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Abstract

The variation of the electrical signal with humidity in ceramic sensors is originated by the chemical and physical sorptions of water molecules
existing in the atmosphere. The aim of the work described in the present paper is to establish an equivalent electrical circuit for the case of
two titania thick-film samples. It is shown, at least for the temperature o€28at the same type of circuit represents adequately these two
samples for various relative humidities. Chemisorption and physisorption are responsible for the different charge transport mechanisms —ion
hopping, ion diffusion and electrolytic conduction. Complex impedance data were obtained at the temperatu@easfd2@arious relative
humidities, in the frequency range 0.1 Hz—40 MHz. The best and simpler circuit representation we found, which gives the best fitting for the
Cole—Cole and Bode plots, consists of tR@ parallel circuits in series with two constant-phase elements (CPEs). The values of the electrical
components are tabled and, as an example, the Cole—Cole and Bode plots fitting obtained for one of our samples, the sample B, for 87.5%
RH, in the frequency range 0.1 Hz—40 MHz is shown.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that in our samples we did not find any trace of electronic
conduction, and, more, in our interpretation of the results it
The physical phenomena of electrical conduction and po- seems that the same mechanisms exist at both low and high
larization which occur in a ceramic humidity sensor are usu- humidities. However, these mechanisms participate in differ-
ally represented by resistances and capacitdiiedd Some ent proportions, which allow to separate between low and
paperg5-7], however, go further on taking into considera- high relative humidity (RH) ranges, the limits of which are
tion a Warburg impedance to explain mainly, and in more situated between 30 and 40% RH.
or less length, the spur presented in the Cole-Cole plots The electrical response of a porous material will be re-
(—X==X(R), in Z=R+jX, i.e., minus the imaginary part lated to the surface moisture affinity, and the porous film
versus the real one of the total impedance of the sensor). Thanicrostructure, namely the dimensions and interconnections
variations observed in humidity measurements in ceramic of the capillary micropores.
sensors are originated by the chemical and physical adsorp- The rather involved behaviour of our samples is under-
tions of water molecules existing in the atmosph@rel1]. stood by measuring their compleximpedances subjected to an
Some author§l2—14]reported that low and high humidity  external sinusoidal varying electric field. Conduction mecha-
sensitivities are governed by different transport mechanisms,nisms are dependent on free charge carriers, while the dielec-
in which electronic conduction is included. It must be said tric behaviour has to do with polarization processes. Since the
first work by Bauerlg15], complex impedance spectroscopy
mpondmg author. Tel.: +351 236796200; fax: +351 230796247,  Nas been largely used to separate the several parts of the elec-
E-mail addressfaia@deec.uc.pt (P.M. Faia). trical response of ceramics, namely sensors.
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The aim of the work described in the present paper is to (b) presentation of the registered Cole—Cole and Bode plots,
establish an equivalent electrical circuit, within a frequency and their interpretation;
range, the response of which gives a good fitting for the (c) presentation of the type of circuit adopted.
obtained experimental data with an adequate physical com-
prehension based on the several known mechanisms already ;  gasic models assumed for the electrical conduction
established and described in the literature. The best fitting ;4 polarization
was reached by heuristic reasoning after several previous

attempts of various kinds of circuits, always supported by 1he glectrical conduction and polarization are explained

the underlying chemical and physical mechanisms. The same, the adsorbed water on the metal oxide surface and also
type of equivalent circuit represents adequately the complex i, the capillary water condensation within the pde& 18]

impedance measurements we have obtained at the temperarne horous structure of the TiGamples favours both these
ture of 23°C for various relative humidities (RH) equal to 12, processes.

_17.5, 24.7,54.7,73.5, and 100% and at different frequencies, o types of adsorption of water vapour molecules take
in the range 100 Hz-40 MHz for the sample A, and, for RH 506 in the beginning chemisorption occurs then followed
equalto 78, 87.5, and 100%, in the range 0.1 Hz-40MHz for ), yhysisorption. When adsorption starts on the clean ox-
the sample B. ide surface, a layer of hydroxyl groups is formed. The wa-
ter vapour molecules are chemisorbed through a dissocia-
tive mechanism by which two surface hydroxyls per water
2. Samples and measurements molecule are formed: the hydroxyl group adsorbing on a sur-
face Tf** ion and the proton forming a second hydroxyl with
An explanation of the characteristics and fabrication of the an adjacent surface?0 ion.
samples as well as the description of the details related tothe It has been estimated that only one hydroxyl group is
way measurements performed have already been describefbrmed on each surface metal i¢t0,11] Thus the initial
[16]. However, for the sake of an easy and satisfying under- chemisorbed layer is tightly attached to the titania grains sur-
standing of the topic of this paper some essential information face. Once this initial layer formed, it is no further affected
is given here. by exposure to humidity. In the case of anatase, which is
Two different thick-film sensors, sensor A and sensor B, the phase of our titania sensors, it has been estimated that
have been fabricated onto clean polished alumina wafers withthe desorption of the chemisorbed layer takes place around
a diameter of 20 mm and thicknesses of 3mm. Over two sil- 200°C [19].
ver paste electrodes with an interdigital pattern, an emulsion  As relative humidity (RH) increases, an additional layer
in acetone with ethyl cellulose as a temporary binder of as- of water molecules starts to be formed, on the chemisorbed
received TiQ powder (purity >99%) was spin-coated onto one, being complete by 20% RH. Many more physisorbed
the substrates at low speed (250 rpm) for 30s. The coatinglayers will be joined as humidity gets high@0]. These ph-
procedure was repeated three times for sample A, and twiceysisorbed layers are easily and reversibly removed by de-
for sample B, with intermediate drying and the burning offthe creasing the humidity.
organic binder of the previous layers at T8Dfor 15s. Af- With more than one layer of physisorbed water molecules,
terwards, the deposited film was heated up in airup t’80  water starts to be condensed into the capillary pores. The
at a constant rate of X@€/min, and maintained at that tem- neck of the pore is filled or unfilled according to its ra-
perature for 2 h. The X-ray diffraction (XRD) showed that dius and thickness of the physisorbed layer, i.e., depend-
the TiO, phase of the films is anatase. A constant relative ing on the magnitude of the relative humidity. With in-
humidity (RH) was obtained by mixing water-saturated air creasing RH, the thickness of the physisorbed layer of wa-
(synthetic air saturated with water vapour) with dry synthetic ter gets bigger which leads to the filling of successively
air in a given ratio. Impedance spectra were recorded in thehigher diameter necks, following the prediction of Kelvin
range 0.1-200 Hz by means of a frequency response analyzerequation:
Solartron (model 1250), and in the range 100 Hz—40 MHz by
using an impedance/gain-phase analyzer, Hewlett-Packard,, — 2yM

T (1)
(model HP4194A), both with a peak voltage of 0.5V. PRT In %

rk being the neck radiug,the surface tensioh the molecu-
lar weight of waterp the density of wateR the gas constant,
T the absolute temperaturigs andP the water vapour pres-
sure at saturation and the actual value, respectively. At room
temperature (23C) and according to the above equation,
water vapour starts to condense in mesopores of siZe 20
(a) the basic models assumed for the electrical conductionaround 15% RH and continues on up to around 1Modder

and polarization; saturated atmosphej2i1].

3. Results and discussion

This section will be organized into three parts:
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Three regimes of electrical conduction could be assumed  4,0E+06
[8,22]: (a) with only a small coverage of wateé, 4« 1), on
the chemisorbed hydroxy! groups, protorffiopping dom- _ 3.0E+06 ,v:sﬁ%?;“-i%’;é}ll’m.. 12%(x1)
inates; (b) with a fractional coverage< 1) of water, lessthan £ wmem— RN
one physisorbed monolayer, hydroniumg@®¥) diffusion on o
hydroxyl groups dominates; (c) when water is abundant, with X
a coverage greater than ome>(1), then proton (H) transfer
process is dominant.

In the regime (a), adsorbed vapour molecules originate
hydroxyl groups. The hydroxyl groups dissociate originat-
ing protons, OH — 0%~ +H*, which requires a high ac-
tivation energy. Protons will hop between the hydroxyl Fig 1. samp A - The measured Cole-Cole plots, in the 100 Hz—40 MHz
groups. range, at the temperature of 23, for different RHs.

In the regime (b), each water molecule is slightly bonded
with one hydroxyl group and 0" will be the dominant ~ from 12to 100%16]. Asitis well known Ris the resistance,
charge carrier. Protonic migration proceeds following a chain X the reactance of the sample dritie frequency of the ap-

~ .
2,0E+06 a

3.

, '&

ks %
17.5%(x1.2)

1,0E+06 00%(x200)

54.7%(x15
0,0E+00 ¥ .

0,0E+00  2,0E+06  4,0E+06  6,0E+06  8,0E+06
R (Ohm)

of exchange reactions,38* + HoO <> H,0 + HzO" [9]. Si- plied voltage. In this paper, only the results obtained at the
multaneously, Hi transfer also takes place between adjacent t€mperature of 23C are reported, just because that is suffi-
H,0 molecules in clusters. cient to give support to what we are interested: the proposal

In the regime (c), when the fractional water surface cover- Of atype of an equivalent electrical circuit for the sensor. As
age is greater than oné 1), then the transport mechanism far as the frequency range is concerned, sample A has been
is assured by Htransfer between adjacent® molecules ~ Measured in the 100 Hz—40 MHz range, while for sample B
within a continuous film. The Grotthuss chain reaction takes the range used was 0.1 Hz—40 MHz. In order to be included

place[8], with HsO* being hydrated, KO — H,0 +H", in the same plane, the diagrams are multiplied by appropriate
which represents the transport mechanism energeticallyfactors (in brackets).
favoured in liquid water. The Cole—Cole plots, shown Figs. 1 and 2give a more

Finally, at high humidity, liquid water condenses in the direct and easy understanding of the conduction processes
pores, according to Kelvin's |aW’ and e|ectr0|ytic conduction involved. It can be noticed that their areas shrink with in-
occurs Simu|tane0us|y W|th protonic transpmf,ﬂ_8]_ CreaSing RH. Ata Suﬁiciently h|gh RH, the Cole—Cole plOtS

The sensor capacitance, due to electric polarization, is also2re€ composed by elongated semicircles prolonged by curved
re'ated to some sort Of movement Of Charges in the app”ed"nes fOI‘ the IOW ValueS Of frequency. Th|S behaViOUr iS ba.Si'
alternating electric field. However, unlike the case of con- cally explained by two relaxation mechanisms, with not very
duction, a translation movement is either blocked or hin- different time constants, for the higher frequencies and by
dered[23]. Electric polarization is related to an oscillation diffusion charge transport, more dominant at lower frequen-
or reorientation of charges caused by the variation of the ap-CI€s.
plied field. For the chemisorbed water molecules, as they are
bound to the surface by two hydrogen bonds, they are not
so free to reorient, following the external electric field, as .
those which are physisorbed, only singly bonded. Then the '
polarization, and consequently, the capacitance of the sen- 100%(x6) « ®
sor will increase as less tightened are the water molecules 8.0E.+ 06 « = 87.5%(x2)
with their neighbours, which happens as RH increases ’ .

[24,25]

Adding up to molecules orientation, there is also the con-
tribution to the polarization due to mobile charges accumu- >
lated at transitional structural places, as the two-layer model 4 0E+06 L
suggest$11,26] In conclusion, it can be said that polariza- ' - ¢
tion is originated both by the orientation of adsorbed water
molecules and mobile charges accumulated at the electrodes
and pore necks.

1,2E+07

(Ohm)

* 78%(x1)

0,0E+00¥ ;
3.2. Recorded Cole—Cole and Bode plots 0,0E400 4,0E+06 8,0E406 1.2E+07

R (Ohm)

Cole—Cole and Bode spectra of the complex impedance,

Z(f) = R(f) +jX(f), of the TiG; thick films wererecorded  Fig. 2. sample B — The measured Cole—Cole plots, in the 0.1 Hz—40 MHz
at different temperatures, with the relative humidity varying range, at the temperature of 23, for different RHs.
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8,0E+06 1,2E+07
12%(x1)
6.0E406 17.5%(x1.2)
f a 0, 3
_ 24.7%(x3) —~ 8,0E+06 = 100%(x6)
£ Pl 73.5%(x50) E A
QO 4,0E+064 54.7%(x15) o M4
x 100%(x200) ;<" - 4
© 4,0E+06 -
2,0E+06{ = 78%(x1)
w7 87.5%(x2.5)
0,0E+00 T T 0,0E+00-
1,0E+00 1,0E+02 1,0E+04 1,0E+06  1,0E+08 1,0E-01  1,0E+01  1,0E+03  1,0E+05  1,0E+07
Frequency (Hz) Frequency (Hz)
Fig. 3. Sample A - The measured Bode ploB=R(f), in the Fig. 6. Sample B — The measured Bode plotsX=—X(f), in the
100 Hz-40 MHz range, at the temperature of 23for different RHs. 0.1 Hz—40 MHz range, at the temperature of 3 for different RHs.
As it is well known, theRC parallel circuit impedance is
given by

The Bode plotsKigs. 3—§ confirm the suggestions given
by the Cole—Cole plots. At the higher frequencies, the ob- _ R . oCR @)
served shapes are typical of relaxation mechanisms expressed®I¢ = 11 w2C2R2 )1+ 02C2R2
gﬁtthCparaﬁIIel'C|rCU|tts.dAt thg,\ Lower frfqutenﬁles, tylplcal twith the angular frequenay = 2.

iffusion mechanisms traduced by constant-phase elements 1,5, esnonding Cole—Cole plotX=—X(R), is a

(CPEs) are evidenced. semicircle, whose diameter is equal Ry and the angular

These conS|derat|0n$ were taken.as an or.|entat|on for thefrequencya)p at which the peak occurs obeys to the equation
choice of the type of equivalent electrical circuit of the sensor,

as it is described below. wpRC =1 3)

The constant-phase element (CPE) has a complex impedance
given by[27]

4,0E+06 o o
12%(x1)  17.5%(x1.2) Zcpe=Af" (COS<?) —jsin (7» (4)
3,08+06 1 22N\ 24.7%(x3) . S :
T # 54.7%(x15 represented in the Cole—Cole plot by a straight line making
= | £ 1%(x15) . . . .
O 2,0E+06 ) 73.5%(x50) an angle ohx/2 with the abscissadRj axis. It must be said
% that the CPE-like response is always well approximated only
100%(x200) L
1,0E+06 over a finite range of frequengg8].
We think that CPEs represent what occurs at the
0,0E+00 + : electrodes—water layer and at the water molecules layers in-
1,0E+02 1,0E+04 1,0E+06 1,0E+08 terface as well as inside the filled pores.

Frequency (Hz)
3.3. The type of circuit adopted
Fig. 4. Sample A — The measured Bode plotsX=—X(f), in the

100 Hz—-40 MHz range, at the temperature of €3for different RHs. AC equivalent circuits for thick-film humidity sensors
which represent the effect of moisture on the electrical con-
1,2E+07 duction and polarization of the material have been proposed

by several authorf,4,22,29-32]
In general, for a given data set there exists more than one

g 80E+06¢ equivalent circuit which gives a reasonable fitting. The choice
5 A between these ones has to be based both in simplicity and
ot 78%(x1 ' i ' i

© 4 oE+06. R (x1) 87.5%(x2.5) consistency with the known physical and chemical processes

¥ which take place in the syst€eli®3,34] The best fittings were
reached after several attempts. All the complex impedance
0,0E+00 ' ' . plots obtained, Cole—Cole and Bode ones, were modelled,
1,0E-01 10E+01 1,0E+03 1,0E+05 1,0E+07 obeying the above criteria, by the equivalent circuit shown in
Fig. 7.
Cgeolis the geometrical capacitance. It has been measured
Fig. 5. Sample B—The measured Bode pIBsR(f), in the 0.1 Hz—40 MHz without any film, only with the electrodes deposited on the
range, at the temperature of 23, for different RHs. wafer.

100% (x6)

Frequency (Hz)
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Fig. 7. The equivalent circuit of samples A and B, for different RHs.

Table 1

Values of the equivalent electrical circuit parameters of sample A, for different RHs

RH (%) Ri|C1 R2|1C2 CPEy CPEpo Cgeo

Ry C1 Rz C2 Ag| Nel Apo Npo

12 4.50E+6 8.00E12 1.85E+6 5.20E11 1.85E+6 0.20 - - 3.00EL2
175 3.40E+6 8.80E12 1.50E+6 5.00E11 1.80E+6 0.21 — - 3.00EL2
24.7 1.11E+6 8.20E12 5.85E+5 4.00E11 6.00E+5 0.25 - - 3.00EL2
54.7 2.00E+5 7.80E12 1.02E+5 3.90E11 1.45E+5 0.24 1.00E+5 0.8 3.00K2
735 5.80E+4 7.00E12 2.60E+4 5.00E11 4.20E+4 0.22 1.60E+5 0.7 3.00K2

100 1.16E+4 8.40E12 4.00E+3 6.20E11 9.90E+3 0.20 4.70E+4 0.62 3.00E2

The parallelRy, C; represents the hopping of hydronium  bution of the pores: the values f, andAy, decrease with
ions, O™, and the paralleR,, C, the hopping of protons  the RH increase.
H*. We believe that the charge carriers are correctly assigned, From Table 1 it can be seen that for the sample A,
because: (alpy is in all cases greater thd&, since the acti-  a good fitting for the lower values of RH (12, 17.5, and
vation energy of conduction for4®* is greater than that of ~ 24.7%) can be obtained considering only GPEhis means
H*; (b) C, is greater than Cbecause Hions follow more that we always have the influence of the electrodes—water

easily the variations of the alternating field than thgOH layer interface diffusion, while the influence of the cap-
ions. illary mesopores is only operative for the higher values
Diffusion causes a CPE behaviol85], which is rein- of RH, when water is condensed inside the mesopores,

forced by inhomogeneities in the dimensions and shape ofwhat in our measurements occurs above the value of 54.7%

the capillary pores. Surface roughness has also been considRH.

ered as an important contributing fac{g6]. Tables 1 and 8how the best values obtained for the circuit
In the filled pores, the mechanism is under diffusion con- elements of samples A and B, respectively.

trol, as itis assumed that the kinetics of the charge transferat As an example, we show the Cole—Cole plots fittings

the water surface layer-filled pores interfaces is much fasterobtained for the sample BF{gs. 8-1)}, at 23°C and at

than the diffusion of HO* ions inside the porg85]. In such 87.5% RH: (a) in the range 0.1 Hz—40 MHz and (b) in the

a case, the diffusional contribution to the impedance is of the range 100 Hz—40 MHz, to get a more visible discrimination

CPE-type. of the good fitting obtained at the higher frequencies, be-
The interfacial character of the impedance makes it partly tween 100Hz and 40 MHz; and (c) the Bode plots in the
capacitive as well resistive in nature. 0.1 Hz-40 MHz range.

CPE, is related to the electrodes—water layer interface  As a further confirmation of the attribution of CpEo
with values ofng; around 0.2—-0.25, and those/&f; decreas- the charge transport related to the pores, we sholete 3
ing with the decrease of RH. Chghas to do with the contri-  for different RHs the maximum frequency, obtained by sim-

Table 2
Values of the equivalent electrical circuit parameters of sample B, for different RHs
RH (%) R1]|C1 R2||C2 CPEy CPEpo Cgeo
Ry Ct Ro Cz Agl Nel Apo Npo
78 1.70E+6 1.50E11 1.20E+6 6.20E11 9.10E+5 0.16 9.60E+5 0.69 3.00E2
875 4.90E+5 1.70E11 3.90E+5 6.10E11 3.20E+5 0.17 5.20E+5 0.69 3.00E2

100 1.20E+5 1.60E11 1.00E+5 7.00E11 1.15E+5 0.14 4.10E+5 0.67 3.00E2
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6,0E+05 3,0E+06
2,5E+06
= 40E105 E 2080

= ~

s < 156108
> 2,0E+05 | o 10E+06
5,0E+05
0.0E+00 | | 0,0E+00

00E+00  30E+05  60E+05  90E+05  1.2E+06 1,08:01 T0E01 108403 10805 1,08407

R (Ohm) Frequency (Hz)

. o Fig. 11. Samp@ B — Bode plots at 87.5% RH and 23, for the frequency
Fig.8. Sample B—Cole—Cole plpts at87'5_/° RH anﬂ(_za‘orthefrequency range 0.1 Hz—40 MHz:&) experimental points; (—) simulated response of
range 100 Hz—40 MHz:A) experimental points; (—) simulated response of the equivalent circuit
the equivalent circuit. '

3,0E+06 Table 3
Maximum frequency for different RHs at which the influence of the meso-
pores is detected
A
RH (%) Maximum frequency
<247 <100 Hz
2,0E+06 54.7 18.6 kHz
R 735 834 kHz
_g 100 2.5MHz
Q
X
1,0E+06 ) ) ] ] ]
the diffusion time, and, consequently, implies the response at
higher frequencies.
0,0E+00 ‘ 4. Conclusion
0,0E+00 1,0E+06 2,0E+06 3,0E+06

R (Ohm) Complex impedance data of two samples of titania thick
films were recorded, at various relative humidities (RHS)
and at the temperature of 2@, in the frequency range
0.1 Hz-40 MHz. A unique type of an equivalent electrical cir-
cuit was found to represent all the measurements performed.
ulation, at which the influence of the condensed water inside It is very simple, confirms the charge transport mechanisms
the mesopores is detected. related in the literature and is completely explained by the
Our interpretation of these results lies on the fact that for chemical and physical processes related to the water adsorp-

higher RH, the Kelvin radius decreases which also decreasegion on the surface of metal oxide ceramics. The equivalent
circuit comprehends tw&C parallel circuits which repre-

sent two different relaxation processes in series with two

Fig.9. Sample B—Cole—Cole plots at87.5% RH an&él@Xor the frequency
range 0.1 Hz—40 MHz:&) experimental points; (—) simulated response of
the equivalent circuit.

1,2E+06
4 constant-phase elements (CPES) typical of ion diffusion and
1,0E+06 1 ) X " I
= electrolytic conduction within the water condensed inside the
£ 80805 mesopores. Cole—Cole and Bode plots are presented and in-
g 6,0E+05 terpreted on the basis of: (a) the chemisorbed and physisorbed
o 4,0E+05 layers of water molecules, varying with the relative humid-
> OE+05 | ity (RH) of the surrounding atmosphere and (b) the various
’ | transport mechanisms — ion hopping, ion diffusion and elec-
0,0E+00 trolytic conduction — the contribution of which is a function
1.08402 1,0E+03  1,0E+04 1.0E+05 10806  1.0E+07 of the number of water layers adsorbed. Investigations to ex-
Frequency (Hz) amine whether the same type of circuit is adequate to explain

the dependence of complex impedance data on relative hu-
midity (RH) in sensors with different chemical composition
are going on.

Fig. 10. Sample B— Bode plots at 87.5% RH and@3for the frequency
range 100 Hz—40 MHz:A) experimental points; (—) simulated response of
the equivalent circuit.
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