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Abgtract: The monitoring and control of the dectricd parameters of ionic solutions have different
goplications in industry and are particularly important in medicad and biochemica gudies, where ionic
solutions are commonly used. This paper andyzes the effect of the conductivity of a low-concentration
ionic solution on the resonant response of a Quartz Crystal Resonator (QCR) sensor with asymmetric
electrodes put in contact with the solution. A model of the QCR sensor is presented, and experimenta
results obtained with a 6-MHz sensor exposed to low-concentration solutions of NaCl in water are
reported. The mode and experimentd results are in very good agreement throughout the explored
conductivity range between around 10 and 200 mS/m.

Keywords. Conductivity, low-concentration ionic solution, Quartz Crystad Resonator (QCR) sensor,
impedance andysis.
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1. Introduction

Quartz Crysta Resonator (QCR) sensors can operae in contact with a liquid due to the comparatively
low losses associated with the vibration of the crystd in Thickness Shear Mode (TSM) [1].

Usudly, in the gpplications that use QCR sensors in liquid, the influence of the conductivity and the
didectric properties of the solution are paragtic contributions that can interfere with the measurement
[2]. This aspect is of paticular importance in chemicd and biomedicd applications, where ionic
solutions are commonly used [3-4].

These paragitic effects can be avoided by diminating any direct interface between the solution and the
bare quatz crysd. This is accomplished by making the eectrode in contact with the solution large
enough to cover the whole crystd area exposed to the liquid. This produces a screening action that
prevents the eectric fidd from penetrating into the solution, therefore the dectricd characteridtics of
the liquid are not influentid.

There are cases where it would be interesting to monitor the electric properties of the solution. In such
cases, it is possble to use a sensor configuraion in which the eectrode area is smdler than the area
exposed to the solution, therefore generating an dectrode-liquid-quartz dectrical path that goes in
paradld with the sensor itsdlf [5].

This paper focuses on the moddling of a QCR sensor with asymmetric eectrodes in contact with a
liqguid and demondrates that, by consdering an appropriate sensor characteristic frequency, i.e. the
frequency a maximum conductance, an andyticd rdationship with the liquid conductivity can be
derived that agrees well with experimentd results.

2. Sensor Configuration

The sensor configuration used in this study is an AT-cut quartz crysta with the eectrodes shapes
shown in Fgure 1. This quartz crystd has a smdler disc dectrode (A) that occupies partidly one face,
and a larger disc dectrode (B) that completely covers the other face. The linked semicircular patterns
on the amdl-electrode face serve to route eectrical contacts out of the crystd.

Smaller Electrode (A)

Larger Electrode (B)

Fig. 1. Quartz crystal with asymmetric electrode configuration.

The crysd is intended to operate in a measurement cdl as shown in Figure 2. It can be observed that
the upper crysd face in contact with the liquid is the one with the smdler dectrode A, while the lower
face isthet with the larger dectrode B.
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The asymmetric eectrode configuration causes a fringing eectric fidd E to penerate into the liquid,
determining a probing action that can be exploited to sense liquid properties.

Inlet Outlet

P

o
—

Fig. 2. QCR sensor mounted in the measurement cell.

The impedance of the liquid is represented by the pardld of R = 1/(ks) and C. = ke, where s and e
are the liquid conductivity and didectric permittivity respectively, and k is an appropriate form factor
having the units of linear length. The capecitance Cq = egAg/t represents the contribution of the
outside region of bare crystal, where eq is the quartz permittivity, Aq is the area of the portion of the
upper face fdling insde the measurement cell and uncovered by the dectrode A, and t is the crysd
thickness.

When the liquid is an ionic solution, primarily the conductivity s becomes a function of the ionic
concentration, while, in particular with water low-concentration solutions, the permittivity e is affected
to a lower extent. Increesng s produces the effect of widening of the effective area of the upper
electrode, with the consequent variation of the sensor eectric admittance [2, 56]. The variation of the
sensor admittance around resonance can be therefore exploited to measure the liquid conductivity.

3. Theoretical M odel

Figures 3a) and 3b) respectivdy show QCR sensors with equa and asymmetric eectrodes with the
upper face in contact with a liquid and with the corresponding equivdent circuits vdid around the
crystd fundamenta resonance.

The circuit of Figure 3a) is the classic Butterworth-Van Dyke (BVD) modd, where L, C and R
represent the equivaents of motional mass, compliance and losses, and Cy is the dectrical capacitance
of the crystd.

The circuit of Figure 3b) is an extenson of the BVD mode where the components R, C_ and Coq,
previousy described in section 2, have been included.
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——C — Cq C

-

Le Lo

Fig. 3. QCR sensor with equal (a) and asymmetric (b) electrode configurations with one face in contact
with aliquid and corresponding equivalent electric circuits.

For the classcd BVD modd of Figure 3a), the admittance Y(w) messured between terminals A and B
isgiven by:

Y(W) =Y, (W) + jwC, «y
The motiona component Ym(w) is
1
Ym (W) = 2
R+—— 1 + jwL @
jwC

For the extended BVD modd of Figure 3b), the admittance Y(w) is now given by:
Y (W) =Y, (W) + jwC, +Y (W), (3
where Y, (w) is caused by the fringing field and has the following expresson:

1
R 1 (4)

+
1+ jwC R jwC

Y (w)=

Q

The resonant angular frequency of the motiond am wg = (ULC)Y?, cdled the series resonant
714



Sensors & Transducers Journal, Vol.71, Issue 9, September 2006, pp.711-720

frequency, is the primary parameter that is commonly measured with QCR sensors in general and for
intliquid andyss in paticular. This is because w is related to the mass uptake in a coated crystd, to
the viscodastic properties of the coating, and aso to the dendty-viscodty product of the contacting
liquid [1]. The resstance Ris dso important to quantify losses[1].

Conddering the BVD modd of Figure 3a), the series resonant frequency ws can be conveniently
measured as the frequency where the conductance G(w), i.e. the red part of admittance Y(w), is
maximum. This can be easily done with an impedance andyzer.

In the case of Figure 3b), with the extended BVD mode, the presence of Y (w) does not modify the
series resonant frequency W However, depending on which other characterigtic frequency of the
sensor is monitored, either for reasons of convenience or due to the intringc operation of the oscillator
or different eectronic equipment used, there might be dgnificant variations caused by Y. This is the
case, for ingance, with the pardlel resonant frequency and the zero-phase frequency that are both
affected by Y, in acomplicated way difficult to be expressed in andlytical form [5-6].

As an dterndive, we propose to extend the method of the maximum-conductance frequency to the
case of the presence of Y, by further degpening into the andysis of the mode of Figure 3b).

The expression of the conductance G(w) is.

2
W?RC? + WZRLCQ

G(w) =G, (W) +G_ (W) = 2
(1- w?LC)? +W?R*C?  1+W’R_“(C_ +C,)?

()

The frequency-dependent term G (w) causes the frequency wg for which G(w) is maximum to be in
principle different from w However, G_ becomes congtant for R_ ether equds to zero or infinity, i.e.
for aliquid either insulating or perfectly conductive. In both casesit follows that ws = W

For an intermediate conductivity, a conservetive approximation can be derived by assuming that R has
the value for which the dope of G (w) is maximum a w=ws. This occurs for:

3
RL(CL+CQ)=3\J;

S

(6)

In this wordst-case condition, an overestimated expression of wg can be derived from Eq.(5) resulting
in:

=, RC)
Wo @t G arciq 0

where Q = wiL/Risthe motiond qudity factor at series resonance.

In Eq.(7) the vdues of R and R can be comparable, and Cq can be two orders of magnitude larger than
C. Under these conditions, even for low vaues of Q in the order of few hundreds, the difference
between ws and W is negligibly smdl.

Therefore, it can be concduded that, irrespectively of the conductivity of the liquid, the angular
frequency wge where the conductance G(w) of Eq.(5) has a maximum is essentidly equd to the
motiond series resonant frequency ws. As a consequence, measuring the former is a convenient
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method to determine the latter. Theresfter, it will be assumed that ws = Ws.

As a first conseguence, given that ws is not dependent on Y, it is expected that the measured wg is not
affected by the liquid conductivity s.

Thered part G and theimaginary part B of the quartz crystal admittance at ws are given by:

W,°Cy°R,
1+ W52 (CL +CQ)2 RL2

G(W,) =G, (W) +G (W) = =+ ®
W.CoLHWE(C, +C,)CR”)

B(w,) =B, (w,)+B (w,)=w,_C, +
L T L+wWi(C +C)rR

9)

For high vdues of the conductivity s the resstance R_ tends to zero, therefore Gi(ws) and B (ws)
respectively become:

lim G, =0 (10)
R ®0

lim B, =w,C

R.®0 L Q (11)

On the other hand, when s tendsto zero R_ diverges and G (ws) and By (ws) respectively become:

lim G, =0 (12)
R® ¥
w.C.C
. _ Wl
F![rg¥ B = CQ +C, (13)

On the bass of the above equations, it is expected that, as a function of the liquid conductivity s,
G(ws) shows a non-monotonic trend with a maximum at the vaue that makes R = 1/[wgCqt C)],
while B(ws) shows a monotonic behavior.

Summarizing, the liquid conductivity s is expected to respectively produce no effect on the series
resonant frequency ws, a non-monotonic trend with an intermediste maximum for the conductance

G(ws), and amonatonic rising trend for the susceptance B(ws).

4. Experimental Apparatus

The used sensor is a 6 MHz AT-cut quartz crystd (Inficon 008-010-G10) with a configuration of the
electrodes as shown in Figure 1. The diameters of the crystal, upper eectrode (A) and lower electrode
(B) are respectively 14mm, 7mm and 135mm. The crystd was mounted in a measurement cdl
purposaly made with the same configuration shown in Figure 2.

A block diagram of the complete experimenta set-up is shown in Fgure 4.

To obtain reference vaues of liquid conductivity, solutions of sodium chloride in deionized water were
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prepared in concentrations from 0.06% to 0.1% in weight. The corresponding vaues of the
conductivity of the solutions have been cdculaied usng the Kohlrausch law [7] obtaining vaues in the
range between 13 mSm and 205 mS/m.

Impedance Analyzer Personal
HP4194A Computer

|EEE 488
Interface

Perigtaltic
Pump

Solution Discard
Under Test Solution

Fig. 4. Block diagram of the experimental set-up.

It is important to point out that the extremely low concentrations used produce negligible variations of
the densty and viscodty of water [9], therefore no effect is expected on the motionad admittance Y,
and on w in particular, caused by acoustic-mechanica action.

The QCR sensor, through the terminds A and B, was connected to an impedance andyzer (Hewlett-
Packard HP4194A) interfaced to a persond computer via an IEEE 488 interface. The impedance
andyzer was programmed to measure G(w) and B(w) around resonance, and extract the values of W,

G(ws) and B(ws).
The tet solutions were fluxed in the measurement cdl by means of a perigdtic pump (Watson
Marlow SciQ-401) at the flow rate of 2 pil/s. A picture of the cdll and the pump is shown in Figure 5.

5. Experimental Results

Figure 6 shows the measured trends of fs=w42p, G(fs), and B(fs) versus time in response to solutions
of different conductivity fluxed in the sensor cell.

It can be observed that, as expected, the series resonant frequency fs do not change. In addition, in

agreement with Eq.(8) and EQ.(9), G(fs) and B(fs) show trends that are respectively norn-monotonic and
monotonic versus the conductivity.
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Fig. 5. Measurement cell and peristaltic pump.

By inserting the expressons R =1/(ks) and C_=ke into Eq.(8) and Eq.(9), the following equations

are obtained:

980
960
940
920
900
880
860
840
820
800
780

G,B [uS]

2 2
G(w,) :i"' zWS “o Vi 2
R 1+w.’ (ke+C,)?(1/ks)

w.Co, (1+ W2 (ket+ C,) e/ks?)

B(w.)=wC, +
( s) s~0 1+W§(ke+CQ)2(]/kS)2

45.6mS/m 64.5mS/m 205mS/m
34.9mS/m v

105mS/m

39.2mS/m 51.9mS/m |

13.3m8im éy‘i‘:n Jp@lmml
.33\'6,?\‘:/.0~92"5‘[¢«,{>,;’ 26.3mS/m M""”Illl
g
- IIIIIIIIIIId!
O =
II|"(§}|IIIIIII | B
1
LTI II||I|f[}"|mmm“I —Frequency

AN AN VWA SN~ AN ANy Ay

0 20 40 60 80

Time [min]

5.972

5.971

5.970

(14)

(15)

Frequency [MHz]

Fig. 6. Measured fs, G(fs), and B(fs) versus time under exposure to NaCl solutions of different conductivity.
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The parameters of the equivdent model of Figure 3 have been measured for the sensor exposed to
deionized water, therefore in conditions of negligible conductivity that reduce Y. to the series of C._
and Cq. The following vaues have been obtaned: R=1.1kW, C=134fF, L=53mH, ad
CotCLCol(CL+ Cq) =21pF. In addition, from the cysd and cdl dimendons (Aqg=35 mn,
t = 0.278 mm) and the relative permittivity of quartz (eq/eg = 4.55), it has been calculated Cq = 5 pF.

The reative permittivity of waer (e/eg) has been assumed equa to 78.5. Eq.(14) and Eq.(15) now
contain dl known quantities, either measured or cdculated, gpart from the unknown form factor K,
which can be used as a fitting parameter for the experimental data measured a the reference vaues of

the conductivity s.

Figure 7 shows the results of the fitting process, where the points are the experimenta data and the
curves are plots of Eq.(14) and Eq.(15). It can be observed that an excellent agreement is obtained.
This is especidly true for the conductance G, while for the susceptance B the fitting is less accurate.
The obtained best-fit value of k is 454 mm, that is a consgent figure conddering the crysd and cdll
dimensons

The maximum of the conductance is for a conductivity of around 65 mSm, in agreement with the
literature [6]. Below such a value, a monotonic response is obtained and the proposed QCR sensor can
be used as a high-sengtivity conductivity meter.

965 1000
/G\\
0G OBl 2
955 1— , & 960
@ \
7
945 — <>,/‘/\/ 920
) Q i ' —
= / [ //’ N 3
O 935 ya —* 880 m
// ,<>-' O
/ L
// /66
925 T 840
O,A,
O
915 T 800
0.01 0.10 1.00

Conductivity [S/m]

Fig. 7. Result of the fitting between experimental data of G(fs) and B(f;) (discrete points) and the theoretical
model (dashed curves) as afunction of liquid conductivity.

5. Conclusions

In this work the effect produced by the eectric conductivity of a low-concentration ionic solution in
contact with a QCR sensor with asymmetric eectrodes has been studied and modelled.
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The experimental results obtained with solutions of NaCl in water have shown that, in agreement with
the proposed modd, the conductivity of the solution does not produce variations in the series
resonance frequency of the sensor. Conversdy, because of the dectric fidd fringing effect, there are
predictable variationsin both the red and imaginary parts of admittance at the series resonance.

The present work contributes to a better undergtanding of the effects due to the solution in in-liguid
goplications of QCRs [8-9], and verifies the potentid use QCRs with asymmetric dectrodes as high-
sengtivity conductivity sensors.
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