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Hybrid temperature effect on a quartz crystal microbalance
resonator in aqueous solutions®
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The quartz crystal microbalance (QCM) is an important tool that can sense nanogram changes in mass. The hy-
brid temperature effect on a QCM resonator in aqueous solutions leads to unconvincing detection results. Control of the
temperature effect is one of the keys when using the QCM for high precision measurements. Based on the Sauerbrey’s
and Kanazawa’s theories, we proposed a method for enhancing the accuracy of the QCM measurement, which takes into
account not only the thermal variations of viscosity and density but also the thermal behavior of the QCM resonator. We
presented an improved Sauerbrey equation that can be used to effectively compensate the drift of the QCM resonator. These

results will play a significant role when applying the QCM at the room temperature.
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1. Introduction

A quartz crystal microbalance (QCM) measures the mass
variation per unit area by measuring the change in frequency of
a quartz crystal resonator. The changes in mass deposited on
the crystal surface are directly reflected in changes of the res-
onator frequency. In 1959, Sauerbrey first developed a method
for measuring the resonator frequency of the QCM resonator
in air using an oscillator circuit.!'! Tn 1985 Sauerbrey’s method
was further developed by Kanazawa for measuring viscosity
and density of a liquid.!”! Both methods continue to be used in
nearly all applications as the primary tool in QCM resonator
experiments for conversion of frequency to mass. !

A QCM sensor typically consists of an oscillator circuit
containing a thin AT-cut quartz disk with circular electrodes on
both sides of the quartz. Due to the piezoelectric properties of
the quartz material, an alternating voltage between these elec-
trodes leads to mechanical oscillations of the crystal. The reso-
nant frequency of the quartz is directly affected by the thermal
changes.*>! When a QCM resonator contacts liquids, both the
accumulation of rigid mass and changes in the property of the
liquid, e.g., density and viscosity, contribute to the frequency
shift. The density and viscosity of solutions have a strong de-
pendence on temperature.®! Thus, the methods of Sauerbrey
and Kanazawa are inappropriate for liquid measurement when
considering the temperature effect. Control of the tempera-
ture effect is key when applying the QCM for high accuracy
measurements. As we know, four methods are typically used
to control the temperature effect on the measurements. First,
keep the quartz crystal”! sensors at a constant temperature
by placing them in a temperature-controlled container. Sec-
ond, use an additional reference crystal,!'*-1?] that is protected
from mass changes yet experiences temperature changes iden-
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tical to the measurement crystal. This is called the dual crystal
method. Third, the baseline subtraction method uses QCM
resonator data before and after the measurement,!'3] which as-
sumes that the drift of the QCM resonator baseline caused by
the temperature effect can be modeled.!'"*! Fourth, compen-
sate for the drift using analog or digital voltage.!'>! However,
when considering these 4 methods, the temperature of the lig-
uid cannot be controlled for several possible applications (e.g.,
sea-water immersed sensor). The “dual crystal method” is dif-
ficult to employ due to the many temperature effects caused
by transient temperatures that the reference crystal may not
detect.['9) Furthermore, to compensate for drift using analog
or digital voltage would be inaccurate due to the amplitude-
frequency effect,!!”l which denotes the variation in frequency
with respect to the crystal!!3-20]
effect has been eliminated. In addition, the effect of change

current after the temperature

in a solution’s density and viscosity induced by temperature is
not taken into account.

In this paper, we discussed a problem concerning the hy-
brid temperature effect on a QCM resonator in aqueous so-
lutions. Based on the Sauerbrey’s and Kanazawa’s theories,
we then proposed a method for enhancing the accuracy of
the QCM measurement, which takes into account not only the
thermal variations of viscosity and density but also the thermal
behavior of the QCM resonator.

2. Method and experiments
2.1. Method
2.1.1. Sauerbrey equation

According to Sauerbrey’s theory, the rigid attachment of
a film of mass Am to the crystal surface causes a decrease in
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the resonant frequency Af, and the relationship between Af
and Am is linear in the limit of small Am without regard to
temperature changes. It can be expressed by Eq. (1)

2
Af =—-226x107°. %Am, (1)

where fj is the resonant frequency (in unit Hz), Af is the fre-
quency change (in unit Hz), Am is the mass change (in unit g),
and A is the piezoelectrically active crystal area (in unit cm?),

2.1.2. Temperature characteristic equation of QCM

To analytically describe the frequency-temperature be-
havior, the measured change of frequency versus temperature
can be developed in a power series, determined by first, sec-

[21-23

ond, and third-order temperature coefficients. 11t can be

expressed by Eq. (2)

Af(T)
Jo

where, A1, A, and Az are the temperature coefficients mea-

=A1-(T—T) +Ar- (T —T)* +A5- (T - T)*, 2)

sured at the reference temperature 7p; 7' is the environmental
temperature; and fj is the resonator frequency at 7p. The tem-
perature effect is caused by the property of the crystal itself.

2.1.3. Viscosity-density effect on the solution

According to Kanazawa, if a Newtonian liquid is in con-
tact with one of the QCM resonator surfaces, the resonator fre-
quency change is proportional to the square root of the product
of viscosity and density.?! This can be expressed by Eq. (3)

0.5
3/2( TP

where, 1y and p; are the solution viscosity and solution den-
sity, respectively. Note that the solution density and solution
viscosity vary with the temperature, pq is the density of the
quartz (pq = 2.643 g/ cm?®), and g is the shear modulus of the
AT-cut crystal quartz (g = 2.947 x 10! g-cm~!-s72).

2.2. Experiment
2.2.1. Assumptions

Assumption 1 Although frequency change can be af-
fected by surface roughness, this research does not consider
its effect. Because the same crystal electrodes were used for
all tests, there was no change in surface roughness during the
experiments.

Assumption 2 To prevent instantaneous frequency
changes and drift due to transient temperature effects, the reso-
nant frequency of the crystal was measured as the temperature
performs a slow sweep over the desired temperature range.

Assumption 3 The Hybrid temperature effect (Af;.) on
the QCM resonator in aqueous solutions is divided into two

parts, namely, the direct temperature effect (Af,q) and the in-

direct temperature effect (Af; ). Thus, Af, = Af, +Af .-
Assumption 4 The direct temperature effect on the QCM

resonator for all aqueous solutions has the same characteristics

as in pure water.

2.2.2. Materials and equipment

In the experiments, three identical 8-MHz AT-cut QCMs
(AC8AP14, JJK Electronic Co., Ltd.,) coated with gold were
used, as shown in Fig. 1. The diameter of the crystal was
14 mm, the areas of the electrodes were about 28.26 mm?, and
the resolution ratio of the QCM was 5.5 ng/Hz. The QCM res-
onator was mounted in an electrolytic cell, as shown in Fig. 2.

Fig. 1. (color online) Photo of the QCM resonator.

Fig. 2. (color online) Photo of the electrolytic cell.

The main crystal electrode acted as a working electrode
in solution, while the opposite side of the crystal was exposed
to air. The electrodes were connected to an oscillator circuit
using small, flat-nosed alligator clips. Tests were conducted
using a frequency measuring device (EQCM-400C, Shanghai,
Instruments, Inc.) which outputs ten frequencies per second,
and a Lab-VIEW 2014 virtual instrument developed in the au-
thor’s laboratory. In this research, the frequency-change mea-
surements were made using Lab-View software. The viscos-
ity of the liquids (NaCl solutions and pure water) at different
temperatures was measured using a Digital Rotary Viscometer
(NDJ-8S, Shanghai Pingxuan Instrument Co., Ltd.), while the
density of the liquids at different temperatures was measured
using a specific gravity meter (DA-130N, Kyoto Electronics
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Manufacturing Co., Ltd.).
was directly measured during the operation of the QCM using
a digital thermometer (TM-902C, LUTRON ELECTRONIC
ENTERPRISE Co., Ltd.) with a sensitivity of 0.1 °C. Lastly,
the temperature was controlled using an electrothermal con-
stant temperature incubator (BEIJING KEWEI YONGXING
INSTRUMENT Co., Ltd.) with a temperature sensitivity of

0.1 °C. For all experiments, three cleansers, 95% alcohol solu-

The environmental temperature

tion, 99% acetone solution, and pure water, were used sequen-
tially to clean the QCM resonator with the ultrasonic cleaner
(JP-008, Skymen cleaning equipment Co., Ltd.) for 5 min at
room temperature. Then, the QCM resonator was dried using
nitrogen.

2.2.3. Test samples

We conducted three groups of experiments: i) experi-
ments of the temperature effect on the NaCl solution; ii) ex-
periments of the direct temperature effect on the QCM; iii)
experiments of the indirect temperature effect on the QCM.

In the first group of experiments, we investigate the tem-
perature effect on the NaCl solution, the densities and viscosi-
ties of five NaCl solutions were measured in the range of 20 °C
to 35 °C.

For the second group of experiments, we measured fre-
quencies of the QCM in air and pure water. We chose 37 tem-
perature points over the range of 20.3 °C to 55.7 °C (see Ta-
ble 1), and 27 temperature points, over the range of 21.3 °C
to 51.2 °C (see Table 2), respectively. Here, the viscosities
and densities of the pure water at different temperatures were
independently measured.

Table 1. Temperature points in analysis of temperature effect of QCM
resonator in air.

Temperature/°C

20.3 25.0 28.7 33.6 38.6 42.6 48.6 54.1
21.5 25.6 30.5 349 39.1 43.8 49.6 55.7
22.5 26.1 31.8 358 39.3 44.9 50.1
23.8 27.6 32.1 36.7 40.7 46.5 51.6
24.6 28.5 33.0 37.3 41.8 47.8 532

Table 2. Temperature points in analysis of temperature effect of QCM
resonator in pure water.

Temperature/°C
213 26.3 31.6 36.2 42.8 49.7
22.2 27.5 32.5 37.8 44.2 51.2
23.9 28.1 332 39.2 45.8
24.8 29.8 34.5 40.6 473
25.0 30.7 35.6 41.5 48.6

In the third group of experiments, we used five NaCl so-
lutions with different concentrations (see Table 3) as test sam-

ples, and the QCM resonator frequency measurements were

conducted at 25 °C and 30 °C. NaCl was selected due to its
minimal ability to adsorb at the surface of the QCM crystal
electrode.

Table 3. NaCl solution concentrations in analysis of temperature—
viscosity—density—frequency effect of QCM resonator.

Concentration/mol - L~!

0.01 0.1 0.5 1.0 2.5

2.2.4. Frequency data

One frequency datum was obtained for each experiment
by averaging the output frequencies in a stable baseline. We
averaged about 1000 or 2000 frequencies, with the EQCM-
400C for a more accurate frequency change measurements.
A median of five frequency data from five repetitive experi-
ments was reported as a measuring result. In particular, all
data points were taken at 25 °C.

3. Results and discussion
3.1. Temperature effect in NaCl solutions

Figures 3 and 4 show the linear relationships be-
tween temperature and density or viscosity in NaCl solutions
(20 °C < T < 35 °C). The density (py) dependence on temper-
ature is generally represented by Eq. (4)

p1 = —aTl +b, “

where a is the temperature coefficient of NaCl solution density
and b is a constant. The values of a and b for fitting the curves

in Fig. 3 are summarized in Table 4.

1.6
+0.01 mol/L NaCl
0.1 mol/L NaCl
- ey —— 0.5 mol/L NaCl
‘E 1.4 """"——-,,,,,_7779_77 1.0 mol/L NaCl
3} i Y *= 2.5 mol/L NaCl
S— —
Z 12| . s
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=} T
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Fig. 3. (color online) Density versus temperature in NaCl solution.
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Fig. 4. (color online) Viscosity versus temperature in NaCl solution.
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The viscosity (1);) dependence on the temperature is gen-
erally represented by Eq. (5)

N = —cT+d, ®)

where c is the temperature coefficient of the NaCl solution vis-
cosity and d is a constant. The values of ¢ and d for fitting the
curves in Fig. 4 are summarized in Table 5.

Table 4. Density—temperature coefficients of NaCl solutions with dif-
ferent concentrations.

Concentration/mol - L~ aj/g-cm=3.°C"! b/g-cm™3
0.01 1.707 1.43
0.1 1.750 1.53
0.5 1.704 1.61
1.0 1.710 1.71
2.5 1.704 1.81

Table 5. Viscosity—temperature coefficient of NaCl solutions with dif-
ferent concentrations.

Concentration/mol - L ™! ¢/m-Pa-s-°C~! d/m-Pa-s
0.01 0.0003521 1.013
0.1 0.0003581 1.021
0.5 0.0003531 1.049
1.0 0.0003503 1.079
2.5 0.0003576 1.108

3.2. Direct temperature effect on QCM

Figure 5 shows the relationship between frequency
changes of the QCM and temperature changes in air. The
equation for fitting the relationship is expressed as follows:

Afy, = 0.02048 (T — Tp)* — 1.369 (T — Tp)*
+31.12(T - Ty) — 15.07 (6)

for 20 °C < T < 55 °C, where T is the test temperature and T
is the reference temperature (Tp = 25 °C).

200| f,=T987818 Hz oo " T
< ,,,,/")/
/('
g 100 e
5 e
a ol )
—100{ / T,=25°C
0O 5 10 15 20 25 30
(T=T,)/°C

Fig. 5. (color online) Direct temperature effect of the QCM resonator in air.

According to Eq. (6), a 350-Hz frequency change appears
when the temperature change of the air is 35 °C (20 °C <

T < 55 °C). In other words, the average frequency change is

10 Hz/°C. The resonator frequency must compensate for any
critical application of the QCM measurement.

Figure 6 shows the relationship between the resonator fre-
quency changes of the QCM and temperature changes in pure
water. According to Assumption 3, the direct temperature
effect (Af,,) can be obtained when the indirect temperature
effect (Afy,,) is removed from the hybrid temperature effect

(Afp).

f, = 7965283 Hz

—200 |

Af/Hz

—400 [

-5 0 5 10 15 20 25 30
(T_ TO) /OC
Fig. 6. (color online) The resonator frequency of QCM in pure water.
Figure 7 shows the curve of Af., in pure water, and the
equation fitting the curves can be expressed by the following
equation
Afrg=Af —Afnp

=0.01689 (T —T)* — 1.188 (T — Tp)?

+27.95(T —Tp) —4.63 @)

for20°C < T <55°C.

400
——a f, = 7965283 Hz
200f b
= 0
-~
Ly
< —200
—400 T,=25°C
—600
-5 0 5 10 15 20 25 30

(T-1T,)/C

Fig. 7. (color online) The resonator frequency of QCM in pure water (curve
a); The direct temperature effect (Afrq) of QCM in pure water (curve b).

By comparing Egs. (6) and (7), we find an obvious dif-
ference, which indicates that the direct temperature effect is
different for the QCM resonator in air and pure water. When
the QCM resonator is used in an aqueous solution, the effect
on the QCM resonator in pure water should be used.

3.3. Indirect temperature effect on QCM resonator

Figure 8 shows the indirect temperature effect on the
QCM resonator in the NaCl solutions, where the resonator
frequencies were measured by experiments and calculated by
Kanazawa’s theory in the NaCl solutions with different con-
centrations at 25 °C and 30 °C.

067704-4



Chin. Phys. B  Vol. 26, No. 6 (2017) 067704

o by experiment at 25 °C
—1000 § + by Kanazawa theory at 25 °C
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Fig. 8. (color online) Indirect effect on the QCM resonator in the NaCl
solutions with different concentrations.

At 25 °C, a good agreement was found for Af between the
experimental results and Kanazawa’s theory, which states that
the resonator frequency change is proportional to the square
root of the change in viscosity and density.[**! On the other
hand, an obvious difference can be found at 30 °C, where the
resonator frequency change does not agree with Kanazawa’s
theory, as shown in Fig. 9. The differences in the observed
frequency changes are due to the hybrid temperature effect on
the QCM resonator.

—800 . -
R * by experiment at 25 °C
5 by Kanazawa theory at 25 °C
—1000 o by experiment at 30 °C
E —— by Kanazawa theory at 30 °C
=
q —1200
—1400
—1600
0.95 1.00 1.05 1.10 1.15 1.20 1.25

(om)*®

Fig. 9. (color online) Frequency change versus /np in NaCl solution at
25°Cand 30 °C.

Experiments demonstrated the phenomena of the QCM
resonator frequency drift in the aqueous solutions when its
temperature ranged from 20 °C to 35 °C. The drift resulting
from the hybrid temperature effect which severely affected the
performance of the QCM resonator. Thus, the Sauerbrey equa-
tion should be further improved for QCM drift compensation
to enhance the measurement accuracy at room temperature.

4. Temperature compensation to QCM
4.1. Temperature compensation

According to Assumption 3, when the QCM measure-
ment is is conducted in aqueous solutions, the frequency
change Af,,, can be expressed as

AfQCM = Afm +Afra +Afrng, ()

where Afy, is the resonator frequency change due to the ad-
sorption at the metal-liquid interface according to the Sauer-

brey equation, Afrq is the resonator frequency change due to

the direct temperature effect according to Eq. (7), and A ftpq is
the resonator frequency change due to the indirect temperature
effect according to Eq. (3). The density (p;) and viscosity (7;)
in Eq. (3) should be compensated using Eqs. (4) and (5).
Equation (9) shows the drift compensation equation for
the critical calculation of the resonator frequency change of

the QCM resonator in aqueous solutions

Afoens = AMfin +0.01689 (T — T)* — 1.188 (T — Ty)*
+27.95(T — Tp) —4.63

e <(b—aT)(c—dT)>0-5

(€))
ThqPq

for 20 °C < T < 35 °C, where a, b, ¢, and d at a refer-
ence temperature 7p must be obtained for a particular solu-
tion, g is the shear modulus of the AT-cut crystal (uq =
2.95x 101 g/em-s?), and pq is the density of the crystal
(pg = 2.684 g/cm?).

Figure 10 shows compensatory frequencies (fic) of the
QCM resonator in NaCl solutions with five different concen-
trations. Each compensatory frequency was calculated by us-
ing the following equation

ﬁc = Afm _AfQCM
= —0.01689 (T —Tp)* +1.188 (T — Tp)* —27.95 (T — Tp)

0.5
qrq

for20°C < T <35°C.
The compensatory frequencies were obtained by consid-

ering the influences of the direct temperature effect and indi-

rect temperature effect.

N

£ 1200 - ~curve d
= . T,=25°C e
g w0 —s—curve c.
: o curve b
: - ~—curve a
S 400 ]
g I

&

8 | """""""'—r—rsf7”,,,5,,,\3“‘\9\7{
= 400 -
wn

2 800

: R
S -8 6 -4 -2 0 2 4 6 8 10

(T-T,)/°C

Fig. 10. (color online) Compensatory frequency of the QCM resonator
in NaCl solutions with different concentrations. (a) NaCl concentration:
0.01 mol-L~!; (b) NaCl concentration: 0.1 mol-L™!; (c) NaCl concentra-
tion: 0.5 mol-L~!; (d) NaCl concentration: 1.0 mol-L~!; (e) NaCl concen-
tration: 2.5 mol-L~!.

According to Eq. (10), an accurate frequency change can
be obtained, which removes the influences of the hybrid tem-
perature effect of the QCM resonator. The frequency change

is shown in a drift compensation equation, namely, Eq. (11).
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This may be used in the Sauerbrey equation to acquire a more
accurate result.

Afin = Afgey —0.01689 (T — Tp)’
+1.188(T — Tp)* —27.95 (T — Ty) + 4.63

3/ (b—aT)(c—dT))O'S
+f°< TTlqPq (v

for20°C < T <35°C.

4.2. Experimental verification

We validated Eq. (10) by calculating the compensatory
frequencies of the QCM resonator in NaCl solutions with con-
centrations of 0.1 mol-L~!' and 1.0 mol-L~! at temperatures
of 22 °C and 30 °C, where the coefficients a, b, ¢, and d ob-
tained at a reference temperature 25 °C for the NaCl solutions.
Figure 11 shows the compensation frequencies of the QCM
resonator.

Table 6 lists the compensation frequencies of the QCM

resonator in NaCl solutions with different concentrations un-

der different temperatures. The minimum and maximum ab-
solute differences between the theoretical compensatory fre-
quencies and the calculated compensatory frequencies were
2.22 Hz and 9.6 Hz, respectively. All absolute deviations were
less than 5%. The results indicated that the calculated compen-
satory frequencies (/) matched the theoretical compensatory
frequencies (fic) from Eq. (10). Thus, the presented drift com-
pensation (Eq. (11)) is reasonable.

N

430 ————— — _ _
i : T —95°C . —~ curve b |
o 290 _— T=0o - curve a
g | z=-3 7 — y=1060.2 curve ¢
& 150 —257.4 \
& of
£ —130 —
- . 7 T~
8 270 *=-3 —
z y=—176.5 —
é —410 r=>5 401.2 - 7 T

Yy=— .
8 —550 Y ]
© -8 —6 -4 -2 0 2 4 6 8 10
(T-T,)/C

Fig. 11. (color online) The compensation frequencies of the QCM res-
onator in NaCl solutions with different concentrations. (a) 0.1 mol-L~';
(b) 1.0 mol-L~"; (c) Calculated compensation frequency values.

Table 6. Statistics of the compensation frequencies of the QCM resonator in NaCl solutions.

NaCl solutions (7 —Tp)/°C  Theoretical compensatory ~ Calculated compensatory — Absolute difference Absolute deviation
/mol-L~! Ty=25°C frequency fi./Hz frequency f./Hz (fie — fc)/Hz [(fie = fe)/ fic] x 100%
0.1 -3 265.1 257.4 7.7 2.9%
0.1 5 57.98 60.2 222 3.83%
1.0 -3 —184.4 —176.5 7.9 4.28%
1.0 5 —391.6 —401.2 9.6 2.45%

5. Conclusions

In this paper, we investigated the hybrid temperature ef-
fect on the QCM resonator in aqueous solutions to build a
more accurate relationship among the resonator frequency of
the QCM resonator, the adsorbed mass, and the environmen-
tal temperature. We presented an equation developed from
the Sauerbrey equation based on the hybrid temperature ef-
fect. The proposed method effectively compensated for the
drift of the QCM resonator. It avoided variations in the res-
onator response due to the environmental temperature varia-
tions occurred during the actual measurement. These results
will play a significant role in future QCM application at the
room temperature.
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