JOURNAL OF MATERIALS SCIENCE35(2000)1453—- 1458

Effect of Ta,O5 doping on the electrical properties
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The effect of Ta;05 doping in 0.995n0,-0.01Co0 on the microstructure and electrical
properties of this ceramic were analyzed in this study. The grain size was found to decrease
from 6.87 um to 5.68 um when the Ta,05 concentration increased from 0.050 to 0.075
mol%. DC electrical characterization showed a dramatic increase in the current loss and
decrease in the non-linear coefficient with the increase of the Ta,Os concentration. The
conduction mechanism is by thermionic emission and the potential barriers are of Schottky
type, separated by a thin film. © 2000 Kluwer Academic Publishers

1. Introduction of TaxOs on the electric properties of 1.0 mol% CoO
Tin dioxide (SnQ) is an n type wide band gap semi- doped Sn@is investigated in this study.

conductor with crystalline structure of rutile type and

has a low densification rate due to its high surface diffu-

sion at low temperatures and high Srfgartial pressure 2. Experimental procedure

at high temperatures [1]. Dense Snkiased ceramics Reagent grades SaQ(Merck), CoO (Riedel) and
can be achieved by introducing dopants [2-5] or byTa,Os (Merck) powders were used to prepare the $nO
pressure assisted sintering [6, 7]. Dopants with valencbased ceramic. The following compositions (all in
+2 can promote densification of Sp@eramics due to mole%) were prepared using the above oxides: (1)
formation of a solid solution with creation of oxygen 0.99 SnQ-0.01 CoO+ 0.05 mol% TaOs, and (2) 0.99
vacancies. SnG-0.01 CoO+ 0.075 mol% TaOs.

In a former study [8, 9] we have shown that the The powders with the above compositions were ball
CoO and NbOs doped Sn@ ceramic is single phase milled with zirconia balls in isopropyl alcohol media
and presents varistor behavior with=8.0. By adding  inside of a polypropylene jar during 18 h. Then the pow-
0.05 mol% of CyOs3 the system still is a single phase der was dried, inside an oven, at 200during 4 h. The
with the non linear coefficientincreasingie=41[10].  resulting powders were granulated in a 200 mesh sieve

The electric behavior of varistors is governed by theand uniaxialy pressed (in cylindrical shape 13.0 mm
presence of voltage barriers at the grain boundariediameter and 1.3 height) at 100 MPA reaching 55% of
[11, 12]. For a given varistor system each voltage barthe theoretical density (green density of 3.82 gitm
rier is characterized by a specific valye Considering Sintering of the pellets were performed in a tube fur-
the SnQ varistor microstructure, a Schottky type elec- nace at 1300C during 2 h. The furnace was heated to
trical barrier can be ascribed to be the mostlikely barrierl300°C by using heating rate of’&/min and cooled
at the SnQ@grain boundary since no intergranular insu- down using the same rate.
lating layer separating two Sn@rains was observed.  For microstructure analysis the samples were pol-
The negative surface charge at the grain boundary intetshed using sand paper and alumina powder and then
face is compensated by the positive charge in the graithermally etched at 125C during 15 minutes. AJEOL
depletion layer on both sides of interface [11]. (JSM T330A model) scanning electron microscope was

Therole of NBOs or TgpOsinthe SnGQ ceramicsisto  used for microstructure observations. Mean grain size,
increase the electronic conductivity of this ceramics aD, was determined by using the equation proposed by
reported by Lagt al.[13]. We have shown recently that Mendelson [15],D = 1.558L, wherelL is the average
the substitution of 0.05 mol% of NBs by TeOs inthe  intercept number between a series of random lines,
CoO doped Sn@ceramics increases the non-linear co-drawn in the micrograph, with the grain boundaries.
efficient from 8 to 13 [14]. The effect of small additions Crystalline phases were determined by using x-ray
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Diffraction (SIEMES model D-5000). A stabilized volt- Table |. The values for average grain sizes are larger
age source (TECTROL model TCH 3000-2) and twothan that for pure Sng£system [6]. For pure system the
digital multimeters (FLUKE 8050 A) were used for starting particle size is about Q.2n and after sintering
electrical characterization of the samples. The sinteredt 1300C for 3 h the grain size reaches values near
pellets were sand grinded before reaching 1 mm thick1.0 um. In Table I, the average grain size reaches value
ness and silver electrodes were deposited in both facdsetween 5 and Zm.

followed by heat treatment at 400 during 15 minutes. Phase analysis by XRD in both systems considered
The samples were then placed in a sample holder witin this study indicate only the crystalline phase of type
silver electrodes to measure electrical current with aptutile corresponding to SnO(Fig. 1). However the
plied voltage. Current-voltage curves were determinedhdditives concentrations used in this study were very

for different temperatures. small being bellow the XRD detection limit. Lattice
parameters, determined by the least square method,
3. Results and discussions showed small deviation of unit cell parametarandc

Average grain size and densities of the sintered systfa=4.737+0.003 andc = 3.185+0.002). The Sn@
tems at the conditions described above are shown istructure is characterized to present interstitial vacant
sites that allow the formation of solid solution. How-
TABLE | Relative density and mean grain size for theGadoped  ever, this phenomenon is not likely to occur since only
Sn(-CoO system sintered at 130for 2 h small distortion in the Sn@lattice is observed with
the addition of dopants. Moreover, the high observed
densification in these systems can only be explained

TapOs concentration  Relative density (%)  Mean grain sjzen

0.05 97.8 6.87 by the formation of extrinsic lattice defects due to sub-
0.075 97.3 5.68 stitution of C@*+ and/or C8* by the SA* ions. This
substitutional solid solution can be represented by the
12000 : e o1 . following equations:
Sno, 1
2 CoO— Cao§,+ Vg + EOZ’ (@h)
%‘ SN0, 3
51 ] Co03 — 2Cdy,+ Vi + 502. 2
I b
T Then, if oxygen is the controlling species for diffusion,
a L L J u the formation of these defects promotes the densifica-
0.0 ' : - 1 o tion of SnQ based ceramics.

5.0 .
26 (degrees) 750 The microstructures of the T@s doped Sn@CoO
Figure 1 X-ray diffractrograms for the 0.99Sp@.01CoO system ceramics are shown in Figs 2 and 3. The'se'mlcrograp'hs
containing two different TéOs concentrations: a) 0.05 mol%; and b) Show the presence offewtrappec_i poresinside the grains
0.075 mol%. or at the grain boundary. The increase of theGsa

18rkm BOBA13

Figure 2 SEM micrograph of the 0.05 mol% 7@s doped 0.99Sn®0.01Co0 system sintered at 13@for 2 h. The surface was thermally etched
at 1250C for 15 minutes.
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Figure 3 SEM micrograph of the 0.075 mol% @5 doped 0.99Sn®0.01Co0 system sintered at 13@for 2 h. The surface was thermally etched
at 1250C for 15 minutes.
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Figure 4 Characteristic IfE x InJ curves for the TgOs doped

0.995nQ-0.01C00 system sintered at 1300 for 2 h. Figure 5 Characteristic IfE x In J curves for the 0.05 mol% F&s

doped 0.99Sn®0.01Co0 system sintered at 13@for 2 h and mea-
sured at different temperatures.

concentration leads to the decrease in the ceramic grain

size. voltage barrier 4), which in ZnO based varistor is
The results of IrE versus InJ for the TaOs doped  about 2 to 4 volts/barrier [16—18]. Thus the following

SnG,-Co0 ceramics measured at room temperature argquation relates, andE;:

shown in Fig. 4. It is observed in this figure that the in-

crease in the Bs concentration from 0.05 to 0.075 E; = nuy,. ()

modifies substantially the electrical behavior of the

SnG-CoO ceramics. Fig. 5 displays the characteristicConsidering that is the thickness of the cylindrical

In E versus InJ curves, mea_SL_Jred at different temper—samp|e, andl is the mean grain size, then Equation 3
atures for the system containing 0.05 mol% of@&  can be given by:

As expected, the current leakage increase and the non

linear coefficientx decrease with increasing tempera- Lvp

ture testing. Er = d (4)
The varistor electrical behavior is governed by the

presence of electrical barriers at the grain boundaries of Therefore, for the studied systemsin thiswork, the in-

the ceramic material. Then the electric field breakdowrcrease ork, with the decrease id would be expected,

E; depends on the average number of electrical barrikeepingv, constant. However, the results show that

formed per unit length during sintering)(and on the  with the decrease in grain size the breakdown voltage
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TABLE Il Breakdown electric fieldE;), current leakagel() non- where A* is the Richardson constamt;, is the electric

linear coefficient ¢) and electric potential per barrier for the ;@ potential barrier height formed at the interface region

doped Sn@-CoO systems . s . ’
P e y E is the electric field an@ is a constant related to the

TagOs Measuring E; (V/cm) at b (V/ potential barrier widthe. The constang is given by:
concentration temp°C) 1 mAlcn? 1| (A) o barrier)
1
0.05 25 2940 Bx10® 130 2.0 1 2¢e3 2
0.05 50 2660 2x106 89 1.7 B=1l— 2 , (10)
0.05 75 2320 Fx10% 83 15 New TTE0EY
0.05 100 1910 3x10° 7.8 1.2
0.05 125 1550 A x 1<T:‘1 6.0 1.0 wheren is the number of grains per unit lengthis the
8-82 i?g 13;8 ﬁx i& g-g 8-; electron charges ande; are the vacuum and material
0.075 25 1810 Bx 105 30 11 dielectric permitivities, respectively) can be calcu-
lated by:

n L (12)

decrease from 2940 to 1910, as observed in Table II. —d’

These results can be explained by the increase in the
conductivity of the varistor system with increasing where L is the sample thickness anlis the mean
TapOs from 0.05 to 0.075. Other explanation for the grain size of Sn@varistor determined from the SEM
decrease in thE; is that the number of effective barrier micrograph.
decreases with increasing amount 0f@a The addi- The potential barriers can also be of the Poole-
tion of T&Os in SNG, produces similar effect as that of Frenkel type and thermal excitation of the trapped elec-
the NbOs in the SNQ-CoONb,O5 system studied by trons in the acceptors states, located at the interface, is
Pianarcet al.[8]. related to the electric field by the following equation:
These effects can be explained if one considers the
following defect formation reactions: _(¢b _ ZﬂE%)]

Jot = cEexp[ T

(12)

2Ta0s — s 4Tz, + VL, +50,  (5)
wherec is a material constant and the other parameters
m . X X are the same as described in Equation 9.
Van+2Vo = Ve +2Vo, ©) The plot of InJ as function ofEY/2 for different tem-
peratures of the 0.05 mol% doped 0.999D1Co0O
205 4+ Vg, — Oy + 2V + Vg, (7)  system are shown in Fig. 6. For low valuestbthese
curves are straight line and the extrapolation of these
As observed in Equation 5, Tacanreplacethe 3n  lines toE =0 give the values of current densityf for
ions producing tin vacancies. These vacancies couldifferent temperatures as shown in Fig. 6b. The plot of
react with intrinsic Sne oxygen vacancy annealing In J as function of IT isa straight line as represented
these defects as represented by Equation 6. Otherwisi, Fig. 7 and the slope of this curve gives the activation
SnG lattice oxygen can react according to Equation 7.energy for electronic transport. The potential barrier
restoring the oxygen vacancies and producing tin vaheight measured was 0.76 eV while the consfawas
cancies [13]. found to be 475 x 103 V1/2 cmt/2,
The electrical behavior of the studied systems for low
values of electrical field is similar (Fig. 4) and the elec-

trical conduction is of the thermionic type. In this kind T T T
of emission the current density has an exponential de A 100°C o £ a
. . . ta—— ohmic region—s| ) f
pendence with temperature, according to the following ®[ o 12s5¢ M 4 R i
equation [19]: Lo 150C | o Of@, ]
v 175C oW A
E l v o @ o2 AA‘ i
_ _—a 7 &P o9 A
J=J exp( kT) (8) 2 o . ° ‘AAA
-10 = 3 o® b Al —— nonohmic region— 7]

where Jy is a constantE, is the activation energy for - ! At 4
electron jumpk is the Boltzmann constant ard is a2k 4 J
the absolute temperature. Considering that the poter 4
tial barriers are of Schottky type separated by thin film i
and that the conduction mechanism is by thermionic -#4———t——"———"-——-——_"

emission, the current density is related to the electric

1R 172
field, E, by the following equation [20]: B2 (V/om)

Figure 6 (a) Characteristic Id x E/2 curves for the 0.05 mol% }®s

_ (¢b — BE %) doped 0.99Sn®0.01Co0 system sintered at 1300 for 2 h and mea-

Js = A*T? exp[ ” (9)  sured at different temperatures; (b) Extrapolation of thé nE*/ for
T ’ E=0.
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Figure 7 Curves of InJ x1/T for the 0.05 mol% TgOs doped
0.99SnQ-0.01Co0 system sintered at 13@for 2 h and measured

at different temperatures.
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Figure 8 Plot of InJ versus InE for the 0.05 mol% TgOs doped
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Figure 9 Atomic defect model proposed to explain the potential barrier
formation at the grain boundary of Sp@®@aristor system.

interface. These positive charges are oxygen vacancies
(V) and/or interstitial tin ions Sri, as well as other
positive defects suchiag,, promoted by substitutional
solid solution. Then the system SpGo0O TaOs, Sim-

ilar to ZnO based varistor, can be characterized by the
existence of low resistivity grains separated by high
electric resistivity boundaries.

4. Conclusions

The addition of 0.05 mol% of T®s to the
0.99SnQ-0.01Co0 system produced a varistor behav-
ior with a high non-linear coeficient«(= 13). Increas-

ing the TaOs concentration to 0.075 mol% decrease
grain size and promotes a dramatic increase in the leak-
age current and decrease in the non-linear coefficient.
This electric non-linear behavior is explained by the
formation of atomic defects that are responsible for the
formation of an electric potential barrier at the grain
boundaries. A Schottky type potential barrier was found

0.995nQ-0.01Co0 system sintered at 1300 for 2 h and measured at g petter represent the electronic emission transport at
differenttemperatures. Comparison with the theoretical curves predlctefhe linear pre-breakdown region (|OEI values) The

by the Schottky and Poole-Frenkel modefgfsx = 44.7 A-cm 2 K2,
Asg23k=0.12 Acm2 K_z, C373K = C423k = 54.6 A-cm?1 V_l).

To verify the electric conduction mechanism at low
current densities, the Equations 9 and 12 were plotted
and compared with the experimental data in the Fig. 8.2.
As observed inthis figure the bestfits for the experimen- 3.
tal data follow the Schottky type potential barrier. This
agreement occurs only in the region where the elec-,
tric conductivity is dependent on the temperature. For
higher electric fields wherd > 1 mA/cn? the curves 5.
have the tendency to converge in a single point. For this
region the conduction is affected by the distortion of the ©:
potential electric barrier, resulting in a decrease in its .
height, which facilitates the electronic transport. 8

The origin of the non linear behavior of the CoO and
TapO5 doped Sn@ ceramics can be explained by the °.
defect formation given in Equations 1, 2, 5, 6 and 7.
Then, in analogy to the atomic defect model propose&o'
by Gupta and Carlson [21] for ZnO based varistor, a;1.
similar model for Sn@ based ceramics can be pro- 12.
posed as represented in Fig. 9. Then, in this model, th&s.
negative charges at the interface came from tin vacan-
cies Vg and cations substitution such asd;oThese
electric charges are balanced by positive charges dis-
tributed within a region with a distance from the 15

.J. A. VARELA, O. J.

.S. A. PIANARO, P. R. BUENO, E.

measured potential barrier height was 0.76 eV.
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