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A humidity sensor using K,0-doped porous Ba, 5 Sr, 5 TiO; ceramic is investigated. This cer-
amic humidity sensor exhibits a porous structure. The porous ceramic easily absorbs water
vapour throughout the pores. The log-conductance against relative humidity (r.h.) sensitivity
of this sensor is greater than 4 orders of magnitude in the range of 15 ~ 95% r.h. at 400 Hz
and 25°C. The adsorption process of the sensor is very fast. Its adsorption response time in
r.h. variation from 15 to 95% is within a few seconds. Charging—discharging and complex
impedance analysis techniques are used to analysis the direct current (d.c.) and alternating
current (a.c.) response of this device under 50 ~ 95% r.h. The sample can be polarized like
electrolytes on charging process due to electrode space charge and grain surface water mole-
cular polarization effects. The degree of polarization is enhanced with increasing r.h. The con-
duction carriers of this sensor in a humid atmosphere are ions and electrons, and the dominant
conduction carrier is the ion. Using complex impedance analysis techniques, an equivalent
circuit model associated with “non-Debye’ capacitance is built. This model separates the
sample into three regions: crystal grain, grain surface and electrode surface. The grain surface
resistance and electrode surface resistance decrease sharply with increasing r.h., but crystal

grain resistance is not affected by water vapour.

1. Introduction

Some porous metal oxides can be used as ceramic
humidity sensor materials [1-3]. Generally, they are
more chemically and thermally stable than other
moisture sensing materials. The sensing mechanism is
that adsorption of the surrounding water vapours can
enhance the surface electrical conductivity and dielec-
tric constant of metal oxides [4, 5]. Due to this the
relative humidity (r.h.) variation can be converted into
electrical signal variation through a ceramic humidity
sensor. A ceramic humidity sensor can be easily instal-
led in electronic equipment to detect or control the
ambient moisture content.

According to the conduction carrier, the porous
metal oxide humidity sensor can be classified into two
types, electronic and ionic. Shimizu et al. [6] showed
that perovskite-type oxides can be used as humidity
sensing material at high temperature (300 ~ 400°C)
and that its dominant conduction carrier in moisture
and high temperature atmosphere is the electron.
Sadaoka et al. [2] showed that KH,PO,-doped porous
PLZT (Pb, La) (Zr, Ti) O; can be used as a humidity
sensing device at room temperature (30°C) and its
dominant carrier is the ion (proton).

It is to be pointed out elsewhere [7] that porous
perovskite-type Bag s Sry s TiO; can be used as humidity
sensing material. Its dominant humidity sensing car-
rier at room temperature (25°C) is the positive ion
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(probably proton). In this report, we further inves-
tigate this kind of material doped with various molar
percentages of potassium oxide. It is found that the
conductance-humidity sensitivity of this new device
can be increased about ten times larger than the
previous compact manufactured by sintering pure
Ba, ;81,5 TiO, at 1200°C. The adsorption response
time of this new sensor to r.h. variation from 15 to
95% is a few seconds.

For detailed analysis the inner electrical conduction
behaviour of the sample under different r.h., both d.c.
and a.c. measurement methods are used. The d.c.
current against time curves measured on charging and
discharging processes can be used to identify whether
the conduction carrier is an ion, electron or both. It
can also be used to determine which one is the domi-
nant carrier. The measured a.c. data can be used to
plot the complex planes. Analysing the complex plane
diagrams can help in building the equivalent circuit
models. It is found that complex impedance plots are
most useful for analysing this device under 65 ~ 95%
r.h. The complex impedance plots of the sample at
65 ~ 95% r.h. exhibit inclined semicircles with their
centres depressed below the real axis at higher fre-
quencies and have spurs at lower frequencies. These
kind of inclined semicircles do not follow the Debye
theory and can not be modelled by using an equivalent
circuit with ideal capacitance and ideal resistance.
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These “non-Debye” behaviour is also observed for
many solid ionics and dielectrics, and can be well
modelled using equivalent circuit associated with dis-
persive and frequency dependent “non-Debye” capac-
itance, which is proposed by Jonscher [8, 9]. Using this
concept an equivalent circuit model associated with
“non-Debye” capacitance is constructed to discuss the
effect of water vapour on the inner electrical conduc-
tion behaviour of the sample.

2. Experimental procedure

The mixing powders were prepared by ball milling pre-
weighed portions of reagent-grade BaTiO,, Sr(OH)2 -
8H,0, TiO, and K,CO; in acetone for 20h. These
mixing powders were dried and prereacted in air at
1100° C for 2 h, remilled, redried and seived through a
140 mesh screen to produce the starting powders with
a composition of Bag ;Sr, s TiO;—(K,0),. The starting
powders were then pressed into disks with a diameter
of 10mm and thickness of 2mm. The pressed disks
were placed on platinum crucible to sinter in air at
1250° C for 1 h. The sintered compact was termed the
BSK sample.

The microstructure of the sample was examined by
scanning electron micrograph (SEM). The average
grain size was determined by the linear intercept
technique from a micrograph of the sample fracture
surface as shown in Fig. 1. The specific surface area
was determined by the BET method using nitrogen
gas. The fired bulk density and open porosity were
obtained by Archimedes techniques.

For electrical measurement, gold electrodes were
applied to opposite faces of the sample by a vacuum
evaporation method. The a.c. electrical parameters,
conductance G(w) and susceptance B(w), of the
sample were measured by an impedance analyser
(5 ~ 13 MHz) which was automatically controlled by
acomputer. The d.c. current against time curves of the
sample were obtained by picoamperemeter which was
also automatically controlled by a computer. The
ambient atmosphere of temperature and humidity

Figure 1 Scanning electron micrograph of fracture surface of the
BSK sintered compact.
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were controlled by temperature/humidity controllable
test chamber.

3. Results and discussion

3.1. Device characteristics

The structural characteristics of the sintered compacts
manufactured by sintering pure Ba, ;Sr,;TiO, oxide
at 1200° C (BS1) and K,0-doped Ba, sSr;; TiO, oxide
at 1250°C (BSK) are summarized in Table I. The
conductance against humidity sensitivity of BS1 and
BSK devices measured at 25°C and 1V a.c. (400 Hz)
is depicted in Fig. 2. The two curves in Fig. 2 have a
good linear relationship between log-conductance and
r.h., and can be expressed as

G(r.h) = Gyexp (m x r.h) '§))

where G, is the conductance of the sensor at 25°C and
15% r.h. and m is the slope of the log-conductance
against r.h. curve. From Fig. 2, it can be calculated out
that m is 12.0 for BSK sample and 8.9 for BS1 sample.
From Table I and Fig. 2, it is found that specimen BS1
has larger open porosity and specific surface area than
specimen BSK, hence BS1 sample will have a larger
adsorption surface and space than the BSK sample,
yet the conductance-humidity sensitivity of BSK
sample is about ten times larger than the BS1 sample.
It may be attributed to the effect that doping potassium
oxide can create more surface defect sites or oxygen
vacancies on metal oxide surface, and defect sites or
oxygen vacancies at metal oxide surface can increase
the activated sites for water vapour adsorption [10, 11].

The desorption and adsorption response time curves
of the BSK sample measured at 1V a.c. (400Hz) in
various r.h. from 95 to 15% and from 15 to 95% are
shown in Fig. 3. The adsorption process of the sample
is very fast. The adsorption response time of this
sensor in r.h. variation from 15 to 95% is within a few
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Figure 2 Log conductance against r.h. characteristic curves at 1V
a.c. (400 Hz) for BSK specimen (O) and BSI specimen (A).
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Figure 3 The desorption and adsorption response time curve of
BSK sensor in r.h. variations from 95 to 15% and from 15 to 95%.

seconds, yet its desorption response time in r.h. varia-
tion from 95% to 15% is about 1 min. By subtracting
the time required to set the r.h. into a desired value,
the desorption response time is less than 1 min.

3.2. d.c. analysis

Figure 4 depicts the charging and discharging curves
of BSK sample measured at 1V d.c., 65% r.h. and
25°C. When 1V d.c. voltage is applied at the sample,
the sample can be polarized like electrolytes, and the
current exponentially decays from an initial value of
17 uA to a final steady state value of 0.28 uA. At
the end of the charging time, the applied voltage is
changed to 0V automatically by a program control.
The removing of external applied voltage causes cur-
rent to change direction, and a discharging current
exponentially decays from an initial value of
—17.5 4A to a final steady state value of —0.05pA.
Because the gold electrodes are blocking electrodes for
mobile ions, which can block ions supplied at an
electrode or discharged at an electrode. Thus the
source of polarization is mobile ions which are
impeded by the blocking electrode and accumulated at
electrode interfaces. This kind of polarization is called
space charge polarization which appears as in increase
in capacitance as far as the exterior circuit is concer-
ned [2]. Space charge polarization, in general, has
relaxation times longer than ionic and electronic

TABLE 1 Structural characteristics of BS1 and BSK sintered
compacts

Specimen  Relative Open Average Specific
No. density porosity grain surface
(% theoretical) (% theoretical) size area
(um) (m*g™")
BS1 64 31 0.6 0.95
BSK 74 22 1.2 0.37
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Figure 4 Charging and discharging curves of BSK sample at 1V d.c.
for r.h. (W) 50%; (&) 65%; (O) 80%; (@) 95%.

polarizations, and participates only at lower frequen-
cies.

The variation of charging current with time can be
represented by single relaxation time model [12].
During the charging process, assuming the rate of
change of charge with time is proportional to the
difference between its final value and its actual value

di@c — Q) _ 1
__-—df— = ;_; [(Qooc - Qic) - (th - Qic)] (2)

then
O — Or = (Oue — Q) (1 —exp| = )(3)

and

ds

¢

Lo = %% - (-Q""—;—Q—> exp| = | @

where @, is the actual accumulated charge on inter-
faces at time ¢, O, is the instantaneous accumulated
charge on applied field (if there is no accumulated
charge on interfaces before the field is applied, then Q.
is zero), Q.. is the final accumulated charge at the end
of charging time, and 7, is a charging relaxation time.
If Q. is zero, then during charging process, the initial
and final current can be written as follows

Qe

T

<

Il

1.(0) ®

and
I(0) = 0 (6)

If the conduction carrier of the sample is only the
ion, then from Equation 6 the value of I.(co0) must be
zero. But the final steady state current measured at the
end of charging time is 0.28 uA not zero. This means
that the conduction carriers of the sample are ions
and electrons. The ion carriers are accumulated at
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Figure 5 Charging curves of BSK sample at 1V d.c. and 50 ~ 95%
r.h.

electrode interfaces and contribute a charging current
L(?), but the electron carriers can pass through the
interfaces and contribute a steady state current L.
Thus the total current, I, of the sample on charging
process can be written as

() = L@ + L

— (Qooc’[‘; Qic)exp[;{:l +_§ (7)

c

where V is the applied voltage (1V), and R is a resis-
tance which is a measure of electron conductivity of
the sample.

When the applied voltage is removed, the discharging
current can be expressed as

d0, - (Qcod; Qid)exp [_;;{} ®)

L) = az

where Q,, is the instantaneous accumulated charge on
interfaces when the applied field is removed, Q. is the
final accumulated charge at the end of discharging
time, and 1, is a discharging relaxation time. Because
charge can not change instantaneously, hence @, is
equal to Q... If 1, is equal to 7, and @, is zero, then
the initial value of discharging current can be written
as

o = -2 - L=y 10 ©
Ta Te

The measured results for L(0) and I,(0) are
16.72 uA [I.(0) — I, = I(0)] and —17.5 uA, respect-
ively. This is almost in agreement with Equation 9.

Figure 5 shows the charging curves of the BSK
sample measured at 1 V d.c. and 25°C for 50 ~ 95%
r.h. From Fig. 5, it is found that: (1) the initial and
final currents increase with increasing r.h.; (2) the
initial current is far larger than the final current; (3)
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the initial current to final current ratio increases with
increasing r.h. It means that there are two conduction
carriers, ions and electrons, in this sample and the
dominant conduction carrier of this sample in the
humidity atmosphere is the ion. The increasing water
vapour content can increase the concentrations of ions
and electrons. Thus the total current of the sample on
charging process follows Equation 7, where electron
conduction current I, and ion conduction charging
current I,(z) increase with increasing r.h. As the
applied voltage is constant (I V) and the steady state
current increases with increasing r.h., the value of R
decreases with increasing r.h. This may be due to the
effect that increasing water vapour can lower the
activation energy of the sample [13], hence increasing
the electron conductivity. The reason for initial charg-
ing current I,(0) increasing sharply at higher r.h. may
be due to the following two factors: (1) Q... increases
with increasing r.h. as more water vapour can contrib-
ute more ions accumulating on the interfaces; (2) the
charging relaxation time 7, decreases with increasing
r.h. The decrease of relaxation time 1, with increasing
r.h. may be due to the increase of ion conductivity at
the grain surface, which can speed up ions arriving
and accumulated at the electrode interface.

3.3. a.c. analysis and equivalent circuit model
construction

To describe the a.c. electrical properties of materials,

it can be expressed in any of three electrical para-

meters. These are complex admittance (Y), complex

impedance (Z) and complex permittivity (¢*). They

have the following transformation relationships

Y() = G) + jBlw) = Z(w)™
= [Z(w) + jZ" ()] (10)
and
Y(w) = jwe*% = jo(e — ja”)—s; an

where A and d are the cross-sectional area and thick-
ness of the sample. The measured electrical parameters
can be used to plot complex plane diagrams. Using
complex plane plotting techfiiques can help in building
the equivalent circuit model of the material. The estab-
lishment of equivalent circuit model must be simple
. o . .
and consistent with what is known about the physical
processes [14], Seitz [15] gives eight rules to follow in
model construction: (1) each significant conduction
path must be represented by a parallel equivalent
path; (2) each significant charge carrying species must
be represented by parallel equivalent circuit paths; (3)
each region of significance in a path must be represen-
ted by a lumped parameter circuit; (4) each mechanism
of polarization must be represented by either a series
or parallel combination of resistors and capacitors.
Some types of polarization are: (a) electronic, (b) ionic,
(¢) lattice, (d) dipole, (e) orientation, (f) ferroelectric,
{(g) space charge (accumulated or depleted), (h) faradic
(Warburg); (5) the “resistors” representing the various
conducting species and “capacitors” representing
polarization process, each has their own composition,



R "
) I—
s i
N 1 2
[}
X
N L WRCy=1
WAC =1 /L
i
A\
0 ) -
0 1 2 3

Z' (k)

Figure 6 A network with R, = 10°Q, R, =2 x 10°Q, C, =
1.6 x 107°F, C, =2 x 107%F, and its associated complex
impeadance diagram.

microstructual, temperature and frequency depen-
dences; (6) the paths of significance are those yielding
the least impedence to current flow; (7) the regions of
significance within these paths are those presenting the
largest impediment to current flow; (8) complex plane
plotting techniques can be used to elucidate an appro-
priate equivalent circuit representation from measured
electrical quantities when used in conjunction with
information obtained from other methods of study.

For example, the impedance of a parallel combina-
tion of an ideal resistance R and an ideal capacitance
C can be written as

Z(w) = Z'(w) + jZ"(w)

R . R
1+ (@RCY 1+ (@RCY

From Equation 12, it will give an ideal semicircle
passing through the origin in the complex impedance
plane. This circuit is characterized by a single conduc-
tivity relaxation time 7, given by © = RC. The peak
maximum of — Z” occurs at a characteristic frequency
given by f,.. = 1/2nt = 1/2nRC. Figure 6 shows a
network with two parallel R, C circuit in series and its
associated complex impedance plot. It has two con-
ductivity relaxation times given by 7, = R,C, and
1, = R,C, with 1, > 1, hence the total conductivity
relaxation time, 7, of this circuit is approximated as

(12)

T, = 1+ LR T (13)

Unfortunately, the typically observed complex
plane plots for many solid ionics and dielectrics have
either inclined semicircles with their centres depressed
below the real axis by an angle of an/2 or spurs which
are inclined to the vertical axis by an angle of an/2.
These kind of “non-Debye” behaviour can not be
described in terms of Debye equations, and have been
explained by many authors {9, 16, 17]. Von—Schweid-
ler [16] ascribes the “non-Debye” behaviour to the
distribution of relaxation times which arise from the
difference in the local environments of the dipoles. An
lumped circuit element Warburg impedance is used to
represent the distributed network, but complex planes

so obtained will give only a 45° inclined angle. Thus it
can not explain the most experiments. Macdonald [17]
ascribes the entire frequency dependence of the impe-
dance data to an interfacial process at the electrodes
and at internal grain boundaries which limit the trans-
parency of these barriers to different ionic species. A
set of complicated equations is developed from which
complex plane diagrams are generated. The complex
plane so obtained have their centres depressed below
the real axis by different amounts without the need of
multiple relaxation times, but it is rigorous and is not
fit for practical utility. Jonscher [8] observes an ‘“uni-
versal” dielectric response of many solid materials. He
proposes a dispersive frequency-dependent “non-
Debye” capacitance C,(w) to account for the empiri-
cal observed shape of the inclined complex plane dia-
grams. It is verified that the complex plane diagrams
obtained by the equivalent circuit model associated
with “non-Debye” capacitance have their centres
depressed below the real axis by different angle. The
“non-Debye’ capacitance is given by the relation

Co(w) = C(joy ™ (14)

wherej = \/—landn = 1 — a. Using this relation,
it can be derived out that the impedance of a parallei
combination of an ideal conductance G with an “non-
Debye” capacitance C,(w) can be expressed as follows

Zw) = [Y)]' = [G+ CGo)yl™’
= Z'(0) — jZ"(w) (15)
with
Z(w) =

G + C[cos %] "

o+ (o) ] [elnt)]

(16)

and

Z'(w) =
C [cos %] w”
nm > . nm 2
G+ C 0037 o'l +|C sm7 w"

(17)

Figure 7 shows the complex impedance plots of
BSK sample at 25°C for 65 ~ 95% r.h. They appear
to have semicircles with their centres depressed below
the real axis by an angle of «,7/2 and pass through or
close to the origin at sufficiently high frequencies. At
lower frequencies, these semicircles go over into what
appear to be the beginning of another inclined semi-
circles and incline to the real axis by an angle of n, 7/2.
But these low frequencies inclined semicircles are not
sufficiently developed in the available range of fre-
quencies. From these plots, it is found that the high
frequency inclined angle o,7/2 decreases with increas-
ing r.h. Yet the characteristic frequency f,., assu-
ming which is occurred at the peak maximum of — Z”,
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increases with increasing r.h. Besides, it seems to have
a tendency that there is another characteristic fre-
quency fu.. at very low frequency {(below 5 Hz) with
Jonart, <€ fonarn» a0d fiq increases with increasing r.h.
If f4ar approximates 1/2z7 as ideal semicircle given,
then the total conductivity relaxation time can be
approximated as

T, = Tp + Ty ®

1 ( 1 + 1 >
2n )CcharL ~féharﬂ

/01
* () ®

Thus the total conductivity relaxation time will be
dominated by lower characteristic frequency fi...,
and the total conductivity relaxation time 7, is inversely
proportional to f,,,.; . Increasing r.h. can have a larger
s SO T, decreases with increasing r.h., which is
agreed with the d.c. analysis result.

Figure 8 shows the equivalent circuit model for
BSK sample in humidity atmosphere. In this model,
the sample is separated into three regions: crystal
grain, grain surface and electrode surface, where R,,
Ry, Cyn, R, and C,, represent the crystal grain resist-
ance, grain surface resistance, grain surface “‘non-
Debye” capacitance, electrode surface resistance and
clectrode surface “non-Debye” capacitance, respect-
ively. Using this equivalent circuit model, and let the
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Figure 7 The compiex impedance plots of BSK sample at 25°C and
different r.h. (a) 95%; (b) 80%; (c) 65%.

“non-Debye” capacitances to be
Co = G and Gy = G0 (19

then the impedance of this model can be written as
follows

Z) = Z'(w) - jZ"(w) (20)

with
Z'(w) = R, +

1 nn n

. + Cz[cos<—‘;— ]wz
1 nmn ,,2 : Y ny ’
R— -+ CZ COST w + CZ sm-—2— w
g5

i o "

E + C [cos (7)] )
1 mT 7y ’ .. ] §
—R;+ C, cosT w + | C smT w

@n

+

and

Z"(w)

G [Sin (% )] "™
—l~+C cos 2% w”22+ G, | sin 22 n |
R s 5 2(sin 5=
C, [sin (annﬂ "
Ly e (s or |+ (sin ) o |
X 1 5> | sin == o

(22)

using Equations 21 and 22, the simulation parameter
values of the BSK sample under 65 ~ 95% r.h. are
listed in Table II. It is verified [18] that the simulation
results using these parameters values fit very well with
the measured results. In Table 11, it indicates that: (1)

+
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Figure 8 The equivalent circuit model of BSK sample.

R, and R, decrease with increasing r.h.: (2) C, and G,
increase with increasing r.h.; (3) R, does not affect by
the variation of r.h. These can be interpreted as follows:

1. When little water vapour is present, a water
molecule will be physically adsorbed on an activated
site to form an hydroxyl group on the grain surface,
and a proton may be transferred from a surface
hydroxyl group to a water molecule to form H,O%. In
this condition, (adsorbed layer less than one mono-
layer) each water molecule is bonded to two hydroxyl
groups and the dominant charge carriers will be
H,0*. When more water is adsorbed (greater then
one monolayer), clustering of the water molecules
takes place forming patches of an ice-like layer of
hydrogen-bonded water molecules, and each water
molecule is only singly bonded to a hydroxyl group
[4]. Since hydration of H,O" into H,O and H* is
energetically favoured in liquid water [19], so the
dominant charge carrier in high moisture atmosphere
is H* (proton). The concentrations of H™ increase
with increasing water vapour and H* can move freely
in liquid water, the result is the decrease of grain
surface resistance R, with increasing r.h.

2. Water molecules with two surface hydroxyl
bonding (low humidity state) will not be as free to
reorient in an applied electric field as those which are
singly bonded (high humidity state). Thus the singly
bonded H,0 will make a greater contribution to the
dielectric constant then doubly bonded H,O [4], and
the water molecule polarization effect is enhanced
with increasing water vapour. The result is the increase
of C, with increasing r.h.

TABLE II Simulation parameter values of BSK sample at
25°Cand 65 ~ 95% r.h.

Relative R, R, C, ¢, ny L R,
humidity () (Q (uF) (oF) wH) &Q)
(%)

95 25 897 190 7.5 0.867 082 0.35 7
80 25 4827 130 7.0 0880 081 035 700
65 25 29000 85 60 088 079 035 70000

3. From d.c. analysis, the blocking electrode can
accumulate charged ions to cause space charge polar-
ization which appears as an increase in capacitance.
Increasing r.h. can cause more charges to accumulate
on the electrode surface, hence increasing the value of
C,.

4. The conduction carriers of the sample in moisture
atmosphere are ion and electron. The electron carriers
can pass through or arrive at the electrodes. Thus, the
electrode surfaces is represented by parallel combina-
tion of R, and C,,, where R, denotes the resistivity of
electron at electrode surface which decreases with
increasing water vapour for increasing r.h. can lower
the activation energy of the sample.

5. The crystal grain does not react with water
vapour, hence R, is not affected by r.h.
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