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Abstract

The effect of V,05 and B,0; additions on sintering behaviour and physical properties of ZnO ceramics was
investigated. XRD studies revealed ZnO as main phase with a hexagonal wurtzite-type structure. The V,O
addition is the reason for an increase in grain size and some grains of oblong shape morphology in the ZnO
ceramics. The dual addition of V,0-B,0; improved the liquid-assisted sintering of ZnO ceramics and resulted
in further increase in grain size with more uniform grain growth. The reduction of sintering temperature to
900 °C for ZnO ceramics was observed with the dual addition of V,05 and B,0;. The room temperature PL
spectra of the Z (Zn0O), ZV (ZnO with 0.5mol% V,0s) and ZVB (ZnO with 0.5mol% V,0; and 0.5 mol%
B,0;) ceramics revealed broad visible emission band because of impurities and defects in ZnO ceramics
caused by oxygen vacancies due to vanadium and boron additions, as well as zinc interstitials. This emission
band between 450-750 nm includes the entire visible region from blue to red.
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I. Introduction Zinc oxide-based materials are also a potential ma-
terial for the optoelectronic devices [12,13]. The visi-
ble emission of ZnO thin films is associated with dif-
ferent intrinsic defects [14]. It was also reported that
; 5 ; . ; 5 Zn0-V, 04 composites showed excellent optical proper-
able optical and electrical properties. Zinc oxide with ¢ 115]. According to the results of another report, the
some metal oxides adlelon such as B, 03, MnO,, V,05 photocatalytic efficiency under visible light irradiation
and Co;0, shows nonlinear current-voltage (I-V) char- .. 1o improved by the V, 0y addition into ZnO [16].

acteristics which is ideally suited for varistor applica- Furthermore, n-type semi-conductivity of ZnO ce-
tions. .Among numerous varistor systems, ZnO'Vsz ramics is based on trivalent dopant, such as B, Al, In
ceramic system can be fabricated at a re.lat.lvely lowsin- .4 Ga. Owing to the exceptional combination of phys-
t?rlng temperature of abogt 990 OC' This IS very essen- jcal properties, ZnO is a good candidate for various in-
tial advantage for the applications in multilayer compo-  qyria] applications [17]. In our previous work, we re-
nents. ZnO ceramics with V,05 can be sintered with a ported that the addition of small amount of B,O; up to
silver electrode (with melting point 961 °C) without a 111519, 1o ZnO as sintering aid was beneficial for low-
need to use the expensive metals and they can reach the o0 the sintering temperature and developing of grain
same density at a lower temperature compared to Bi, O3~ orowth [18]. This effect is also important as the electri-
doped ZnO materials [5-11]. cal properties can also be altered by the microstructural
improvement of ZnO ceramics during sintering. In this
study, we report on the effect of V,05 and B, 05 dual ad-
dition on the sintering behaviour and physical properties

Zinc oxide is a unique material for UV emitter de-
vices [1], gas sensors [2], solar cells [3], piezoelectric
transducers [4] and varistors [5] owing to its remark-
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of ZnO ceramics produced by the conventional ceramic
processing.

II. Experimental procedure

Zn0O (299% purity, Merck), V,05 (98.5% purity,
BDH) and H;BO; (299.5% purity, Merck) powders
were used as precursors. Three compositions, ZnO (Z),
ZnO with 0.5 mol% V,05 (ZV) and ZnO with 0.5 mol%
V,05 and 0.5mol% B,0, (ZVB), were fabricated by
the traditional ceramic processing technique using fol-
lowing steps as mixing, drying, pressing and sintering.
The Z and ZV precursor powders were prepared only by
ball milling in a nylon jar, whereas for the ZVB sample
1 mol% H,BO; (corresponding to 0.5 mol% B,0;) was
dissolved in distilled water by continuous stirring and
then mixed and milled with 99.5 mol% ZnO + 0.5 mol%
V,0; powders. The mixtures were ball milled for 6 h at
a rotation speed of 125 rpm using zirconium balls and
high purity water. The mixtures were dried at 110 °C in
a drying oven and then sifted through a 0.5 mm sieve.
The powders were pressed at 100 MPa to prepare sam-
ples as discs of 22 mm diameter and 3—4 mm thickness.
The samples were sintered in air at 900 °C for 1 h using
6 °C/min heating rate and then cooled spontaneously in
furnace for about 8 h [5,7].

Bulk density measurements of the sintered samples
were performed with the Archimedes principle method.
Phase composition in the samples after sintering was
determined by X-ray diffraction analysis (XRD-Rigaku
D/Max-2200/PC) using CuKe, scanning angle 26 from
20° to 80°. The lattice parameters (a and c) of the sin-
tered samples for ZnO phase (hexagonal wurtzite struc-
ture) were calculated using the following equation:
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Fourier transform infra-red spectra (FTIR) of the
samples were determined using a Bruker Vertex 80
IR spectrometer in the range of 1500-500cm™'. The
microstructure of the samples on the fractured sur-
faces was investigated by a scanning electron mi-
croscope (SEM, JEOL-JSM 5600). Photoluminescence
spectroscopy (PL) measurements of the samples were
investigated using the Jobin Yvon Fluorolog-550 PL
system with a 50 mW HeCd laser (1 = 325 nm) as exci-
tation light source at room temperature.

III. Results and discussion

XRD patterns of the ZnO (Z), ZnO with 0.5 mol%
V,05 (ZV) and ZnO with 0.5 mol% V,0 and 0.5 mol%
B,0; (ZVB) ceramics are shown in Fig. 1. The XRD
peaks originating from (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004) and (202) planes indi-
cate that ZnO (JCPDS No. 36-1451) is a main phase
for all samples. The samples exhibit sharp, well de-
fined XRD peaks indicating good crystallinity and a re-
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duction in the peaks intensities was observed only for
the ZVB sample. In XRD pattern of the ZV sample,
the small amount of Zn,(VO,), (JCPDS No. 34-0378)
phase was observed. The formation of Zn,(VO,), phase
in the V,05-Zn0O ceramic systems at 900 °C is coher-
ent with previous studies in the literature [5,11,19,20].
There is also very small undefined peak in XRD pattern
of the ZVB sample.
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Figure 1. XRD patterns of Z, ZV and ZVB samples
(* denotes Zn;(VO,), phase)

Lattice parameter (a) was calculated to be 3.240,
3.2452 and 3.2429 A for the Z, ZN and ZVB samples,
respectively. It can be noticed that the pure zinc oxide
sample (Z) has smaller a parameter value compared to
its theoretical value (3.249 A). This situation can be ex-
plained by the structural defects that may occur in the
crystal structure of zinc oxide. According to theoretical
calculations the lattice constants are a, b = 3.249 A and
c=5232A and average Zn—0O bond length is 1.981 A
[21]. However, the room temperature lattice constants
determined by different experimental measurements in
the literature compared to theoretical calculations for
ZnO are in good agreement. The lattice constants a
and ¢ were reported to be in the range of 3.24-325A
and 5.20-5.21 A, respectively [15,22]. Reason for a de-
crease in the lattice parameter is related to defect for-
mation in ZnO. Oxygen vacancies might reduce the lat-
tice parameters, at least the ¢ value. On the other hand,
formation of Zn; interstitial defects lead to an increase
in lattice constants [23,24]. These defects create donor
states slightly below the conduction band. It is assumed
that the donors are interstitial zinc ions Zn,. The defect
formation can be shown by Kroger-Vink notation:

Zn! — Zn; + ¢’

2)
3)

Zn, — Zn; + ¢’
where Zn; and Zn;" are single and double ionized inter-
stitial zinc atoms, respectively [9]. In order to under-
stand the formation of possible defects in the samples
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in more detail, the samples were examined using the PL.
spectroscopy and will be discussed below.

It is reported that V,0O, can be partly dissolved into
the ZnO matrix and V>* ions enter the interstitial sites
in ZnO [9]. The solubility of V,05 was estimated to be
<0.5 wt.% [25]. According to the substitutional reaction
(Eq. 4), Zn** substitutions with vanadium ion (V,, is
vanadium atom in zinc atom substitution site), released
the free electrons and increased the conductivity [9]:

; 3
V,0, 222V +20, + S0,46¢ @)

Moreover, it was also reported that oxygen will be re-
tained in V-doped ZnO lattice more than in the pure ZnO
due to the higher valence state of vanadium. As a result,
amount of oxygen vacancies, V{5, should be reduced and
amount of zinc replaced by V>* or V** (creating V. or
V7., sites) should increase according to the Kroger-Vink
notation:

5 5 5
VI 4 : 0> + 2 Vo — 2Vl 4 2% ©®

Thus, vanadium (V** or V%) incorporation can form
defect states in between the conduction and valence
bands of ZnO [26].

According to Srivastava et al. [26] the valence state
of vanadium controls the oxygen content and lattice di-
mensions. It was reported that both V#* and V>* jons are
more electropositive than Zn** ions. As a result num-
ber of oxygen vacancies can be reduced, and an expan-
sion of lattice can be expected in Zn,_, V O. On the other
hand, the radii of both V** (0.60 A) and V>* (0.495 A)
are smaller than Zn>* (0.74 A). This results in the lat-
tice distortion. The internal competition of increasing
oxygen content and reducing effective crystal radius de-
termines the direction of lattice expansion and contrac-
tion [27].

In our study, no peaks related to B,O; were detected
by XRD. This indicates that B,O, formed a solid so-
lution with ZnO. This can be attributed to the incorpo-
ration of B-ion in ZnO structure. It was reported that
there may be three potential explanations related to how
B can be incorporated into ZnO. One is that B occupies
the octahedral interstice. This is because all octahedral
voids are empty in the ZnO crystal structure. Further-
more, two other mechanisms are oxygen or zinc atoms
exchange by boron, respectively. When the B atom sub-
stitutes in ZnO lattice, it creates lattice defects and re-
sults in an increase in the electron concentration with
the defect reaction as follows:

ZnO 1
B,0, — 2B, +20, + 3 0,+2¢

(6)

The radius of B** (0.27A) is smaller than that of
0% (1.4A) and Zn*>* (0.74 A). If the oxygen or zinc
atoms were substituted by boron, the crystal plane spac-
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ing would reduce, leading to diffraction peaks shifting to
higher angle [28]. Peng et al. [21] suggested that when
replacing one zinc atom with one boron atom (as B,,),
there should be change in the bond length since Zn—0O is
longer than B-O (1.526 A) due to the smaller B** radius
compared to Zn**. On one hand, the existence of zinc or
oxygen vacancies in B-doped ZnO leads to a decrease in
cell volume, on the other hand, the existence of intersti-
tial Zn leads to a longer Zn—O length and an expansion
in cell volume. The formation energy of Zn vacancy in
un-doped ZnO is higher than that obtained for B-doped
ZnO. This indicates that Zn vacancies form more easily
in B-doped ZnO than in un-doped ZnO. These results
are similar for oxygen vacancies, which mean that boron
addition simplifies the formation of V,, and V, [21].
Similar results have been reported in the literature, indi-
cating that a higher number of oxygen vacancies or de-
fects exist in B-doped ZnO than in un-doped ZnO [29].

FT-IR spectra of the Z, ZV and ZVB samples in the
bandwidth of 400-1500cm™! representing the finger-
print region of samples are shown in Fig. 2. Metal ox-
ides generally exhibit absorption bands in the fingerprint
region (i.e. below 1000 cm™!), which arise from inter-
atomic vibrations [30]. According to Fig. 2, the peaks
at 575 and 618 cm™! indicate a stretching mode of Zn—
O. Peaks at 758 and 1140cm™! can be attributed to the
C-O bond stretching.
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Figure 2. The FT-IR spectra for the Z, ZV and ZVB samples

Bulk densities of the Z, ZV and ZVB samples were
4.61, 5.47 and 5.42 g/cm?, respectively. Figure 3 shows
microstructure of the Z, ZV and ZVB samples. The
average grain sizes are calculated by linear intercept
method as described in our previous work [18]. Mi-
crostructure of the Z sample has very small grains with
the average grain size of 3.5 um. The addition of V,O;
to ZnO ceramics resulted in the increase of grain size
and some of grains have oblong shape morphology. The
average grain sizes of the ZV and ZVB samples calcu-
lated using linear intercept method are 9.0 and 18.4 um,
respectively. The addition of B,0, to V,05-ZnO ce-
ramics results in further increase in grain size. The ab-
normal grain growth during sintering process is a com-
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(b)

Figure 3. SEM micrographs of: a) Z, b) ZV and c¢) ZVB samples

mon phenomenon for the V,05-ZnO ceramics system.
Consistent with the previous study, an exaggerated ZnO
grain growth was observed in the ZnO ceramics with
V,0q [31]. Highly reactive V-rich liquid phase is reason
for abnormal grain growth during sintering. The forma-
tion of Zn,(VO,), phase in ZnO-V,0, ceramics acts as
a liquid-phase sintering aid at high temperature. Small
values of grain growth exponent and apparent activation
energy are indicative of the faster coarsening speed of
ceramic microstructures. For example, the grain growth
exponent and apparent activation energy of ZnO-V,0,
binary system with less than 2mol% V,O, are only
~1.6 and ~90kJ/mol, respectively, even smaller than 3
and ~224 kJ/mol for the un-doped ZnO ceramics [32].

Furthermore, an important change in the morphol-
ogy with even a small amount of vanadium addition
has been reported by Joshi et al. [33]. The distortion
and increased activity of ZnO can be explained by the
substitution of Zn>* by V-ion thus resulting in the grain
growth. Since the ionic radii mismatch is quite high, it
causes significant increase in the particle size even at
very small doping concentration [33].

The addition of B,O; to V,04-Zn0O ceramics is the
reason for further increase in grain size. The sample
has uniform polygonal shaped grain morphology. The
grain size of the ZVB sample is around 20-30 um. The
B,0; addition has a beneficial effect on grain growth
in ZnO. In our previous work, it was reported that the
addition of B,0, <1 mol% resulted in a decrease in the
average kinetic grain growth exponent (n) values and an
increase in the activation energy for the grain growth.
When B,0, addition was above 1 mol%, the formation
of Zn;B,0, phase caused a rise in grain growth kinetic
exponent and grain growth activation energy [18]. For
this reason, the 0.5 mol% B,0, addition was chosen as
addition level in this study.

Low melting point of B,0; (450°C) is lower
than that of the eutectic reaction between ZnO and
Zn,(VO,), around 890°C. The addition of B,O, im-
proved the liquid-assisted sintering in the V,05-ZnO
ceramics. The low melting point of B, 05, together with
the eutectic reaction, can promote grain growth by pro-
longed liquid phase sintering process. Similar observa-
tions were reported for the Y,0, and B,0;-doped ZnO
varistor ceramics [34].
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The room temperature PL spectra of the Z, ZV and
ZVB samples are shown in Fig. 4. As it can be seen, this
spectrum revealed broad visible emission band because
of impurities and defects in ZnO which are caused by
oxygen vacancies, vanadium and boron addition, as well
as zinc interstitials. This emission band between 450—
750 nm includes the entire visible region from blue to
red. Emissions from the PL spectra can be attributed to
oxygen vacancies, oxygen antisite, interstitial oxygen,
zinc vacancy, double ionized zinc vacancy and single
ionized interstitial Zn; [27,35-37].

Intensity (a.u.)

450 500 550 600 650 700

Wavelenght (nm)

750 800 850

Figure 4. Room temperature PL spectra of Z, ZV and
ZVB samples

To illustrate the physical process of the PL spectrum
emission, we modelled all peaks using three emission
lines, which are attributed to various defect states be-
tween the conduction band and the valence band of ZnO
lattice (Fig. 5). In Fig. Sa, three emission peaks of the
Z structure are shown. The peak emission energy for
green, orange and red emissions were found at 562, 634
and 700 nm, respectively. As it can be seen (Fig. 5a), the
highest emission was seen for green due to the oxygen
vacancies and oxygen anti-site. In Fig. 5b three emission
peaks of the ZV structure are shown. The peak emission
energy for green, orange and red emissions were found
at 567, 627 and 659 nm, respectively. As it can be seen,
the green emission peak decreased, and the red emission
peak increased compared to the pure Z. The red emis-
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Figure 5. The peak emission energy of: a) Z, b) ZV and c) ZVB samples at room temperature

sion peak is about the same as the green emission due
to interstitial zinc (Zn,). In Fig. Sc three emission peaks
of the ZVB structure are shown. The peak emission en-
ergy for green, orange and red emissions were found at
565, 606 and 683 nm, respectively. As it can be seen,
the green emission peak decreased while the orange and
red emission peaks increased compared to the other two
structures due to Zn vacancies (V) and interstitial zinc
(Zn,). Reduced green emission, which is due to the oxy-
gen vacancies, can be related to vanadium addition. As
the higher charge dopant, vanadium substitution to zinc
leads to the decrease in number of oxygen vacancies and
thus suppression of green emission occurs in ZnO [27].
In line with XRD results further increase in zinc vacancy
defect can be related to boron addition. As reported ear-
lier, V,,. form more easily in boron doped ZnO than in
un-doped ZnO. Boron addition simplifies the formation
of V, and V, . The presence of Zn or O vacancies in
boron doped ZnO also leads to the shrinkage in lat-
tice volume. In opposition, the presence of interstitial
Zn leads to a longer Zn—O length and expansion in vol-
ume [19]. The internal competition of increasing defect
species Zn;, V,, and V,, decides the lattice expansion
and contraction. This affects PL. emission processes in
the samples [27].

IV. Conclusions

The B,0; and V,05 dual addition to ZnO ceram-
ics affects the structural properties remarkably. All sam-
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ples exhibited main ZnO phase. Additionally, the small
amount of Zn,(VO,), phase was also observed in the
ZnO containing 0.5 mol% V,05 (ZV sample). The ad-
dition of V, 05 to ZnO ceramics gave rise to the increase
in grain size and some of grains had oblong shape mor-
phology. The abnormal grain growth during sintering
process is a common phenomenon for the V,05-ZnO
ceramics system. The addition of B,0, to V,05-ZnO
ceramics resulted in further increase in grain size. This
sample had uniform polygonal shaped grain morphol-
ogy. The room temperature PL spectra of the Z (ZnO),
ZV (ZnO with 0.5mol% V,0s) and ZVB (ZnO with
0.5mol% V,05 and 0.5mol% B,0,) samples revealed
broad visible emission band because of impurities and
defects in ZnO which are caused by oxygen vacancies,
vanadium and boron additions, as well as zinc inter-
stitials. This emission band between 450-750nm in-
cludes the entire visible region from blue to red. Our
study revealed that the internal competition of increas-
ing defect species Zn;, V, and V,, decides the lattice
expansion and contraction which also affects PL. emis-
sion processes in the samples. The ZVB ceramics can be
sintered at a relatively low temperature (900 °C) which
is attractive for many industrial applications. They can
also be co-fired with a silver inner-electrode without us-
ing the expensive metals such as palladium or platinum.
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