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EQUIVALENT CIRCUIT AND OPTIMIZATION OF IMPEDANCE
CHARACTERISTICS OF AN ELECTROLYTE CONDUCTIVITY SENSOR
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A new construction of a miniaturised contactless electrolyte conductivity sensor based
on Pt interdigitated electrodes is proposed. High dielectric permittivity perovskite-oxide films
of different composition have been first used as a covering insulator material on metallic
electrodes. An equivalent circuit of the sensor is composed and the impedance characteristics
are theoretically calculated and experimentally investigated. The operation frequency range
and the sensor parameter bilateral dependencies where the sensor exhibits pure active
resistance is obtained and evaluated analytically.

Keywords: contactless, electrolyte conductivity, perovskite-oxide film, interdigitated
electrode.

Introduction. The motivation and description of a new type of contactless
electrolyte conductivity (EC) sensor operation principle based on Pt interdigitated
electrodes covered with high dielectric permittivity perovskite-oxide (BST- Barium
Strontium Titanate) nano-films have been examined by us earlier [1].

Taking into account the factors mentioned in [1,2], the aim of the present paper
is to study and investigate the equivalent circuit of the structure proposed
(Fig. 1), as well as to establish the bilateral dependencies between the sensor
impedance components and the frequency range of operation in order to optimize the
sensor characteristics in the future.

Modeling and experiments. By using conventional Si-and thin-film
technology, p — Si — SiO, — Pt (interdigitated electrodes)-BST structures with different
thicknesses of BST have been fabricated (Fig. 2). As the processes in the
electrochemical cell with a conductometric interdigitated transducers are mostly
simulated by equivalent schemes and experimentally studied by the impedance—
spectroscopy method [3-10], we have composed a structure corresponding to the
equivalent scheme for the transducers proposed.
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Fig. 1. (a) Impression of an interdigitated electrod)e pair, W, L, S —are the electrode width,
their length and the interelectrode space, respectively. (b) Cross section of the device on p-Si
substrate with SiO; on top of which metallic (Pt) electrodes are deposited. The whole device is
covered with an insulating Ba.Sr;.TiO3 film

The structures have been tested* as an EC sensor by using the impedance—
spectroscopy measurement method (using an impedance analyzer Zahner Elektrik-IM
5d and Zahner-3). The measurement conditions are:

* all conductivity measurements are performed at 25 °C in standard conductivity
solutions,
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e the sensor is rinsed with distillated water and dried with N, before being
used.
Potentiostat: Open circuit potential (OCP), 20 mV in a frequency range of 1 Hz — 1
MHz.
The results of measurements are shown in Fig. 3.

#sensor BST electrodes
#10136-
C1* 50 nm 2 elec
#10135-
C2* 100 nm 2 elec
#10134-
C3* 150 nm 2 elec

Fig. 2. An EC sensor configuration with different BST thicknesses

An electrical model of the proposed sensor structure is shown in Fig. 4. The metal
(Pt) electrodes are covered with an insulating ferroelectric layer (BST). This insulating
layer behaves electrically as a capacitor Cr, whose value depends on its thickness and
the area of the covered metal electrode. The double layer (conditioned by Stern layer
and a diffusive layer according to Gouy-Chapman model [8-10]) adds an extra
capacitor Cq in the series with an insulating layer capacitor.

*  Measurements have been carried out at the Institute of Nano- and Biotechnologies
(Aachen University of Applied Sciences, Germany).
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Fig. 3. Impedance-frequency characteristics of an EC sensor for different concentrations of
electrolyte (NaCl)

These two capacitors form the “electrode impedance”. The conductive and
dielectric contribution of the liquid is represented by resistor R, and capacitor C.
(placed in parallel), respectively. Their values are linked to the spacing between the
metal electrodes, the area of the electrodes and their geometry. At low measurement
frequencies, the dielectric contribution of the liquid is negligible. The SiO, insulator
layer conditioned capacitance and p - Si-substrate active resistance are denoted as Cox
and Ry respectively. The parasitic capacitance between the two Pt electrodes is Cg.
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Fig. 4. An electrical model of the contactless two electrode detector, including the respective
measurement setup: (Pt) metal electrode (Cox, C; Cp, Ca, Ce, and R, are the capacitance of the
insulating layer, the ferroelectric film capacitance, the lateral capacitance between Pt
electrodes, the double-layer capacitance, the capacitance of the liquid, and the resistance of
the liquid, respectively (a) and the simplified equivalent circuits (b,c,d)

In Fig.4:
C. = Cdel _ Re _ Re _] (L)ReTe
VUGG T 1+ jet, 14 (wTe)? T 1+ (wT)?’
Te = R.C,,
1 1
Zl = Ze + ZZCl , ZCl = E, ZB = ije,
2 Z1ZgZ .
Zsup = Reup +m v Lour = ZBZsubiZTZSSZZ+Z1ZB s Zout = Rout + jXout »
_1 . 2[3+Rew261]
Zl - B {Re Jw [ w3Cy }'
B =1+ (wt,)?
7 _ {0?(RsB1.Cox+2ReC1)+jw(Y2ReRs—2B1)}
out — {(A)Zaz‘l'ja)bz} ’

w is the angular frequency, a; = W(Rsf1Cpx + 2R.C;), by = (Y2R.Rs — 2,),

a; = w[2BC; + 1Cox + Cp(2B1 — V2ReRs)], by = [Rsfy2 + Reya +
+wZCB(.81RSCox + ZRecl)]a

B1 = 2B + 0?RCiT,, V1 = w?*CP, Y2 = w?CoxCy.

The output impedance is introduced in the form:
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As the impedance spectroscopy (Bode plot) measurements of the EC sensor have
a schematic view presented in Fig. 3 and Fig. 5, we can admit that in the frequency
range of 0 <f<f,, |X,yu¢|—hasa capacitance character and is larger than that of
Rout, which corresponds to fmin. In the frequency range of fj < f <f,, the sensor mainly
exhibits an active resistance which is an important precondition for designing
electrolyte conductivity sensors. The frequency range (band) where impedance has
mainly a resistive character corresponds to the regime of Zow = Rou-

Z
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Fig. 5. A scheme of Z-f dependence
In this regime
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Re Re bl
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and, neglecting the Rs, Cg, Cox and after substituting the corresponding parameters
for (Eq.2), one can obtain a quadratic equation in respect of w:

a)z—w< i )+ 4 0, 3)

4ti+2757, (4t3+2757,) -

where 7 = (4R,, T, = R.(, , and
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w = s
12 — 2(2T5,TfTe)

~_ F —

o fir % s {1 J 1- 5 (2re + rf)} @)
If:

a) T 2T, fi = ﬁ, which coincides with the results, obtained in [2],
and when

~_ Y
b) f = RCo(T 72%0) and,as Tf D> T,, C; > C,, fo =

41IR,3Ce

In the common case, from equations: Zyy: = Roues 1 Xout = 01, (Cox = 0,
Cg >0, Rg—>0, y,—-0)

for w we can obtain:

2C1 B+Cox[2RE3CE+ 1
op ~ IB OX[ e*-1 18] or W= { }. (5)
C1CoxBRci 4(ReC1—27¢)Te
We can present the frequency dependence on the sensor parameters as:

1
fizorel = — (6)
f
4ATTR,C, / e 4TTRC e TriCas

Conclusions. As it is known [2] that the double layer capacitance decreases
significantly with decreasing electrolyte concentration, we have assumed that for low

I

electrolyte concentrations and any certain conditions and frequencies, C; can be

higher than C,, and C , and hence the existence of Cy can shift the frequency band

to a lower frequency range, where the impedance of the sensor shows dominantly an
active resistive character.

The above mentioned relationship comes also from equation (6).

If we neglect the ferroelectric film capacitance, the value of the frequency
corresponding to an active resistance origin [see (4), (6)] coincides with the results
obtained in [2]. Thus, by varying the composition and geometry of ferroelectric films
(that is Cy), it is possible to control the frequency band and sensitivity of sensor where
the impedance of the structure becomes active. Due to the use of the chip technology,
portability, simplicity and low costs, in the future, such devices can successfully be
implemented in drug and food industry, in medical practices (blood conductivity,
capillary electrophoresis).
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We predict that the high dielectric permittivity, low dielectric losses, low leakage

current, tunable features, good electrical, thermal and mechanical stability and high

corrosion-resistant properties of perovskite-oxide thin-films will lead to a decrease in

the electrode-electrolyte impedance at certain measuring frequencies resulting in a

more precise and accurate measurement of electrolyte conductivity in a wide range of
electrolyte concentrations.

This work is supported by State Committee of Science MES RA, in the frames of

the research project Ne SCS 13-2G032.
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tLeUS,ALPSLEMP <UTNMIULULNRE3BUL SUbhh SUUUdEL UlubUUL b4
hUMNGTHULUUSPL PLNRUSPEMrP ONShUULUSNRUL

Jd.Jd. Pnithwpywu, £.U. <nYy, WL.U. Mnnnujwi, U.R. Cjnkuphug,
L.Q. fnwunwdjuy, £.£. <njuplyjw

Unwownydby & Eahupnjhnubph hwnnpnuwunigjwu ns hwyndwiht swihdwu' Pt-b
uwupwdal  EGYwpnnutipnd  nyhsh unp  dhypndwupwybpn  Yunnigwdp:  Npwbu
dbwnwnuwlwu EEYunpnnubpp dwélynn dtynwhs obpin wnweoht wuqwd ogunwagnpdynid Gu
wwpptin pwnwnpnipjwdp, ds nhkhnphy pwihwugbihnipjwdp wbkpnduyhu-opuhnuwht
uwunpwnwuputpp: Uwyyb b wnghsh hwdwndtip utubidwu, b nbuwlywunpbu hwodunyyby
nt thnpduwlwunpbu  hbGinwgnundb) Gu  pdwbnwuuwihtu  punypwgpbpp:  Uuwjhwhynpbu
unwgyb] b quwhwwyt] Gu ndhsh woluwwmwupwih  hwbwfuniyeniuutph dhowlwipp b
wwpwdbwnptph thnfuwnwpéd  Yulujwdniginiuubipp, npwnbn npuunpgnd £ upw wynhy
nhdwnpnigjw yuppp:

Unwtgpuypti  pwnbp. ny hynWwiht swihnd,  EGYunpnihnh hwnnpnwywunie)niu,
wbipnuyhwn - opuhnwjht bwunpwnwue, dhypnatipmwihu kitYunpnn:

IKBUBAJIEHTHAS CXEMA JATYUKA ITPOBOAUMOCTHU
SJIEKTPOJIMTOB U OITUMU3ALIUA UMITIEJAHCHBIX
XAPAKTEPUCTUK

B.B. bynnarsu, K.A. Xyk, A.C. Ilorocsin, M./I:k. lloenunnr,
JL.T. Pycramsu, I'.I'. OBHUKSIH

[IpennoxxeHa HOBasi MUKPOMMHHMATIOpHAs CTPYKTypa  JaT4dKa ¢ TpeOCHYATBIMHU
Pt-mu MUKpOIIOIOCKOBBIMHU 3NIEKTPOJAMHU AJsI OECKOHTAKTHOTO H3MEPEHUS MPOBOAUMOCTH
JJIEKTPOJUTOB. B KauecTBe OUANEKTPUYECKOTO CJ0si, MOKpPbIBaOIIEro Metamnueckue (Pt)
NIEKTPO/IbI, BIEPBbIE HCIIOIB30BAHbI IEPOBCKUT-OKCHIHbIE HAHOIUICHKH Pa3JIMYHOTO COCTaBa
¢ OOnpIIONH IU3NEKTPUYECKOH IPOHHIaeMOCTbio. Pa3paboTaHa »SKBHBAJICHTHAs cXeMa
JIaTUUKA, IPOBEJEHBI TEOPETHUECKHE PACUETHI U IKCIEPUMEHTAIBHO HUCCIICAOBAHbI €€ HMIIe-
JTAaHCHBIE XapaKTEPHCTHKH. AHAJIUTHYECKH IIOJyYeHbl M OICHEHBI pPabodmii YacTOTHBIN
UHTEpBAI M B3aUMOCBS3b IapaMeTpPOB  JaT4MKa, IJ€ MPOSABISIETCS €ro aKTUBHBIN
PE3UCTUBHBIN XapakTep.
Kniouegvie cnoga: OECKOHTAKTHBIM, TNPOBOAUMOCTh JIIEKTPOJINTA, IIEPOBCKHT-
OKCHIHAST HAHOIICHKA, MUKPOIIOJIOCKOBBIH AMIEKTPOI.
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