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Abstract: The effects of small amounts (0.5; 1.0 and 1.5 #)lof bismuth oxide on the
microstructure and electrical properties of ZnO-Sg@ramics have been studied. Starting
powders of ZnO and Sp@ere mixed in the molar ratio 2:1. After adding@y this mixture
was mechanically activated for 10 minutes in a ptary ball mill, uniaxially pressed and
sintered at 1300°C for 2h. The phase compositigh@kintered samples was analyzed by X-
Ray Diffraction (XRD) and by Energy Dispersive $meueter (EDS). Morphologies were
examined by Scanning Electron Microscopy (SEM)lredance/Gain Phase Analyzer (HP
4194A) was used to measure the impedance specO@Hfl — 10MHz) at different
temperatures. The electrical DC resistivity/condutt at different temperatures was
measured using a High Resistance Meter (HP 4329A).

Keywords. Electrical Properties, Microstructure, Zinc Stata, and Sintering

Introduction

In the past decade intense research has beenrpedarn the ZnO-SnOsystem
especially regarding the synthesis of zinc stanfatgSnQ,). Zinc stannate belongs to the
A,BO, spinel type compounds (A = group Il, e.g. Zn, Breup 1V, e. g. Sn, Ge) [1]. Several
types of bulk and thin film materials containinglymoystalline zinc stannates were obtained
as potential materials for gas sensing and deteatiomoisture, as electrodes for solar
batteries and in transparent electronics [2-4], etc

The idea of doping ZnO-SnMased ceramics with £); as a sintering promoter lies
in the fact that the presence of,8j creates conditions for liquid phase sintering.nBith
oxide forms the BEn,O; pyrochlore phase with Sp@nd with addition of ZnO leeds to the
formation of ZRSNQ, spinel and a BO; liquid phase between 1000° and 1100°C, according
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to the following reaction [5]:
Bi,Sn0; + 4zno 01999 THP%E ., 22n,5n0, + Bi,Os (). 1)

This liquid phase-assisting mechanism is assumedbgothe main cause of
enhancement of the densification process in the oéssintering with small additions of
Bi,O3 [6]. The base system mixture (2ZnO-Sh@rains get completely surrounded by a thin
film of liquid Bi,Os which directly influence the densification progegrain growth and
solid-state reaction between attendant ZnO and, §réins.

This work is an attempt to create a better undedatg of the microstructural
evolution in the ZnO-SnPsystem and characterization of its electrical progs when low
amounts of bismuth dopant are employed and the Isanaere prepared by the mixed oxide
route. The Mott model was taken into account wfiitang the experimental DC conductivity
results and investigating the conduction mecharo$mintered samples. This study should
lead to establishing the minimum doping level reegiito optimize both the sintering process
and microstructure evolution in f; doped ZnO-Sn@ceramics.

Experimental

Commercially available zinc oxide (Aldrich) and txide (Aldrich) powders were
mixed in the 2:1 molar ratio. After adding diffeteamounts of BiO; (0.5; 1.0 and 1.5 molar
%) this mixture was homogenized in absolute ethadded at 70°C and mechanically
activated in a planetary ball mill (Fritsch Pulggtite 5) for 10 min. Zirconium oxide grinding
balls (10 mm in diameter, approx.) and vessels (569 were used. The powder to balls ratio
was 40:1 and the total weight of the powder mixdunas 15 g. These samples were then
uniaxially pressed under 980 MPa into discs withaameter of 10 mm and ~2 mm thickness.

o (311)

® 5SnoO,
4 Zn,Sno,

N
n

o

(110)

(220)

— (111)

0) b (101)

®(110)

*(220)
(1013}
2
b

! %;)
210)
(331)

.
&

622)
444%

0 )
%533)

ye

[J
(62

*

o%331)
L #(422)

26(°)A CuKa

Fig. 1 X-ray diffraction patterns of sintered samples.

Characterization of the obtained samples afteesing was carried out using an X-
ray diffractometer (Norelco-Philips PW-1050) withulG, radiation and a step scan mode of
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0.02°/0.4s. The microstructure of sintered samplas investigated using scanning electron
microscopy (SEM — JEOL JSM 6460LV). Appropriate péaa were denoted as: ZS0O-0.5,
ZS0-1.0 and ZSO-1.5, for samples with addition d§, @.0 and 1.5 molar% of s,
respectively. The reference powder mixture, withaddition of B}O; denoted as ZSO, was
also prepared using the same procedure.

The samples used for electrical conductivity mearsients were prepared in the form
of a sandwich electrode structure. Silver coatingse used as electrodes (ohmic contact). An
Impedance/Gain Phase Analyzer (HP 4194A) was usaneasure the impedance spectra
(100Hz — 10MHz) at different temperatures. The teleal DC resistivity/conductivity at
different temperatures was measured using a Higisi@ce Meter (HP 4329A).

Results and discussion
X-ray diffraction and density-microstructure development study

The X-ray diffraction (XRD) patterns for the sirtdrsamples (Fig. 1) point out the
existence of a two-phase system composed obf@, and Sn@ phases. XRD peak
intensities and their number changes (increaseddse) for samples with addition of,8%
compared to the peaks of BAnQ, and Sn@seen in the reference ZSO sample diffractogram.

This could indicate initial action in the Sp@n,SnQ, system, where Shfrom tin dioxide,
can substitute Z sites in ZaSnQ, [7], as described by the following equation:
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Fig. 2 Sintered density as a function of the@i content.

From our results it is obvious that small additiefisismuth oxide strongly promote
this ion substitution and accelerate the formatiba SnQ/Zn,SnQ, solid solution. However,
the XRD study didn't show the presence of freg(Bior secondary peak phases, i.e.
formation of any new phases. This is because eitleeadded BO; amounts were too small
to be detected by X-ray diffraction technique oe #@pplied sintering temperature regime
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(1300°C/2h) created conditions for,8i evaporatior8].

ZSO0 sintered sample.

It is well known that bismuth oxide is used as dfigatory constituent in ZnO
commercial varistors and together with minor additi of some other oxides promotes the
densification process, influences the formatiom specific microstructure and, consequently
impacts the varistor response [9]. By studying ekielution of the sintered densities of the
samples as a function of the,Bk content (Fig. 2), the effect of #); addition in enhancing
densification of ZnO-SnOceramics was noted. According to these resultsititered density
increases with increasing Bl; up to 1.0 molar %. For higher B concentration
(>1molar%), the sintered density rapidly breaks "W@s shown in Fig. 2, i.e. indicating the
presence of a dedensification phenomenon [10]tt&opptimal amount of BD; to be used
as an aid for enhancement of the densificationge®dor sintering 2ZnO-Snp@eramics, is
1.0 molar% in the temperature-time regime of 1368RC
The effects of composition on the microstructures wudied with SEM analysis (Fig. 3-6 (a,
b)) and with EDS analysis (Fig. 3-6 (c) shows médrkeints where the EDS measurements
where taken, Tab. I). The reference sample hatharrporous microstructure (Fig. 3b) which
is dominated by smaller grains with a composititwse to the stoichiometric Z8nQ, spinel-
type compound (66% ZnO and 33% Shénd with larger polymeric particles of a secogdar
SnQ phase, incorporated into the spinel structure.

“The final amount of retained Bi is expected tatheh smaller, especially knowing the tendency of
Bi,O; for evaporation above ~825°C
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Tab. | EDS measurements, (atomic wt%)

Sample Spectrum O Zn Sn Total
1 81.45 - 18.55

ZS0 2 70.91 18.90 10.19 100
3 75.51 15.61 8.88
4 60.47 26.08 13.46
1 81.65 11.71 6.64
2 75.88 15.59 8.53

25005 3 83.42 - 16.58 100
4 72.23 17.89 9.88
1 62.05 - 37.95

ZS0-1 2 83.46 - 16.54 100
3 85.17 0.52 14.31
1 75.20 - 24.80

ZS0-1.5 2 74.46 16.29 9.25 100
3 77.58 14.02 8.39

The doped sintered samples general microstrudtufieates enhancement of the
densification process and pinning effect of $p@rticles compared to the microstructure of
the reference ZSO sintered sample. Processes sifidation and grain growth are obvious in

the ZS0O-0.5 sample (Fig. 4b).

Fig. 4 SEM fractured surfaces of the ZSO-0.5
sintered sample.
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Fig. 5 SEM fractured surfaces of the ZSO-1
sintered sample.

Equalization of particle sizes occurs in ZSO-1 #m most homogeneous and dense
microstructure is formed (Fig. 5b). Further crygedwth and the problem of bigger particle
packing in the ZSO-1.5 sample (Fig. 6a-c) causecdse of the relative density (Fig. 2).

DC conductivity

DC conductivity was analyzed using the Arrheniugatipn:

opc = C exp (AE/KT), 3)
where C is the pre-exponential factak is the thermal activation energy, T is the alisolu
temperature and k is Boltzmann’s constant. Fighdws the variation of DC conductivity
(opc) with reciprocal temperature (1/T) for the sintesamples. The plot of lo@dc) versus
(2/T) in the temperature range 323-473K, yieldraight [11] line with a slope ofAE/k. The
activation energieAE, calculated from the slope of the straight linel ghe pre-exponential
factors C, obtained by extrapolating the totine to the value corresponding to 1/T = 0 [12],
are given in Tab. Il.
Tab. Il Calculated values fakE and C from relation (3)

Sample AE (eV) C Qcm)”
ZS0 1.11 20.2
ZS0-0.5 0.93 10.3
ZS50-1 0.97 10.9
ZS0-1.5 1.16 7.5
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It is clear that a small addition of Bi; to the ZnO-Sn® system has the same
influence on electrical characteristics as on #lative density while the thermal activation
energy does not show changes which indicates the sanduction mechanism in the whole
examined temperature interval.

) : Fig. 6 SEM fractured surfaces of the ZSO-1.5
c) sintered sample.

According to Fadell et al. [13], the calculatedueaof AE alone does not provide any
indication on the conduction mechanism aspects, wigether conduction occurs in the
extended states above the mobility edge or by Imgpipi the localized states.

Mott [14] stated that if the value of C is in thenge 16 — 10 (Qcm)?, then
conduction appears in the extended states, whitddlenvalues of C indicate the presence of a
wide range of localization and conduction by hopgim the localized state. Fig. 8 illustrates
the relation between logfcT) and 1/T. If we assume that the thermal activatoergy is
temperature independent (like (3) implies) thig glwould give a straight line, consistent with
the Mott model for phonon-assisted hopping of sipalérons in the adiabatic limit [15]:

o = Vo [€°c(1-c)/KTR]exp(-w/kT) (4)
wherey, is the longitudinal optical phonon frequeneys the electric charg® is the average

site separationg is the fraction of sites occupied by an electror{pmlaron) andw is the
activation energy for DC conduction.
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Fig. 7 Temperature dependence of the DC electrical cdivitycopc: (l, @, A, V)

The activation energy calculated from the slopehef straight lines from Fig. 8, is
w = 1.03 eV; 0.98 eV; 1.02 eV and 1.21 eV for ZSCGyQZ0.5, ZSO-1 and ZSO-1.5,
respectively, assuming that and R are constant. Imperfections in the inhomogeneous
materials, such as this, caused by the fluctuatidrensity and/or chemical composition can
be responsible for internal potential fluctuatigh6] and could influence carrier movement
and DC conductivity.
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Fig. 8 The relation between logsfcT) versus reciprocal temperature 1000/T for simtere
samples: M, ® A V) experimental results=) theoretical results calculated by Eq. (4).

Electrical conductivity over the temperature rai8p®K-473K, characterized by a
constant activation energy, average value ~leVgestg that, after all, the resistivity-
temperature relation could be described by a sirtiemally activated hopping mechanism
with a constant activation energy as predictedduagon (3).
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Fig. 9 Measuredpc and total conductivity (w) as a function of reciprocal temperature at
lower frequencies for: a) ZS0O, b) ZS0-0.5, ¢) ZSant d) ZSO-1.5 samples.
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AC conductivity

A frequency-dependent AC conductivity(w) observed in many amorphous semi-
conductors and isolators has the form [11]:

onc(®) =6 (@) —opc = Aw®,
whereoac(w) is the AC conductivityg (@) the total conductivityppc is the DC part of the
total conductivity, A is a constant dependent engeratureg is the (circular) frequency and

sis the exponent, generally less than or equahtity.u
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Fig. 11 Frequency dependence of the AC conductiwify(w) at different temperatures for: a)
ZS0, b) ZS0-0.5, ¢) ZSO-1 and d) ZSO-1.5 samples.

Frequency-dependant conductivity has lzgibuted to various relaxations caused by
the motion of electrons or atoms and hopping onéling between the equilibrium sites. Fig.
9(a-d) and Fig. 10(a-d) show the measured DC atadl tconductivityor (w) as a function of
reciprocal temperature at various frequencies.ofelr frequencies conduction-temperature
dependence is more changeable, its value increfisénarease of temperature. It is evidently
that the AC conductivity is higher than the DC coatilvity. At higher frequencies (Fig. 10(a-
d)) variation of electrical conductivity is lessily, but obviously increases with the increase
of temperature. Fig. 11 (a-d) shows the total cotidity o1 (@) versus frequencly= (w/2x)
at different temperatures, indicating a more gegtlewvth of electrical conductivity versus
frequency at lower frequencies. This is particylardonounced at higher temperatures and for
samples with lower electrical conductivity suchthe ZSO-0.5 sample. For the ZSO-1.5
sample, with the highest electrical resistivitygattical conductivity increases sheerly at all
frequencies and in the whole range of the obseemperatures.
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Conclusion

We have studied the influence of a small additibBigO; to the 2ZnO-Sn@system.
The results strongly suggest, considering the patjoa process and furthermore the addition
of Bi,Os, that SnQ@ did not fully dissolve in the ZnO crystal latticEhe ion substitution
phenomenon, reinforced by smalbL®j addition, happening between’Sand Zi* results in
the formation of a ZnO/SnGCsolid solution with rather limited regions of puz&,SnQ..
Analysis of the DC conductivity suggests carrieppiog in the localized state as the
dominant conduction mechanism.
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Caoparcaj. 'V 0o6om pady ucnuman je ymuyaj manoz oooamka (0.5; 1.0u 1.5mon. %) 6usmym-
oxcuoa (Bi,O3) na muxpocmpykmypy u enekmpuuna ceojemea yunk-kanaj-oxcuone (ZnO-
SnQ) xepamuxe. Ionasnu npaxosu ZNO u SNQ nomewanu cy y morapuom oonocy 2:1.
Hakon oooamka Bi,Os, o06a cmewa je maxanuuxu axmusupana oecem MuHyma y
NIAHEMAapHOM MAUHY ca Kyenama, npecosana u cunmeposana Ha 1300°C,06a cama. ®aznu
cacmag CUHmMeEpPOBaHux ysopaxka ucnumaw je penocenocmpykmyprom auaiuzom (XRD) u
enepeemcku-oucnepsuonom cnekmpomempujom (EDS). Muxpocmpykmype cy ucnumane na
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ckenupajyhem enexmponckom muxpockony (SEM). Munedancruu cnexkmpu (100Hz — 10MHZz)
0obujenu cy, Ha pazrunumum memnepamypama, y3 nomoh Impedance/Gain Phase Analyzer
(HP 4194A) ypehaja. Enexmpuune DC omnopnocmulnposoonocmu, na pasnudumum
memnepamypama, usmepere cy nomohy High Resistance Meter (HP 4329%k/iaja.

Kuwyune peuu. Enexmpuuna ceéojcmea, Muxpocmpyxkmypa, Lunx-cmanam, Cunmeposarve.




