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Electrical Properties of K,O-Doped Bag 551y 5T103
Ceramic Humidity Sensor

YUAN-CHANG YEH anp T. Y. TSENG

Abstract—A ceramic humidity sensor using Bag sSrq sTiO; doped with a
few molar percent of potassium oxide was studied. It was characterized
by long life, was reversible without repeated high-temperature thermal
desorption processes, and conductance against relative humidity (RH)
sensitivity, as high as four orders of magnitude, was found at low
frequencies. This sensor showed a good exponential relationship between
the conductance, RH, and temperature at low frequencies. The plots of
the relative dielectric dispersion against RH showed that it had an
apparent dielectric constant increase at low frequency as a result of the
electrode and water molecular polarization effects. By complex impe-
dance plots with a ‘“‘non-Debye”’ capacitor concept, an equivalent circuit
model was established which could well simulate all the electrical
properties of the sensor in the range of 65-95 percent RH for all measured
temperatures (25°C-85°C) and frequencies (5 Hz-13 MHz). In the
measurement of this sensor, an inductance loop over the low RH (15 and
30 percent) and low frequencies (5 to 40 Hz) range was observed, which
might be due to the desorption of water vapor at the electrode surface for
reduction reactions.

INTRODUCTION

OME metal oxide materials can easily adsorb water vapor,

and adsorption of the surrounding water vapor can enhance
the surface electrical conductivity and dielectric constant of
the metal oxide [1], [2]. Using these properties, there are
many porous metal oxides used for ceramic humidity sensors
[31-51

For a material to be a good humidity sensor, the following
major characteristics are required: 1) large sensitivity, 2)
reversibility, 3) fast response time, 4) long life, 5) small
temperature dependence, 6) chemical and thermal stability. In
general, the ceramic humidity sensor is both chemically and
thermally stable, but the sensitivity of the ceramic sensors
depends on the material itself, the porous structure, and the
number of defect lattice sites and ‘‘nonlattice’’ oxygen atoms
at the oxide surfaces [6]. The surface hydroxyl groups of the
metal oxides can be removed by condensation dehydration
upon heat treatment of the sample in vacuo, but the removal
temperature used differs depending on the nature of the
material itself [7], so it is possible to have a reversible
humidity sensor operated at room temperature without the help
of repeated heat cleaning cycles.

In our previous study [8], it was found that porous
perovskite-type Bag sSr s TiO; oxides can be used as a ceramic
humidity sensor at room temperature (25°C), its conductance
versus RH sensitivity over 15-95 percent range is about three
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orders of magnitude at low frequencies. In this paper, we
further investigate the electrical properties for this kind of
material doped with a few molar percent of potassium oxide.
The sensitivity can be increased over four orders of magnitude
for this new composition. Besides, we will discuss the relative
dielectric dispersion and absorption versus frequency relation
of this sample in the presence of adsorbed water. Finally, an
equivalent circuit model is provided which can well simulate
the electrical properties of this sensor under high-moisture
atmosphere (65-95 percent RH) for all measured temperature
ranges (25°C-85°C).

In general, there are three electrical parameters used to
describe the electrical properties of the material. They are
complex admittance (Y), complex impedance (Z), and
complex relative dielectric constant (k*). They have the
following transformation relationships:

Y()=GW)+iBw)=Z(@) '=[R(@)+iX(@)]' 1)
and
A
Y(w) =iwk *(w)eo E:iweo[k’(w)—ik”(w)]% 2)

where Y, Z, G, B, R, X, k', k", and ¢ are symbols of
admittance, impedance, conductance, susceptance, resistance,
reactance, relative dielectric dispersion, relative dielectric
absorption, and the permittivity of free space, respectively. A
is the cross-section area of the sample, and d is the thickness of
the sample.

EXPERIMENTAL
A. Specimen Preparation

The raw materials in preparing the specimen were BaTiOs,
Sr(OH),-8H,0, TiO,, and K,COs. A proper amount of mixed
powders was ball-milled in acetone for 20 h, dried to
evaporate the acetone, and calcined at 1100°C for 2 h.
The calcined powders were then ball-milled in acetone for
10 h, dried again, and sifted through a 140-mesh screen to pro-
duce the starting mixture powders of a composition of
Bay 51y sTiO3-(K,0),. The starting powders were pressed
into discs of 10 mm in diameter and 2 mm in thickness, then
the discs were placed in a platinum crucible and sintered at
1250°C for 1 h, the sintered compact was named the BSK
sample.

B. Measurements

The crystalline phases were identified at room temperature
by the standard X-ray (XRD) technique. The BSK sample had
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Scanning eleg on rhicrograph of fracture surface of the BSK sintered
compact.

Fig. 1.

the same pattern as single-phase Bag sSro s TiO3. The fired bulk
density and open porosity obtained by the Archimeds tech-
niques were 4.08 g/cm® and 22 percent, respectively. The
specific surface area of this disc was 0.37 m%/g, which was
determined by the BET method, using N, gas. The microstruc-
ture was examined by scanning electron micrograph (SEM).
The average grain size was 1.2 um as determined by the linear
intercept technique from the micrograph of sample fracture
surface as shown in Fig. 1.

The electrical properties were measured by using a two-
probe method with evaporated gold electrode applied to the
opposite faces of the fired discs. The ambient atmosphere of
humility and temperature were controlled by a Multi-Function
and Programmable Temperature/Humidity test chamber. Hu-
midity was controlled over 15-95 percent RH range within an
accuracy of +2 percent, and the temperature was controlled
over 25°C-85°C range within an accuracy of +0.1 percent.
Conductance and susceptance of the sample were measured
with an impedance analyzer.

REsuLTs AND DiscussioN

The comparatively stable and reversible operation of the
sensor measured at ac 1 V (400 Hz) is shown in Fig. 2, where
curve A was measured soon after the devices were made and
the measuring condition was controlled at 25°C from low RH
to high RH, and curves B, C, and D are the measured results
of the sample exposed to the controlled temperature at 45°C,
65°C, and 85°C from low RH to high RH for 3, 6, and 9
weeks, respectively. The figure indicates that the conductance
of this sensor has only a very small variation at 15 percent RH
for 25°C and 45°C, even though curve B was measured after
the sample was exposed to high-moisture atmosphere for a
long time. It has a small increase at higher temperature. This
means that the sensor is reversible without high-temperature
cleaning cycles to remove the surface hydroxyl groups. It also
indicates that the conductance against RH sensitivity is as
much as four orders of magnitude, and has a good exponential
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Log-conductance against RH characteristic curves of BSK sample at
ac 1 V (400 Hz) and 25°C-85°C.

Fig. 2.

linear relation at fixed temperature as
G(H)=Gu(T) exp (m(T)xH) A3)

where H is the relative humidity, G, (T ) is the conductance of
the sample at 7(°C) and 15 percent RH, and m(T) is the
slope of the log-conductance against RH at temperature
T(°C). The slopes m(T') of this sensor for temperature at
25°C, 45°C, 65°C, and 85°C are 12.05, 11.95, 11.84, and
11.40, respectively.

Fig. 3 shows the temperature dependence of the sensor
under different RH. It indicates that log-conductance against
reciprocal temperature of the sample at fixed RH has a good
linear relationship and can be expressed as

G(T, H)y=Gr(H) exp [E(H)/KT] )

where E is the activation energy under different RH, K is the
Boltzmann constant, H is the relative humidity, and Gr(H') is
the conductance at 25°C for different RH. The activation
energy of this sample for RH at 15, 30, 50, 65, 80, and 95
percent is 0.14, 0.12, 0.10, 0.10, 0.05, and 0.06 eV,
respectively. Its magnitude is almost decreased with increas-
ing RH. It agrees with the known effect that increasing water
vapor can lower the activation energy of the sensor [9],
resulting in an increase in the surface conductivity. Table I
gives the characteristics of the sintered compacts manufac-
tured by pure BagsSrysTiO; sintered at 1200°C (BS1) and
K,0-doped BagsSrqsTiO; sintered at 1250°C (BSK). The
porosity and specific surface area of the former are larger than
those of the latter, but the conductance-humidity sensitivity
measured at 25°C is much smaller. It may be attributed to the
influence of the defect lattice sites and ‘‘nonlattice’” oxygen
atoms at oxide surfaces on water adsorption [6], [10], that is,
doping with potassium oxide can create more surface defect
lattice sites or oxygen vacancies, resulting in an increase in the
efficient adsorption sites for water vapor adsorption.



YEH AND TSENG: Ba, 5S10sTiO; CERAMIC HUMIDITY SENSOR

|t
——— o
— e
—

Log conductance (mho)
T

-8 1 " I L 1 B R
28 3 32 3.4
_IC%X)_ ('K)“f

Fig. 3. Temperature dependence of the BSK sample at ac 1 V (400 Hz) and

15-95 percent RH.

TABLE I
COMPARISON OF THE CHARACTERISTICS FOR BS1 AND BSK SAMPLES

Avg. Specific Slope
Relative Open Grain Surface m(T)
Specimen Density Porosity ~ Size Area  Sensitivity at
Number (%thero) (%thero)  (um) (m?g) (orders) 25°C
BS1 64 31 0.6 0.95 3 12.0
BSK 74 22 1.2 0.37 4 8.9

Fig. 4 shows the log k&’ against RH curves measured at
25°C for different frequencies. It indicates that 1) £’ is almost
the same for all frequencies at 15 percent RH; 2) £’ is almost
the same for all RH at 3 MHz; 3) k£’ increases as RH increases
and the amount of increase is higher at lower frequencies; 4)
the magnitude of k£’ can be increased about 2.5 orders of
magnitude at 200 Hz; 5) k£’ increases sharply under high RH
atmosphere at low frequencies. It means that at extremely low
RH (15 percent), there is no hydroxyl groups formed on the
surface, so it exhibits the intrinsic behavior of the sample,
which behaves like a dielectric with a relative dielectric
constant of about 800. When some water is adsorbed, it can
form hydroxyl groups, and each water molecule is bonded to
two hydroxyl groups. When more water is adsorbed, it can
form an ice-like cluster, and each water molecule is only
singly bonded to a hydroxyl group. Water molecules bound to
the surface with two hydrogen bonds will not be as free to
reorient in an applied electric field as those which are singly
bonded. Thus the singly bonded H,O will make a greater
contribution to the dielectric constant than the doubly bonded
H,0 [1]. Besides, for ionic conductivity electrode reactions
are required at the electrode surfaces to provide a source and
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Fig. 5. The complex impedance planes for BSK sample at 80 percent RH

and 25°C-85°C.

sink for the charge carriers. When this reaction cannot keep up
with the large number of charge carriers arriving at or
departing from an electrode during any half-cycle, electrode
polarization and an increased apparent dielectric constant
result [11], so the increasing relative dielectric dispersion at
lower frequencies is due to the water molecular and electrode
polarization effects.

Fig. 5 shows the complex impedance planes of the sample
measured at 80 percent RH between 25°C and 85°C. They
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appear to give inclined semicircles passing through or close to
the origin and have their axes depressed below the real axis by
an angle (1 — m)w/2 at sufficiently high frequencies.
However, at lower frequencies, these semicircles go over into
what appears to be the beginning of another inclined semicir-
cle, which is inclined to the vertical by an angle (1 — n,)#/2.
This kind of inclined semicircle complex plane was also
observed for many solid electrolytes and dielectrics, which
had been well explained by Jonscher [12], [13]. He proposed a
‘‘universal law’’ [12] for many solid ionics and dielectrics,
that a parallel combination of frequency-independent conduc-
tance G and a dispersive frequency-dependent capacitance
Cn(w) will give an inclined complex plane. He terms Cn(w)
as ‘‘non-Debye’’ capacitance, which is given by the following
relation:

Cn(w)=C(iw)" . &)

Using this relation, the admittance of this capacitance can be
expressed as

Y ()= iwCn=C(iw)"=C [cos (nw/2)+1i sin (n7/2)]w".

(6)

In the same way, the impedance of a parallel combination of a
frequency-independent conductance G and a ‘‘non-Debye’
capacitance Cn(w) can be written as
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with
R(w)= G+ C [cos (nw/2)]w"
nw 2 nmw 2
[G+C<cos———> wn] +[C (sin__) wn]
2 2
and ®)
X (@)= C [sin (n7/2)]w" |
2 2
[G+C <cos n_1r> w"] + [C (Sin n_1r> wn]
2 2
)

Using these relationships, the equivalent circuit model of this
sample is shown in Fig. 6, where R,, R, Cysn, R,, and Ce,
represent the grain resistance, grain surface resistance, grain
surface ‘‘non-Debye’” capacitance, electrode contact surface
resistance, and electrode contact surface ‘‘non-Debye’’ capac-
itance, respectively. The series inductance L is also consid-
ered, for there are some high-frequency noise interferences
entering the measuring line. Using this equivalent circuit
model, and letting the ‘‘non-Debye’’ capacitances be

Con=Ci(iw)"1~! and Cge= Coiw)2™! (10)

then the equivalent impedance of this model can be written as
follows:

Z(w)=R(w) — iX(w) (11
Z@)=[Y()] '=[G+C(iw)"] '=R(w)—iX(w) (7) with
2o [ ()]
—+C, {cos > W™
R(w)=R,+— cl
[zre () o] e[ (n5) o]
—+Cylcos— w2 | +|C{sin— | w™
Rgs 2 2
oo = (5)]
—+C; |cos | — w™
R, 2
+ - (12)
1 1 2 .omm 2
[—+C1 (cos —) w"l] + [C1 <sm——> w"l]
R, 2 2
and
C, [sin (_n2_1r>:| w2
X(w)=—-wlL+ " - .
l:—+ C; <cos n_z'{> w"2] + [Cz <s'm n_2_> w"Z]
&s 2
R mwn
Cy [s1n (—2—)] w"t
. (13)
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Fig. 6. The equivalent circuit of the BSK sample with a series interference
inductance.

Fig. 7 shows the complex impedance graph measured at 95
percent RH between 25°C and 85°C accompanied by the
simulation results using the above formula for each condition.
1t fits very well for all these conditions. The fitting parameter
values for these conditions are listed in Table II. Table II
indicates that 1) all the n; and n, are the same for all measured
temperatures; it means that temperature does not change the
high-frequency and low-frequency inclined angles; 2) R, is not
affected by the temperature variation; 3) R, decreases with
increasing temperature, i.e., the charge carrier can move
faster due to the larger mobility at higher temperature; 4) C is
far larger than C,, i.e., the electrode polarization effect is
much stronger than the grain surface molecular polarization
effect. Taking these data to analyze the electrical properties of
this sample at low frequencies, it is found that at frequencies
below 4 kHz, (12) and (13) can be approximated as follows:

cos (n;7/2)

R(@)=Ry+ Ryt ——

(14)

and
sin (n,7/2) 1

X(@)= Cio™ - CioM

15)

(since n; = 0.867 and sin (0.8677/2) = 1).
Combining (14) and (15), the relative dielectric dispersion
at low frequencies can be expressed as follows:

X(w)
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The measured (symbols) and simulated (lines) complex impedance
curves of the BSK sample at 95 percent RH and 25°C-85°C.

Fig. 7.

TABLE 1
SIMULATION PARAMETER VALUES OF THE BSK SAMPLE AT 95-PERCENT
RH AND 25°C-85°C

Temperature R, R C, C, L R,
O @ @ (@F) @F) n n (uH) (k)
25 25 897 19 75 0.867 0.82 035 7
45 25 728 25 6.0 0.867 0.8 035 6
65 25 664 28 55 087 08 035 5
85 25 602 32 S50 087 08 035 4

This indicates that k’(w) is inversely proportional to C,,
w™*l, and (R, + R,)?. It agrees with the previous statements
that dielectric dispersion decreased with increasing frequency,
and is verified by the relative dielectric dispersion against
frequency graph measured at 65°C for different RH as shown
in Fig. 8. In this figure, it is found that k'(w) is almost
proportional to w~"1~! at low frequencies from 65 to 95
percent RH range, and the loss tangent (k”/k’) peak is
shifting to higher frequency at higher RH. Besides, the
simulated results indicate that k&’(w) is almost proportional to
w~"~ 1 gver 100-4 kHz, 10-400 Hz, and 5-100 Hz frequency

k' ()=

weg[R(w)?+ X (w)?] %

dA

- weg{[R, + Rgs+cos (nyn/2)/(Ciw™)]1? +[1/(Ciw™)]?} Ciw™

because at frequencies between 100 Hz and 4 kHz, R, + R,
> >1/(Ciw™), so (16) can be further reduced to

d’A

k'(w)= .
@) weg(Rg+ Ry5)*Cro™

a7

(16)

ranges (FR1) for 95, 80, and 65 percent RH, respectively. The
high-frequency end in each frequency range increased with
increasing RH, so the loss tangent peak would be shifted to
higher frequency at higher RH.

The simulation parameter values for the sample under 25°C
and 65-95 percent RH range are listed in Table III. The
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Fig. 8. The measured (symbols) and simulated (lines) log " and log tan é
versus frequency curves of the BSK sample at 25°C for 65 percent (A), 80
percent (O), and 95 percent ((J) RH.

TABLE I
SIMULATION PARAMETER VALUES OF THE BSK SAMPLE AT 25°C AND
65-95 PERCENT RH

Relative
Humidity R, R, C, C; L R,
(%) @ @@ @h @©F) m n,  (pH) (k@)
95 25 897 19.0 7.5 0.867 0.82 0.35 7
80 25 4827 130 7.0 0.880 0.81 0.35 700
65 25 29000 85 6.0 0.880 0.79 0.35 70000

measured and the simulated relative dielectric dispersion and
loss tangent curves are shown in Fig. 8. It indicates that the
simulated results fit very well with the measured results for the
whole frequency range at 80 and 95 percent RH, but it has a
little deviation from the measured result at frequency above
100 kHz for 65 percent RH.

Fig. 9 shows that the simulated k" (w) results fit very well
with the measured results for the whole frequency range at
25°C and 65-95 percent RH. It appears that k" (w) is almost
inversely proportional to w~! at low and median frequencies.
This relationship can be derived from k”(w) formula

K (@)= G(w) B R(w) (18)
@)= A7d) welR%@) + X@)A/d)

Putting simulation parameter values into (12) and (13), it can
be calculated that R(w)/[R3(w) + X*(w)] will be a constant
(=R, 1) over 100-200 kHz, 10-60 kHz, and 5-20 kHz
frequency ranges (FR2) for 95, 80, and 65 percent RH,
respectively. Thus k” (w) in these frequency ranges is approx-
imately proportional to w™~! and R o !, This result agrees with

the curves shown in Fig. 9.
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Fig. 9. The measured (symbols) and simulated (lines) log k” versus
frequency curves of the BSK sample at 25°C for 65 percent (1), 80 percent
(O), and 95 percent (A) RH.

Each FR2 frequency range calculated at fixed RH is much
wider and covers each FR1 frequency range calculated at the
same RH. Besides, k’(w) decreases much slower at the
frequency above the high-frequency end of each calculated
FR1 frequency range. Thus the loss tangent (tan §) shows a
loss peak at the high-frequency end of each FR1 frequency
range, which are 100, 400, and 4 kHz for 65, 80, and 95
percent RH, respectively. It agrees with the measured results
as shown in Fig. 8.

From Table III, it is seen that 1) R, decreases with
increasing RH, and approximately follows the following
relation:

R gs (H l)
RgJ(H 2)

~exp [(Hy— H)) xm(25°C)] (19)

where m(25°C) = 12.05 as stated previously, and H;, H;
denote two different RH. It means that increasing RH can
increase the concentration of charge carriers, resulting in an
increase in the grain surface conductivity; 2) R, decreases
abruptly with increasing RH. It means that the increasing ionic
carriers which are accumulated at electrode surface can cause
a larger electrons flow through the electrode contact surface;
3) C, and G, increase with increasing RH due to the stronger
polarization effect that is arising from more charge carriers
accumulated at the electrode contact surface and the grain
surface [11]; 4) the resistance of grain R, is not affected by
RH, i.e., the water vapor does not react with grain; 5) the
inclined angles only change a little with the variation of RH,
and decrease with increasing RH. The relative dielectric
dispersion behavior at low frequency can be interpreted by
putting these simulation data into (17). The increasing RH
makes Ry, decrease more abruptly than the increasing rate of
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Fig. 10. The log k” versus frequency graph for the measured, simulated
with inductance (L), and simulated without inductance (L) curves at 25°C,
80 percent, and 95 percent RH: 1) measured results for 80 percent (A) and
95 percent ((J) RH. 2) Simulated results with inductance effect for 80
percent (O) and 95 percent (@) RH. 3) Simulated results without L for 80
percent and 95 percent RH (lines).

C;, and the relative dielectric dispersion k’(w) at low
frequency is inversely proportional to Ci(R, + R,)?, thus
k’(w) is higher at higher RH, and grain surface resistance
(R,s) makes a greater contribution to k’(w) at low frequency.
This agrees with the experimental results shown in Fig. 4.

Fig. 10 shows k" (w) versus frequency curves measured at
25°C for 80 percent (curve A) and 95 percent (curve D) RH.
It indicates that the simulated results with series inductance L
(curves B and F) fit very well with the measured results in the
whole frequency range, but the simulated results without
consideration of the series inductance L (curve C and F) will
deviate from the measured results at frequency above 2 MHz.
The series inductance L appearing at the measuring line is not
the property of the sample, so the intrinsic kK ” (w) curve of the
sample will be a simulated curve without consideration of L.

It is very interesting to note that an inductance loop exists
for this sample when it is exposed to low RH (15 and 30
percent) atmosphere and measured at low frequencies (5 to 40
Hz), as shown in Fig. 11. The origin of this inductance effect
may be due to the water vapor desorption reduction reaction
with the blocking electrode, which has been observed by some
other authors [14], [15].

CONCLUSION

The potassium oxide doped Bag 5Sry s TiO; ceramic humidity
sensor can have a better sensitivity than a pure Bag sSrq 5TiO;
sensor. It shows a good exponential linear relationship among
conductance, RH, and temperature, so it can be easily used for
practical application in a wide temperature range of 25°C-
85°C. An equivalent circuit model is also provided, which can
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Fig. 11. The complex impedance plots of the BSK sample at 30 percent RH

for 25°C and 85°C.

well simulate the measured results over 25°C-85°C and 65-
95 percent RH ranges. From the simulation results, we can
well explain the electrical properties of the sample over 25°C-
85°C and 65-95 percent RH ranges. It indicates that the grain
resistance is not affected by humidity and temperature at these
ranges, but the grain surface resistance can decrease a little at
elevated temperatures due to the increasing mobility of charge
carriers. At higher RH, the grain resistance and electrode
contact surface resistance can decrease abruptly due to the
abruptly increasing concentration of charge carriers. The
relative dielectric dispersion k' (w) is almost inversely propor-
tional to w™*!, and Cy(R, + R,,)? at low frequency, so k' (w)
increases abruptly at higher RH and lower frequencies. The
relative dielectric absorption k”(w) is almost proportional to
w~'and R ' at low and median frequencies. Besides, we can
find that the measured electrical properties are not the intrinsic
sample properties, because there is some noise interferences
entering the measuring line at high frequency. An inductance
effect is also measured, which exists at low-conductivity
condition, and appears only at low RH and low frequency
range. This effect may be due to the water vapor desorption
reduction reaction at the electrode contact surface.
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