, the nanoparticles of
the solid solution of V3O5 in YbyOj3 crystallize
in a cubic system and have an energy gap value
of 2.5 eV [10].

In our group, extensive electrical research was
carried out on compounds and solid solutions based
on vanadium oxide. In NbyVSbO1g ceramics, the
n-type semiconducting and both symmetric and
non-linear behavior (back-to-back varistor-like) of
the I-V characteristics were observed [11]. In
Fe;_,Cr, VSbOg semiconducting solid solution, n-
type conductivity was observed for samples richer
in Fe, and a change in the Seebeck coefficient (from
n to p) — for samples richer in Cr [12]. In the n-
type semiconductor ceramics NbgVSb3Os5, a wide
minimum conductance, G(V), was found, which


http://doi.org/10.12693/APhysPolA.142.637
mailto:tadeusz.gron@us.edu.pl

B. Sawicki et al.

shifted towards higher voltages, and at the same
time, its value decreased with increasing temper-
ature [13]. Additionally, the relaxation process in
these ceramic materials was identified, which was
strongly obscured by DC conductivity with compa-
rable activation energies [14]. In the CuzIngVOyg ce-
ramics, semiconducting properties, an energy gap of
1.09 eV, a relaxation process, and a strong emission
of charge carriers due to temperature and voltage
were found [15].

In turn, it was found that the multicomponent
system of MyFeV301; oxides (M = Mg, Zn, Pb,
Co, Ni) exhibits highly thermally activated semi-
conducting properties above room temperature, n-
type conductivity at higher temperatures, higher
conductivity for ceramics containing Co?t, Ni%*,
and Mg?t ions and strong dependence of the rel-
ative dielectric constant and loss tangent on tem-
perature and frequency [16]. The Ybs_,Y, V2017
phases for z = 0,2 and 8 turned out to be insulators
with a band gap of 2.6 eV, low electrical conduc-
tivity (mainly n-type), with a characteristic mini-
mum shifting towards higher temperatures in the se-
quence x = 0,2 and 8. Their electrical conductivity
decreased with increasing ytterbium content, and
the breakdown voltage oscillated around the value
of 26 V/mm and was characteristic (or typical) of
the varistor behavior [17]. Next, Zns_, Mg, InV301;
materials (where x 0.0, 0.4, 1.0, 1.6, and 2.0)
showed n-type semiconducting properties with ac-
tivation energies of 0.147-0.52 eV in the temper-
ature range of 250-400 K, symmetrical and lin-
ear I-V characteristics at both 300 K and 400 K,
stronger carrier emission for the Zn,InV3Oq; ma-
trix and much lower for the remaining samples, and
dipole relaxation, which was slower for the sample
with # = 0.0 (matrix) and faster for the Mg-doped
samples with z > 0.0 [18, 19].

The main motivation for selecting the
Ybo_V,031, (labeled later as YbVO) ternary
phase for electrical research is that Yb3* is a para-
magnetic ion with a strongly screened 4f subshell.
In turn, vanadium ions can be in the 2nd, 3rd, 4th,
and Hth valence states, with the latter being the
dominant state.

2. Experimental details

2.1. Synthesis of nanocrystals

The following reagents were used to synthe-
size solid solutions: YbsOg3, a.p. (analytically pure)
(Alfa Aesar, Germany), and V305, a.p. (POCh,
Poland). The synthesis of five samples for the pur-
pose of this work was carried out by the high-energy
mechanical alloying milling method using labora-
tory planetary ball mill PULVERISETTE 6 (Fritsch
GmbH, Germany) with vessel and balls of zirco-
nium, rpm = 500, BPR (ball-to-powder ratio)
1:20, time = 3 and once again 3 h under air atmo-
sphere. Details referring to the conducted syntheses

638

®o
© YoV

Fig. 1. Visualization of the cubic structure of
the YbVO solid solution. White balls represent
Yb3* /V5F | red balls — O*~.

TABLE I

Average size of crystallites, d, determined by the
Scherrer’s method for nanocrystals of YbVO solid
solution obtained by the mechanochemical method.
Here, x is the vanadium content, a is the lattice pa-
rameter, V is the unit cell volume, and dexp and
drtg are the experimental and calculated densities,
respectively

d a % doxp drg
€ 3 3 3
on) | fom] | [?] | g/emd] | [g/em?)

0.10 | 23.3 | 1.0426 | 1.1333 8.66 8.99

0.15 | 26.9 1.0427 | 1.1336 8.51 8.86

0.20 | 31.6 1.0429 | 1.1343 8.31 8.73

0.30 | 40.5 | 1.0436 | 1.1366 7.92 8.47

0.40 | 42.4 | 1.0446 | 1.1399 7.66 8.20

and the phase composition, as well as some prop-
erties of the samples examined using the XRD, in-
frared spectroscopy (IR), and scanning electron mi-
croscopy (SEM) methods were given in [10]. A visu-
alization of the cubic structure of the Ybs_, VO3,
solid solution is shown in Fig. 1, and its average
size of crystallites (d), lattice parameter (a), unit
cell volume (V'), and the experimental (dexp) and
calculated (d,is) densities are given in Table I.

2.2. Methods

The powder diffraction patterns of the sam-
ples obtained were recorded on a diffractometer
EMPYREAN II (PANalytical, Eindhoven, Nether-
lands) using Cu K, with graphite monochroma-
tor. The densities of the powdered samples (dexp)
were determined using a gas pycnometer (Ultrapyc
1200e, Quantachrome Instruments, Boynton Beach,
FL, USA), and argon with a 5N purity was used as
the pycnometric gas.
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Fig. 2. (a) Electrical conductivity (Ino) vs recip-
rocal temperature, where F, is the activation en-
ergy. (b) Thermoelectric power S vs temperature T’
of Yba_;V,0O34, nanocrystals.

Electrical conductivity o(T') of the samples un-
der study was measured by the DC method
using a KEITHLEY 6517B Electrometer/High
Resistance Meter (Keithley Instruments, LLC,
Solon, OH, USA) and within the temperature range
of 77-400 K. The thermoelectric power S(T'), i.e.,
the Seebeck coefficient, was measured within the
temperature range of 300-400 K with the help of
a Seebeck Effect Measurement System (MMR Tech-
nologies, Inc., San Jose, CA, USA). Dielectric mea-
surements were carried out on pellets of YbVO ma-
terials, which were polished as well as sputtered
with (~ 80 nm) Ag electrodes. The studies were
carried out in the frequency range from 5 x 10? to
10° Hz using an LCR HITESTER. (HIOKI 3532-50,
Nagano, Japan) and within the temperature range
of 80—400 K. For the electrical and dielectric mea-
surements, the powder samples were compacted in
a disc form (10 mm in diameter and 1-2 mm thick)
using the pressure of 1.5 GPa; then, they were sin-
tered for 2 h at 923 K. The electrical and thermal
contacts were made using a silver lacquer mixture
(Degussa Leitsilber 2000, Degussa Gold und Silber,
Munich, Germany).
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3. Results and discussion

3.1. Grain size and density estimation

The grain size of the YbVO solid solution was de-
termined by Scherrer’s method. The analysis of the
crystallite sizes showed that they change with the
degree of incorporation of V7 ions in place of Yb3+
ions into the structure of YbyO3. As the degree of
incorporation of vanadium (V) ions increases, the
crystallite size of the obtained solid solution in-
creases from ~ 9.0 (for z = 0) to ~ 42.4 nm (for
x = 0.4) (Table I). The crystallites of the YbVO
solid solution had a morphology similar to that of
the YboOgs matrix [9]. They look like deformed poly-
hedrons of irregular shapes and sizes varying from
~ 25 to ~ 45 nm and were almost identical to those
obtained in the paper [10]. The solid-state density
values obtained experimentally (dexp) and calcu-
lated on the basis of XRD data (dytg) decreased al-
most linearly as a function of the vanadium content
x (Table I).

3.2. Electrical properties

The results of the electrical measurements of
the nanoparticles of Ybo_, VO34, solid solution
(where = 0.1, 0.15, 0.2, 0.3, and 0.4) clearly
showed two areas of the temperature dependence
of electrical conductivity, o(10%/T): extrinsic in the
wide temperature range of 77-300 K, where no ther-
mal activation is observed, and intrinsic in the tem-
perature range of 350—400 K with the strong activa-
tion energy of E, = 1.3 eV (Fig. 2a). Despite strong
activation in the intrinsic area, the electric conduc-
tivity value at 400 K is only 3 x 1076 S/m. We have
low n-type electrical conductivity in the intrinsic
area (Fig. 2b). This behavior correlates well with
the values of the energy gap of 2.5 eV, which do not
depend on the vanadium content in the sample [10].

2~1 T T T T T
.
X: .
—=—0.10
— —e—0.15
Mo 14+ 0.20 *
E —v—0.30
o —+—0.40 *y
z v
= s/
b 0.7 |- /v .
n R
s e®
0”/:,0:"
DY) ISR—————e
300 325 350 375 400
T [K]
Fig. 3. Power factor S0 vs temperature T of

Yba—2V.O34, nanocrystals.
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Fig. 4. Relative dielectric permittivity &, (a—e) and loss tangent tan(d) (f—j) vs temperature T of
Ybo_ V2034, for z = 0.10 (a, f), 0.15 (b, g), 0.20 (c, h), 0.30 (d, i), and 0.40 (e, j) recorded in the fre-
quency range from 500 Hz to 1 MHz.
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For comparison, in the cubic ZnCrySes semicon-
ductor single crystals, in which there are no grain
boundaries, the activation energy in the intrinsic re-
gion is 10 times lower, i.e., E, = 0.135 eV [20]. The
value of F, increases slightly when the ZnCrySey
matrix is doped with, for example, gallium [20],
tin [21], or tantalum [22] ions. Two distinct ar-
eas of electrical conductivity with strong activa-
tion in the intrinsic region were also observed in ce-
ramics, among others, CuzInzVOyq [15], MaFeV301;
(where M = Mg, Zn, Pb, Co, Ni) [16], and
Cd; _3,Gdo,0,MoOy [23]. The residual n-type elec-
trical conductivity in the extrinsic region appears to
be related to the anion surplus seen in the chemical
formula.

Strong activation of electric current carriers in
the intrinsic region has a strong influence on the
thermoelectric power factor S?o (Fig. 3), especially
for samples with high vanadium content and larger
nanograin sizes. It turns out that this is a necessary
condition, but not a sufficient one, as all samples
have comparable activation energy in the intrinsic
region. Therefore, the size effect, in this case, has
a decisive influence on the increase of the power
factor, since the volume of the unit cell (V) in-
creases with the increase of the vanadium content
(z) in the sample (Table I) despite the fact that the
vanadium ion (V®*) substituted for ytterbium one
(Yb3*) has a smaller ion radius [24]. A similar size
effect on the thermoelectric power factor was ob-
served in the case of cobalt and gadolinium-doped
calcium molybdato-tungstates [25]. It is well known
that the materials with a large power factor value
have the most promising thermoelectric properties,
especially if they are heavily doped semiconductors,
such as BisTes [26].

3.3. Dielectric properties

Figure 4a—e presents the temperature dependence
of the relative dielectric permittivity (&) for various
electric field frequencies and all studied samples in
the content range of 0.1 < x < 0.4. As can be seen,
for each sample, ¢, undergoes only small changes
with increasing frequency and shows a wide max-
imum in the temperature range of 200-300 K. In
addition, the temperature increase is very delicate,
e.g., it changes from e, = 9 for z = 0.1 (Fig. 4a)
to e, = 15 for x = 0.4 (Fig. 4e). The temperature
and frequency dependence of tan(d) (Fig. 4f-j) for
all samples remains small, below 0.05, and shows
a similar maximum as ¢, and greater energy loss
than below 200 K and above 300 K, where this
loss is below 0.01. Similar behavior with a wide
maximum in the ¢,.(T) and tan(d)(T) curves was
found in Ca;_,Mn,MoOy4 (0 < z < 0.15) nano-
materials [27]. For comparison, microcrystalline
MyFeV3011 (M = Mg, Zn, Pb, Co, and Ni) [16]
and MPraW,019 (M = Co, Mn) [28] compounds
containing 3d elements with the unpaired electrons
as well as the semiconducting Zns_,Mg,InV301;
(0 < < 2.0) micromaterials [18, 19] showed both
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Fig. 5. (a) Temperature dependence of relative di-
electric permittivity, £-(7), and loss, tan(d8)(7'), of
Ybo_4 V034, nanocrystals for 10 kHz. (b) Rela-
tive dielectric permittivity e, vs temperature T' of
Ybo_2 V4034, nanocrystals for 500 kHz. Arrows in-
dicate the evolution of the temperature of a maxi-
mum of anomaly.

much higher e, and tan(d) than the nanomateri-
als under study and the Caj_,Mn,MoOy, [27] ones
mentioned above. This may mean that a small grain
size hampers an electric charge accumulation in
each sample. This behavior may be the partial re-
combination of charge carriers in the deep trapping
centers [29] lying under the bottom of the conduc-
tion band. The natural source of these traps can
be grain boundaries with depletion layers of adja-
cent grains, as it has been observed for ZnO varis-
tors [30, 31]7 NbgVSbOH) [11] and Nb@VSbgOQg) [13]
ceramics, as well as some novel copper/cobalt and
rare-earth metal tungstates [32].

3.4. Dielectric analysis

As mentioned, the temperature dependencies
of &, and tan(d) show a wide maximum in
the 200-300 K temperature range, which decreases
with increasing frequency (Fig. 4). At first glance,
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Fig. 6. Temperature dependence of relative dielec-
tric permittivity, e,(7), of Yba_; VO34, nanocrys-
tals for £ = 0.30 and various frequencies. Arrow in-
dicate evolution of maximum of anomaly with vary-
ing frequency.

this is an obvious anomaly for all samples. To inves-
tigate this anomaly, the comparison of &, and tan(d)
temperature dependence of the YbVO nanoparticles
at 10 kHz is shown in Fig. 5a. The value of tan(d)
increases rapidly around 7' = 250 K with decreasing
temperature. Below T' = 200 K, the tan(d) value is
almost constant.

The spectra for the higher frequencies of 500 kHz
are shown in Fig. 5b to compare the evolution of
the anomalies respectively for the different samples
that are characteristic of the electrical phase tran-
sition marked with the arrow. It is clearly seen in
Fig. 5a and b that changes in the intensity and
temperature of the anomaly are diffuse and not
monotonous. For the data measured at a frequency
of 500 kHz, it should be noticed that between ca.
120-200 K for all nanomaterials are observed traces
of an additional, low-temperature anomaly that
may be a trace of a phase transition occurring in the
case of one of the components of the mixture. Ad-
ditionally, the anomaly is also visible above 350 K
for x = 0.2, which can characterize this particular
concentration.

Close inspection of the position of the maximum
of the anomaly of ¢,.(T"), presented in the case of
x = 0.3 in Fig. 6, exhibits a subtle evolution of
this position with changing frequency. It is worth
pointing out that such diffused anomalies reflected
the influence of the structural disorder on the phase
transitions. According to [33] and [34], this behav-
ior can indicate antiferroelectric-paraelectric (AFE-
PE) or antiferroelectric-(ferroelectric)-paraelectric
(AFE-FE-PE) phase transitions. The above dielec-
tric analysis shows that in the studied nanoparti-
cles, the polarization of the space charge is domi-
nant, and the electric dipoles are strongly localized.
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As a result, below the phase transition (i.e., the
maximum), the values of ¢, and tan(d) are smaller
than above, which may suggest an AFE-PE phase
transition rather than FE-PE one.

4. Conclusions

The YbVO nanocrystals obtained in the high-
energy ball milling process were characterized by
DC electrical conductivity, thermoelectric power,
power factor, and dielectric spectroscopy measure-
ments. They have shown insulating properties in
the extrinsic region (77-300 K) and n-type semi-
conductivity in the intrinsic one (350-400 K) with
an activation energy of 1.3 eV. Measurements of
broadband dielectric spectroscopy and their analy-
sis showed low relative dielectric permittivity (e, <
16) and the loss tangent (tan(d) < 0.05) weakly
dependent on temperature and frequency, except
for a wide maximum between 200 and 300 K, sug-
gesting an antiferroelectric-paraelectric phase tran-
sition. These studies’ most interesting and excit-
ing result is the observation of a strong increase in
the thermoelectric power factor S2¢ in the highly
thermally activated Arrhenius region. This may be
mainly due to the size effect, as well as an increase
in nanograin size. These studies can be a clue to
obtaining a more significant thermoelectric power
factor in classic semiconductors or conductors.
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