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CBAPTER I 

GENERAL ASPECTS 

1.1. Introduation 

For several decades resonating quartz crystals have been used 

for the determination of the mass of thin films. 

The method is based on the fact that the resonance frequency of a 

quartz crystal is dependent upon the mass m of a film attached to 

one of the electrodes1 ,Z): 

m 1 
A pb 

(1.1) 

where f and ~f are the resonance frequency and its shift respectively, 

m the total mass of the film, A the electrode area, p the density of 

the quartz, and b the thickness of the crystal. 

In the case of an AT cut quartz crystal (Fig.1.1), band f are 
2) 

related by 

-1 
f.b. = p x 1670 sec m, 

where p=l,3,5 ••• , indicating the overtone number. 

z 
(001) 

c 

Fig. 1.1. Orientation of AT aut quartz. 

(1.2) 

7 



Since a frequency can be measured with great accuracy, detection,of 

mass changes as small as 10-15 kg is possible with quartz crystal 

microbalances 3
> . 

It is evident that in such measurements frequency variations 

due to environmental influences should be reduced as much as possible. 
2,4) 

Therefore, in measurement techniques reported by ether authors 

two quartz crystals of equal thickness are used, the main and the 

reference crystal. The film, the mass of which is to be measured, is 

precipitated upon the main crystal, while the reference is not 

exposed to any mass change. The latter is kept under conditions which 

are made to resemble those of the main crystal as well as possible. 

The difference between the values of the two resonance frequencies 

is then a measure of the mass increment of the main crystal. 

This procedure is set up to eliminate pressure and temperature 

effects because the resonance frequencies of a quartz crystal are 

dependent upon external gas pressure and temperature. 

The temperature dependance has proved in many experiments to cause 

the major spurious effect on the resonance frequencies. Therefore, 

we shall examine this influence in more detail. 

1.2. The influence of the temperature on the resonance fl'equencies 

The influence of temperature and orientation of the 

crystallographic axis on the resonance frequencies has been 

extensively studied by Bechmann 5> • This is of importance since in 

a quartz crystal microbalance a spurious temperature variation can 

erroneously be interpreted as a change in the mass of the electrodes. 

The influence of the temperature on the resonance frequencies can 

be kept as small as possible by choosing a proper orientation of the 

crystal cut, viz. the AT cut (see Fig. 1.1). Depending on the exact 

value of ~. i.e. one of the parameters characterising the crystallo

graphic orientation, it is possible to obtain a small temperature, 

range where the temperature coefficient of the resonance frequencies 

is near zero {this can be seen from Bechmann's data in Fig. 1.2). 
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.... .... .... 
<I 

1 

-40 0 40 80 
--rfö 

Fig. 1.2. Influenae of the temperature on the resonanae frequenoy of 

AT cut quartz erystals (Beehmann's data). 

Choosing such an orientation that this range is yet as wide as 

possible, we conclude from Fig. 1.2 that this is the case near room 

temperature. Therefore, in many experiments with a quartz crystal 

microbalance, measurements have been performed near room temperature. 

In this thesis we shall deal with the design of wide temperature 

range quartz crystal microbalances. 

In the temperature range not too near room temperature it 

fellows the data of Fig. 1.2 that 

(1.3) 

and 

1 at 3 x 10-2 radian-1 
f äi" = (1.4) 
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To show the importance of temperature and orientation, we shall 

analyse, as a specific example, the mass determination with an 

accuracy, as cited above, of 10-
15 

kg. 

Taking: 
-5 2 3 kg 3 A = 10 m , p = 2.65 x 10 /m , and b 

leads to 

1 lt. = 2 x 105 -l î am kg 

-4 1.6 x 10 m, 

(1. 5) 

A temperature variation which is not observed as such can 

erroneously be interpreted as a spurious mass variation. Cal1ing 

this variation A~, it follows from Eqs. (1.3) and (1.5} that again 

byond the room temperature range 

(1.6) 

Similarly, a difference between the values of ~ of the two resonators 

leads in the range beyond room temperature to a spurious ma~s Am@: 

Am@ 7 -1 
~ = 1.5 x 10- kg rad. • ( 1. 7) 

When using two separate crystals, Eq. (1.6) shows that, in order to 

reach an accuracy in the mass determination of 10-15 kg, it is 

necessary to reduce the temperature difference between them to a 

value as low as 10-4 K. 

Eq. (1.7) shows that, in order to reach the accuracy in the mass 

determination of 10-15 kg, the difference of ~ between the resonators 

must be as low as 10-a rad. 
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CHAPTER II 

THE USE OF DOUBLY OSCILLATING QUARTZ CRYSTALS IN MASS 

DETERMINATION 

2.1. Introduction 

In the previous chapter a wide temperature-range quartz crystal 

microbalance, using two separate crystals bas been discussed. It was 

shown that the difference in the values of T and ~ for the two 

crystals defined the sensitivity limit. In the present chapter we 

shall discuss how we can minimise these differences by using a 

single quartz crystal with two separate electrode pairs. The 

possibility of exciting independent radio-frequency oscillations is 

an outgrowth of the calculations of Shockley et al. on the use of 

multi-electrode systems in the design of crystal filters 6
r
7). 

2.2. Application of Shockley 1s theory to the design of a doubly 

oscillating quartz arystal miarobalance 

Shockley et al. have calculated how the amplitude of the 

mechanical vibrations of a quartz wafer decrease beyond the edges 

of the electrode system. Their calculations concern an AT cut quartz 

wafer of infinite surface upon which are placed semi-infinite 

rectangular electrodes. The infinitely long edges of the electrode 

pair is taken parallel to the crystallographic x' axis (see Fig.2.1). 

For the thickness twist mode propagating in the z' direction, the 

amplitude of the vibrations decreases with distance from the 

electrode edges as *) 

*) Eq. (2.1) also fellows from our calculations in chapter III 
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u (z) 
c66 

û(O) exp {-11 (-
c55 

2 
w 

(1- __!.) 
2 

w 
0 

~ 
) !. } 

b 
(2 .1) 

where b is the thickness of the quartz wafer, w
0 

is the resonance 

frequency with infinite simally thin electrodes, wr is the resonance 

frequency with the actual electrodes, and c 55 and c 66 are elements 

of the elasticity tensor of an AT cut quartz wafer, 

c66 . 
~-being equal to 0.420. 
css 

Restricting ourselves to the case that w
0

-wr<< w
0

, we obtain from 

Eq. (2.1) in first order approximation 

u(z) 
ûl -w ~ 

û
0 

exp { -2.88( ~ r) ~ } , (2. 2) 
0 

We consider a second electrode pair at a distance r
0 

from the first 

pair ( see Fig • 2 .1) • 

2 

Fig. 2.1. TIPo coupled eZec1:rode systems. 
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We consider the case that each of the two electrode systems is 

connected to its oscillator circuit and vibrates at its resonance 

frequency (w 1 and w 2 respectively, lw 1-w 2 1<< w 1), the amplitudes r r r r r 

of the two systems being equal. In this chapter we shall estimate 

the minimum distance between these resonators for which the influence 

of either resonator on the resonance frequency of the other is 

negligible. We shall consider two aspects of this mutual influence. 

First, we shall analyse the influence of the vibrations of the 

second resonator (resonating together with the first) on the 

frequency measurements of the first. 

Secondly, we shall calculate the resonance frequencies of each 

coupled resonator in dependence of the coupling factor. 

2.2.1. InfZuence of either of two aoupZed osaiZZating resonators 

on the frequency measurements of the other 

We consider the case that each of the two electrode systems 

is connected with its own oscillator circuit and vibrates at its 

amplitudes are equal. Because of the coupling between the resonators, 

each of them will pick up a fraction of the vibrations of the other, 

and consequently the voltage difference between the electrodes of 

each resonator contains a·fraction originating from the other. 

When measuring the resonance frequency of one of the resonators, 

which we shall refer to as the first, one has to take this influence 

into account. 

For the mechanical vibrations at the edge of the first electrode 

pair (see Eq. (2.2)) we shall use 

13 



(2.3) 

In order to calculate the effect of the coupling on the measurements 

of the resonance frequency of the first resonator let us assume that 

the voltage difference v1 (t) between the electrodes of this resonator 

is proportional to u
1 
(t). Further we assume that the measurement of 

the frequency is based upon the recording of the zero passages of the 

voltage v
1 
(t). For this voltage fellows from Eq. (2.3): 

w -w l:i 

[ 

o r2 
- { 1 -2 .88 (---) v +e w 

0 0 

r 

b
0 

cos(wr1-wr2>t) sin wr1t + 

ûl -w l:i 
-2.88(~} 

+ e w 
0 

ro 

b"" cos wr1t sin(wr1-wr2lt} • (2.4) 

In the absence of coupling, the voltage passes through zero at 

t = t
1 

(i=l,2,3 ••• ) where 

i 

In the case of coupling we can use 

14 

wo-wr2 ~ 
v {w 

1 
(t-t.) +e - 2 •88 (-w--) 

o r i o 

(2.S) 

(2.6) 



as a first order approximation of Eq. (2.5) for values of t in the 

neighbourhood of ti. 

In Eq. (2.6} one term has been neglected because of the fact that 

it was small of second order. This can be seen from the relation 

used thoughout this thesis 

w -w '1 
-2.88(~) 

e w 
0 

r 
0 

b << 1. 

The zero points of Eq. (2.6) do not precisely coincide with ti, 

the differences At having maximum values when the sine function 

in Eq. (2.6) equals ! 1, which leads to 

w -w '1 
-2.88(~) 

e w 
0 

r 
0 

b (2.7} 

For the observed value of the resonance frequency it fellows that 

the error !Aw 1 will be smaller than 
wrl 

r 
0 

b (2.8) 

When using this equation we have to take in mind that owing to the 

above reasoning ti represents the measuring time. 

As a specific example we use the parameters of the crystal described 
7 -1 in section II.3: wrl ; 2n x 10 sec , 
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-3 
3 x 10 m. 

Choosing a measuring time of one second, we obtain with Eq. (2.8) 

from which it can be concluded that the above error is negligible. 

2.2.2. Influenae of the aoupZing faator on the resonanae frequenaies 

In order to calculate the resonance frequencies of a resonator 

which is coupled to another, we shall introduce an equivalent 

electrical circuit. 

2.2.2.1. Non-aoupled resonators 

When there is no coupling between the resonators we use the 

Butterworth-VanDijke equivalent circuit (Fig. 2.2), which is 

applicable in the neighbourhood of a single-mode resonance 8 ). 

z,-

Fig. 2.2. The Butterworth-VanDijke equivalent eleatl'iaal airauit of 

a quartz a:t>yBtal. 
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In Fig. 2.2 the inductance L
1 

is a measure of the vibrating mass, 

the capacity c
1 

of the mechanical compleancy, and the resistance 

R1 of the energy losses. cp1 is not of a mechanical nature but 

stands for the electrical capacity between the electrodes. 

Using z1 (w) for the impedance of the circuit of Fig. 2.2, we define 

resonance as 

0 . (2.9) 

As can be easily verified, there are two resonance frequencies:w81 
(series resonance) and wpl (parallel resonance), given in good 

approximation by 
9

> 

l ~ 

ws1 <Le'"""> 
1 1 

(2.10) 

and 

(-1-) 
l:i 

wpl lt 
L1C1 

(2 .11) 

it clc 1 
respectively, where C = _!__12.!:_ and where use has been made of 

c1+cp1 

c1 
--<< 
c 1 P. 

1 10) 

Using z 1 (w81 > and z1 (wpl) for the values of the impedance when 

w=w51 and w=wpl respectively, we obtain 

(2.12) 

and 

17 



(2.13) 

The equivalent circuit of the second resonator can be defined 

by a circuit analogous to Fig. 2.2 with L2 , c 2 , cp2 and R2 as 

network elements. 

2.2.2.2. Coupled resonators 

For the case in which the resonators are coupled we shall 

use the circuit given in Fig. 2.3. Further we shall use accents to 

indicate that coupling has been taken into account. 

c~ z' ....._ 2 

Fig. 2.3. The equivalent eleatriaal airauit of tliJo aoupled 

resonators. 

We consider the resonance frequencies measured on the 

electrodes of the first resonator. In analogy to the case of. a 

single resonator {Eq. (2.9)} we characterise resonance by the 

condition 

0 . {2.14) 
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With regard to the applications, we restrict ourselves to the 

situation of a very weak acoustical coupling (otherwise, the 

calculations will be far more complicated than those given below while 

additional resonance frequencies may occur) 

Considering the first resonator, we assume the two resonance 

frequencies to be w~ 1 and w~1 (when M~O, these frequencies are wsi 

and wp
1
respectively). 

Considering the second resonator, the two resonance frequencies 

are assumed to be w~2 and w;2 • 

We shall now only calculate the influence of the coupling upon w~ 1 and 

w~1 {w~2 and w;2 can be treated analogously). For the calculation of Zi 

we shall use the circuits given in Figs. 2.4 and 2.5 which, according 

to fundamental network theory, are equivalent to the one given in 

Fig. 2.3. 

M 

Fig. 2.4. 

Fig. 2. 5. 

Electt>ical circuits, equivalent with the one of Fig. 2.3. 

·M 

M 

Fig. 2.6. The circuit represented by Zm. 
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For the impedance Zm as defined by Fig. 2.5 and Fig. 2.6 we obtain 

z 
(l)2M2 

m _1_, 
R2 + j ((l)L2-

:t 
(l)C2 

(2.15) 

(2.16) 

Because of the coupling, the parallel resonance frequency (l)pl of the 

first resonator will shift to (l)~1 • This shift will be small because 

we restrict ourselves to situations where M2 
<< L1L2 • 

For calculating (l)~i' in the expression (2.15) we shall use (l)pl as an 

approximation of (l). In analogy to Eq. (2.11) it then fellows that 

(l)' 
pi (2.17) 

where 

z -(l) M2 
L' L1 

m 
L1 + 

1 +---= 1 1 j wp1 
Ulp1L2 ----:t 

(l)p1c2 

(2 .18} 

and where use has been made of R2 << l(l)plL2 - ~j, which implies 
wp1c2 . 

that the parallel resonance frequencies of the first and the second 

resonator are so far apart that the resonance bandwidths do not 

overlap. 

As we restrict ourselves further to the situation that the resonance 

frequencies are in each other's neighbourhood {although not over

lapping), we may use lwp1-wp2 1<< (l)pl· 

20 



It then follows from Eq. (2 .17) that 

w' 1 
(1 + .!. 

M2 wpl 
) (2.19) =---

pl 
A1c~ 

4 L1L2 wp1-wp2 

Analogously, for the series resonance frequency w~ 1 of two coupled 

· resonators we obtain 

w' 
sl 

(2.20) 

Returning to our treatment of the two electrode pairs we can 

relate the electrical coupling factor to the amplitudes of the 

mechanical vibrations as given in Eq. (2.2) by 

3 
8 

(2.21) 

11) 
To this end we have used the results obtained by Beaver for the 

symmetrical case, where we neglect the factor added to the width of 

electrodes, which compensates the extension of the acoustical standing 

wave beyond the dimensions of the electrodes. 

Using Eqs. (2.2), (2.3), (2.10}, (2.11} and (2.21) in Eq. (2.19) and 

(2.20) respectively, we obtain 

w -w r 
wpl (~)4 -5.8(~}1:1 0 

w' wp
1
{1 + 0.8 e w b 

pl wp1-wp2 2a 0 
(2. 22} 

and 

w -w 

w' ws
1
{1 + 0.8 (~)4 -5.8(~)1:1 

} e w . 
sl ws1-wp2 2a 0 

(2.23) 
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Eqs. (2.22) and (2.23) make it possible to estimate the influence of 

the disturbance caused by the coupling and are therefore of major 

importance to the design of microbalances using doubly oscillating 

quartz crystals. 

2.3. Apparatus 

Measurements were performed using an AT cut quartz waf er 

(b=0.16 mm) with a resonance frequency w
0

/(2TI) z 10.6 MHz. By 

evaporating gold, we produced two pairs of circular electrodes of 

0.062 cm2 area 0.3 cm (r =0.3 cm) apart. The mass of each electrode 
0 

was approximately 2.5 x 10-5 g ((w -w 
1

) /w!li(w -w 
2

)/(w z0.02), but 
0 p 0 0 p 0 

since they had to be not equal, the resonance frequencies w' and 
pl 

w~2 were slightly different ((wp1-wp2l/wp1=0.0025). Using these 

valuesin Eq.(2.22) ,leads toa value of a frequency-shift-due-to

coupling. This value is w~ 1 -wp 1 ~2Tix 10-2 sec-1 . When using the doubly 

oscillating quartz crystal for weighing purposes, this shift-due

to-coupling introduces an error, since the resonance frequency wpd 

of the dummy electrode pair, which is to be used as a reference, is 

in reality influenced by the variations of the ether resonator. 

From Eq. (2.22) we obtain 

<lw' <lw' d <lw 
.:..:.:.122.=~___R.= 
<lm <lw <lm 

p 

2 
O.Bw d 

p 
2 

(w -w al p p 

(2.24) 

Using the specific values given above together with Eq. (2.24) yields 

dW d dW 
~ = 3 x 10-7 _2. 
<lm <lm (2.25) 
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In chapter VI we shall deal with another doubly resonating crystal. 

The specifications of the crystal are given in section 6.3. Using 

Eq. (2.24) leads for this crystal to 

(2.26) 

From this we can conclude that owing to the coupling, a negligible 

error can be expected in the observed weight. 

In the apparatus each electrode system was connected to its 

own oscillator circuit. Two Clapp oscillators12 ) were used separately 

which ensured parallel resonance of the two electrode pairs. In order 

to prevent reduction of the Q-value of the resonator, a FET transistor 

was used. The values of the loading capacitors in the oscillator were 

chosen relatively high in order to reduce the inf luence of variations 

in the capacity of the wiring. Care was taken to avoid influences 

from any laad on the oscillator circuits introduced by external 

equipment and also to keep the amplitude of the voltages of the 

electrodes constant. 

2.4. E:x:perimentai 

In the previous sections we have given a theoretica! treatment 

of errors to be expected when realising the procedure discussed in 

chapter I. 

In the present section we shall deal with errors from an experimental 

point of view, errors which are due to 

(i) 

(ii) 

(iii) 

the coupling between the electrode systerns (see 2.2.2.), 

differences between the ternperatures1 of the systems, 

differences between the temperature coeff icients of the two 

resonance frequencies, and 

23 



(iv) differences between the pressure response of the two resonance 

frequencies. 

(_;!;) To verify experimentally the influence calculated in 2.2.2.; the 

set-up described in section 2.3. has been used. 

The mass of one of the electrodes was increased and the effect of this 

increase on the resonance frequencies of both resonators was measured. 

To this end the crystal was mounted together with an evaporation 

source inside a vacuum chamber. 

One of the electrodes was submitted to evaporation, the dummy 

electrode was shielded off. 

The evaporation was applied during a time interval of the order of one 

second. The effects of an evaporation upon the frequencies of the 
13,14) 

oscillators are shown in Figs. 2.7 and 2.8 

li 
~ 10397 
Cl. 

10395 

10393 

-- time (sec) 

Fig. 2.7. Frequenay in kHz of the main (o) and the reference (•) 

oscillator upon evapor>ation on one of the main electrodes. 
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~ 

r~'I j>h"' • • 1 • . • • • • • • 
~ IQt.25.620 .· 

" 
:!! 1 
~ 1 
~ IQ,391,380 \ 

t 
\ 

10,39\3'70 

· - tîme (sec! 

Fig. 2.8. Frequenay in Hz of the main {o) and the referenae (•) 

osaiZZator upon evaporation on one of the main eZeatrodes. 

From Fig. 2.7 we see that with the frequency scale used, the influence 

of the evaporation on the reference frequency is not distinguishable. 

The enlarged scale of Fig. 2.8 shows that a slight influence of the 

evaporation upon the reference frequency does exist. This shift is 

about 2000 times smaller than the main effect. In section 2.2. we 

calculated the interinf luence of the resonators caused by the 

acoustical coupling. According to Eq. (2.25), we obtain for the 

acoustical effect a value of 3 x 10-7 • Both these experimental and 

theoretica! values are small enough to allow of negligence of the 

errors due to coupling in most practical applications. When, neverthe

less, comparing the theoretical and experimental results, we have to 

conclude both from the time dependence of the curve and from the sign 

and magnitude of the experimental shift, that, apart from acoustical 

coupling, other coupling effects must play apart. One might think of 

temperature effects accompanying evaporation and mechanica! strain 

accompanying these temperature effects. 
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In addition to the experiments described here, information about 

the coupling error was obtained from the experiments discussed in 

section 6.3, where we added mass with the help of a micropipette on 

to the measuring electrode. The discrepancy between the experimental 
-2 

(owpd/am~ 10 awp/êm) and calculated values (see Eq. 2.26) never 

exceeded a factor three. 

(ii) These effects have been checked simultaneously as follows. The 

and crystal with the two electrode pairs was mounted in a thermostat·, 

(iii) the temperature of which was varied. The responses of the 

resonance frequencies of the two electrode systems are shown in 
15) 

Fig. 2.9 

'N 
.; 3000 

i tem. 

i 2000 

" t 
Î 

1000 fpd-10, 523,350H2 
40 

- time lhours) 

Fig. 2.9. Response of the resonance fl'equencies of the two etectrode 
pairs to terrrperuture vari-àtions. 

We see that the two responses, though very similar, are not perfectly 

equal. One of tne reasons for the remaining discrepancy could well be 
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that the planes of the electrodes are not perfectly parallel. An 
-3 orientation difference of only 4 x 10 radian could account for the 

discrepancy observed (see chapter I). 

The fact that the responses are not perfect equal excludes the set-up 

from application without corrections for temperature differences. 

However, the set-up still has advantages over a single resonator, as 

it can reduce the consequences of small temperature fluctuations, the 

detection of which is difficult when using other types of thermometer. 

As the two responses differ by 5%, we may expect that the errors 

caused by such small temperature variations may be reduced by a factor 

20. A thermostat allowing temperature fluctuations of the quartz 

crystal of 10-2 0 c would, for a single electrode system, involve 

spurious mass fluctuations of 10-log. With the double electrode system, 

the fluctuation would be as small as 5 x 10-12g, and thus become of 

the same order of magnitude as the limit for use at room temperature 

( see chapter I) . 

(iv) The possibility of a fourth error has been checked by measuring 

the frequency shift of both resonators as a function of the gas 

(N
2 ) pressure p. This experiment has been carried out at two 

temperatures. The results are shown in Figs. 2.10 and 2.11. 

~ 40~~~~~~~~~~~~~~~~~~~~~~----. 

N 
~ 
_a. T:18.5°C 

......... ~ 

~X-..l.__x ______ .,:x_:fP:,:d_-1~,SL.9.000 

î 
-10,523.352 

0 2 4 6 8 
- pressure p<N2>oo2

torr) 

Fig. 2.10. Response of the resonanae frequencies of the two electrode 

pairs to pressure variations (N2 atmosphere) at 18.5 °c. 
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Response of the resonanee 

f:r'equeneies of the tîiJo 

eZeetrode pairs to pressure 

variations (N2 atmosphere) 

at 114 °c. 

The effect of the gas pressure on the resonance frequency is 

complicatea 16) but we see that the responses of the two resonance 

frequencies are relatively small and very similar. 

2.5. Conelusions 

(a) The use of two electrode pairs, viz. one main and one reference 

pair, on one single quartz crystal in mass-determination has been 

shown to be feasible. 

(b) Any error in the measured weight resulting from the coupling has 

been estimated and can be kept negligible. 

(c) The two electrode systems have (small and) nearly equal responses 

to variations of the pressure. 

(d) The two electrode systems have nearly equal responses to variations 

of the temperature and may reduce the effect of temperature 

fluctuations by a factor 20. With a 0.01 °c thermostat, the sensi

tivity limit becomes of the order of magnitude of that at room 

temperature. 
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CHAPTER III 

TBE INFLUENCE OF ELECTRODES ON THE RESONANCE FREQUENCIES 

3.1. Introduation 

In order to explain the ener9y trapping in the electroded 

region of a quartz crystal, Shockley et al~' 7) .have compared 

the propagation of a thickness-twist wave in an AT cut quartz 

wafer (of infinite surface) with and without electrodes. A 

thickness-twist wave was considered with principal particle 

displacement in the x 1 direction, propagating in the x3 direction 

(TT3-wave), ·See Fig. 3.1. Quartz has D3 (or 32) as crystal class. 

From an AT cut quartz plate, referred to the rectangular 

cartesian coordinate system x1, x2 , x3 , is x1 the digonal axis 

of the quartz and e = o0
, $ = 35°10' and~= 0 (compare Fig. 1.1). 

Fig. 3.1. Shoakley'a TT3-wave, referred to the aryatallografia 

(AT aut) aoordinate syatem. 
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It was shown that in an unelectroded wafer there exists a cut

off frequency n
9

, allowing only of waves with higher frequencies. 

It was postulated that a crystal with electrodes can be treated as 

a crystal without electrodes by locally adapting the value of the 

density of the quartz. For the fully electroded wafer, a cut-off 

frequency ne(< Os) was found. 

We shall analyse the validity of this postulation. To this end 

we shall consider the propagation of pure travelling waves 

(Shockley's TT3-wave has a standing wave character with respect to 

the x2 direction and his wave is a combination of the waves, we 

consider). 

We start in the next section of this chapter by analysing the 

propagation of thickness twist waves in an infinite quartz plate, 

without electrodes. 

In section 3.3 we shall consider the propagation of these waves 

in an infinite quartz plate, completely and homogeneously covered 

with isotropic electrodes of infinite surface, 

Section 3.4 deals with an infinite quartz plate, covered with 

electrodes of a finite width (and infinite length). We consider a 

standing wave pattern which is a combination of the travelling 

waves used before (enabling us to use the results of the previous 

sections 3.2. and 3.3), 

In section 3.5 we consider a quartz plate of finite width, 

covered with electrodes of the same (finite) width. 

In that section_wei alsl!i consider a standing wave pattern, enabling 

us to use the results obtained in the case of waves, travelling in 

a completely covered quartz plate of infinite surface. 

Finally in section 3.6 will be discussed the effect of 

electrodes and/or quartz of finite dimensions in the x1 direction on 

the calculations. 
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3.2. The infinite uneleatroded plate 

We consider an AT cut quartz plate with infinitely large 

faces, referred to the rectangular Cartesian coordinate system 

x
1

, x2 , x
3 

with x1 parallel to the digonal axis of the quartz 

(compare further with Fig. 3.1). These faces are given by 
+ x2 = - ~b. 

The stress-displacement relations for the AT cut are assumed 

to read 
) 

T1 C14 Q 0 
élu1 

e11 o 0 c11 c12 c13 ax1 

T2 c24 0 0 
au

2 
e12 O 0 c12 c22 °23 ax2 

T3 c13 c23 c33 c34 0 0 
au3 

e13 0 ax3 
0 E1 

= 0 0 
au2 au

3 
0 0 , (3 .1) T4 C14 c24 c34 0 44 --+ 

ax2 
- e14 E2 ax3 

TS 0 0 0 0 
aul au3 

0 E3 C55·C56 --+ ox
1 

e25 e35 ax3 

0 0 0 0 
aul au2 

0 T6 c56 c66 --+ 
axl e26 e36 ~x2 

where T. (i=l,2 ••• 6), u.(j=l, •.• 3),and E. are the components of 
. i J J 

stress, mechanica! displacement and electric field, respectively; 

cik(i,k=1,2 ••• 6), eji are the elastic and piezoelectric constants, 

respectively. 

For this situation, the equations of motion read 
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öT1 <lT6 élTS 
2 él u

1 --+--+--= p--
axl ax2 élx3 at2 

<lT
6 

élT2 élT
4 

2 él u
2 (3.2) --+ --+--= p--

élx
1 

élx2 élx3 at2 

oT
5 

élT
4 

êT
3 

2 a u
3 --+--+ élx

3 
= p--ax

1 
ax2 at2 

where p is the density of quartz. 

We shall restrict ourselves to plane waves with a particle 

displacement u in the x 1 direction only, Further we shall 

take the value of the particle displacement independent of 

xl. 

We characterise these waves by 

(3.3) 

We assume that these waves can be generated by an electric 

field in the x2 direction. The piezoelectric constants 

will, as usual, be neglected in the description of the 

propagation since the piezoelectric coupling is very small 

in quartz 7>. We ~lso neglect c 56 
7> 

au
1 

au
1 

Since only ax ~ O and -0- ~ O, the stress-strain relations 
2. X3 

(3.1) reduce to 

T6 
au 

0 66 ax2 

au (3 .4~ 
TS 0 ss ax

3 
and T1 to T4 incl. o. 
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Substituting Eqs. (3.4) in Eqs. (3.2), the equation of motion 

becomes 

(3.5) 

We introduce a pair of waves u and ub, shown in Fig. 3.2, 
. a 

which we describe by (see Eq. (3.3)) 

(3.6) 

and 

(3.7) 

having w in common. 

----_::k _ _.-:::ub '---Ua___._L _ ---

Fig. 3.2. The set of waves. 

Substituting Eq. (3.6) respectively (3.7) in Eq. (3.5) we obtain 

(3.8) 

(3. 9) 
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The shearing forces at the electrode surfaces under the combined 

action of the pair of waves must be zero, which leads to 

(3 .10) 

and holding for all values of x
3

• 

Substituting the Eqs. (3.6) and (3.7) in Eq. (3.10), we obtain 

two equations which are linear and homogeneous in the amplitudes 

ûa and ûb. For the solvability of these equations we can state 

the condition that the value of the determinant equals zero. The 

fact that this condition must hold for every value of x3 leads to 

(3.11) 

Substitution of Eq. (3.11) in Eqs. (3.8) and (3.9) results in the 

conclusion that the Eqs. (3.8) and (3.9) are identical, so that 

(3.12) 

And from substitution of Eq. (3.12) in Eq. (3.10) fellows 

(3.13) 

(That the wave vectors make equal angles with the face normal 

is a consequence of the approximation c56~o). 
After substitution of Eqs. (3.11) and (3.12), the solvability 

condition. for Eq. (3.10) reads: 

(3 .14) 

with the solutions 
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p'TT (3 .15) 

where for practical reasons we restrict ourselves to p=l,3,5 ••• 

(with regard to the application of our theory we consider only 

waves that can be generated by an electric field excited by a 

pair of electrodesl • 

Substitution of Eq. (3.15) in Eq. (3.8) leads to 

2 
Plll (3 .16) 

Summarising, we have to deal with one relation (3.16) between 

two variables (k3a and lil). Restricting ourselves to non-decaying 

(with respect to the coordinates) waves implies that k~a has to 

be positive, which is the case when we choose 

lil > 

Conalusion 

lil 
0 

(3.17) 

Waves can propagate in a quartz plate without electrodes, 

provided that lil .'.:_lll
0

• 
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J.J. The infinite quartz plate aovered with infinite electrodes 

We shall take the piezoelectric plate of the previous section 

completely and homogeneously covered with isotropic electrodes of 

equal thickness d. 

The waves we discussed before will also propagate in the electrodes 

(see Fig. 3.3). 

elect rode 

electrode 

Fig. J.J. The set of plane, travelling waves. 

The propagation of the waves in the (isotropic) electrodes are 

described by the strain-displacement relations 

élu 
c --

e ax2 

au 
Ts '" ce ax

3 

and the equation of motion 
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where ce and pe stand for the elastic constant and the density 

of the electrode material respectively., 

The waves shown in Fig. 3.3 we describe by (see Eq. (3.3)) 

u û e-j(k2ax2+k3ax3-wt) 
a a 

(3.20) 

~ ûb 
e-j(-k2bx2+k3bx3-wt) 

u û e-j(k2aex2+k3aex3-wt) 
ae ae 

(3.21) 

~e ûbe 
e-j(-k2bex2+k3bex3-wt) , 

uaE ûaE 
e-j(k2aEx2+k3aEx3-wt) 

(3.22) 

~E ~E 
e-j(-k2bEx2+k3bEx3-wt) 

Substituting Eqs. (3.20) :Ln Eq. (3.5), we obtain the familiar 

equations 

and (3.23) 

Upon substituting Eqs. (3.21) and (3.22) in Eqs. (3.18) and 

(3.19) we obtain for the waves in the electroded region 
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c k2 k2 2 + c p w 
e 2ae e 3ae e 

2 2 2 (3.24) 

ce k2be + c k3be p w 
e e 

2 2 2 
ce k2aE + c k3aE = pew e 

2 2 2 
(3.25) 

c k2bE + c k3bE = p UI 
e e e 

The continuity of the particle displacements together with 

the shearing forces at the boundaries between quartz and 

electrodes under the combined action of the relevant waves, 

results in four boundary conditions. 

Further the shearing forces at the electrode surfaces are 

taken to be zero. 

This leads to: 

0 

0 

38 

(3.26) 

(3.27) 

(x
2
=l:!b), 

(3.28) 

(x2=-l:!b}. 



Using the Eqs. (3.20}, (3.21) and (3.22) in Eqs. (3.26), (3.27) 

and (3.28), results in six equations which are linear and 

h011109eneous in the amplitudes ûa' '\i• ûae' '\ie• ûaE and '\iE· 

For the solvability of these equations we state the condition 

that the value of the determinant equals zero. The fact that 

this condition must hold for every value of x3 leads to 

(3.29) 

Using Eq. (3.29) in Eqs. (3.23), (3.24) and (3.25), we obtain 

and (3.30) 

Applying these equations and dropping the indices a and b on 

account of (3.29) and (3.30), the Eqs. (3.23), {3.24) and (3.25) 

reduce to 

and 

c 
e 

2 
p w 

e 

(3.31) 

Substituting Eqs. (3.29} and (3.30) in (3.20), (3.21), (3.22) 

and (3.26), (3.27), (3.28), the solvability condition for the 

set of Eqs. (3.26) to (3.28) incl. reads: 
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+ 

;(3.32) 

Restricting ourselves to the case that the set of waves 

propagates in the quartz and in the electrodes Ck2 and k2e 

being real), after some algebraic manipulations based on the 

fact that the two terms of Eq. (3.32) are each other's conjugates, 

we obtain: 

(3.33) 

Summarising we have to deal with three relations, viz. (3.31) 

and (3.33) between four real variables k2 , k2e, k3 and w. 

Baving four variables and three equations,, we can express 

three variables in the fourth. We have chosen to express 

k2 , k2e and k3 as a function of w. Considering only real 

values of k, we shall obtain restrictions for the frequency 

range in which the set of waves can propagate. In order to 

make possible a comparison with the results of Shockley, we 

shall use the approximation based on the restriction of thin 

electrodes (~ <<1): 
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where lal<<l, p is an odd integer (referring to the order of 

the harmonie resonance frequency), and 

Substitution of Eq. (3.34) in Eq. (3.33) then leads to 

where a has now taken the place of k2 as a variable. 

Further, after substitution of Eq. (3.34) in Eqs. (3.31) 

we obtain: 

p Pe 2 
(- - -)w 

0 ss 0 e 

(3.35) 

(3. 36) 

(3.37) 

One of the Eqs. (3.31) together with Eqs. (3.36) and (3.37) 

form a set of (three)equations from which, as mentioned above, 

we solve the variables k2e, k3 and a as a function of w and p. 

Wè obtain the following solutions: 

(3.38) 

p 2 c 4d -l 
(-P- - ~)w }{1+ ~ -} 

0 ss 0 e cSS b 
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The condition that the values of k2e and k3 must be real leads 

to the condition that the values of k2 and k
2 

must be positive, 2e 3 

and this leads to the requirements: 

c ~ 
w > <....§.§..> e 

p b 

Pe 4d -'2 
(1 +--) 

p b w3, (k2 
3 

.:.. 0) (3.39) 

and if _P_ > Pe 

c55 c 
e 

c ~ c55 Pe -1:! 
(k2 w < < 66> e (1 ---) w2, .:.. 0) p b ce P 2e (3.40) 

ConaZusions 

Waves can propagate in an infinite, electroded quartz plate 

for all frequencies w .:_w
3

, where lim w
3 

d+o 
w

0 
(compare with (3.17)). 

_P_ > pe In cases where - C-' a complication occurs for frequencies 
c55 e 

w ::_w2 , because then only k2e is no longer real. With regard to the 

application of our theory in the next section of this chapter (where 

w
3 

< w .:_ w
0

, and w
2 

> w
0

) combined with the practical reason that 

Pe 
only exceptionally c!-- > C-• we shall neglect this complication. 

55 e 

The expression for w
0

(3.17) is identical with Shockley's result. 

The expression (3.39) is in first order approximation in accordance 

with the one given by Shockley. 
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3.4. The infinite pZate aovered with finite eZeatrodes 

OUr next point will be the discussion of an infinite quartz 

plate, partially covered with electrode strips of finite width 

and infinite length (Fig. 3.4). 

As shown before, waves with a frequency w in the range 

w > w3 can propagate in the electroded region (-a ~ x3 ~ a). 

Waves with a frequency in the range w < w
0 

will decay (in the 

direction of "propagation") in the unelectroded plate. As will 

be shown, waves with a frequency in the range w
3 

< w < w will 
+ 0 

be "reflected" at x3 = - a. Therefore, waves in this frequency 

range are trapped in the electroded region and can form a standing 

wave pattern (resonance). 

We shall discuss the standing wave pattern on. the basis of the set 

of travelling waves of which it is made up (see Fig. 3.4). 

Fig. 3.4. A set of waves, for'ming a standing wave pattePn. 
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In Fig. {3.4) we have added several waves to the set of waves as 

introduced in Fig. 3.3. 

In the electroded region we also introduce the waves u~, '),• 

u~e' '),e• u~ and ubE' where 

u' û' -j(-k' x -k' x -wt) 
a a e 2a 2 3a 3. 

(3.41) 

u;, ûb 
e-j(k2bx2-kJbx3-wt) 

u' û' 
-j (-k' x -k' . x -wt) 

e 2ae 2 3ae 3 
ae ae (3.42) 

'),e ûbe 
e-j(kZbex2-k3bex3-wt) 

u' ûaE 
e -j (-kZaEx2-kjaEx3-wt) · 

aE (3.43) 

ubE ûbE 
e-j(k2bEx2-kJbEx3-wt) 

Beyond the boundaries x = ~ a (in the unelectroded quartz plate) 

we introduce the waves ur and u
1

: 

and (3.44) 

We assume that the set of waves can be generated in the electroded 

region of the quartz. 

We consider the case that a wave after two "reflections" (one.at 
+ each "boundary" x3= - a) has the same direction and phase as the 
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original wave. We consider further the case that ur and u
1 

are decaying with respect to the coordinates. 

In the previous part of this chapter we have considered the 

propagation of the set of waves ua,ub,uae'ube'uaE and ubE" 

For this set we obtained the equations 

2 k2 2 
c66 k2 + c55 3 

pw 

2 k2 2 c k2e + c p w 
e e 3 e 

and 

c k 
- 2 ~tan k2ed 

c66k2 
tan k2b c k 2 

1 - {~tan k2ed} 
c66k2 

For the set of waves u~, ub, u~e' ube' u~E and ubE we obtain 

analogously: 

k'2 k'2 2 
c66 2 + c55 3 

pw 

k'2 k'2 2 
c + c p w 

e e e 3 e 

and 

c k' 
- 2 

e 2e k' d --k-, tan 
c66 2 2e 

tan k;2b c k' 2 e e k' d} 1 - {--k-' tan 
c66 2 2e 

(3.45) 

(3.46) 
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In analoqy to the situation in III.2, we obtain for the waves 

u and u
1 

(see Eq. (3.16}}: 
r 

2 
k2 2 

c66 c-2!.l + pw 
b 3r 

and (3.47) 

2 
2 2 

c66 
,e, + c55 k31 pw 
b 

Restricting ourselves to thin electrodes and thin plates we use 
+ as the boundary conditions at x 3= - a the requirement of 

continuity of both the particle displacements and the shearing 

farces in the quartz plate at those "boundary planes". 

This leads to 

and 

u 
r 

(3.48) 

(3.49) 

The requirement that (3.48) and (3.49) should apply to any value 

of x
2 

leads to 
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Substitution of (3.50) in the Eqs. (3.45) and (3.46) leads to 

and (3. 51) 

Finally, combining the Eqs. (3.47) we obtain 

(3.52) 

Using the Eqs. (3 .20) to ( 3. 22) incl., (3. 41) to (3 .44) incl. 

and (3.50) to (3.52) incl. in (3.48) and (3.49) we obtain four 

equations which are linear and homogeneous in the amplitudes aa' 

ûb, ûr and ü1 : 

(3. 53) 

For the solvability of these equations we can state the condition 

that the value of the determinant equals zero, which leads to 

resulting in 

2jk3 k3r 

k; + kir 

(3.54) 

(3. 55) 

47 



Summarising, with the help of the Eqs. (3.50) to (3.52) incl., 

we obtain the following relations: 

- 2 

tan k2b 

1 -

2 
pw 

2 
p w 

e 

cek2e 

c66k2 
tan k2ed 

cek2e 
{--k- tan k2ed} 

c66 2 

pw 2 

2 

(3.56) 

From this set of five Eqs,(3.56) we shall solve the five unkowns: 

w, k2 , k2e' k3 a~d k3r • 

This work has been partly carried out in the previous section: we 

have solved in first order approximation k2 , k2e and k
3 

as 

functions of w (see Eqs. (3.34) and (3.38). In the set of Eqs. 

(3.56), k1r is already a function of w. 

Substitution of the four wave numbers in the equation 

leads to an implicit expression of the resonance 
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frequency. Restricting ourselves to positive values of jk3r 

and using the Eqs. (3.17) and (3.39), this expression reads: 

2 c66 ~ 
tan {~ (--) 

b css 

2 ~ c -~ 
(~- l) (l + _e_4d) } 

2 css b (1)3 

(3.57) 

~ 
w2 w2 ce 4d -1 w2 w2 

2{ 11- -) (- -1) (1+ - -) } {- -1+(- -1) (1+ 
2 2 c 55 b 2 2 

wo w3 wo w3 

-1 
4d) } 
b 

One of the solutions of Eq. (3.57) is: w = w
3

• According to Eqs. 

(3.38) and (3.39) this solution includes the condition k3=0 

(From the solvability condition {3.55) fellows directly as a 

solution k3=0). 

Substitution of k3=0 in the Eqs. (3.53) indeed results in a 

solvable set of equations, with, however, trivial solutions. 

Conolusions 

-1 

In an infinite quartz plate, covered with finite electrode 

strips (of infinite length) we obtain a finite number of (discrete) 

resonance frequencies, all of which satisfy the condition w > w
3

• 

The requirement that outside the electrodes the waves are decaying 

with respect to the coordinates, introduces the condition w < w
0

• 

Increasing the width of the electrodes one obtains an 

increasing number of resonance frequencies. It should be remembered 
d that use has also been made of b <<1 (thin electrodes) at the 

+ formulation of the boundary condition (x3=-a). 
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3.5. The finite quartz pZate aovered ü>ith finite eleatrodes 

In the following we shall discuss the wave propagation in a 

finite quartz crystal strip (of infinite length), completely 

covered with electrodes. Both the quartz and the electrodes have 
< + 

boundaries x3 = - a. In the x
1 

direction we regard this strip as 

infinitely long. 

We consider a standing wave pattern, built up by the waves !in the 

electroded part of the crystal as discussed in the previous section 

(compare Fig. 3.4). 
b Assuming that d :< 1 and neglecting effects at the edges of 

the electrodes (x 3= - a}, we obtain the following relations in 

addition to the sets of Eqs. (3.45)and (3.46): 

(3. 58) 

where n
1 

is an integer. These relations follow from the boundary 

condition that those edges are traction-free for any value of x2 . 

Therefore, in this case the two sets of Eqs. (3.45) and (3.46) 

are also identical. 

Substituting (3.58) in (3.38) and solving 

2 
(Ij 

2 2 
n111 4d 2 
- {c +c -b } + c66(eb11) 
4a2 55 e 

4d 
p+pe b 

2 
(Ij , we obtain: 

(3. 59) 

Approximation of (3.59) with the condition~<< i << 1, results 

in the resonance frequencies: 
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w = 
c ~ c55 2 nl 2 Pe 2d 

(___.§..§.) ~ {1 + ~.- (~) (-) - - -} 
p b c

66 
2a p p b 

(3.60) 

Conclusions 

In a finite electroded plate (of infinite length) we obtain 

discrete resonance frequencies w(n1 ,p). 

All these frequencies satisfy the condition w :..w
3

. 

Increasing the width of the strip results in a decreasing frequency 

difference between two resonance frequencies w(nla'~) and w(nlb'p). 

It should be remembered that use has been made of b << 1. 

3.6. Discussion 

A logical continuation of this chapter could be the treatment 

of a resonator with finite electrodes (both length and width being 

finite), a matter of great practical interest. Here, however, 

extra mathematical complications arise. We can see this by observing 

that in the above only TT3-waves have been considered. Such 

TT3-waves have the special property that when travelling in the 

x 2x 3-plane and reflecting at a boundary perpendicular to the 

x
2
x 3-plane, they do not induce other types of waves. 

When considering the case of finite electrodes, these restrictions 

cannot always be satisfied which implies the necessity of using 

a more complicated set of waves. Such a more complete treatment 

is at the moment subject of a continued investigation in our 

laboratory. 
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Though at the moment we do not yet have at our disposal the 

theoretical results, we can give a contribution to the knowledqe 

of the behaviour of resonators with finite electrodes by presenting 

some experimental results (section 4.4). 
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CHAPTER IV 

THE INFLUENCE OF ELECTRODES ON THE RESONANCE FREQUENCIES 

(EXPERIMENTS) 

4.1. Introduction 

Most experiments discussed in this chapter were set up to 

verify Eq. (3.57) derived in the preceding chapter. 

In the theoretica! treatment the dimensions of the electrodes 

in the direction of the crystallographic x axis were taken to be 

infinite. In the last section of this chapter special experimental 

attention will be paid to the influence of the finite length. 

Several quartz crystals were used with approximately equal 

values of the thickness b. As electrode material, silver was used 

throughout. The electrodes had a rectangular form. 

In analogy to the theoretica! model, the edges lay parallel to the 

crystallographic x axis of the quartz (here referred to as the x1 
axis). 

The resonance frequencies were measured with a vector impedance 

measuring instrument. An external frequency synthesiser was used as 

a frequency source. As the value of the measured resonance frequency 

we have used that of the series resonance frequency. Resonance 

frequencies are characterised by the requirement that the argument 

of the electrical impedance (measured on the electrodes) equals 

zero, and the series and parallel resonances are distinguished by 

low and high values of the resistance respectively 17) 

Of all the crystals used in our experiments the resonance frequencies 

w
0 

of the unelectroded wafer were measured with the crystal lying 

on a flat plate in a holder18). Another flat plate above and parallel 
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to the first was carefully covered on to a position where it was 

just in contact with the surface of the crystal wafer. The two 

plates were of the same dimensions as the wafers (19 x 19 mm). 

The values of w
0 

were used to determine with Eq. (3.60) the value 

of the thickness b of the various wafers. 

4,2. The resonance freque'l'UJies as a function of the width (2a) of 

the eleetrodes and the overtone number (p) 

The measurements reported in this section were performed at a 

constant value of the thickness of the electrodes (d=167 x 10-9 m) 

and at a constant value of the length of the electrodes (c= 7.3 mm). 

Using these values in Eqs. (3.17) and (3.39) and taking 

p=2.65 x 103 kg/m3 , pe=10.5 x 103 kg/m3 and b=3.3 x 10-4 m, 

we obtain: w
3 

= 0.9960 w
0 

• 

The measurements were restricted to p=l, 3 and 5. For these 

values of p the resonance frequencies were measured as a function 

of the width (2a) of the electrodes. The results are shown in 

Fig. 4.1. Here along the abcissa p.a is plotted in accordance with 

the theoretica! expectations from Eq. (3.57). For the choice of the 

quantity plotted along the ordinate it is of importance to remark 

that in Eq. (3.57) w appears only in combination with either w
0 

or 

w
3 

as a quotient. 'As both w
0 

and w
3 

are directly proportional to p, 

we could use as quantity along the ordinate ~ • For practical reasons, 
p 

i.e. the comparability of crystals with somewhat different values of 

b, h was chosen as the ordinate, defined as 



Fig. 4.1 shows our measurements and the results calculated 

from Eq. (3.57) using 

6 -1 10 N 2 10 N 2 
w0~2~x5x10 sec , c

55
=6.88x10 /m , c66=2.90x10 /m 

d=167x10-9 m. 

In Fig. 4.1 we also see that for an increasing value of the width 

of the electrodes, whenever p.a exceeds the critical value n.ac 

(where n=0,2,4 ..• ), one more calculated resonance frequency 

appears. Our measurements also show the increase in the number of 

resonance frequencies consequent upon an increase in the value 

of p.a. 

The discrepancy between theory and measurements for values of p.a, 

if not small, is probably due to an influence of the length of the 

electrodes (see IV.4). 

The curve n=O will be referred to as the fundamental frequencycurve. 

î 

s 

0 5 10 15 
-p.a<Jö3ml 

Fig. 4.1. The resonanae frequenaies (h=(w-w3J/(w
0

-w3JJ as a funation 

of the width of the eleatrodes for some values of p<d=167 x 
-9 . -4 6 -1 10 m (s~lver), b=3.3 x 10 m, w = 2~x5x10 sea , 

-3 0 
w3=0.9960 w

0
, a=7.3 X 10 n9-
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4.3. The fund.amental resonanae frequenaies as a funation of the 

thiakness of the eleatrodes 

The working of a quartz crystal microbalance is based upon 

variations of the thickness of the electrodes. It is, therefore, 

important to investigate how a resonance frequency depends on d. 

To this end we shall use Eq. (3.57}, in doing which we have to 

take in mind that w3 is also dependent on d according to Eq. (3.39). 

Fig. 4.2 shows the results of the observed and the calculated 
-1 values of (w-w3) (w

0
-w

3
) (=h) as a function of the thickness of 

both electrodes in the case of p=l, n=O. 

0 50 

Fig. 4.2. The fundamental (n;::O) resonanae frequenay as a funation of 

the thiakness of the (silver) eleatrodes in the aaae p=l. 
-4 6 -1 -3 

b=3.3xl0 m, w
0

=2rrx5xl0 sec , a=?.3x10 m. 
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The experimental and theoretica! results have been plotted again 

in Fig. 4.3 with another quantity, viz. (w-w
0

)/(2TI), along the 

ordinate. This plot is useful in that it is very closely related 

to the actual measurements procedures with quartz crystal micro

balances. In the plot, however, we have to restrict ourselves to 

one value of p (we used p=l). 

"N 
~ 
~ 

"' 
~ 
~ î -1000 

-2000 

-3000 

50 100 

-dnö3
mi 

Fig. 4.3. Sholûing the actual reeonance frequency shift of the 

e:r:perimental and theoretiaal reeulte of Fig. 4.2. 
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4.4. The reeonanae frequenaies as a funation of the tertgth of the 

eteatrodes 

The theory ·of chapter 3 deals only with electrode strips of 

infinite length in the x
1 

direction (c=:00). To get an impression 

about the influence of the value of c upon the resonance frequencies, 

we have carried out special measurements of the fundamental resonance 

frequencies as a function of the thickness of the electrodes for 

small values of c (see Figs. 4.4 and 4.5). In these figures our 

measurements can be compared with the calculations (c=cd). From 

Fig. 4.4 we see that even for values of c/(2a} in the neigbourhood 

of ~ there is correspondence between theory and experiments. In 

Fig. 4.5 we see a still better correspondence for higher values of 

c/(2a). 

0 0 
o c:1.3mm 

• 1.7mm •• • • 
2.Smm 

0 50 

Fig. 4.4. Inftuenae of the tertgth of the eteatrodes on the fundamentat 

resonanae frequenay. 
-4 6 -1 -3 b=3.Jx10 m, w0=2~x5x10 sea , a=2.5X10 m, p=1, n=O. 
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5 

x c·7.3mm 
o C•Srrm 

1 1 Î o~~~~_,___,~~~n--'-__,'---'---'~~1660:---l'--~'_J 

------dCIO-Sm) 

Fig. 4.5. Influenae of the length of the eleatrode strips on the 

fundamental resonanae frequenay. 
-4 6 -1 -3 b=3.3x10 m, w =2~x5~10 sea , a=1.3x10 m, p=l, n=O. 

0 
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CHAPTER V 

THE MASS SENSITIVITY OF A QUARTZ CRYSTAL PARTIALLY COVERED WITH 

ELECTRODES 

5.1. TheoreticaZ 

In the introductory chapter I we have assumed that there is 

a linear relationship between the resonance frequencies and the 

thickness of the electrodes (Eq. 1.1). 

In the case of finite crystals, completely covered with electrodes 

this assumption is truJ•~ (for the theoretical dependence see 

Eq. (3.60)). In the case of finite electrodes on infinite crystals 

we conclude from, for instance, Fig. 4.3 that the above assumption 

is not quite true. We can also conclude from the figure that the 

mass sensitivity (i.e. the slope of a curve in Fig. 4.3) is a 

function of both the thickness and the width of the electrodes. 

Further we see from Fig. 4.3 that the value of the mass 

sensitivity is always smaller than that used in chapter I (which 

equals the slope of the curve of w
3
-w

0 
in Fig. 4.3). For the 

comparison between the two slopes we shall use the quantity 

{5.1) 

In Fig. 5.1 this correction factor g is plotted as a function of 

the relevant parameters as calculated from Eq. (3.57) . From this 

figure we can conclude that the value of g is near unity for high 

values of d, or a or p. 

Especially when using small values of the width of the electrodes, 

the mass sensitivity of the overtones is shown to differ frdm the 

g-value of the basic resonance frequency. 

The rather complicated relationship between the mass sensitivity 

60 



and the geometry of the electrodes necessitates the calibration of 

a quartz crystal microbalance. 

5.2. Experimental 

Experimental results regarding the mass sensitivity are shown in 

Fig. 5.2 to 5.9 incl., where the dependence of g upon a,c,d and pis 

shown. It should be mentioned that the thickness (d) of the electrodes 

always refers to the thickness of both electrodes. We have confined 

ourselves to fundamental resonance frequencies (n=O) • 

The resonance frequencies were measured with vector impedance 

measuring apparatus. 

The results of the experiments can be useful in the design of a 5 MHz 

AT cut quartz crystal microbalance. 
~1.0~~~~~~~~~~~~~~~~~---.~~~~...---~~~-. 

t 

45 
35 

15 

5 

0 5 
_ p.a.C1ö3m 1 

Fig. 5.1. The mass sensitivity (aw/ad) of a arystal having eleatrodes 

of thiekness d, width 2a and length a has been expressed in aaaordanae 

with Eq. (5.1) as a fraetion g of the mass sensitivity of an identiaal 

arystal having eleatrodes of thiekness d and of infinite BU1'faae(a,a=00 ). 

Here we have plotted the theoretieal values of g (n=O,a=00 ) as a 

funation of p (the overtone number) and 2a for some values of d, 

using silver eleatrodes. 
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Fig. 5. 2. 

A plot of the obsePved 

value of g as a funation of 

d for three eleatrode 

aonfigurations. 

a=2. 5 mm, p=l. 

Fig. 5.3. 

A plot of the observed 

value of g as a funation of 

d for three eleatrode 

aönfigurations. 

a=2.5 mm, 

Fig. 5.4. 

A plot of the observed 

value of g as a funation of 

d for three electrode 

aonfigurations. 

a=2. 5 mm, p=5 • 



"'1.0r-----,-------.------~ 

î 
0 

2a.1l(mm ~ 
0.5 ~u 

2.Smm 

0 20 

c-Z3mm 
"b = 21t + 1a6seë 1 
p"1 
n=O 

Fig. 5.5. A plot of the obse'l'?)ed value of gas a funation of d for 

two eleatrode aonfigurations. 

a=?.3 mm, p=l. 

0.5 2.Smm 

0 20 

c-7.3mm 
6 c.>o•2Tt·5· 10 seë1 

p .3 
n•O 

Fig. 5.6. A plot of the observed value of g as a funation of d for 

three eleatrode aonfigurations. 

a=?.3 mm, p=3. 
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c-2.Sinm 6 1 Wo-2n.p•S.10 seÇ 
n"o 

Fig. 5. 7. A aomparison of the observed g vaZue of the first and the 

third overtone as a funation of d for three eZeatrode 

aonfigurations. 

5 

0 20 

c.2.5mm 6 1 
t.Jo-2n·p·10 seë 
n- 0 

1 

40 60 
-dntrBm1 

Fig. 5.8. A aomparison of the observed g vaZue of the first and the 

fifth overtone as a funation of d for three eleatrode 

aonfigurations. 
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CHAPTER VI 

ON THE APPLICATIONS OF A DOUBLY RESONATING QUARTZ CRYSTAL MICRO

BALANCE 

6.1. Introduction 

In the above chapters we have discussed the design of a doubly 

resonating quartz crystal for mass determination in a wide temperature 

range. For room temperature, apparatus for the measurement of the 

mass of evaporated films is commercially available 19). For such 

measurements, the restriction to room temperatures is usually not 

inconvenient. This is in contrast to applications in the field of 

chemistry where, with the help of conventional microbalances, much 

attention has been paid to solid-gas reactions in wide temperature 
20) ranges • Here the use of quartz crystals could involve an increase 

in the sensitivity limit by several orders of magnitude. This justifies 

research.on the applicability of the doubly resonating quartz crystal 

microbalance (D.Q.M.). 

As preliminary experiments in this field we have chosen measure

ments of the oxidation of a copper film (in air) and the devaporation 

of solids. 

6.2. The oxidation of aopper fiZms 

In order to measure the oxidation of a copper film, we have used 

a D.Q.M. provided with two copper electrodes and two gold electrodes 

(deposited by evaporation). With the exception of the electrode-

-3 
(here 3 x 10 ) details are the same 

as those given below in section 6.3. 

The crystal was mounted in a thermostat which during the 

measurements (400 h) was kept at 141 °c (which temperature was constant 
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apart from variations of the order of 1 °c) . 
The series resonance frequencies were measured with the vector 

impedance method {see section 4.1.) at different times to investigate 

the mass variations of the electrodes. The Bample was surrounded by 

atmospheric air and the observed weight increase was ascribed to 

oxidation. According to the work of Bridges et al. it is to be expected 

that, owing to oxidation, the weight of the copper layer will increase 

by an amount proportional to the square root of the time 21 This 

150 

0 
• "N • t5-4969467Hz ::c ... x fd-4985386 Hz 

1 
50 

• 
100 

• 
• • • • 
x 

150 
I~t°c x x x 

x 

11 12 13 14 15 16 17 
time Ch 1'2.> 

Fig. 6.0. Observed fl'equency V<ZPiationa f
8 

of aopper eieatrodes due 

to oxidation at 141 °c in atmospheria air. 
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expectation is supported by their experimental evidence at temperatures 

above 900 °c. With our experiments we have the possibility of verifying 

this prediction at lower temperatures (we used 141 °c). 
To this end we plotted our observed frequency variations versus the 

square root of time, see Fig. 6.0. 

Except for some observations taken in the first 70 hours after starting 

the measurement series (those points are not shown in Fig. 6.0), the 
+ -~ points fit a straight line with a slope of (21.0 - 0.02)Hz h • 

Neglecting systematical errors, we obtain from this slope a value of 
+ -7 -2 -~ the mass increase of (l.11 - 0.01) x 10 kgm sec • The standard 

deviation between the points and the line was 2 Hz, which corresponds 

to 3 x 10-11 kg. From Fig. 6.0. we see that the discrepancy between 

the points and the line has a systematic tendency. It th~refore seemed 

justifiable to incorporate parabolas into the comparison. To our 

suprise the best fitting parabola (applying the least squares method) 

proved to have its extreme at t=O. This means that the frequency should 

be linearly dependent upon time. In this case the fit was so good that 

the standard deviation became as low as 0.4 Hz, corresponding to 

5 x 10-12 kg. With regard to the discrepancy with Bridges' theory we 

would observe that theoretica! chemistry supports the existence of 

higher order terms given by Wagner 22). 

From our results it is clear that with a D.Q.M. method one could make 

useful contributions in this field especially when reaction rates are 

low. With regard to our experiment (Fig. 6.0) it seems that a major 

improvement could be achieved by enabling measurements to be carried 

out sooner after the beginning of the heating period. For the purpose 

it would be necessary to remove adsorbed films on the electrode 

surfaces before starting the oxidation experiment. This could be done 

by an additional heat treatment of the D.Q.M. in vacuum. Although we 

will not draw direct conclusions with regard to the chemica! aspects, 

we learn from the experiments that the D.Q.M. method, when used during 

time intervals as long as 300 hours, permits measurements with a 

standard deviation as low as 5 x 10-12 kg. 
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In fig. 6.0. we see that the fluctuations of the dummy resonator 

were followed by the main resonator. Assuming a linear relationship 

between the frequency shift and the tim~ without correcting the main 

frequency, we obtain a standard deviation of 16 Hz. So we can conclude 

that, owing to the doubling of the resonator system the accuracy of 

the measured weight was improved by a factor 40. The values mentioned 

above will be incorporated into the discussion about the applicability 

of the D.Q.M., to be dealt with in the next chapter. 

We received additional support for the improvement obtained by 

doubling the resonator system at the end of the oxidation experiment. 

In fact, when taking the crystal out of the thermostat and thus 

causing a temperature jump of 120 °c, fs varied by 2045.4 Hz and fsd 

by 2036.1 Hz. This indicates an even higher value (200) of the 

improvement factor than the one obtained before (40). 
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6.3. The devaporation rate of organia aompounds 

OUr next choice as preliminary experiments were those concerning 

the devaporation rate of solids. To this end we have concentrated on 

some low vapour pressure organic compounds. For optimal measurements 

one should, as in the case of the evaporation of films, work with 

homogeneous layers covering an electrode completely with the same 

thickness everywhere. The preparation of such layers involves the 

development of special techniques. In the preliminary experiments 

reported in this thesis we have not yet paid attention to such 

techniques, which, however, could well be the subject of further 

investigations. We started with a simpler procedure where the solid 

was solved in a liquid and, using a micropipette, was applied to the 

electrode in the form of a droplet. The solvent evaporating quickly, 

one obtains a layer of the solid which covers the electrode partly, 

its thickness not being equal everywhere. The partial covering of the 

eleatrodes brings along an additional uncertainty since both theory 

and experiments dealt with in the above chapters were restricted to 

completely covered electrodes. Besides, no special attention was 

paid to the position dependance of the mass sensitivity. 

From results reported by Sauerbrey23) we learn that the mass 

sensitivity can differ as much as 20% for droplets with diameters of 

the order of 3 mm, depending upon the position of the droplet on the 

electrode. 

Besides, for the measurements described below, the mass sensitivity 

can be expected to vary somewhat with time because of the decreasing 

area of the layer during the devaporation. 

As samples we used layers of benzophenone and phenacetin.The 

measurements were carried out with a 5 MHz D.Q.M. using AT cut quartz 
6 -1 wafers of 19 x 19 x 0.33 mm (f

0 
= w0/(2~) z 5 x 10 sec } on 

which were evaporated two pairs (3 mm apart) of square (5 x 5 mm) 

silver electrodes. The positioning and the orientation of the 

electrodes are shown in Fig. 6.1. 
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., ' 

l.; 
,, 

quartz plate ,, 
' 5 

' 3mm 19mm 
silver electrode t 

' l ,, 
'~-l 

Fig. 6.1. The eleetrode aonfigu:ration of the 5 MHz D.Q.M. 

The thickness of the electrodes could be characterised by 
-2 (f

0
-f

5
)/f

0 
~ 2 x 10 , the dif f erence between the thicknesses of 

-3 . 
main and dummy electrodes by (f d-f )/f ~ 2 x 10 (see chapter II), 

s s s -4 
and the frequency shift àfs caused by the sample àf

5
/f 5 ~ 6 x 10 • 

To determine the g-value of the main electrodes, an experiment was 

carried out. (after the devaporation experiments) where silver was 
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evaporated on to the measuring electrode, the amount of silver 

deposited being measured with a film thickness monitor. 

The observed frequency shift led to g = 0.55 ~ 0.02. 

For the devaporation measurements, the measuring electrode was 

partly covered with a sample of the solid to be measured. To this 

end benzophenone was solved in petroleum ether and phenacetin in 

acetone. As mentioned before, a droplet of one of these solutions 

was applied to the electrode with the aid of a micropipette. The 

solvent evaporated quickly, leaving a nearly circular layer of the 

compound. We worked with samples which caused a shift of the 

fundamental resonance frequency of the order of 3 KHz, a value small 

enough for the mass sensitivity g to be considered as constant (at 

least for a completely covered electrode, see chapter V). The layer 

caused also a shift of the resonance frequency of the dummy resonator, 

but this shift never exceeded half a per cent of the main resonance 

frequency shift. This observation is in accordance with the 

theoretical results of chapter II and can therefore be seen as a 

contribution to the experimental verif ication of this theoretical 

treatment. 

The quartz crystal was mounted near the bottom of a vacuum 

furnace measuring inside 40, 30 and 30 cm. A 2-mm thick copper plate 

was mounted underneath the crystal in order to improve the temperature 

homogeneity. The temperature differences over the crystal were 

estimated to be of the order of a few tenths of a degree when the 

furnace had a temperature of 100°c. 

For a tentative description of the preliminary measurements of 

the devaporation rate, use has been made of the theory developed by 
24) 

Bradley et al. for the description of devaporation of liquid 

droplets in air. Following their treatment, we started with the 

expression for the mass decrease per unit droplet-area and per unit 

time: 
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dµ 
De m 

0 0 
- dt = -1 

D(va) + R2 (R +LIR)-l 
0 0 

. (6 .1) 

where D stands for the coeff icient of diffusion in air of the vapeur 

molecules, c
0 

is the number of vapour molecules per unit volume in 

the saturated vapour, m
0 

the mass of a vapeur molecule, R
0 

the 

radius of the drop, LIR the thickness of a hypothetical spherical 

shell concentric with and round the droplet, while a is the 

accommodation coefficient (viz. the fraction of the vapour molecules 

which, when hitting the droplet surface, stick to it). Finally, the 

velocity parameter v is given by the expression 

\) = 
~ 

{...!!__} 
2rrm 

0 

(6.2) 

where k is Boltzmann's coefficient and T the absolute temperature. 

We have used the expression (6.1) for the description of our 

experiments, being aware of the fact that the geometrical discrepancy 

between the spherical droplets in the theory of Bradley et al. and 

the plane layers in our experiments is certainly not acceptable 

immediately after the start of the devaporation period and, moreover, 

introduces in general an uncertainty which because of the preliminary 

nature of the experiments has not yet been completely analysed. 

Restricting ourselves to the situation that the saturated vapour 

pressure p
0 

has a much lower value than the air pressure p, and 

neglecting LIR with respect to R
0

, we obtain from Eqs. (6.1) and 

( 6. 2) : 
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m (m +m ) i... 

{ 0 0 g }' 
2nm poa 

3(kT)~ 
-2--
8cr p 

og dµ 
g 

- dt "" m +m 
3kT {~}~ 

2 m Bo p g og 

+ aR 
0 

(6.3) 

where use has been made of the following relations based on the 

elementary kinetic theory of gases: 

(6.4) 

and 

D = 
m +m l:i 

_3_ {~(kT)3} 
8 

2 211m m o
09

p o g 
(6.5) 

Here D represents the diffusion coeff icient in the idealised case 

of rigid elastic spheres (with mass m
0

) being present in low 

concentration in an atmosphere of a gas also consisting of idealised 

spherical molecules (of mass m ). Finally, cr stands for the sum of 
g og 

two radii: that of an organic molecule and that of a molecule of the 

surrounding gas25). 

a R 
0 

For values of p not below 25 torr where 

m +m · 
>> ~{~}~ 

2 m 
800~ g 

we may approximate Eq. (6.3) by 
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m (m +m ) L 
dµ { 0 0 g }' 

- dt = 21Tm 
g 

3 (kT) ':! 
-2--
8cr p 

og 

(6.6) 

For comparison with the experiments we shall use the equation 

- ! + B 
T 

(6.7) 

26) 
where pu is the unit of pressure , A and B are the August constants 
27 ). When A and Bare determined from experimental data, one uses an 

p 
. 1 (~) -l) h . th i Arrhenius p ot (log versus T . With t e assumptions at R

0 
s 

Pu 

constant and that cr is independent of temperature, we ca~ according og 

to Eq. (6.6), use instead a logarithmic plot of the observed values of 

-~ -1 pT (dµ/dt) versus T . 

From Eqs. (1.1) and (5.1) we obtain the relation 

df 
s f 1 dµ 

dt = - g s pb dt (6.8). 

where g=0.55, f =4~91 x 106 sec-1 , p=2.65 x 103 kg/m3 and b=0.33 mm. 
s 

For practical purposes, Eq. (6.8) makes possible a further trans-
-1 formation of the Arrhenius plot to a plot of df

5
/dt versus T , where, 

when using doubly oscillating quartz crystals, a correction from the 

dummy resonance frequency can be incorporated by logarithmic platting 
-1 

d(fs-fsd)/dt versus T • 

Two transformed Arrhenius plots applied to our measurements are 

shown in Figs. 6.2 and 6.3 for phenacetin and benzophenone 

devaporating in air. 

We carried out the experiments at a pressure of 1 at. 

74 



~ 
'$;' 

l<: ...... 
E 
il 
N 
::r 

IJ') 

'o = 
l!; 
..... 
Q. 

~ 
'Sl 
} 
-0 

î 

500 

100 

50 

10 

5 

300 310 320 

- 11rnö
5K

1
> 

Fig. 6.2. The transformed Arrhenius plot of the devaporation rate of 

phenaaetin in air at atmoapheria pressure. 
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Fig. 6.3. The transformed Arrhenius plot of the devaporation rate of 

benzophenone in air at atmospheria pressure. These measure

ments have been aarried out ~ith the help of a single 5 MHz 

arystal (g=0.8). 
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When discussing these figures, we shall restrict ourselves to the 

determination of the constant A of Eq. (6.7) because of the fact that 

the value of R
0

, and therefore that of B, is submitted to a sµbstantial 

uncertainty in our preliminary experiments as explained before. Using 

the R.M.S. method for the values of A, from the observed values we 

obtain: 

A (phenacetin) 

A (benzophenone) 

(6.9 + 0.3) x 103 K 

(6.8 ~ 0.2) x 103 K 

and 

From the literature we obtained 4966 K 28), 4654 K, and 3791K29)for the 

A value of benzophenone from measurements in which a Knudsen effusion 

cell was used in the same temperature-range as the one we employed. 

Comparing these values with ours, we have to take in mind that using 

a Knudsen cell implies that the pressures are below 0.1 Torr, while 

our experiments were carried out at atmospheric pressure. This implies 

that a difference is to be expected due to the external werk term. 

Correction for this term leads to a corrected value A resulting from 

our measurements: A,·= (6.4 ! 0.2) x 103K, .a value which still does not 

compare completely with the values from the literature. 

We have determined experimentally the effect of the gas pressure 

upon the devaporation rate. At pressures above 25 Torr we noticed the 

difference of the resonance frequencies (at a constant temperature) to 

be proportional to the value of p-l, which is in accordance with Eq. 

(6.6). At pressures below 25 Torr (especially when using He as 

environmental gas)we noticed the inverse value of the difference of the 

frequencies to be linear with the value of p, which is in accordance 

with Eq. (6.3). From these measurements the values of a , D, a or p og o 
can, in principle, be determined. The difference between these values 

and those from the literature could be ascribed to the uncertainty of 

the value of R
0 

in our experiments (20%). 

76 



CHAPTER VII 

ON THE APPLICABILITY OF THE DOUBLY RESONATING QUARTZ CRYSTAL THERMO

MICROBALANCE 

To investigate the applicability of the D.Q.M. for the 

determination of devaporation rates, a great number of experiments 

have been carried out. 

In the present chapter we shall discuss some of these experiments 

with the special aim of arriving at conclusions about the applicability 

of this thermo-microbalance. 

In the devap<:>ration experiments described in section 6.3, benzophenone 

and phenacetin have been used as samples, and measurements have been 

performed under various conditions: pressures in the range between 

3 Torr and 1 atm., temperatures between 20 °c and 65 °c, and mostly 

we used nitrogen but also sometimes air and helium as surrounding gas. 

A substantial portion of the conclusions concerning the appli

cability can be drawn directly from the single measurement series. 

In Fig. 7.1. two of these series are shown. 

We see that the devaporation rate is constant at constant temperature 

and pressure. The standard deviation of the points from straight lines 

are of the order of 0.6 Hz. With the help of Eqs. (1.1) and (5.1) this 
-9 result leads to a non-systematic deviation from the weight of 4 x 10 

g. Supported by the fact that the many other measurement series do not 

contradict this conclusion, and the fact that the balance might not be 

the only cause of uncertainties (such as temperature variations, 

inhomogeneity in layers, etc.), we may conclude that the unsystematic 

errors of the D.Q.M. are smaller than 4 x 10-9 g·. This is in complete 

accordance with the oxidation experiments (see section 6.2) where we 

concluded that the systematic errors of the D.Q.M. were smaller than 
-9 5 x 10 g. There we concluded in addition that owing the doubling of 

the resonator system the accuracy of the measured weight was improved 
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Fig. 7.1. Examples of the measur>ed frequenay shift due to devaporation. 

by a factor 40. 

In the following we compare the applicability of the doubly 

resonating quartz crystal microbalance with that of the conventional 

automatic balance. 

(i) Our non-systematical error of 5 x 10-9g differs by more than 

one order of magnitude from values for the conventional 

automatic thermo-balances (having an uncertainty of the order 
-7 -12 . 

of 10 g). In view of the 10 g quoted by Warner and, 
3,1) 

Stockbridge in severe environmental conditions, further 

improvements do not seem impossible. 

(ii) In our experiments, the maximum load of a quartz crystal 

microbalance (Q.M.) was very small; even for electrode weights 

as low as 10-
4 

g several crystals showed difficulties in being 

made to oscillate. This compares very poorly with the 

conventional balances, where maximum loads go as high as 1 g. 
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We have not yet concentrated on the nature of our experimental 

limits for the maximum load of a Q.M. This could well be a 

subject for further investigations. 

(iii) Because of uncertainties in the g value it seems difficult to 

obtain smaller relative errors with a D.Q.M. than 1%, which has 

to be compared with the impressive value of 1 in 10
7 for a 

conventional balance. 

(iv) The Q.M. is unaffected by building vibrations while conventional 

balances ask for special arrangements to minimise this 

influence30). 

(v) A quartz crystal may be made very small and may be positioned 

to best advantage practically without limitations. 

When using conventional balances, the fact that the sample has 

to be mounted on a movable pan is felt as a great disadvantage 

in many experiments. 

(vi) A not obvious but actually important advantage is that Knudsen 

effects, which cause considerable disturbances in conventional 

thermo-balances for gas pressures in the range between 10-4 and 

10 Torr, play no part in the Q.M. 30). 

(vii) Another advantage of a Q.M. is that there is no buoyancy-effect, 

which in conventional balances is a hindrance at pressures 

above 10-l Torr. 

(viii)Also electrostatic forces, which can cause a spurious effect 

in conventional balances, cause no difficulties in a Q.M. 31 ). 

(ix) Our experience with a D.Q.M. is restricted to the temperature 

region between 20 °c and 140 °c. Additional experimental 

evidence will be necessary to investigate the usability of the 

D.Q.M. in wider temperature ranges. However, it has to be 

mentioned that quartz shows a transition point at 573 °c (at 

this temperature, trigonal a-quartz will transform to S-quartz 
9) 

of hexagonal structure) . Therefore, the usability of AT cut 

crystals will be restricted to temperatures below 573 °c. 
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Summary 

In this thesis an improvement of the quartz crystal microbalance 

is described. It has been obtained by doubling the number of 

electrodes. One pair of electrodes is used for measuring the variation 

of mass, the other serves as a reference. The advantages lie especially 

in the higher measuring temperatures. General design-criteria are 

derived and tested on balances werking at frequencies of 10 MHz and 

5 MHz. On the basis of a simplified two-dimensional model, the mass 

sensitivity is derived. The results obtained with this model are 

tested. Starting from some experiments, conclusions are drawn with 

regard to the applicability of a doubly resonating quartz crystal 

microbalance. Due to the reference electrodes, it is possible to 

reduce the influence of environmental factors on the measurements by 

a factor 40 in the temperature range of 20 to 140 °c. Mass variations 
-9 as small as 5 x 10 g proved to be detectable in this range. 

The investigations have been carried out at the Eindhoven 

University of Technology, Department of Physics, as a part of a 

general research on aspects of measuring small masses and small farces. 

The results have been obtained in close cooperation with Professor 

Dr. C.E. Mulders (Department of Electrical Engineering), Professor 

Dr.-Ing. Th. Gast (University of Technology, Berlin-W.), and several 

members of the Department of Chemistry. 
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Samenvatting 

Beschreven wordt een verbetering van kwartskristal-mikrobalansen. 

De verbetering wordt verkregen door het verdubbelen van het aantal 

elektroden op het kwartskristal. Een elektrodenpaar wordt gebruikt 

voor het meten van de massa-verandering, het andere dient als referen

tie. Dit heeft bijzondere voordelen bij het meten bij hogere tempera

turen. Algemene ontwerpcriteria worden afgeleid en getoetst aan balan

sen die werken bij frequenties van 10 MHz en 5 MHz. 

De massagevoeligheid wordt berekend als functie van de elektroden

afmetingen aan de hand van een vereenvoudigd twee-dimensionaal model. 

De resultaten, voortvloeiend uit dit model, worden getoetst aan die 

van metingen. Op grond van enige experimenten worden konklusies 

gegeven met betrekking tot de bruikbaarheid van een kwartskristal

mikrobalans met twee elektrodenparen. In het temperatuurgebied van 

20 °c tot 140 °c blijkt, vanwege het referentie-elektrodenpaar, de 

invloed van omgevingsfaktoren op de metingen te kunnen worden geredu

ceerd met een faktor 40 of meer. Bij deze temperaturen bleken massa

veranderingen van 5 x l0-9g nog aantoonbaar te zijn. 

Dit onderzoek is uitgevoerd in de werkgroep P.O.M. binnen de 

Afdeling der Technische Natuurkunde van de Technische Hogeschool 

Eindhoven als onderdeel van een algemeen onderzoek aan aspekten met 

betrekking tot het wegen van kleine massa's en het meten van kleine 

krachten. De resultaten zijn.verkregen in nauwe samenwerking met 

prof. dr. C.E. Mulders (Afdeling der Elektrotechniek), prof. dr. ing. 

Th. Gast (Technische Universität Berlin-W.), en diverse medewerkers 

van de Afdeling der Scheikundige Technologie. 
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De overeenstemming tussen de metingen van Shockley et al. van de 

grondtonen van de resonantiefrequenties van een kwartskristal en de 

theoretische verwachtingen is te verbeteren door aan te nemen dat, 

bij de experimenten, de elektrodenkonfiguratie 90° gedraaid is. 

ShoakZey, W., Curran, .D.R., and Coneval, D.J., J. Aa. Soa. Am., 

41 (196?) 981. 

2 

De veronderstellingen van Warner dat de massagevoeligheid van een 

kwartskristal, dat gedeeltelijk bedekt is met elektroden, voor 

kleinere dikten van de elektFoden ook kleinere afwijkingen zou geven 

ten opzichte van zijn theoretische verwachtingen, terwijl de afwijking

en maximaal 2% zouden zijn, zijn onjuist. 

Warner, A.W., Ultra Micro Weight Dete'l'mination in Controlled 

Environments, (WoZsky, S.P., and Zdanuk, E.J., Eds.J, N.Y. (1969) 13?. 

3 

De metingen van Niedermayer en Hillecke aan metaalfilms, waarvan de 

dikte interferometrisch en de massa met een kwartskristal bepaald is, 

kunnen, naast de aanname van een afwijking van de soortelijke massa 

bij zeer dunne films, ook verklaard worden door een kleinere waarde 

van de massagevoeligheid van een kwartskristal bij dunne films. 

Niederrnayer, R., and HiZZeake, D., Ultra Miaro Weight Determination 

in ControUed Environments (WoZsky, S.P., and Zdanuk, E.J., Eds.J, 

N.Y. (1969) 266. 

Hoofdstuk V van dit proefsahrift. 

4 

Het effekt van twee trillingsmodi van een kwartskristal, waarvan de 

resonantiefrequenties dicht bij elkaar liggen, op de gemeten resonantie

frequentie kan verklaard worden met behu.lp van het in hoofstuk II ge

bruikte vervangingsschema voor gekoppelde resonatoren. 



5 

Bij een kwartskristal-microbalans zijn metingen van de serie

resonántie-frequentie te verkiezen boven die van de parallel

resonantie-frequentie. 

Boersma, F., and van Empel,, F.J., P!'ogress in Vaau.um r.tiarobaLaru::e 

Tec1miques, in the press. 

6 

Het verschil in de waarden van de massagevoeligheid voor grondtoon 

en boventonen bij een kwartsresonator welke gedeeltelijk bedekt is 

met elektroden kan benut worden ten behoeve van korrektie voor 

invloeden van de temperatuur op de gemeten resonantie-frequenties. 

Kroes. P.A., and van Empel, F.J., Progress in Vaauum MicrobaLaru::e 

Tec1miques, in the press. 

7 

Het is wenselijk in basiscollege's Elektriciteitsleer bij het hoofdstuk 

Kirchhoff-wetten·ook aktieve schakelingen te behandelen. 

Poulis, J.A., van Empel, F.J., Ned. T. v. Nat., 38 (19?2) 1?. 

8 

Demonstratie-experimenten tijdens college's, en praktikum-experimenten 

kunnen een foutieve indruk geven van het zwaartepunt van experimenteel 

onderzoek. 

9 

Het verdient aanbeveling in basiscollege's Elektronika meer uit te 

gaan van de eigenschappen van gangbare elektronische.komponenten en 

zich te richten op toepassingen. 

10 

Het w.are gewenst een mogelijkheid te scheppen illegale wapens te 

legaliseren. 



11 

Het ware gewenst dat er wettelijke maatregelen komen aangaande de 

maximale snelheid van een motorvoertuig als funktie van de verkeers

situatie en/of het zicht op grond van de te bereiken remvertraging 

(welke mede bepaald wordt doo~ de eisen welke de overheid aan de 

stroefheid van wegen stelt) in kombinatie met de totale reaktie-tijd 

van de bestuurder (de tijd welke verstrijkt tussen de waarneming en 

het in werking treden van de remmen). 

Uitgaande van een minimale reaktie-tijd van 0.6 sec en een maximale 

remvertraging van 9.8 m/sec2 is het advies dat de getalwaarde van het 

zicht in meters groter of gelijk moet zijn als de getalwaarde van de 

snelheid (in km/h) onvoldoende voor snelheden boven 85 km/h. 

F.Stoots, Verkeersbulletins Rijkspolitie (1972). 

s. W.O. V. Slipongevallen (1969). 

Voorzieningen voor het wegverkeer op hoofdverkeerswegen, Utreaht 1970. 

12 

Het verdient aanbeveling in laboratoria de algemeen bruikbare 

apparatuur centraal te beheren. 

13 

Het ware gewenst dat ook in Nederland wettelijke eisen komen met 

betrekking tot de grenswaarde van de storingsgevoeligheid van 

elektronische apparaten. 


