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Abstract. The varistor effect in SnO,-Co,0,-Nb,O-Cr,O, ceramics with different additions is
accompanied by a strong humidity-sensitivity effect in the low-field electrical conductivity. The
low-field electrical conductivity and dielectric permittivity of ceramics are increased when air
relative humidity rises from 10 to 93%. Such effects are observed both in the samples prepared by
solid-phase sintering without or with CaO addition and in the samples prepared by liquid-phase
sintering with CuO or V,O, additions. The lowest humidity-sensitivity effect was found in the
liquid-phase sintering samples due to the more solid structures and the secondary phases which
are located between the SnO, grains. For the studied samples the values of humidity sensitivity
coefficient 1.8-103-3.2-10° at low electric fields and the nonlinearity coefficient 30-57 at high
electric fields (E, = 5.3-7 kV-cm™) were calculated. The properties of oxide ceramics are explained
by electrical conductivity which is controlled by the grain-boundary potential barriers. The barrier
height decreases with the increase both of air relative humidity at low electric fields and of voltage
at high electric fields. Strong humidity sensitivity is a key factor for sensor application of SnO -
based ceramics.
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CEHCOPH BOJIOTOCTI HA OCHOBI HATIIBITPOBIJIHUKOBOI BAPUCTOPHOI
KEPAMIKH $Sn0O,-Co,0,-Nb,0-Cr,0,

O. B. I'anonos

Anorauisi. Bapucropunii edexr y SnO,-Co,0,-Nb,O.-Cr,O, kepamili 3 pisHUMH JIOMiIIKaMH
CYIPOBO)KYBABCS CUIIBHUM BOJIOTOYYTJIMBUM €()EKTOM IS €JIEKTPUYHOI IPOBIAHOCTI y cllabKoMy
noJi. ENexTponpoBiiHICTh y CIIA0KUX TMOJISAX 1 JieJeKTpHUYHA MPOHUKHICTh KepaMiKu 3011bI1yBa-
JIMCh TIPH 3pOCTaHHI BiIHOCHOI BosorocTi moBiTps 3 10 1o 93%. Taki edexT crocTepiraiuch siK
JUTSE TBepAO-(ha3HUX CHHTE30BaHMX 3paskiB 0e3 abo 3 CaO moMIMIKor, Tak 1 JUIsl pigko-(hasHUX
cunTe30Banux 3paskis 3 CuO abo V,0, nomimkamu. HalimeHnry BoJOrouyTiIMBiCTh MalOTh PiJIKO-
(a3Hi cHHTE30BaH1 3pa3KH y 3B sA3KY 3 iX OUIBII HIIIEHOIO CTPYKTYPOIO i ICHYIOUUMH BTOPUHHUMHU
daszamu, sxi po3TamIoBYOTECS MiXk 3epHaMu SnO,. [l K0CIDKEHNX 3pa3KiB 00YMCIIEH] 3HAYEHHS
koedimienTa BojgoroayTauBocTi 1,8-10%-3,2-10° npu cnaOkux eNeKTPUYHKX IMOJSIX 1 KoedilieHTa
HeniniiHocTi 30-57 npy cunbHUX enexrpuuHux nojsx (E, = 5,3-7 kB-cm™). Bnactusocti okcu-
HOI KepaMiKi TOSICHIOIOTBCS €JIEKTPUYHOIO MPOBIJHICTIO, KA KOHTPOJIOETHCS MOTCHLIATbHUMHU
Oap’epamu Ha Mexax 3epeH. Bucora Oap’epiB 3MEHIIYETHCS SIK 31 30UTBIIICHHSM BiTHOCHOI BOJIO-
TOCTI OBITPS PU CIA0KUX EIEKTPHUYHUX MOJISX, TAK 1 HAIPYTH IPU CUIIBHUX eJIEKTPUYHHX MOJISX.
Bennka BOOrouyTiAMBICTD € KIIFOYOBUM (PAKTOPOM JIJIsi CEHCOPHOTO BHKOPUCTAHHS KEPaMiKHU Ha
ocHOBi Sn0O,.

Kiro4oBi cjioBa: ceHcop BOJIOTOCTI, OKCHJ] 0JI0BA, BAPUCTOP, OKCHIHA KepaMika, MeKa 3€peH,
€JICKTPUYHA MTPOBIIHICTh

CEHCOPBI BJIA’)KHOCTU HA OCHOBE MOJTYITPOBOJTHUKOBOW
BAPUCTOPHOI KEPAMMKH SnO -Co,0,-Nb,0_-Cr,0,

A. B. I'anonos

Annoranus. Bapucropueiit s¢pdexr 8 SnO,-Co,0,-Nb O.-Cr, O, kepamuke ¢ pa3iu4HbIMHA 10-
0aBKaMU COIPOBOXKJIAJICSI CUJIBHBIM BJIarO4yBCTBUTENIBHBIM 3(DPEKTOM AJisi AIEKTPUUECKON Hpo-
BOJIMMOCTH B cJIaOOM T10j1€. DIEKTPOIPOBOAHOCTh B CJIA0BIX MOJSAX U AUAJIEKTpUYECKas MPOHU-
L[aEMOCTh KEPAMMKH yBEJIMYUBAINCH IPU MOBBIIIEHUN OTHOCUTEIBHON BJIaXXHOCTH Bo3ayxa ¢ 10
110 93%. Takue 3¢ hexTsl HAOMIOIATUCH KaK JUIsl TBEPA0(A3HBIX CHHTE3UPOBAHHBIX 00pa3IloB 0€3
win ¢ CaO n06aBKOM, Tak ¥ I KHUAKOPA3HBIX CHHTE3UPOBaHHBIX 00pasuos ¢ CuO wm V, 0,
no0aBkamu. HauMeHbIIyi0 BIaro4yBCTBUTEIBHOCTh HMMEIOT JKUIKO(A3HbIE CHHTE3MPOBAHHBIE
o0pa3ipl B CBA3M € UX Oojiee MIIOTHOW CTPYKTYpPOM M CYLIECTBYIOIIMMH BTOPUYHBIMU (hazamu,
KOTOPBIE pa3MEIIATCs Mex Ly 3epHamu SnO,. [l neCnenoBaHHbIX 00pa3ioB BEIYMCIIEHBI 3HAYE-
Hust ko3 durrenTa BiaroayBcTBuTebHOCTH 1,8-10°-3,2-10° pu c1abbIX JMEKTPUUECKUX TTOJISAX
1 ko3pdunuenta nenuneitnocTu 30-57 npu CUIIBHBIX dNeKTpHueckux nonsax (E, = 5,3-7 kB-cm™).
CBolicTBa OKCUIHOW KEPAMHMKHU OOBSICHSIOTCS JJIEKTPUUYECKOW MPOBOJMMOCTBIO, KOTOpasi KOHT-
ponupyeTcs MOTeHLMaIbHBIMU OapbepaMM Ha TpaHUIlax 3epeH. Boicora 6apbepoB yMeHbIIAETCS
KaK IIPY MOBBIIIEHUH OTHOCUTEIBHOMN BIQYKHOCTHU BO3/LyXa IIPU CJIA0BIX AIEKTPUUECKUX MOJSIX, TaK
Y HaPsDKEHUS IPU CUJIBHBIX 3JIEKTPUUECKHX MOJIsAX. bosbIiast BlIarouyBCTBUTEIBHOCTD SIBIISETCS
KJIFOYEBBIM (DAKTOPOM JUISi CEHCOPHOTO UCTIONIb30BAHMsI KEPAMUKH Ha 0CHOBE SnO,.

KuroueBble ci10Ba: ceHCOp BIIaXKHOCTH, OKCH/T 0JI0BA, BAPUCTOP, OKCHUJIHASL KEpaMUKa, TpaHuIa
3epeH, ANEKTPUYEeCcKasi IPOBOJIUMOCTb
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1. INTRODUCTION

Tin dioxide is well known as a material for
the manufacture of gas sensors [1-4], humidity
sensors [3-7] and varistors [8-14]. The tin oxide
based ceramics has non-Ohmic electrical con-
ductivity which is caused by the grain-boundary
potential barriers [8 - 14]. It is the two Schottky
barriers at the SnO, grain boundaries which are
connected in opposite directions.

One of the important properties of SnO,-
based varistor ceramics is the sensitivity of its
electrical conductivity to the air relative humidi-
ty [3-8]. The humidity-sensitive or varistor prop-
erties can prevail depending upon the additions
to the ceramic samples. The combining of both
properties is due to the grain-boundary nature
of both effects [15-18]. Therefore the devices
with combined properties of a relative-humidity
sensor and a varistor can be used. For example,
such ceramics were investigated earlier in SnO,-
Zn0O-Co0 system with Si0,, GeO, or Bi,0, ad-
ditions [8] and in SnO,-Co,0,-Nb,0.-Cr,0O,
system with Bi,O, [15, 16], VO, [17] or CuO
[18] additions. The GeO,, Bi,0,, V,0, and CuO
oxides have low melting temperatures which
are less than burning temperatures of samples.
Therefore ceramics with these additions have
liquid phases in the process of sintering.

Recently we have found that CaO and BaO
additions to tin oxide based ceramics can pro-
vide varistor effect [19]. Such ceramics have no
liquid phases at sintering but have intergranular
inclusions. The behaviour of these ceramic ma-
terials in air with different relative humidity is
very important for sensor application.

In order to study the influence of different
oxides on the humidity sensitivity and other
electrical properties of SnO_-based ceramics we
investigated Sn0O,-Co,0,-Nb,O,-Cr,O, varistor
system with several additions prepared by solid-
phase sintering (without additions or with CaO
addition) and liquid-phase sintering (with CuO
or V,0O, additions). The electrical properties of
ceramics which were sintered differently have
not been thoroughly investigated before. The re-
ceived results are presented in this paper below.

2. EXPERIMENTAL DETAILS

The samples (99.4-x) SnO, - 0.5 Co,0, -
0.05 Nb,O; - 0.05 Cr,0, - x A (mol. %), where
x = 0 or 0.5, A = CaCO,, CuO or V,0,, were
prepared by a conventional mixture method.
Mixture of powders was wet-milled with dis-
tilled water, dried and pressed in tablets 12 mm
in diameter and about 0.7 mm thick under axial
pressure 45 MPa. Pressed tablets were sintered
in air at the temperatures 1250°C during 1 hour.
While heating the tablet with carbonate addi-
tion, the decomposition CaCO, with CO, emis-
sion took place and this compound changed into
CaO [19].

The microstructure of ceramics was studied
by the scanning electron microscope Zeiss Su-
pra 35VP. The shrinkage of the samples y was
calculated by the expression

_D,-D
DO

/4 ; (1

where D and D are the diameters of the sample
before and after sintering respectively.

Electrical characteristics were obtained after
storage of the samples in the room conditions
during four months after the sintering in order
to achieve the stability of their electrical prop-
erties [17]. In-Ga-eutectic electrodes were used
in tested samples. Current-voltage character-
istics were recorded by applying dc voltage in
air with fixed relative humidity w and measur-
ing the steady-state current. The possible self-
heating of samples during the measurement was
detected as the increase of current at a fixed
voltage. The results were obtained avoiding the
self-heating of the samples. They are presented
as the dependence of the current density j on the
electric field £ to compare properties of differ-
ent materials.

The nonlinearity coefficient f was calculated
by

_E dj _d(log,) _ log(ji/ )

o j dE  d(ogE) logE /E,,)’

2)

where E and £ are the applied electric fields cor-
responding to the current densities j, =1 mA-cm™
and j,,=0.1 mA-cm™ respectively.
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The fixed values of air relative humidity w in
the 10-93% range were obtained by putting sam-
ples into a closed chamber above the surface of
water solution of a proper salt for about 1 hour
before starting measurements. Current-voltage
characteristics were recorded at w, = 10% and
then at higher relative humidity. Before the next
increase of the relative humidity the samples
were kept again at w, = 10% and current-volt-
age characteristics were recorded again. The ir-
reversible changes of conductivity were not ob-
served. The humidity sensitivity coefficient
Oy “0,

S = 3)

O

wl

was calculated at electric field 0.5 E and rela-
tive humidity w, = 10% and w, = 93%.

The temperature dependence of dc electri-
cal conductivity o(7) was obtained at heating
of samples in air. It allows estimating the grain-
boundary potential barrier height ¢, in high-
temperature part of o(7) dependences. The val-
ues of ¢ is only slightly less than the activation
energy of electrical conduction £_[20] found by
formula

E, ~—02-Alogo (4)
A(1000/T)
where o is the electrical conductivity and 7 is
the absolute temperature. Low-temperature part
of o(T) dependences contains an anomalous area
related to non-zero relative humidity [15 - 18].

The dielectric permittivity of the ceramics at
different values of air relative humidity was cal-
culated by formula

o Ch
g, S ’ (5 )
where / is the sample thickness, S is the elec-
trode area and ¢, is the electric constant. The ca-
pacitance C at frequency 1 kHz was measured
by LCRG meter Tesla BM 591.

3. RESULTS AND DISCUSSION

3.1. Microstructure

The micrographs of all studied ceramic mate-
rials are shown in Fig. 1. The obtained parameters
for these samples are presented in Table 1. The
average grain size of SnO,-Co,0,-Nb,O.-Cr,0O,
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sample is 3.54 pm. This material was sintered
enough but its porosity is significant (Fig. 1a).
For that reason this ceramics has the environ-
mental sensitive effects. The sample with CaO
addition has the less porous structure (Fig. 1b)
and slightly less value of average grain size
(2.58 pum) than the SnO,-Co,0,-Nb,0.-Cr,O,
sample. It is probably connected with the seg-
regation of the ion Ca** with large ion radius
(104 pm) on the grain boundaries of SnO, (ion
radius for Sn** 67 pm) [19]. This leads to the
unfavorable conditions for SnO, grain growth
and the worsening of burning. This conclusion
is proved by a smaller value of linear shrinkage
for the sample with addition (6.25%) as com-
pared to that for the sample without CaO addi-
tion (8.25%). The SnO,, Co,0,, Nb,O,, Cr,O,
and CaO oxides have melting temperatures
which are considerably higher than the burning
temperature of ceramics (1250°C). Therefore
the sintering of samples with and without CaO
addition is a solid-phase one.
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(d)

Fig. 1. Micrographs of the as-sintered surface of SnO,-
C0,0,-Nb,0.-Cr,0, ceramics without (a) and with
CaO (b), CuO (¢) and V, O, (d) additions.

In the micrographs of ceramics with CuO
and V,0, additions the tin oxide grains and the
intergranular layers are seen (Figs. 1c and 1d).
These layers occur rather inhomogeneously
throughout such samples. They locate between
the SnO, grains at CuO addition (Fig. 1¢) and
even covered the surface of SnO, grains at V,0,
addition (Fig. 1d). These are CuO-pure [18] and
V,0,-pure [17] secondary phases which are lig-
uid at the high burning temperature and solidify
during cooling at the sintering. The CuO-rich
liquid phases foster the grain growth at high
temperatures in the process of burning [18].
Therefore the average grain size in such ceram-
ics (5.8 um) is more than that in the ceramics

without addition. The V,O.-rich intergranular
layers are randomly distributed throughout the
sample and inhibit the grain growth [17]. The
SnO, grains rise only to 3.23 um at sintering of
ceramics with V O, addition. The linear shrink-
age of SnO,-Co,0,-Nb,0.-Cr,0, samples with
CuO and V0O, additions is large enough (10.92
and 12.17% respectively). The great values of
the linear shrinkage confirm the presence of
a liquid component at burning and the forma-
tion of materials with the strong solid structure
(Figs. 1c and 1d). Thus, the sintering of ceram-
ics with CuO and V,0, additions is a liquid-
phase one.

The structural peculiarities of the studied
samples must correlate with their electrical prop-
erties. The appearance of different intergranular
inclusions and layers at the sintering can change
the conditions of grain-boundary potential bar-
rier formation. So, the electrical characteristics
of examined ceramics are investigated and pre-
sented below.

3.2. Electrical characteristics

Current-voltage characteristics of SnO,-
based ceramics with different additions mea-
sured in air at room conditions are presented in
coordinate j(E) in Fig. 2. The obtained electrical
parameters of this ceramics are presented in Ta-
ble 1. j(E) characteristic of SnCoNbCr sample is
highly nonlinear (Fig. 2, curve 1) with values of
nonlinearity coefficient f =~ 50 and breakdown
electric field £, = 5630 V-cm'. The relative di-
electric permittivity ¢ = 274 of this sample is
quite high due to the formation of the sufficient-
ly large grains (see Fig. 1a) and the existence
of thin depletion layers at the grain boundaries
[10, 12].

The CaO addition leads to the some increase
of electric field £, up to 7000 V-cm™ (Table 1)
though the value of nonlinearity coefficient re-
mains quite high (f# = 30). The observed increase
of the electric field £, in the sample with CaO
addition (Fig. 2, curve 2) is due to the decrease
of the average grain size (see Fig. 1b) and to the
increase of the number of grain boundaries per
unit length correspondingly. The relative dielec-
tric permittivity of the sample is also correlated
with average grain size [17]. Therefore the value
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of dielectric permittivity of the ceramics with
CaO addition ¢ = 78 is less than that for SnO,-
Co0,0,-Nb,0,-Cr,0, sample.

E, Vlem

Fig. 2. j(E) characteristics of SnO,-C0,0,-Nb,0_-Cr O,
ceramics without (1) and with CaO (2), CuO (3) and
V,0; (4) additions at room conditions.

In ceramics with CuO addition the average
grain size is larger than for the ceramics without
addition. So, the electric field £ is less (Fig. 2,
curve 3), but the dielectric permittivity is larger
(Table 1) than that of SnO,-Co,0,-Nb,0.-Cr,0,
ceramics. The sample with CuO addition exhib-
its quite large value of nonlinearity coefficient
S = 57. Probably, the tin oxide grains are wet
sufficiently by the CuO-pure liquid phases at the
sintering (see Fig. 1¢) and therefore the Co,O,
and Cr,O, oxides are homogeneously distrib-
uted on the sample. These additions are respon-
sible for the high nonlinearity of current-voltage
characteristics of the ceramics [10].

The VO, addition to the SnO_-Co,0,-Nb,O.-
Cr,O, ceramics causes the significant decrease
of the nonlinearity coefficient and the increase
of breakdown electric field (Fig. 2, curve 4). The
vanadium oxide forms quite conductive phas-
es which cover SnO, grains (see Fig. 1d) and
working as an electric shunt to the grain bound-
aries [17]. Therefore the nonlinearity of current-
voltage characteristics became considerable less
and it became impossible to reach the break-
down electric field £, (atj = 1 mA-cm?) in our
experiment. Besides, the sample with V,0O, ad-
dition exhibits lower value ¢ = 14 (Table 1) due
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to the influence of vanadium oxide phase with
not high relative dielectric permittivity [21, 22].

The high nonlinearity of current-voltage
characteristics in SnO,-Co,0,-Nb,0.-Cr,0, ce-
ramics and in ceramics with CaO and CuO ad-
ditions (f = 30 - 57) is attributed to the grain-
boundary nature of conductivity for different tin
oxide based varistors [8-19]. In these samples
the grains are quite conductive but grain-bound-
ary areas are resistive due to the formation of
grain-boundary potential barriers during sinter-
ing of ceramics in air atmosphere. Therefore the
Sn0O,-Co,0,-Nb,0,-Cr,0O, sample has low-field
electrical conductivity 6 =9.1-10""* Ohm'-cm’'.
The values of electrical conductivity became
larger with the addition of CuO and VO, oxides
to the ceramics (Table 1). Such samples have
quite conductive intergranular phases and, con-
sequently, the electrical conductivity of ceram-
ics increases.

The decrease of low-field conductivity ¢ up
to 3.5-10"° Ohm™'-cm™ is observed in the case
of CaO addition (Table 1). This effect is con-
nected with the decrease of the grain size (as
a result, the significant decrease of the grain
boundary cross-section and the increase of grain
neck resistivity) and also to the increase of the
grain-boundary potential barrier height (see lat-
er about this). The eftect with lowered low-field
conductivity is reproducible if air relative hu-
midity increases. In such conditions the sample
with CaO addition has the lowest electrical con-
ductivity.

2.4 26 28 30 3.2 34
10° 77K

Fig. 3. Temperature dependences of electrical conduc-
tivity of Sn0O,-Co,0,-Nb,0.-Cr,0, ceramics without
(1) and with CaO (2), CuO (3) and V, 0O, (4) additions.
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To explain the observed alteration of the low-
field conductivity in the ceramics with different
additions the temperature dependences of elec-
trical conductivity were investigated (Fig. 3).
The obtained values of the activation energy of
electrical conduction E_ of studied samples are
presented in Table 1.

and V, O, additions respectively. It causes the
increase of low-field electrical conductivity
in these samples (Fig. 2). With adding CaO in
Sn0O,-Co0,0,-Nb,0,-Cr,0O, ceramics the acti-
vation energy of electrical conduction slightly
increases up to 1.03 eV which leads to the de-
crease of conductivity (Fig. 2).

Parameters of SnO,-Co,0,-Nb,O_-Cr,O, ceramics with different additions at room conT(;litgzI}s'
Parameters Additions

— CaO CuO V,0;
Average grain size lg, um 3.54 2.58 5.80 3.23
Linear shrinkage y, % 8.25 6.25 10.92 12.17
Electric field £, V-cm' 5630 7000 5280 | 23710%*
Nonlinearity coefficient f 49.9 30.4 56.7 2.4%
Dielectric permittivity ¢ 274 78 489 14.4
Electrical conductivity o, Ohm™-cm’! 9.1-10% | 3.5-103 | 3.2-10"% | 4.5-10"
Activation energy of electrical conduction £, eV 0.97 1.03 0.91 0.94
Humidity sensitivity coefficient S 318180 | 220540 1830 8920

* atj=10%A-cm

All o(T) dependences are quite complicated:
they cannot be approximated by a straight line in
the whole studied temperature range 20 - 150°C
(Fig. 3). At low temperatures in the range about
20 - 50°C the decrease of low-field conductiv-
ity at heating is caused by desorption of water
molecules [15 - 18]. The humid air at room con-
ditions can penetrate inside the ceramics and
reach grain boundary areas. At heating water
molecules evaporate and electrical conductivity
of samples decreases (Fig. 3). Further tempera-
ture growth (50 - 150°C) gives thermally-acti-
vated increase of low-field conductivity.

The obtained value £_ = 0.97 eV for SnO,-
Co0,0,-Nb,0.-Cr,O, sample gives quite correct
estimation of the barrier height [20]. The ad-
dition of different oxides leads to some varia-
tion of a(7) dependences (Fig. 3). Commonly,
the values of activation energy are quite high
(Table 1). The weak decrease of £_up to 0.91
and 0.94 eV is found for ceramics with CuO

Thus, in the SnO,-Co,0,-Nb,0.-Cr,O, sam-
ple and in the ceramics with different additions
the electrical conductivity is controlled by the
grain-boundary potential barriers. The therm-
ionic emission across the barrier is the most

probable conduction mechanism near about
20 - 150°C.

3.3. Effect of humidity on the electrical
properties

Low-field electrical conductivity of various
tin oxide based ceramics is increased with the
growth of air relative humidity [3 - 8, 15 - 18].
However, the humidity sensitivity of solid-phase
sintering and liquid-phase sintering ceramic ma-
terials is studied insufficiently. Therefore we de-
cided to study current-voltage characteristics of
all obtained samples at different humidity of air.

For example, the j(E) dependences of SnO,-
Co0,0,-Nb,0,-Cr,0,-CuO ceramics measured in
air with various relative humidity are shown in
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Fig. 4. They are close to linear ones at low elec-
tric fields but they are highly nonlinear at higher
electric fields. The rise of relative humidity from
10 to 93% causes the strong shift of low-field
part of j(E) characteristics to higher current but
high-field part of these characteristics changes
weakly (Fig. 4). This effect is reversible and
reproducible. If such samples are placed in dry
air (with relative humidity 10%) after humid air
(with relative humidity 34 - 93%), then their
characteristics return to the initial state.

10
E, Viecm

Fig. 4. j(E) characteristics of SnO,-Co,0,-Nb,O.-
Cr,0,-CuO ceramics in air with relative humidity 10
(1), 34 (2), 51 (3), 82 (4) and 93% (5).

For comparison the humidity sensitivity of tin
oxide based ceramics with different additions,
we presented in Fig. 5 the j(E) characteristics
of all investigated samples in air with relative
humidity 10 and 93%. The rise of relative hu-
midity causes the increase of low-field electrical
conductivity for all ceramics. The sample with
CuO addition showed the lowest increase than
the other samples (Fig. 5). The intergranular
layers of CuO-pure secondary phases prevent
the access of the humid air into the electrical ac-
tive areas of grain boundaries and diminish the
role of barrier-related sensitivity mechanism.

26

10° 10’ 10° 10° 10*
E, Vicm

Fig. 5. j(E) characteristics of SnO,-Co0,0 -Nb,0_-Cr,0,

ceramics without (1, 1°) and with CaO (2, 2’), CuO (3,

3’) and V,0, (4, 4’) additions in air with relative hu-
midity 10% (1, 2, 3, 4) and 93% (1, 2°, 3%, 4°).

In order to estimate the influence of humidity
on the characteristics of studied samples the val-
ues of humidity sensitivity coefficient S are pre-
sented in Table 1. For the solid-phase sintering
ceramics the addition of CaO oxide causes the
decrease of the value S. It can be explained by
the segregation of the secondary solid phases at
the grain boundaries [19] and the decrease of the
environmental influence on the electrical prop-
erties of ceramics. For the liquid-phase sintering
samples with CuO and V, O, additions the hu-
midity sensitivity is less (Table 1) because such
ceramics are more solid and less porous. Be-
sides, solidified at sintering the CuO and V,0;
secondary liquid phases located at grain bound-
ary areas and even cover surface of SnO, grains
(see Figs. 1c and 1d) and partially prevent the
penetration of humid air into the grain bound-
aries. For that reason the electrical conductiv-
ity increases less at higher humidity. Therefore
humidity sensitivity of liquid-phase sintering
samples is lower than that of the solid-phase
sintering ceramics.

The high humidity sensitivity of studied ma-
terial is explained by the grain boundary con-
trolled conduction mechanism [8, 15 - 18]. The
observed increase of the low-field electrical
conductivity with the rise of air relative humid-
ity (Figs. 4 and 5) can be caused by the decrease
of the grain-boundary barrier height. It was
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shown earlier that the potential barrier height
decreases only by nearly 20% if air relative hu-
midity reaches about 80% [16]. Therefore the
grain-boundary potential barriers at high humid-
ity are still sufficiently high to be decreased at
high voltages. Thus, highly-nonlinear j(E) de-
pendences are still observed at high values of
relative humidity (Figs. 4 and 5).

The rise of low-field electrical conductivity
at the increase of air relative humidity is con-
nected with the adsorption of water molecules
at the near-surface areas of studied ceramics.
These molecules can dissociate according to the
equation

H,O— H" +0OH . (6)

The quite mobile proton H" can penetrate to
the grain-boundary areas and interact with ox-
ygen which has been chemisorbed there at the
sintering of ceramics in oxidizing atmosphere.
For that reason the total negative charge at the
near-surface grain boundary can become lower
in absolute value. This leads to the decrease of
potential barrier heights. Therefore in air with
higher relative humidity the grain-boundary
barriers are lower at the near-surface areas of
sample and the low-field electrical conductivity
of ceramics is larger than in air with lower rela-
tive humidity.

If the samples were placed into the dry air
(with relative humidity 10%) after recording
of current-voltage characteristics, desorption
of water molecules began. The grain-boundary
potential barrier heights are increasing and the
low-field electrical conductivity of samples is
decreasing. The j(E) characteristics return to the
initial state.

The existence of the grain-boundary poten-
tial barriers in studied ceramics is confirmed by
the following observed facts: strong non-Ohmic
conduction at relatively low electric fields (see
Fig. 2), thermally-activated electrical conductiv-
ity (see Fig. 3) and reversible increase of dielec-
tric permittivity with the rise of relative humid-
ity. The last statement is related to the decrease
of grain-boundary barrier height as well as the
width of these barriers at higher air humidity.
The less the grain-boundary barrier width is the

larger dielectric permittivity of sample is. This
conclusion is proved by the values of dielectric
permittivity for all samples with different addi-
tions (Table 2). The dielectric permittivity of ce-
ramics is increasing with the rise of air relative
humidity.

Table 2.

Dielectric permittivity of SnO,-Co,0O,-

Nb,O.-Cr,O, ceramics without and with

Ca0O, CuO and V,O, additions at different
values of air relative humidity

Relative Additions

humidity. | 20 | cuo | V0,
%
10 2457 | 77.2 |483.3| 14.2
34 2545 | 77.5 |484.3| 143
51 275.8 | 86.7 [505.8| 27.1
82 399.1 |223.5569.4| 3759
93 885.1 |265.5(677.01876147

Thus, the discussed humidity-sensitive effect
in tin oxide based ceramics leads to the increase
of low-field electrical conductivity in humid air
in comparison with dry air. The obtained results
for SnO,-based humidity-sensitive ceramics al-
low using it as the sensors that are the devices
for measuring the air relative humidity.

4. CONCLUSIONS

The humidity-sensitive properties and varis-
tor characteristics are observed in solid-phase
and liquid-phase sintering of SnO,-based ce-
ramics with different additions. These peculiari-
ties are explained by the decrease of the grain-
boundary potential barrier height and width on
relative humidity (at low electric fields) and on
voltage (at high electric fields). The estimated
values of barrier height of studied samples are
0.91 - 1.03 eV. Low-field electrical conductiv-
ity and dielectric permittivity of investigated ce-
ramics are increased with the rise of air relative

27



O. B. I'annonos

humidity. The lowest humidity sensitivity coef-
ficient S = 1830 and highest nonlinearity coet-
ficient # = 57 at electric field £, = 5280 V-cm'
were obtained for SnO,-Co,0,-Nb,0.-Cr,0O,-
CuO sample. The values S is decreased with
CaO addition (solid-phase sintering) and greatly
decreased with CuO and V0 additions (liquid-
phase sintering). The CaO addition provides the
lowest value of low-field electrical conductivity
for studied samples. The observed decrease of
the conductivity at low field correlates with the
experimentally found increase of the activation
energy of electrical conduction and the decrease
of the grain size. The studied ceramics are pro-
spective materials for humidity sensors and va-
ristor production.
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Summary

The aim of this article is to study the influence of different oxides on the humidity-sensitivity
properties and electrical characteristics of SnO,-based semiconductor ceramics. In this paper we
have investigated SnO,-Co,0,-Nb,O.-Cr,O, varistor ceramics with three various additions prepared
by solid-phase sintering (without or with CaO addition) and liquid-phase sintering (with CuO or
V, 0, additions).

The microstructure of samples was studied by the scanning electron microscope. The current-
voltage characteristics, the values of dielectric permittivity of the ceramics at air relative humidity
10 - 93% and the temperature dependences of electrical conductivity were recorded.

The low-field electrical conductivity and dielectric permittivity of ceramics are increased when
air relative humidity rises from 10 to 93%. Such effects are observed both in the samples prepared
by solid-phase sintering and in the samples prepared by liquid-phase sintering. The lowest humidity-
sensitivity effect was found in the liquid-phase sintering samples due to the more solid structures
and the secondary phases which are located between the SnO, grains. For the studied samples the
values of humidity sensitivity coefficient 1.8-10°-3.2-10° at low electric fields and the nonlinearity
coefficient 30-57 at high electric fields (£,=5.3-7 kV-cm™) were calculated.

The properties of oxide ceramics are explained by electrical conductivity which is controlled by
the grain-boundary potential barriers. The barrier height decreases with the increase both of air rela-
tive humidity at low electric fields and of voltage at high electric fields. Strong humidity sensitivity
is a key factor for sensor application of SnO,-based ceramics.

Keywords: humidity sensor, tin oxide, varistor, oxide ceramics, grain boundary, electrical con-
ductivity
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Pedepar

Mertoto 1i€i CTaTTi € BUBYEHHS BIUIMBY PI3HUX OKCHJIIB Ha BOJIOTOYYTJIMBI BIACTUBOCTI i elleK-
TPUYHI XapaKTEPUCTUKHU HAIlIBIIPOBIHUKOBOI Kepamiku Ha 0CcHOBI SnO,. B wiii po6oTi Mu mposesu
nocniukeHHs BapuctopHoi kepamiku Sn0O,-Co,0,-Nb,O-Cr,0, 3 TpboMa pi3HUMH JOMIlIKaMH,
BUTOTOBJICHOI IUISIXOM TBEpA0-(hazHoro cuHTe3y (6e3 a60 3 CaO moMimikoro) 1 piako-(ha3HoOro CHH-
te3y (3 CuO abo V, O, nomimkamn).

MikpocTpyKTypa 3pa3KiB 10CIHI/PKEHA B CKAHYIOUOMY €JIEKTPOHHOMY Mikpockori. bynu 3apee-
CTPOBaHI BOJIBT-aMIIEPHI XapaKTEPUCTUKH, 3HAUYCHHS A1CIEKTPUIHOT MPOHUKHOCTI KepaMiKu MpH
BiJTHOCHIH Bostorocti noBiTps 10 - 93% 1 TemneparypHi 3aJ1€KHOCTI €1eKTPUYHOI TPOBIIHOCTI.

EnexTponpoBigHicTh y CTAOKUX MOMAX 1 TieeKTpUIHA TPOHUKHICTh KepaMiKH 301IbITYBAIUChH
IpU 3pocTaHHi BiHOCHOI BojorocTi moBiTps 3 10 10 93%. Taki edextu crocTepiraiuch K A
TBEpIO-(Pa3HUX CUHTE30BAHUX 3pa3KiB, Tak 1 A piaKo-(ha3HUX CUHTE30BaHUX 3pa3kiB. HaliMeH-
Ty BOJIOTOYYTJIMBICTh MArOTh PiaKO-(ha3HI CHHTE30BaHI 3pa3Ku y 3B’S3KYy 3 iX OLIBIN IILIHHOIO
CTPYKTYPOIO i iCHYIOYMMHM BTOPUHHUMH (hasaMu, sIKi pO3TamIOBYIOThCs MiXK 3epHamu SnO,. Js
JOCIIDKEHUX 3pa3KiB 004MCIIeHI 3HaYeHHs koedimienta BoiorouyimBocti 1,8:10°-3,2-10° mpu
cMabKuX eNEeKTPUYHUX TOJIAX 1 KoedilieHTa HenmiHiHHOCTI 30 - 57 IpH CHIIBHUX €JIEKTPUIHHUX I10-
nax (£ =5,3-7 kB-em™).

BnacTuBoCTI OKCHJHOT KepaMiKH MOSCHIOIOTHCS €JEKTPUYHOIO MPOBIIHICTIO, SIKa KOHTPOJIIO-
€ThCS TIOTEHIIIAJILBHUMH 0ap’epaMu Ha Mekax 3epeH. Bucora Gap’epiB 3MEHITYEThCS SIK 31 3017Tb-
IICHHSM BiTHOCHOI BOJIOTOCTI MOBITPS MPU CIA0KUX EIEKTPUYHUX MOJISX, TAK 1 HAIPYTH IPU CHITb-
HUX €JIEKTPUYHUX MOJISIX. Benrka BOJIOrOuyTIHBICTh € KIIFOYOBUM (PaKTOPOM JUIsi CEHCOPHOTO BH-
KOPHCTaHHs KepaMiku Ha 0cHOBI SnO.,.

Kiro4oBi cjioBa: ceHcop BOJIOTOCTI, OKCHJ] 0JI0BA, BAPUCTOP, OKCHIHA KepaMika, MeKa 3€peH,
€JIEKTPUYHA [TPOB1IHICTh
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