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Abstract

Quartz crystal microbalance (QCM) vibrating in thickness shear mode is used to detect the mass changes of the layer deposited on its
surface. In this paper, an AT-cut quartz crystal microbalance with partial mass absorption on its electrode surface is modeled with Mindlin’s
theory. The effect of position and percentage of covering area of the mass absorption is studied. The numerical simulation results show
that QCM with larger electrode size is less sensitive to the percentage of covering area, and QCM with smaller electrode thickness is less
sensitive to the position attachment of the mass absorption on its surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction found in literatures on those non-perfect mass attachment
problems. In order to be able to make use of the high reso-
Quartz crystal microbalance (QCM) is used to detect the lution of QCM measurements, the relation between the fre-
micro mass changes and physical properties of thin layersquency changes and the changes of the surface attachment
deposited on the crystal surfadds-4]. The active element  details must be studied.
of a QCM is a thin AT-cut quartz crystal plate with metal QCM is operating on its thickness shearing vibration
electrodes deposited on each side of the plate. The applicamode. With electrode covering on the quartz crystal, the
tion of a voltage between the electrodes results in a shear dethickness shearing vibration is trapped on the electrode
formation within the quartz crystal due to the piezoelectric region because of the energy trapping efi&ft The vibra-
properties and crystalline orientation of the qu4siz Only tion amplitude distribution is highly non-uniform within the
those resonant thickness shear modes with maxima displaceelectrode area. The vibration falls off fast at the electrode
ment at the crystal surface are applied for sensor applica-edges. Different position of mass deposited on the electrode
tions. The high resonance frequency of the QCM makes thedoes have different effect on resonance frequency of the
device sensitive to its surface perturbation, such as mass abguartz crystal resonator.
sorption. Sauerbery’s equation gives the linear relationship  In this paper, theoretical studies of a rigid mass partially
between the resonance frequency shift of QCM and massattached on electrode surface are performed using a model
attached on the electrode surfddé. This equation and its  which is based on the Mindlin’s theof@]. With the as-
various refinements generally assume that the mass is unisumption that the operation frequency is close to the cut-off
form and fully attached to the QCM surfadds-6]. In many, frequency of the electrode-covering region, the thickness
but not all, cases this is a good approximation. However, the shear mode is decoupled with thickness flexure nma0¢
mass and vibration amplitude are not perfectly unif¢ih The performance of the QCM with different percentage of
and the mass loading might be attached on only partial areamass attachment area and position of the mass attachment
of the electrode region. Few theoretical studies have beenpartially mass attachment on electrode surface is analyzed
and studied. The resonance frequency is changed with the
position of the mass attachment. The numerical simulation
* Corresponding author. Tel+65-6419-1467; fax:+65-6419-1480. results show that QCM with larger electrode size is less sen-
E-mail address: hplee@ihpc.nus.edu.sg (H.P. Lee). sitive to the percentage of covering area, and QCM with
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smaller electrode thickness is less sensitive to the positioneffect andcgg = (ces — c26c62/c22) at electrode region,
attachment of the mass absorption on its surface. is the shearing modulus of the elasticity ®ay plane,c
is the mechanically equivalent couple per unit area of the
imposed voltage on the electrode; = c11 — (c12)?/c22
2. Model for analysis is Voigt's stretch modulus of the plate in thedirection,
kge is the compensate factor which can be calculated from

The QCM model used for analysis is shownFhig. 1 two-dimensional approximate meth@]

It is an infinite AT-cut quartz plate with two electrode lay-
ers coated on the top and bottom surfaces. The structure is,2 _ 72 (14 3R + 3Rp) 3)
symmetrical to thec-axis. By applying the electrical voltage "%~ 12 (1+ R + Rm)2
wlth gcertgln frequency on the electrode, thlckness shearlngwhereR — pehiedph, R = pmhmloh, are the ratio of the
vibration will be generated with the electrode-region due to . .
; - mass per unit area of electrode and absorption mass to quartz
the energy trapping effect. For sensor applications, the mass . " .
. per unit areape and py, are densities of electrode material
absorbed on the surface of the electrode will reduce the res- ; :
. i . and of absorption mass on surfabgandhy, are thickness of
onance frequency following the Sauerbery’s equation under ; . .
) ; . electrode and absorption, respectively. At the region where
certain assumptions. The mass absorption maybe occurs on . ;
there is no electrode covering@ = R = 0 andC = 0.
both the top and the bottom surfaces, Small asymmetry ef- . . .
The small asymmetric effect arising from mass absorption

fects arising from any mass imbalance between the top elec-. ! .
imbalance on the top and bottom surfaces is neglected in
trode surface and bottom surface are neglected.

There are five regions divided for QCM, where mass ab- this paper, though the imbalance absorption may occur on

sorbed partially on the surface of the electrodes. The massthe top and bottom surfaces. The structure and vibration are

absorbed area is indicated asfiig. 1 with lengthDy, and asymmetric to thg middle-plane of the quartz plate before
D;, D3 from both edges of electrode. The regions | and V and after absorption.

; i C The straight-crested shearing wave is introduced by as-
without electrode covering are assumed to be semi-infinite. . . ) o : "
suming the line displacement profile in the thickness direc-

tion. The shearing displacement can be expressed as:

ux = yy 4)
For the regions with electrode and rigid mass absorption, o
the coupled vibration equations of TS and TF modes ob- S@me as the derivation in R¢8], the transverse fora@(x)

tained by Mindlin are used here. Neglecting the thickness of @1d the bending momeM(x) at the particular position are
mass attached, but taking into account the mass of the sur9iven as a function of the rotation anger and transverse de-

face region Ill, the motion equation with TS and TF modes flection.

2.1. TSand TF coupling motion equations

can be expressed dv
P A Q(x) = 2hkgecgs (— + vf) (5)
Pv oy 9 dx
* 72
C66k6e <—2 —|— —) = ,O(l+ R + Rm)—2 (1)
ox ox ox 2h3y11 Oy
M(x) = — (6)
3 ox
202y 2« (OV ¢ When the mass absorption is not on the whole electrode
dx dx 2h area, the whole QCM structure is divided into five regions
0% (section I-V) as shown ifrig. 1L Considering the energy
= ph*(1+ 3R+ 3Rm)? 2 trapping effect, there are three cut-off frequencies of TS
S ) wave expressed as follows:
where v and v are deflection iny-direction and rotation For regions | and V which are without electrode covering
on the line element normal to the mid-plane of the quartz )
plate, respectivelycgs = (ce6 — c26c62/c22) + e%G/ €22 w2 — k&Co6 @)
at non-electrode region due to the piezoelectric stiffening ! oh?

/]eclyuanz Absorption mass
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Fig. 1. QCM structure with mass absorption partially attached on surface.
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For regions Il and IV which are with electrode covering but response. The transient response of the consBanis

without mass absorption not involved in the resonance characteristics analysis. The
U2 2 steady-state response of the electrode region is the sum of
2 666 > 7w (1+3R) . . . .
W= —m o, kg= o (8) the external impressed equivalent force and its harmonic re-
ph=(1+3R) 12(1+R) sponse. With arbitrary constants i = 1-8, the harmonic
For region IlI, which is with electrode covering and mass solutions of rotation in each of the regions I-IV can be
absorption, the cut-off frequency is written as
) 3k2cks » 72 (14 3R+ 3Rm) @1 =ar1expx1) x1 <0 regionl (14)

37 21+ 3R+3Rm)’ © 12 (1+ R+ Rm)2 o
) p2=¢y -+ azCo9&zx1) + azsin(é2x1)

2.2. Solutions of decoupling TF and TS modes O0<x1 =Dy regionll (15)

Thickness shearing and thickness flexure modes are cou-s = (p((f) + a4 co9£3x1) + as Sin(£3x1)
pled together inEgs. (1) and (2) When the disturbance
and operation frequency is close to cut-off frequengey:-
w2 + Aw, where Aw << wp, the coupling equations be-
tween the TS, and FT modes yields the relation (10).

D1 <x1 < D1+ Dy regionlll (16)

4= <ﬂ0 )+ ag COSEx1) + a7 SiN(Eaxy)

1 .
= _éhzi_w (10) D1+ Dy <x1 < D1+ Dy+ D3 regionlV a7
X
Substituting the relation into equations, we obtain a single

equation of motions for thickness shearing mode. @5 = agexp(—&1x1) D1+ D2+ D3 <x1 regionV

(18)
(y11+ k69c66)h2 Iﬁ — BkGechoV + ZC;Z where
21// @ _ Co
= ph*(1+ 3R+ 3Rm) 7 (1D % T 280+ 3R) (@2 — w?)
For regions | and VR = Ry = 0 where it does not have 3 Co

either electrode or attached mass. For regions Il and IV, %o 2h3,0(1+3R+3Rm)(a)3 ?)
Rn = 0, where it is with electrode covering but without
mass absorbeétqg. (11)is the decoupled TS mode vibration The conditions of continuity of displacement and moment at

equation. Assuming that a harmonic voltage excitatios the boundaries of different regions of the plates requires that
Co €/ is applied on the electrode surface, harmonic solution (19)
for ¢ can be expressed as $i = dit
Y =qe (12) di _ i1 (20)
Substituting intdEq. (11) the motion equation can be rewrit- ¥ 0x
ten as atx =0,x = D1, x = D1+ D2 andx = D1 + Dy + Da.
9 X C These continuity condit?ons providing (_a'ight equations for
2 — &= ~ o . (13) constants;, i = 1-8, which can be obtained.
yi1+ keecag)
where [M]gxslalsx1 = {polsx1 (21)
5 P14 3R+ 3Rm)(@? — v?) . Table 1
Ei = yi1+ k20t i=1-3 Material properties of AT-cut quartz and silver electrode of QCM
676 AT-cut quartz Silver electrode

for three types of region.

When the operating frequency is assumed for the range,
w1 > o > w2 > wy, the thickness shearing wave will
attenuate exponentially at regions | and V, and it can be Stiffness modulus (GPa) Voigt's stretch modulus (GPa)
propagated in regions II-IV due to the energy trapping ef- 1= 32262_5816 74,012 = 6. %9 i = cw = (2)/ezz = 86177
fect. When a electrical voltage mechanically equivalent to ™ C20 = G2 =
C = Cocoqwt) is impressed across the electrode, the solu-
tion of Eq. (13)includes transient response and steady-state

Density (kg/n¥)
= 2675 pe = 10,500

Thickness
h=0.2mm e = 300nm




206 F. Lu et al./Sensors and Actuators A 112 (2004) 203-210

where
1 -1 0 o0 0 0 0 0 J(a o5
s 0 & 0 0 0 0 0 a 0
0 b s21 —bar  —sm; 0 0 0 as <P(<)3) - 90(()2)
0 —&aso1 &2b21 &3s31  —&3bs1 O 0 0 as 0
0 0 0 b3z 532 —byy  —s22 0 as N <p(<)2) - (p(()s)
0 0 0  —&ss32 &aobzx 2522 —62b22 0 ae 0
0 0 0 0 0 b23 sp3 —e 51 | | gy —y@
| O 0 0 0 0  —&aso3 &bz E1e81% | | ag 0
where
bij = cog&;d)) sij = sin&;d;), i=1-3 j=1-3

resonance frequency of TS mode approaches that of cut-off
dj = D1, D1+ Dy, D1+ D2+ D3 frequency with increasing electrode size.

" For sensor applications of QCM, the resonance frequency
To satisfy the equations, the resonance condition requiresshift of the first TS mode is a function of the mass attached on

the determinant of the coefficient matrié]s.s to be zero.  quartz surface. The normal expression of the mass sensitivity
The determinant of the matrix is a function of the electrode s expressed as

length and parameters of the mass attached on the elec'[rodeA AR
m

surface. St L (22)
f 1+R+ Rnm

in which, the frequency sensitivity of QCM is independent
on the electrode size. However, from the dispersion rela-
tions, it can be seen that the resonance frequency of QCM
relates to the electrode area. This effect is not only due to
‘the coupling of TF and TS vibration mode as mentioned in

3. Numerical simulation and results

In this section, simulations for QCM with partially at-
tached mass on surface are performed. With materials prop

;arues of A;'CUt q;artz c&r}ystz# art]d fstllr\]/er glectr%de OT‘t.S‘”' Ref.[11], in which the relationship between the frequency
aces as shown ifig. 1, the effect of the SIz€ and postlion = gt g expressed as a function of the absorption mass in
of the attached mass are analyzed and discussed. The thlc?

fth 7 and di . f electrod Iso list Lnit area. Even with decoupling of TF and TS modes used
ir;le'?zlgle 1e quartz and dimensions of electrode are also listeq, ;g paper, the sensitivity of QCM also decreases as

the electrode size decreases. As similarly showhiin 3,

the simulation is performed with mass absorption fully

attached on the electrode surface, iy. = D3 = 0, and

the sensitivity with different electrode size is calculated.

The difference between the calculated sensitivity of QCM
and nominal sensitivity is enlarged as the electrode size

3.1. Mass absorption uniformly covering whole electrode
area

With different electrode size, the resonance frequency of
the first TS mode is different. The resonance spectrum of the
QCM with different electrode size is shown kig. 2 The

1.006 -0.05

1.005 -
quartz thickness  h=0.2mm
1.004 - electrode thickness he=300nm

= = = =D/h=5
D/h=10
—=A—D/h=20
——6—D/h=25
Nomonal

1.003 -

1.002 -

percentage of resonance
frequency shift (%)

1.001 -

normalized frequency (f/f2)

1 : : ‘ ' 0 0.5 1 15 2 2.5
0 20 40 60 80 mass attached on surface per unit area (g/m ?)

Fig. 2. TS mode resonance frequency spectrum of QCM without absorp- Fig. 3. Frequency sensitivity of QCM as a function of mass absorption
tion. unit area with different size of electrode size.
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3.2. QCM with mass absorption partially on the surface
o -0.03
§ 5 From the vibration profile of the QCM as shownHig. 5,
§§4}.os~ it can be seen that the amplitude of the TS vibration de-
- 2 creases very fast as close to the edges of the electrode. When
%Ems- - NG A the absorption mass is not fully attached on the electrode
=g D/h=10 ‘e surface, the percentage of the covering will affect the TS
g ots | oo S resonance frequency shift.
Q Under the condition of symmetric distribution of the ab-
-0.23 sorption mass on electrode surface, iB. = D3, Fig. 6
0 m‘:g:iﬂachedof::u,face gﬁ"fmt widt:'?;/?n) 0.01 gives the TS resonance frequency shift with different per-

centage covering of absorption mass on the electrode surface
Fig. 4._ FreqL_Jency sensiti\{ity of QCM as fur_1ction of mass absorption per with different mass absorption volume.
unit width with different size of electrode size. . . .
When the covering area decreases, the absorption mass is
concentrated at the center of the electrode where the vibra-
decreases. This can be explained that the total mass attachetion amplitude is lager than that of the electrode edge. The
on the electrode surface is reduced with decreased electrodeesonance frequency of TS mode is decreased when the ab-
size having the same absorption mass thickness. If we keepsorption area is decreased as showFim 6 even with the
the mass constant, the similar figure plot as a function of same volume of the absorption mass. The difference between
total absorption mass on the surface, this trend as indicated30% covering and full covering can be several kilohertz.
in Fig. 4is different fromFig. 3. Since the QCM is mostly  Fig. 7presents the comparison of this covering area effect for
used to detect the thickness of absorption, larger electrodedifferent electrode sizes. Keeping the mass volume constant
size provided higher sensitivity to thickness of absorption as increasing the absorption percentage from 30 to 100% of

mass. the electrode length, the resonance frequency shift value for
3
(2}
-
S 25
[
E
= 2
£
®® 15
%8
°2s
s
2
_E 0.5
©
0 T T T T
-0.002 -0.001 0 0.001 0.002 0.003 0.004 0.005
position alone x direction (m)
Fig. 5. TS vibration profile alone-direction.
38.575
mass increasing
38.570 -

38.565 { | —O—0.005g/m

resonance frequencyof QCM (MHz)

s8.560 | | —CF0-0055g/m
—/—0.006g/m
38.555 1 | _5%—0.0065g/m
38.550
38.545 : : : :
0 20 40 60 80 100

percentage of absorption on electrode (%)

Fig. 6. TS resonance of QCM as a function of percentage covering area of mass absorption (with constant mass and electidbe=ehsth
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Fig. 7. Covering area effect of the absorption mass for different electrode length (solid line: relative shift comparing with frequency shifowerfoti;
dot line: absolute frequency shift).

different QCMs with different electrode lengt®f: = 10, resonance frequency of the QCM decreases. This frequency
20, 25, respectively) are shown as dotted lines. The relativeshift is not due to the different mass volume, but due to the
frequency shift (relate to frequency shift of full absorption) different mass positiorkig. 8gives the resonance frequency
due to the difference of the absorption position is shown as shift with different mass attachment area moving from edge
solid lines. From the solid lines, it can be seen that with an to center of the electrode. It is shown that the resonance fre-
increase of the electrode size, this covering area effect ofquency of QCM is decreased as the constant mass moves
absorption mass is less significant as showRim 7. from electrode edge to center position. Three cases are an-
With partially absorption mass on the surface, there is a alyzed with the same mass volume as showFim 8, i.e.
chance for mode jump, since the cut-off frequency of TS 40, 50 and 60% covering area, respectively. It is shown that
mode in absorption region is less than that of the other elec-with smaller attachment area, the effect of the different at-
trode regions. When the thickness of the absorption reachesachment position is more significant.
a certain value, the TS resonance frequency QCM will be  Keeping the same thickness and percentage of attachment
smaller than the cut-off frequency of a naked electrode re- area of the absorption on electrode surfadg, 9 shows the
gion w». The main TS vibration will be trapped within the effect of the electrode thickness and electrode length to the
absorption mass region. position sensitivity. The maximum difference of resonance
frequency due to the attached position is calculated as func-
tions of the electrode length (length/thickness ratio). The
maximum difference of resonance frequency due to position
of mass absorbed is expressed as
Keeping the attachment mass constant, and the attach-

3.3. Effect of position of the absorption mass on the
electrode surface

ment position moving from electrode edge to center, the Afm = fedge— fcenter (23)
38.528
. | electrode length=3mm
2 I 1
S 38521 -
>
[*]
c
g MM
g" 38.514 A
‘®
2
e O,
€ 38507 =¥é=—mass area D2/D=40%
o =/r=mass area D2/D=50%
] =O==mass area D2/D=60%
38.500 T 1
0.0005 0.001 0.0015

Fig. 8. Resonance frequency shift due to the different position of absorption from edge position to center of the electrode (absorption mass per unit

width = 0.01 g/m).

center of mass layer to electrode edge (m)
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Fig. 9. The maximum frequency difference with absorption mass moving from edge to center as function of electrode length for different electrode
thickness. The mass absorption is set to be 50% of electrode length, and the mass volume per unit width for each electrode thickness is kept constant
mass= 0.005 g/m.

where feqge and feenter are resonance frequencies of com- induced resonance frequency shift is different. In this pa-

pounded QCM when mass absorbed on edge of electrodeper, the effect of the percentage of the covering area and

and that of QCM when mass absorbed on center of QCM. position of the absorption mass is analyzed and discussed.

The largerAf indicates the more significant mass position The numerical simulation shows that QCM with a thinner

dependence for QCM. electrode is better to reduce the effect of the partial absorp-
It is found that the significance of the absorption position tion of the mass attachment, and so will result in a more

effect on compounded QCM is related to the thickness of accurate measurement results for sensor applications.

electrode. The position sensitivity of QCM with electrode

thickness 100 nm is lowest and even appears to be indepen-

dent of the electrode length. It implies that QCM with thin References
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