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Abstract

This paper reviews the onginal contnibutions m the development of vibrating quartz sensors, loaded with whatever
medium sohd, hquid or gas The common feature of such a loading 1s its abihity to vibrate synchronously with
the quartz resonator as a compound resonator The paper introduces a new concept 1n vibrating quartz sensors,
where the vibrational characteristics of such a compound resonator, namely the nommal frequency and vibrational
amphitude, are correlated to the physical characteristics of the medum vibrating synchronously with the quartz
resonator as a compound resonator The energy transfer model 1s introduced to explain the microweighing
capabihity of quariz resonators Further, it 15 proved that microweighing 15 a common feature of all quartz
resonators, whatever their vibrational mode It 15 also proved that other prezoelectric resonators exiubit the same
capability Damping of quartz-resonator vibrations at certain temperatures during a temperature sweep 1s correlated
with the depostted film morphology Resonance of the gas within a cavity 1s used for the development of tunable
gas sensors Examples are given for hydrogen and methane detection without using a catalyst An expenment
called ‘Nanobalance’ 1s also presented, which was performed 1n outer space
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Ever since quartz-crystal resonators have been used
for frequency-control apphcations mn radiocommuni-

brational modes 14 cation equipment, the effect of an added mass on therr

5 Microweighing with resonators made of other piezo-

resonance frequency has been known However, the

electric materials 15 understanding of the mass-induced downwards shift of
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the resonance frequency was only of a qualitative nature,
and this phenomenon was not carefully mnvestigated
until the late 1950s

The possibility of using piezoelectric quartz resonators
as quantitative mass-measuring devices was first ex-
plored by Sauerbrey [1] The decrease of the resonance
frequency of a thickness shear vibrating quartz crystal,
having either AT or BT cut, was found to be proportional
to the added mass of the deposited film

f 2
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M= R M M
where f, 15 the fundamental resonance frequency of
the quartz, N 1s the frequency constant of the specific
crystal cut (Nar= 1670 kHz mm, Ng;=2500 kHz mm),
p, 15 the quartz density and S 1s the surface area of
the deposited film Introducing the substitution

M= 22 @
f

eqn (1) becomes

¥__M
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where M, 15 the mass of the vibrating quartz

Sauerbrey also revealed that the sensitive area of a
thickness shear vibrating quartz resonator 1s roughly
restricted to the electrode area, having its maximum
at the centre of the electrode

It was also shown that the shear vibration amphtude
on the quartz resonator surfaces closely follows the
weighing sensitvity curve [2, 3]

When the film deposited on the quartz resonator
surface covers the entire sensitive area, eqns (1) and
(3) might be written as follows

Af= - %;; mg 4)
or

Af om

5= m, ®)

where mg=M,/S and m,=M,/S are the areal densities
of the deposited film and quartz, respectively. Equation
(5) 15 well supported by expenimental data [4, 5] up
to a mass load mg/m, of about 2%

In spite of the fact that eqn (4) or (5), known as
the ‘frequency measurement technique’, 15 well sup-
ported by the expenmental data for a small added
mass, a sounder justification from a theoretical point
of view was needed

Within these efforts, a perturbation analysis was
applied by Stockbridge [6] It was assumed that the
mass added to an antinode of a vibrating system, such

as the surface of a quartz-crystal resonator vibrating
m a thickness shear mode, does not store potential
energy In other words, acoustic waves do not propagate
in the deposited film The result of this analysis is the
following equation [7]

A . ~1 ) 24172
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As the mass of the deposited material becomes
appreciable and forms a uniform layer of fimite thickness,
the assumption that acoustic waves do not propagate
n the film becomes less acceptable

In an effort to rectify these difficulties, the quartz—film
combmation was treated by Miller and Bolef as a
composite acoustic resonator [8] The deposited film
i1s considered as an integral part of the vibrating system
Thus, contrary to Stockbridge’s assumption, an acoustic
wave actually propagates mto the film Provided that
the acoustic losses in the quartz and thin film are small,
the calculations could be restricted to the first two
terms of the series expansion of the trigonometric
functions, finally leading to eqns (4) or (5)

On the other hand, Behrndt [9] has shown that the
equation derwved by Sauerbrey could be modified, taking
mto account the frequency f, of the coated quartz
resonator, and proposed the following frequency-mass
relationship

Af=- % my 0)
or
mf=qu(}c - }) = puNAT ®

where Ar is the change of the vibration period of the
coated quartz resonator For selected matenals eqn
(8) 1s accurate up to a mass load of 10% Its use for
microweighing 1s known as the ‘period measurement
techmque’

On the basis of the composite acoustic resonator
model introduced by Miller and Bolef, a more accurate
equation was derived by Lu and Lews [10]

e\ _ _ pvc [T
tan(f)— Yy tan< 3 ) 9)

where f, 15 the compound resonator frequency, f, 18
the uncoated quartz resonator frequency, f; 1s the
mechanical frequency of the deposited film of thickness
I;, given by

Ve

f= 3,



while p,, p,, ¢ and v, stand for the density and shear-
wave veloaty of the deposited film and quartz, re-
spectively Equatton (9) can also be wniten mn the
following form [11]

_ arctan(Z tan 7F)
~ wZ(-F)

where Z=z,/z;=p,v,/p¢V; 15 the ratio of the acoustic
mmpedances, M=mgjm,=pd/p,l, 15 the ratio of the
areal densities and F=(f,—f.)/f,= — &fff, 1s the nor-
malized frequency shift This equation, largely used 1n
thin-film thickness momitoring apphcations, 1s known
as the ‘Z-match techmque’ It 1s well supported by the
experimental data up to a mass load of 35% [10], or
even 70%, as reported by Benes, who developed this
physical model and introduced the ‘auto Z-match tech-
mque’ [12]

Beginning in 1980 attention was focused not only on
solid deposits on the surface of the shear wibrating
quartz-crystal resonators, but also on hquid deposits
Kanash and Bastiaans [13] studied the behaviour of
the quartz resonator 1n a flow cell simulating a hquid
chromatographic detector, observing changes in the
resonance frequency of the quartz when different iquids
passed through the cell Glassford [14] studied the
response factor of a hqud-coated quartz-crystal res-
onator Kanazawa and Gordon [15, 16] treated the case
of a quartz resonator mn which one of its faces 1s n
contact with a viscous hquid of infinite extent The
method used treated the resonance phenomenon as
ansing from the matching of the shear waves in the
quartz and 1n the overlayer to specific boundary con-
ditions Their final result was the following correlation
between the measured frequency change and the hquid
and quartz characteristics

Af= — (o /mpp)"”? (1)

where f; 15 the resonance frequency of the uncoated
quartz, p, and 7, are the density and absolute viscosity
of the hiquid deposit, and p and p are the density and
shear modulus of quartz (p=2648 g cm™> and
1=2947x10" dyne cm~?)

It 18 very interesting to observe that the compound
acoustic resonator model was developed for sohd de-
posits on the surface of the quartz-crystal resonators
Equation (10), derved from this model, gives excellent
results for solid films and has been used n thin-film
monttoring devices of the third and fourth generation
during the last twenty years However, this model failed
m describing the behaviour of quartz resonators in
contact with hquids It also falled m explamning the
correlation between the sensitivity and vibrational-am-
plitude distributions on the surface of the shear vibrating
quartz

M (10)
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In looking for a general physical model, able to
explain more expertmental data, a different model was
proposed by Mecea and Bucur [17] This was called
the ‘energy transfer model’ (ETM) The aim of this
paper 18 to reveal the mam features of this model,
emphasizing 1ts generality and the new applications
derved from 1t

2. The energy transfer model

The mam idea of the ETM 1s that the quartz-crystal
resonator and the deposited film form a compound
resonator The active part of this compound resonator
1s represented by the quartz resonator itself, while the
deposited film vibrates on account of the energy stored
m the quartz-resonator vibration

When a film of foreign matenial 1s adherently de-
posited on the quartz-resonator surface, some of the
energy stored in the quartz-resonator vibration 1s trans-
ferred to the film This transferred energy 1s shared
between stored and dissipated energy, according to the
elastic and dissipative properties of the deposited film

It 15 assumed that the adherently deposited film on
the quartz-resonator surface does not have its own
vibrational frequency, as m Miller and Bolef’s theoretical
model, but vibrates synchronously with the quartz-
resonator surface, with a frequency f, (or angular fre-
quency w,) of the compound resonator There 1S no a
pnon hypothesis about this new vibrational frequency,
but 1t differs from the frequency £, (or angular frequency
w,) of the uncoated quartz resonator

21 The infinite quartz-crystal resonator

211 The wmfinte quartz-crystal resonator coated by

a perfectly elastc film

Let us take a cross section of an unloaded thickness
vibrating quartz-crystal resonator of thickness [, As
shown mn Fig 1, the x-axis 15 m the nodal plane of
vibration

We assume that the quartz resonator consists of an
mfinite number of elementary mechanical oscillators

Their amphtude of vibration along the y-axis 1s expressed
by

q

q

12)

where A, 1s the maximum amplitude of vibration at
the quartz-resonator surface

The element of stored vibrational energy of an m-
fintely small mechamcal oscillator of mass dm 1s [18]

1 1
dE3= 2 wA? dm= 2 Pa 0 A sm(—?) ds dy
q



Fig 1 The oscillatory movement of an unloaded thickness shear
vibrating quartz-crystal resonator
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Fig 2 The compound resonator formed by a quartz resonator
coated by a perfectly elastic film

Integrating throughout the volume of the quartz res-
onator, the energy stored by the vibration of an infinite
quartz resonator 1s obtained

By= 3 Mo s (13)
where M, 1s the mass of the quartz resonator

When a perfectly elastic film 1s deposited on the
surface of an mnfimite quartz resonator, the vibrational
amplitude of every particle within the deposited film
will be identical with that of the uncoated quartz
resonator A,, as iltustrated in Fig 2 There will be no
vibrational energy dissipated by this perfectly elastic
film, so that the following energy balance 1s established

Ey=Ej,+E} (14)
where E;, 1s the vibrational energy stored by the uncoated
quartz resonator, E3, 1s the remamning vibrational energy
stored by the coated quartz resonator, and E: 1s the
vibrational energy stored by the perfectly elastic film
In this case, the only vibrational parameter affected
by the deposition of a foreign material 1s the vibrational
frequency The new frequency 1s f;, or angular frequency
. Now, the energy stored by the quartz becomes

1
Ei = =~ M w’Al

3 (15)

We also assume that the deposited film consists of
an nfinite number of elementary mechanical oscillators
vibrating with the amphtude A, The element of stored
vibrational energy of an infimtely small mechamcal
oscillator within the deposited film will be

1
dEt= 2 pew’Ay? ds dy
Integrating throughout the volume of the deposited
film, we get the energy stored by the deposited film

1
Ei= 5 MwZAy’ (16)

By substituting eqns (13), (15) and (16) nto eqn
(14) we get

2
Gy M 17
W,

c q

or

2
o 140X

72 M, (18)

In terms of areal densities this equation mught be
written

2
LRI
fe my Palq

because My=mS and M,=m S

(19)

212 The mfinte quariz-crystal resonator coated by

a real film

When the deposited film 1s a real one, the vibrational
energy transferred to 1t 1s shared between stored and
dissipated energy accordmng to 1ts elastic and melastic
properties

Et=E}+E¢

We admit that both the frequency and wibrational
amphtude will change following the deposition of a
real film The energy stored in the quartz-crystal vi-
bration after the deposition of such a film will be

Ele= ! M, w24,

: (20)

where A,, 1s the new vibrational amphtude, as shown
i Fig 3 In the case of a real film deposited on a
quartz-resonator surface, a small shp occurs between
the adjacent elementary layers of the film, which gives
nse to a frictional force between the adjacent layers
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Fig 3 The compound resonator formed by a quartz resonator
coated by a real film

The work done by this force gives the energy dissipated
within the deposited film A simular approach was taken
for the case of liquid deposits on a shear vibrating
quartz resonator by Glassford [14]

We can express the vibrahonal amplitude at each
pomt y of the deposited film, along the ordinate, by
an equation given by Landau and Lifschitz [19)

Ay)=Asq exp[—(z%) y]

w, 172
=A,, exp| — o™ vet (21)
f

where A, 15 the vibrational amphtude of the loaded
quartz-crystal resonator, w.=2mxf, 1s the angular fre-
quency of the loaded quartz resonator, y= n,/p; 1s the
kinematic viscosity of the deposited film, given as the
ratio of the absolute viscosity to the density of the
deposited film, and v, 1s the shear-wave velocity in the
film

The slip of the y plane relative to the quartz—film
mnterface 15

st-tr-ai-ee] -(2) )

Thus, the elementary shp between the adjacent layers
of the film will be

1) exp[—(é";‘() 1K @)

The frictional force developed 1n the x—z plane of the
film, parallel to the quartz resonator surface, 1s

F,=8% _d; (23)

where § 18 the fictional surface and U;=a4(y)/é 1s the
shding speed of the deposited film particles We obtain

172
1 @
Fa= 5 Spdiqoevy exrl[ - (5;:) y] (24)

5

The element of the dissipated energy between the
adjacent layers of the deposited film 1s

12
1 o,
dE:-’=I:"z d8y= i SpfAlq v[a)c(""‘2yf)

1/2
W
chp[—Z(E;r) y] dy (25)
The whole wibrational energy dissipated by a film of

thickness I, deposited on a quartz resonator surface,
1S

112
1 e
Ef= 2 SPfAquUf“’c{l - CXP[ - 2(2%,{) lf]] (26)

The vibrational energy stored by an elementary volume
of the deposited film 1s

1
dER= 2 P AP (y) ds dy

172
_1 24 2 _n] L
= zpfwcAlq exv[ 2(2,,) y]dsdy

The vibrational energy stored by the whole film 1s

. 2\ 17 )
wc
Ei= Z Sp,wczA,qz(Zf) {l—cxp[ —2(5;‘) If]} 27

We have already assumed that, following the de-
position of a film onto a quartz-resonator surface, the
vibrational energy stored by the quartz resonator di-
mumshes from £ to EY, because part of 1t 1s transferred
to the film We also assume that the energy transferred
to the ambient or to the quartz-resonator mounting 1s
very small and will thus be neglected Therefore, the
energy balance for the compound resonator will be

E$=E +E}+E} (28)

Furthermore, we assume that the decrease of the
quartz-resonator vibrational amplitude, at a constant
frequency, 1s a consequence of the vibrational energy
dissipated within the depostted film Thus we have

1 1
" A'Iqqu(“lo2 -A lqz) = Z SpfwcA lqzvf

4
X [1 - exp[ - 2(%) zf]} (29)

On substituting eqns (13), (20), (26) and (27) nto
eqn (28), we obtan

wz M. © 1/2 o -1 ® 12
had: —_t —< — —91 =<
o) (o 42

(30)
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where M, 1s the mass of the deposited film and M, 1s
that of the quartz In terms of arecal densities and
frequencies, this equation can be written as

B2 ] el {3
a1

and gives the correlation between the vibrational fre-
quency of the compound resonator and the mass and
kinematic viscosity of the deposited film On developing
the exponential function into a power series, we obtain

2 12
5—=1+2ﬂfbf(3£) g+§(3£y3
Y,

f::z mq Ve f

oy (=102
P ) (i) If"‘l]

n' Vi

In the case of metallic films, having a very high kinematic
viscosity, the series within square brackets reduces to
its first term

[ 4™
£ 1+2 .
which 1s exactly eqn (19) previously derived for the
case of perfectly elastic films

If the amount of vibrational energy dissipated within
the deposited film 1s appreciable, we can consider more
terms of the power series The effect 1s a smaller
frequency change than for the case of a metallic film,
which means a smaller sensitivity

The vibrational amphtude of the uncoated quartz
resonator, A, as well as that of the compound resonator,
A, can be measured using the rectified rf voltage,
as has been previously proposed [20] The problem of
the vibrational-amplitude measurement will be devel-
oped 1 Section 3

(32)

22 The finute quartz-crystal resonator

Actual quartz-crystal resonators have finite dimen-
sions It has been stated that the weighing sensitwity
of a thickness shear vibrating quartz-crystal resonator
has its maximum value at [1, 21] or close to [5, 22]
the centre of the quartz resonator plate, and dummishes
towards the edges It was also found that the vibrational
amplitude of a plane-parallel guartz resonator has 1ts
maximum at [2, 3, 23], or close to [22] the centre of
the plate and diminishes towards the edges These
experimental data lead to the conclusion that the weigh-
mg sensitivity depends on the wvibrational amphtude
distribution on the surface of the quartz-crystal reso-
nator

This Section of the paper will develop the real case
of quartz resonators having fimte dimensions and taking

mto account the amphtude distribution on the surface
of a quartz-crystal resonator

Following Sauerbrey’s theoretical and experimental
work [1-3], we assume that the vibrational-amphtude
distribution on the surface of a quartz-crystal resonator
obeys the following equation

A(r)=A, oosz(;e:)

(33)
where r 1s the distance from the centre of the plate
of a certamn point on the quartz-resonator surface, and
R, 15 the rads of the deposited electrode, assuming
that both electrodes have the same diameter, smaller
than or equal to the quartz resonator diameter 2R

In the case of a finite quartz-crystal resonator, the
vibrational amplitude of every pont within the quartz
resonator 1s defined by

- K4 of T
A(r, y)=A, sm( . ) cos (2&)

where 4,=A4 (0, /,/2) 1s the maximum vibrational am-
plitude at the surface and centre of the quartz resonator

For the sake of convenience, we express the unit volume
dv of the quartz mn cylindrical coordinates

dv=rdrd¢ dy

(34

where 0<r<R,, 0<¢<2 and —[2<y< +1,/2

The element of stored vibrational energy of an -
fimtely small mechanical oscillator within the unloaded
quartz-crystal resonator will be

1
dE3e~ 3 P g Ay sm(—?) oos“(

q

mr

—\rdrdéd

) aue
Integrating throughout the gquartz-resonator vibrating
volume, we obtamn the stored vibrational energy

1 3 1
:R= qulqquAoz’TTRez('l'g et 7?2) (35)

221 The finute quartz-crystal resonator coated by a

perfectly elasuc film

Following the deposition of a perfectly elastic film
on the surface of a fimte quartz resonator, the energy
stored 1n the quartz-resonator vibration will dimimish
to a new value expressed by

1 3 1
Eir= qulqwconszez(E - ‘1;3) (36)
The quartz-resonator vibrational amphtude will re-
main unchanged throughout the deposited film thick-
ness, as shown mn Fig 2, but obeymg the surface

distribution law expressed by eqn (34) No vibrational



energy will be dissipated by such an ideal film In this
case, the element of stored energy 1n the film will be

1 r
dEz = E P A COS4(E)I' dr do dy

Integrating throughout the deposited film, of thickness
I, and radius r, centred on the electrode surface, the
total vibrational energy stored by the deposited film
will be

s _ 2, 2 |ToRe o I
Ex p[lfwcAow[47r (‘rrR)cos(ZR)

. R 4(”_’ ’_0) -1
a2 | 2R,
:;I:’: [cos( ;0 ) - 1]} (37

If the deposited film covers the whole vibrating area
of the quartz resonator, 1e, r,=R,, the vibrational
energy stored by the deposited film will be

3 1
E:’R =p11(wc2A02ﬂ'Re2(B - _112_) (38)
In such a case, when no vibrational energy 1s dissipated
by the film covering the whole vibrating area of a fimte
quartz-crystal resonator, the energy balance indicated
by eqn (14) will give

f 2 pele
=14+2— =1+ 2 39
fc pqlq mq ( )

222 The finute quartz-crystal resonator coated by a

real film

In the case of a real film deposited on the surface
of a quartz-crystal resonator with finite dimensions, the
vibrational amphtude of the deposited film particles
will depend not only on the distance from the centre
of the quartz-crystal plate, but also on the distance
from the quartz-resonator surface The vibrational en-
ergy will be dissipated within the deposited film due
to the shp of the adjacent layers of the film, as 1llustrated
m Fig 3 The wibrational amphtude of a pomt within
the deposited film may be expressed as

Adr, y)=A,q cos( ) xp[ (a;) y] (40)

The element of stored vibrational energy within the
film will be

1 T
dER = 3 prwlA;t 0054(2Re)

172
wC
chp[ —2(2—1)‘) y]r dr d¢ dy

The vibrational energy stored by a film of thickness /;
covering the whole vibrating area of a quartz resonator
of diameter equal to 2R, 1s

1 3 2y,
E?’R= Epflfwc2A1q2T’Re (—6 - 77_2)( (l):)

X {1 - exp[ - 2(%) lf]] (41)

Following the calculation procedure developed 1n Sec-
tion 212, the element of vibrational energy dissipated
within the deposited film will be

12
1 wr \[ w,
d c
dER= 2p,w o UpAdy g €OS ( )(2%)
172
Xexp[—2(2£:i) y]rdrd¢dy

The wibrational energy dissipated by the whole film of
thickness /; and diameter 2R, 1s

3 1

1
E?R= Eprwcvalqz‘rrRez(E - ;2)

ff ) e

The vibrational energy stored by an uncoated quartz-
crystal resonator with finite dimensions was given by
eqn (35) When this resonator 1s covered by a real
film, the remaining stored vibrational energy will be

1 3 1
Eir= 2pql A\ 7R, (16 - ;2) (43)
The energy transfer model supposes that the vibra-
tional energy dissipated within the film induces a de-
crease of the wibrational amplitude of the compound
resonator at a constant frequency Thus the following
equation 1s established

1 3 1
qulqqu'"Re2(l_6 - ;;)(AOZ_AI:)

3 1

P 'UlAlq R 2<R - ;5)

X [l—exp[ —2(%) sz (@4)

The energy balance expressed by eqn (28) will give

NI'—‘
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e S ! [2(“’“) z,]

W quq —2—’;;

o] -(z2) )

or, n terms of measured frequency and areal densities,
it can be written

P 12 -1
LY. [2(—”}) lf]

2 mq 3

ool AHY

It 15 very umportant to observe that eqn (46) 1s identical
to eqn. (31) corresponding to an infinite quartz-crystal
resonator This 1s because we made an important as-
sumption that the deposited film covers the whole
vibrating area of the quartz resonator, having the di-
ameter 2R, This also leads to a very umportant con-
clusion that, 1n order to have the theoretical sensitivity
to the mass of a deposited film, the film must cover
the entire vibrating area of the quartz-crystal resonator
This important condition was proved experimentally
[22] and 1s revealed i Section 3 of this paper

For the case of thin films with very high kinematic
viscosity, ke metalhic ones, eqn (46) reduces to a
simpler form

(45)

I _jym
& mq
This equation meets the requirements for thin-film
montoring devices, as will be revealed in the next
Section This equation permuts the calculation of a
deposited film thickness by measuring the frequencies
of the quartz-crystal resonator during the coating pro-
cess, using the following equation

,[=1(J]ZE_1)N&
fo\fE 2 p

where f, 1s the nominal frequency of the quartz resonator
before the deposition and f, 1s the nominal frequency
of the quartz resonator following the deposition of a
film having density p; and thickness I;

(47)

(48)

23 A companson of the available theorenical
approaches

In order to facilitate a comparison of the various
theoretical approaches presented m the first Section
of this paper with the energy transfer model, the
dimensionless parameters M and F, introduced n the
first Section, will be used Thus, the following equations
will be used nstead of those already mentioned

(a) Frequency measurement techmque, described by
eqo (5)
M=F (49)

(b) Stockbridge’s theoretical model, described by
eqn (6)

1 172
F=1—(1+2M —Mz) (50

(c) Period measurement technique, described by
eqn (7)

M F
F——m or M—-l_—F (51)

(d) Z-match techmque, same as eqn (10)
_ arctan(Z tan 7F)

7Z(1-F) 62
(e) Energy transfer model, described by eqn (47)
F=1—(1+2M)™2 (53)
or
1 1
= “9

A graphical illustration of these theoretical ap-
proaches 1s presented in Fig 4 This reveals that for
small normahzed frequency shifts (less than 2%), all
the graphical illustrations are superposed The differ-
ence becomes more evident as these normahzed fre-
quency shifts are ncreased

The frequency measurement techmque 1s based on
the assumption that a foreign film deposited on a quartz-
crystal resonator surface induces the same downward
frequency shift as an additional layer of quartz having
the same mass However, the physical properties of
the deposited film mught be quite different from those
of quartz, and this assumption leads to a hmited range
of vahdity of this physical model, namely to very thin
metallic depositions

Stockbridge’s theoretical model, although more ng-
orous, did not find practical use, since the higher-order
terms require experimentally measured constants with
no direct physical mterpretation Moreover, eqn (50)
has a serious mathematical hmitation, since the square
root 1s applhed to an amount that 1s positive only for
M<065729 to produce real solutions

The period measurement techmque had no other
theoretical justification, but 1s better suited to exper-
mmental data 1n a wider range of relative mass loads
M

The Z-match techmique represented major progress
n quartz-crystal microbalance techmque, revealing the
nfluence of the physical properties of the deposited
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Fig 4 A graphical plot of the reduced mass M as a function
of the reduced frequency F for different theoretical approaches
A, eqn (49), B, eqn (51), C, eqn (52), D, eqn (54) Dots
correspond to gravimetric measurements for copper depositions
on a 6228 MHz BT-cut resonator in vacuum.

film on the frequency change of a thickmess shear
vibrating quartz-crystal resonator, following the de-
position of a film of a foreign matenal on 1its surface

One drawback of this technique 1s the need for the
knowledge of the acoustic impedance ratio Z This
problem has been circumvented by Benes [12], using
Z determmation from two quastharmonic frequencies
There are also some questionable aspects of this the-
oretical model One aspect refers to the mechanical
frequency of the deposited film (see eqn (9)) defined
by

fi=v/2,

In the mitial stages of film condensation on a substrate,
the film 1s rather discontmuous, and we cannot define
a certam thickness I; The expected behaviour would
be a sudden frequency decrease as soon as the deposited
film becomes continuous Expernimentally, a measurable
frequency decrease 1s recorded long before a monatomic
film 1s condensed onto the quartz (electrode) substrate
On the other hand, a umform monatomic film would
induce a mechanical shear vibration frequency of about
10" Hz, while the substrate vibrational frequency 1s 1n
the MHz range From the adherence pomt of view,
this situation cannot be accepted The other aspect
refers to another idea of the Z-match techmque It

states that the free surfaces of a compound resonator
are always antinodal [12] This means that the vibrational
amphtude at the quartz-film interface 1s smaller than
that corresponding to the free surface of the deposited
film Assuming that we have a quartz resonator coated
on one side with a dielectric film, the quartz strain at
the quartz—film nterface will be smaller than its stram
at the free surface This means, thinking of the piezo-
electric effect, that the electric charge accumulated at
a certain moment by the dielectric-coated electrode of
the quartz resonator 1s smaller than the charge of the
reverse polanty accumulated by the uncoated electrode
This 1s impossible from a piezoelectric point of view,
because the quartz resonator must always be neutral
as a whole

It 15 interesting to observe that the two mentioned
mconsistencies, from a physical pomt of view, lead to
a mathematical inconsistency of the Z-match techmque
Let us look at eqn (10) or (51) When Z differs from
umty, the normalized frequency shift F must be less
than 1/2 For F=1/2 we have tan /2> «, and for F
higher than 1/2 the relative mass load M becomes
negative, which 1s 1mpossible

Neither of the above-mentioned theoretical ap-
proaches, excepting the energy transfer model, can
explamn the correlation between the mass sensitvity of
the shear vibrating quartz resonators and the vibrational-
amphtude distribution on their surface This will be
seen 1 Section 3

None of the above-mentioned theoretical approaches,
excepting the energy transfer model, can describe the
behaviour of shear vibrating quartz resonators in contact
with a hiquid This will be seen mn Section 2 5

It 1s also interesting to observe that Horvath and
Arany [24] independently took an energetic approach
similar to that of the energy transfer model, deriving
the following equation

a Am 12
Za —(1+2 - ) (55)

« q

where a, 1s the vibrational frequency of the compound
resonator (f, m our notation), a 15 the vibrational
frequency of the uncoated quartz resonator (f, m our
notation) and Am 1s the areal density of the deposited
film (m; 1n our notation) Equation (55) 15 1dentical to
eqn (47) that we derived from the energy transfer
model Further, Horvath and Arany developed their
equation into a McLaunn series, retamning only the
first term of this series They obtamed

=== (56)

where A« 15 the frequency change and mq 1s the areal
density of the quartz This equation is 1dentical to the
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equation denived by Sauerbrey They concluded that
Saverbrey’s equation can be obtammed following an
energetic approach, without realizing that eqn (55),
mitially obtammed, 1s very accurate, while eqn (56) 1s
only an approximation

24 Expemmental venfication of the mass response of a
coated quariz-crystal resonator

When the thickness of the film deposited onto the
quartz-resonator surface 1s very small, so that the relative
frequency shift F s less than 005, all the theoretical
approaches reviewed m the previous Section give ex-
cellent results For higher relative frequency shifts, the
differences between various theoretical approaches are
more evident, as can be seen n Fig 4

In order to verify which theoretical approach suits
the expenmental results better, it 1s compulsory to coat
the quartz resonator with thicker films Here a new
problem appears The thicker the deposited film, the
higher the lateral stress developed at the quartz—film
mterface [25]. This lateral stress causes the deposited
film to peel off from the quartz surface, the dissipation
of an appreciable amount of vibrational energy at the
quartz-film interface, followed by the ceasing of the
quariz-resonator vibration In order to overcome this
problem, we used quartz resonators with gold/chrommum
electrodes, taking advantage of the very high adherence
of chromum to the quartz surface The thickness of
the chromum underlayer was 500 A, while the gold
film had a thickness of 1500 A Chromwum and gold
were consecutively vacuum deposited during the same
evacuation cycle

Copper was chosen as the deposition matenal, be-
cause 1t can be casily evaporated and s cheap A
laboratory vacuum-deposition umt, mode! B 30 2 (VEB
Hochvakuum Dresden), was used A shear wvibrating
BT-cut quartz-crystal resonator with a fundamental
resonance frequency of 6228 MHz was used It had
a plano-convex plane shape and a 14 mm diameter
Every deposition was followed by a frequency shift
The relative frequency shifts F were used to calculate
the relative areal densities M for consecutive depositions
Calculations were performed for the widely used the-
oretical approaches, using the following equations

eqn (49) for the frequency measurement techmque

eqn (51) for the period measurement technique

eqn (52) for the Z-match technique

eqn (54) for the energy transfer model
The areal density of the quartz, m,, was calculated
starting from the fundamental vibrational frequency of
the uncoated quartz resonator Thus we have

Mq= Pala=pq }7 (57)
g

This 1s, n fact, an equivaient areal density, corre-
sponding to the vibrating part of the quartz resonator

The deposition diameter, resulting from the meas-
unng head aperture, was 8 mm, thus covering the whole
sensitive area of the quartz resonator This area was
previously explored using the method that will be de-
scribed m Section 3

Gravimetric measurements of the copper depositions
were performed with a Sartorius model 2406 analytical
microbalance The results are shown m Table 1 For
the sake of simphaty, only the relative errors are
recorded when the indicated equations were used

The results shown in Table 1 prove that eqn (54)

derved from the energy transfer model for sohd films
fits the gravimetric measurements best This 1s also
lustrated 1n Fig 4, where the dots corresponding to
the direct gravimetric measurements give the best fit
to the graphical representation of eqn (54)

Although the relative errors given by eqn (52) denved
from the Z-match techmique are rather small, this 1s
not a sufficient proof of validity of the model, because
this model cannot explamn the correlation between the
mass sensitivity and vibrational-amplitude distnbution
on the quartz-resopator surface and cannot describe
the response of a quartz resonator in contact with a
bqud

The very large relative errors exhibited by the fre-
quency measurement and pertod measurement tech-
mques limit their usable range In order to get relative
errors less than 1%, the relative frequency shifts should
be smaller than 0 67% for the frequency measurement
technique, or smaller than 1 98% for the period mea-
surement technique

25 Freguency response of a quartz resonator in
contact with a hqud

When a quartz-crystal resonator 1s coated by a hqud
film, which has a much lower viscosity (about 1072 P)
than that correspondimng to a metallic film (about 10*
P), the general eqn (46), derved from the energy
transfer model, must be taken mto account

Introducing the substitutions

i 172

Hy Nt
= — and ¥ = —
f=17, (pq) © b

where p, 1s the shear modulus of quartz (ug=2 947X
10" dyne cm™?) and » 1s the kinematic viscosity of
the hquid film, we obtamn

12
Af= _f 3/2( PN )
T \mpasy

IRV TA N | S
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TABLE 1 Relative errors resulting from the use of various equations, when compared with gravimetric measurements of copper

deposuts, for different relative frequency shufts

Gravimetric Eqn (49) Eqn (51) Eqn (52) Eqn (54)
(%) (%) (%) (%)

F M I (pm)

0048 0052 617 -75 -29 -22 -049
0092 0107 1277 -141 -54 -32 -053
0139 0174 2077 -198 -68 -18 ~-066
0186 01253 3021 —-263 -105 -026 -085
0213 0305 36 51 —-301 -112 +11 ~-084
0243 0370 422 —343 -133 +28 -0353

This 1s exactly eqn (11) dernived by Kanazawa and
Gordon [15] multiplied by two additional factors It 1s
important to evaluate the magmtude of these additional
factors One can observe that the exponent contaimns
the reciprocal of the charactenistic decay length § [19]

12
Ns
o= |—— (58)
(T‘fcpf)
The charactenstic decay length 1s the thickness of the
hquid layer, in contact with a sohd vibrating surface,
across which the vibrational amplitude dimwnishes e
times This can be seen m Fig 5, which also reveals
that the thickness of the vibrating hiquid layer 1s larger
than the charactenstic decay length §, thus concluding
that the magmitude of the first factor 1s equal to unity

oA

In order to evaluate the magmitude of the second
additional factor, we can consider the experimental
results obtained by Kanazawa and Gordon [15] Using
a 5 MHz AT-cut quartz resonator, they obtamed fre-
quency shifts of about 500 Hz for glucose-water mix-
tures Using these numencal data we get the value
09999 for the second factor, which 1s close to umty
This 15 a proof that the equation denived by Kanazawa

tqud film

X

guartz

Fig 5 The vibrating quartz-liquid interface §1s the characteristic
decay thickness

and Gordon [15] can also be obtamed starting from
the energy transfer model This model has a high degree
of generality covering the frequency response of coated
quartz resonators with vanous layers whose wiscosity
covers 17 orders of magnitude

26 Damping of the quartz-crystal resonator vibrations
in contact with a hqued

When a quartz resonator 1s coated with a hquid film,
not only the frequency of the compound resonator
changes, but also its vibrational amphitude If the amount
of energy supplied to the hiquid-coated quartz resonator
1s small, 1ts vibration will cease because of the important
amount of energy dissipated within the hquid film With
modern existing electronics, 1t 15 possible to supply
sufficient energy to the compound resonator to sustain
its oscillation

Mecea and Bucur [20] showed that the damping of
the quartz-crystal resonator vibrations depends on the
viscosity of the layer deposited on the quartz-resonator
surface They used the rectified r f voltage U to record
this behaviour U 15 a d ¢ voltage proportional to the
coated quartz-resonator vibrational amphtude, provided
that no distortion of the sine-wave output 1s introduced
by the electronic circuitry Because of the piezoelectric
effect, there 1s always a proportionahty between the
voltage across the electrodes and the strain [12] Thus
we have-

el

where V 1s the sine voltage across the quartz-resonator
electrodes, e 1s the piezoelectric constant and e 15 the
quartz permittivity In the case of a fixed load, there
15 a direct proportionahty between the high-frequency
voltage V and the corresponding rectified voltage U

U=kV=k*4,, (60)
By recording U we have an ndication of the quartz-
crystal resonator vibrational amplitude

An experiment was carried out using a BT-cut quartz
resonator with a nominal frequency of 4 4826 MHz
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Fig 6 Damping of the quartz-resonator vibrations when coated
with layers of different viscosities

This was subsequently coated with various layers cop-
per, picemn wax, Apiezon M grease and muneral oil
With copper deposition there was no change 1n the
recorded voltage U The lower the coating viscosity,
the more important was the decrease of the recorded
voltage U, corresponding to the vibrational amphtude
of the compound resonator This s illustrated in Fig
6 The expermments were carried out at room temper-
ature

3. Mass sensitivity and amplitude-distribution
measurements on the surface of the quartz
resonators

It has been demonstrated by Sauerbrey [1] that the
local mass sensitity of a shear vibrating quartz-crystal
resonator depends on the local vibrational amplitude

Through the years, various methods of measuring
the vibration amphtude of the quartz resonators have
been developed The best results were obtamned by the
modulation of a hight beam [2] and by the speckle
effect [23]

In looking for a simple mechanical set-up, insensitive
to environmental disturbances, a very simple method
has been developed [22]

The working prmnciple of this method 1s based on
the energy transfer method Here 1t 15 supposed that
no vibrational energy 1s dissipated withm the quartz-
crystal electrodes, but some might be dissipated by a
frictional force, developed by a small soft tip resting
under gravity on selected points on the surface of the
quartz-crystal resonator This dissipated energy 1s ex-
pressed by

Eie A, cosz(;; ) (61)

where u 1s the frictional coefficient at the quartz
(electrode)-tip interface, F,, 1s the weight of the tip-wire
assembly and A(r)=A, cos’(7r/2R.) 1s supposed to be
the amplitude distribution on the quartz-resonator sur-
face, covered on both sides with electrodes of diameter
2R, [3] Assuming that the frictional coefficient and
the weight of the tip-wire assembly are constant, and
the tip 1s moved slowly at constant speed across the
quartz-resonator diameter, then the energy-dissipation
curve will follow the vibration-amplitude distribution
on the quartz-resonator surface

The experimental arrangement 1s shown schematically
m Fig 7 The quartzcrystal resonator is mounted
honzontally on a shding system, controlled by a mi-
crometer gauge The tip-wire assembly 1s laid freely
on the quartz-resonator surface under i1ts own weight
F,=2x10"?N It1s dniven across the quartz-resonator
diameter at a constant speed of 1X107% m s™! by
means of a small low-geared synchronous ac motor

The quartz-resonator ¢lectrodes are connected to the
amplitude-controlled oscillator, driven by the quartz
resonator itself The rf voltage between the quartz
electrodes remains constant at about 30 mV peak-to-
peak, within a wide range of vibration-energy dissipation
at the quartz~tip mterface The discrete transistor works
as a series voltage regulator The voltage between the
pomnts A and B varies between 09 V for high-quaty
quartz resonators and 10 V for strongly damped res-
onators The voltage between points A and B and also
the voltage drop across the resistor R will, when the
soft tip 15 moving towards higher vibration-amplitude
points on the quartz-resonator surface, increase in hne
with the increased frictional loss The magmtude of
this voltage s recorded graphically

In order to check that the wibrational energy dis-
sipation profile can be an imdication of the mass-
sensitvity distribution on the surface of a thickness
shear wibrating quartz resonator, mass-loading exper-
ments were also performed For checking the mass-
sensitivity profile on the surface of the quartz resonators,
a parr of quartz thinfilm thickness-measuring heads
was used One of these heads was modified in order
to facilitate the deposition of thin films as small spots
at certain points across a diameter of the quartz res-

Wire Fn

Rubber tip Recorder

¥,
F Amplifier

Fig 7 Schematic diagram of the apparatus for measuring the
amphtude distnbution on the quartz-resonator surface




onator This head had a shding shutter with a small
aperture, set m position by a motorized micrometer
gauge

Two different types of quartz-crystal resonators were
examined The first was a conventional plane-parallel,
5 MHz AT-cut quartz-crystal resonator with bevelled
edges and 14 mm diameter It had 6 mm vapour-
deposited siiver-film electrodes on both sides The
second was a plano-convex 5 MHz At-cut quartz res-
onator of 14 mm diameter and 200 mm curvature radus
It had vapour-deposited silver-film electrodes of dif-
ferent diameters on each side 13 mm on the fiat side
and 6 mm on the curved side

An ndication of the vibration energy dissipated at
the quartz-tip interface was obtamned by recording the
voltage drop U across the resistor R for each quartz
resonator

Every quartz resonator was subsequently mounted
in the assembly with the shding aperture and placed
n a vacuum deposition unit, using the adjacent thick-
ness-measuring head as a control Equally spaced silver-
film spots of constant area and thickness were deposited
along the diameter of each quartz resonator previously
explored for amphtude distribution Figure 8 shows
(full curve) the recorded voltage drop U across the
resistor R, as an indication of the amplitude distnibution
on the plane-parallel quartz-resonator surface The
mass-sensitivity curve 1s drawn (broken curve) by re-
cording the frequency decrease AF=f —f, for every
equal silver film spot These spots were of 12 mm
diameter with a spacing of 1 mm The results 1llustrated
m Fig 8 show that, for plane-parallel quartz-crystal
resonators

(a) the frequency sensitivity of the resonator to mass
loading of the surface closely follows the vibration
amphtude distnbution,

-af{H2!) T Ulmv}
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Fig 8 Correlation of the vibration amphtude change AU and
frequency change Af corresponding to 1dentical silver spot de-
positions on the surface of a plane-parallel, AT-cut, 5 MHz
quartz-crystal resonator
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(b) the mass-sensitive area 1s larger than the electrode
area,

(c) the maximum of the mass sensitivity and vibration
amphtude 1s off-centre

Figure 9 shows a sumilar record for a plano-convex
quartz crystal resonator Here the spots were of 06
mm m diameter and 05 mm spacing The results
illustrated m Fig 9 show that, for plano-convex quartz-
crystal resonators

(a) the frequency sensitivity of the resonator to mass
loading of the surface closely follows the wibration
amplitude distribution,

(b) the mass-sensitive area 1s restricted to the smaller
of the two electrode areas,

(c) the maximum mass sensitvity 15 at the centre of
the quartz-crystal resonator

The apparent connection between the mass sensitivity
of the quartz-crystal resonators and the vibration-am-
phitude distribution, shown m Figs 8 and 9, can be
explain within the energy transfer model This model
states that, following a thin-film deposition, the fre-
quency shift 1s nduced by the vibration energy trans-
ferred to the film as a stored energy, which 1s expressed
by the following equation

1
Ei= 5 MwlA()

where M; 1s the mass of the deposited film, w, 15 the
angular frequency of the compound resonator thus
formed and A(r) 1s the vibration amphtude at the point
where the deposited film spot 1s located This equation
states that for equal depositions the energy transferred
to the film as a stored energy, and hence the frequency
shift, will be hgher when the vibration amplitude 1s
higher

The sensitive area of the plane-parallel quartz-crystal
resonators extends beyond the whole electrode area
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Fig 9 Correlation of the vibration amplitude change AU and
frequency change Af corresponding to identical silver spot de-
positions on the surface of a plano-convex, AT-cut, 5 MHz quartz-
crystal resonator
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and the maximum of the sensttivity 15 asymmetric Such
an asymmetry was also found by Mueller and White
[5] It has not been explained, but might be caused by
a dimensional non-umformuty, for example, 1n the quartz
plate thickness

The sensitive area of the plano-convex quartz res-
onators 18 restricted to the electrode area and these
resonators are therefore more suitable for use 1 the
measurement of the thin-film thickness

4. Microweighing with quartz resonators having
other vibrational modes

When treating the case of quartz-resonator mass
sensors, the up-to-date literature refers only to shear
vibrating quartz resonators, mainly AT-cut and seldom
BT-cut resonators

One could certainly ask if the microweighing capability
1s exhubited only by the thickness shear vibrating quartz
resonators To answer this question, some experiments
were carned out to check whether quartz resonators
having other vibrational modes are also sensitive to an
added mass

First an X-cut quartz resonator was tested This
vibrates 1n a compressional mode, generating ultrasonic
longitudinal waves in air, as shown m Fig 10 A 1
MHz resonator, in the form of a disc with 20 mm
diameter and 2 87 mm thickness was used Its median
plane 1s a nodal plane, while both surfaces are antinodal
The wibration amplitude of every point withn this
resonator can be described by

A=A, sm(ﬂ) (62)
lq

where A, 1s the maximum vibration amphitude at the
antinodal surfaces and /, 1s the quartz-resonator thick-
ness This equation 15 identical to that of the shear
vibrating quartz resonators used m Section 2 The
calculations, within the energy transfer model, will give
the following result for the case of perfectly elastic
films

2
m
?;=1+2;ﬁ (63)
€ q
X

T 2
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Fig 10 Schematic drawing of the X-cut quartz resonator vibrating
in a compressional mode

As can be seen from Fig 10, the entire surface of this
resonator 1s antinodal For this reason, depositions were
carnied out on the entire surface of the X-cut resonator
Silver films were vacuum deposited onto one surface
of this resonator Following each deposition, a frequency
change was measured and the mass of the silver de-
posttion was measured using a Sartorius microbalance
(model 2406) The results are shown in Fig 11 The
solid hne 1s the plot of eqn (63) and the dots are
expermmental points It 1s very clear that such a resonator
is sensitive to the mass of a deposited film and the
experimental pomts fit the same equation as mn the
case of shear vibrating quartz resonators

Further, a CT-cut quartz resonator vibrating in a
face-shear mode was checked The wvibration of such
a resonator 1s ustrated in Fig 12 There 1s no antinodal
surface The vibration amphtude varies from zero to
the maximum value on each of the two major surfaces
of the resonator Silver films were deposited onto one
of these major surfaces of a 357 3 kHz CT-cut quartz
resonator The experimental results are shown 1n Fig
13 Ths kind of resonator 1s also sensitive to the mass
of the deposited films The expenimental points do not
fit the sohd hne corresponding to eqn (63) This 15
because the deposited silver films do not cover an
entirely antinodal surface as in the case of the quartz
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Fig 11 Frequency response of a 1 MHz X-cut quartz resonator
coated by a silver film
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Fig 12 Schematic drawing of a CT-cut quartz resonator vibrating
in a face-shear mode



2000
'
- AflHz)
1500+ p
s
Ve
I
e
7
10001 /
'
Ve
Ve
V'
//
500 o
Ve
e
Ve
v
- " L
00 2 4 6 . 8
Mfx10'g—

Fig 13 Frequencyresponse of a 357 3 kHz CT-cut quartz resonator
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Fig 14 Frequency response of a 32 768 kHz tumng-fork-shaped
quartz resonator coated by silver films

resonators vibrating in a thickness shear mode or m
a compressional mode

The frequency response of a tuning-fork-shaped
quartz resonator, widely used as a timer 1n wrist watches,
was also checked Silver films were deposited on the
small surfaces of the vibrating arms of the tuning fork
The thickness of these depositions was measured by
the adjacent sensing head of a quartz thickness monitor
The experimental results are given i Fig 14, and show
that the measured frequency shifts are proportional to
the thickness of the silver films

From these experiments we can conclude that what-
ever the vibrational mode of the quartz resonators,
their frequency decrease 15 related to the mass of the
deposited film

15

5. Microweighmg with resonaters made of other
piezoelectric matenals

Quartz 1s the most widely used piezoelectric material
for resonator manufacture It has several advantages
when compared with other piezoelectric materials It
1s chemically mnert, water msoluble and temperature
resistant up to 573 °C, where e-quartz transforms nto
B-quartz Another advantage refers to the high quality
factor of the quartz resonators, permitting an excellent
frequency stability

One could further ask if the microweighing capability
1s exlbited only by quartz resonators To answer this
question, some experiments were carned out to check
the mass sensitivity of some resonators made of other
piezoelectric matenals

First a resonator made of PZT ceramic was tested
It had a nommal frequency of 4625 kHz One of 1its
major faces was successively vacuum coated with copper
films It was found that the mass of these films induced
a frequency decrease of the PZT resonator The ex-
perimental results are shown i Fig 15, which reveals
that the frequency decrease of the PZT resonator 1s
proportional to the mass of the deposited film

Further a Z-cut resonator made of hthium niobate
was tested The resonator had a diameter of 12 mm
and a thickness of 3 84 mm Its nonunal frequency was
922 kHz Such a resonator vibrates m a compressional
mode [26], ke the X-cut quartz resonators One of
the major faces of the LINbO, resonator was successively
coated with copper films by vacuum deposition The
expenimental results are shown i Fig 16, which also
reveals that the frequency decrease of the LiNbO,
resonator 1s proportional to the mass of the deposited
films As expected, the experimental ponts fit exactly
the sohd line drawn according to eqn (63) This result
1s very important, since LINbO; might replace quartz
n applications at higher temperatures The Cune pont
of LiNbO; 1s 1200 °C and 1t was found to be piezo-
electrically useful up to 1050 °C [26]
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Fig 15 Frequency response of a 462 5 kHz PZT resonator coated
by copper films
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Fig 16 Frequency response of a 922 kHz LiNbO; resonator
coated by copper films

6. Damping of the quartz resonator vibrations
during a temperature sweep

Since Sauerbrey [1] introduced the quartz-crystal
mucrobalance for thin-film mass measurements, most
attention has been focused on the frequency change
Meanwhile, this technique was extended by EerNisse
[25] to thin-film stress measurements using the double-
resonator techmque and by van Ballegooyen [27] to
temperature determination These two extensions used
the vibrating frequency as the only measurable param-
eter Unfortunately, Iittle attention was paid to the
damping of the quartz-crystal vibrations King and
Hoffman [28] recorded a quartz-crystal series-resistance
variation during manganese deposition Scheide and
Guilbault [29] recorded the cut-off frequencies of the
coated quartz-crystal resonators, as the upper lmmt of
the frequency shift before the complete damping of
the quartz-crystal vibration Mecea and Bucur [20]
showed, for the first time, that the damping of the
quartz-crystal vibrations depends on the nature of the
viscous layer deposited onto the quartz resonator sur-
face This was also shown above 1n Section 2 6

A very mteresting and reproducible phenomenon was
observed when the rectified r f voltage U, as a meas-
urable parameter of the quartz-resonator vibration am-
phtude, was recorded durmng a temperature sweep [30]
A typical example 1s shown m Fig 17 The change m
the wibration amplitude of a 5 MHz plane-parallel
quartz-crystal resonator with 4500 A thick, 7 mm dr-
ameter keyhole-shaped palladium electrodes was re-
corded during a temperature mncrease from 340 to 410
K, with a constant heating rate of 005 K s=' We
suppose that this phenomenon 1s due to dissipation of
the vibration energy 1n the depostted film, at certan
temperatures and frequencies, through a resonance
phenomenon

In order to demonstrate that the deposited film, and
not the quartz-crystal resonator, 1s responsible for the
energy dissipation, the following experiment was per-
formed
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Fig 17 Vibrational amplitude change of a palladium-coated 5
MHz quartz-crystal resonator dunng a temperature sweep

A 14 mm diameter, plane-paralle]l, 5 MHz, AT-cut
quartz-crystal resonator was covered on both sides with
keyhole-shaped 7 mm diameter palladium electrodes
The palladium films were obtained by vacuum deposition
at a rate of 20 A s Therr thickness on each side
was 3000 A

The temperature sweep, in a purified argon flow,
was performed m an electnically heated copper cell
described elsewhere [31] This cell was also used for
hydrogen sorption studies n thin palladium films [32,
33} The cell temperature was recorded on the X-axis
of an X-Y recorder (Endim 62002) using a chro-
mel-alumel thermocouple The wibration amphtude of
the quartz-crystal resonator was recorded as the rectified
rf voltage U on the Y-axis

As the structure of the palladium films 1s strongly
distorted by hydrogen absorption—desorption cycles [34),
significant changes 1n the vibration-energy dissipation
spectrum are expected If the quartz crystal alone 1s
responsible for the vibration-energy dissipation spec-
trum, no changes n the spectrum are expected, because
hydrogen 1s not absorbed i quartz

Hydrogen absorption—desorption cycles were per-
formed with the arrangement currently used for sorption
studies mn thin palladium films [32, 33]

The palladrum films, on both sides of the quartz
resonator, were charged with hydrogen 1n the B-phase
of the hydnde, at atmospheric pressure and 354 K,
until a steady frequency level was reached Then, the
hydrogen flow was replaced by a purified argon flow
and hydrogen desorption occurred After complete hy-
drogen desorption, the cell temperature was increased
hnearly from 290 to 430 K with a heating rate of 005
K s7!, and the wibration-energy dissipation spectrum
was recorded while purified argon was flowing over the
coated quartz-crystal resonator Then the copper cell
was allowed to cool down to room temperature, and
the palladium films on the quartz-crystal resonator were
mvestigated by X-ray diffraction



Several vibration-energy dissipation spectra are shown
i Fig 18 They were obtamed for as-deposited pal-
ladium films and for a different number of hydrogen
absorption—desorption cycles Curve A was obtamed
for the freshly palladium-coated quartz-crystal reso-
nator Curve B was obtamed after three hydrogen
absorption—desorption cycles Curve C was obtamned
after a total number of 10 hydrogen absorp-
tion—desorption cycles Curve D was obtamed after a
total number of 18 absorption—desorption cycles and
curve E after 26 absorption—desorption cycles Further
attempts to obtamn such a spectrum after 34 absorp-
tion—-desorption cycles were not successful because the
quartz-crystal resonator was no longer vibrating, being
completely damped

Each spectrum exhibits several wibration-energy dis-
sipation peaks, also called deeps, m the recorded AU
voltage Their magnitude changes continuously as the
palladium electrodes are submitted to an 1ncreased
number of hydrogen absorption—desorption cycles This
1s especially evident for the deeps at 369 K and those
at 385 K

The X-ray diffraction measurements, as illustrated
m Table 2, reveal a marked change mn the palladium
film structure after repeated hydrogen absorp-
tion—-desorption cycles Where two measurements are
recorded, they refer to the two palladium electrodes

The fizst three hydrogen absorption—desorption cycles
induced the breaking of the crystallites and increased
the mean-square deformation of the palladium lattice
Further hydrogen absorption—desorption cycles induced
an increase 1n the crystallite size and a new arrangement
of the palladium lattice

f
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Fig 18 Vibration energy-dissipation spectra of a 3000 A thick
palladium film drawn for as-deposited palladium film and for a
different number of hydrogen absorption—desorption cycles A,
as deposited, B, 3 cycles, C, 10 cycles, D, 18 cycles, E, 26 cycles
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TABLE 2 X-ray diffraction measurement results

Number of Mean-square Mean Lattice
hydrogen deformation crystallite parameter
sorption coefficient size A)
cycles (&1 A)
0 0775%x1073 357 387
0921x107% 319 387
3 3142%x 1073 163 392
18 2678x107° 186 390
2658x 1073 188 391
26 0512x107° 560 385
0654x107° 450 385
34 0370x10°% 1156 386
0379%x107% 952 386
T‘I 3

utvi

290 310 330 350 37
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Fig 19 Vibration energy-dissipation spectra before (A) and after
(B) a heat treatment of 2 h at 390 K

The change m the palladum electrode structure,
while sigmificant changes i the vibration-energy dis-
sipation spectrum are recorded, 1s a valuable proof
that a connection between the electrode structure and
the vibration-energy dissipation spectrum should exist
The exact correlation 1s not yet established Some
additional experiments could help the understanding
of this phenomenon

Figure 19 reveals changes that appeared m the vi-
bration amphtude versus temperature spectrum of a
quartz resonator with 2000 A thick silver electrodes
following a heat treatment in air Curve A indicates
the vibrational-energy absorption spectrum for freshly
deposited silver electrodes Curve B was drawn after
a 2 h heat treatment at 390 K and cooling down to
room temperature Both curves were recorded during
the temperature increase Changes mn the spectrum are
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thought to be explained by changes in the deposited
electrode structure

In another experiment the frequency of a quartz
resonator was increased by mserting a series capacitor
between the quartz resonator and the transistorized
oscillator circunt, thus dimmishing the equivalent series
capacitance of the resonant circuit Figure 20 shows
the translation to lower temperatures of the voltage
deeps corresponding to resonant energy absorption,
while mcreasing the frequency of the coated quartz
resonator These frequencies, at room temperature, are
indicated on each curve Curve A was drawn without
a series capacitor Curve B was drawn after the mnsertion
of a 47 pF capacitor and curve C was drawn after the
msertion of a 22 pF capacitor This expertment proves
that the temperature and frequency of the resonant
energy absorption are correlated

Figure 21 reveals the effect of the electrode-surface
etching on the vibrational-energy absorption spectrum
A 5 MHz quartz resonator, with 600 A thick siver
electrodes, was successively etched 1n an argon plasma
Curve A was drawn before plasma etching Curve B
was drawn following plasma etching of 77 A silver from

\
29 0 330 3% 0
TIK) —
Fig 20 Translation of the vibration energy-dissipation spectrum
of a quartz-crystal resonator coated with 2000 A sitver-film
electrodes following the change of its vibrational frequency by
the msertion of a senes capacitor
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Fig 21 Vibration energy-dissipation spectra of a quartz-crystal
resonator coated with 600 A silver electrodes following successive
electrode argon plasma etching A, as deposited, B, 77 A silver
etched from one electrode, C, 115 A silver etched from the other
electrode

one of the electrodes Curve C was drawn after etching
of 115 A silver from the other electrode This experiment
proves that the vibrational-energy absorption spectra
are very sensitive to treatment of the thin-film surface

A very interestmg conclusion, derived from the energy
transfer model, 1s that whenever the compound res-
onator vibration amplitude diminishes, an increase of
the compound resonator frequency is expected Thus
we have

12
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This denwvative 1s always negative, leading to the men-
tioned correlation between the vibration amphtude and
frequency of the compound resonator This 1s proved
expenimentally in Fig 22, where both frequency and
amplitude versus temperature characteristics of an AT-
cut quartz resonator are drawn It 15 evident that to
each recorded voltage deep corresponds an increase
of the quartz resonator frequency This observation 1s
very important When using a quartz-crystal resonator
as a frequency standard, 1t 1s compulsory to be out of
a resonant energy absorption to get a better frequency
stability

7. Apphications of the vibrating quartz sensors
A common feature of all the theoretical developments

previously presented 1s that they were sumulated by
the large range of possible applications of vibrating
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Fig 22 Simultaneous record of vibration energy-dissipation spec-
trum and frequency vs temperature characteristics of an AT-
cut quartz-crystal resonator coated with 2000 A silver electrodes

quartz sensors It 1s very difficult to present here all
the possible applications, which cover the following
fields

(1) thin-film thickness monitoring 1n physical vapour
deposition,

(i) gas sorption by different coatings of the quartz
resonators,

(m) mass measurements and viscous effects in hquids

An excellent monograph on quartz-crystal micro-
balance applications was edited by Lu and Czanderna
[11, 14, 25] This Section presents other applications
that we have developed over the years

71 Sorption measurements with vibrating quartz
sensors

When a surface 1s exposed to an ambient different
from that with which 1t has reached equilibrium, mass
changes may occur due to sorption (absorption or
desorption) This may be physisorption or chemisorp-
tion, each type baving its own charactenstics The very
high sensitvity of quartz resonators to mass changes,
1x10~"2g cm™?as reported by Warner and Stockbridge
[35), 1s very profitable for sorption studies Unfortu-
nately, when changing the ambient of a shear vibrating
quartz-crystal resonator, both the frequency and wi-
bration amplitude may change The relative change of
these parameters will be a superposition of the various
influences acting on them Thus, we have

7-(0),0),0,) () A7),

)4

U vuj, \uj,

where (Afff)) represents the pure mass effect on the
resonance frequency of the quartz resonator With
sorption studies the mass of the adsorbed gas 1s rather

small, so that eqn (3), mitially derived by Sauerbrey,
might be used

Ay __m,
fl, m

where m, 15 the mass of the gas absorbed by the umt
of surface of the coating

(Afif)r 1s the partial effect of the temperature on
the total relative frequency change This becomes im-
portant when the sorption 15 either endothermal or
exothermal Otherwise, sorption measurements are al-
ways performed at a constant temperature, 1ts contri-
bution being neglected

(Aflf)s 18 the partial effect of the stress on the total
relative frequency change This effect was revealed by
EerNsse [25] and becomes important when changes
of the lattice parameter are mduced by gas absorption,
as 1n the case of hydrogen (deuterrum) absorption by
thin palladium films, as revealed by Bucur and Flanagan
[36] This unwanted effect can be circumvented either
by the use of the double-resonator techmque, as pro-
posed by EerNisse [25], or by the use of quartz
resonators having an SC-cut (stress-compensated cut)
[25]

(AfIf), 1s the partial effect of the hydrostatic pressure
on the total relative frequency change The magmtude
of this effect was evaluated by Warner [37] We have
(&)= +135%107° Torr~* for AT-cut quartz res-
onators at 323 K with a nearly linear vanation with
temperature of —0015x 10K

(4Aflf)., 1s the partial effect of the shear impedance
of the gas on the total relative frequency change {37]
Its magnitude 1s expressed by

(%) =072X105(wf, p, )"

n

Here p, and u, are the density and viscosity of the
gas, respectively
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(Aflf).41s the partial effect of a change 1n the vibrational
amphtude of the quartz resonator following the gas
sorption This was revealed 1n Section 6

(AUU), 15 the partal effect of the gas kinematic
viscosity on the vibration amplitude of the quartz res-
onator This 1s particularly important when a phase
transition occurs n the deposited film

(AU/U)g 15 the partial effect of a resonance phe-
nomenon occurring m the vibrating film

Although many factors affect both the measured
parameters, frequency and vibration amphtude, of a
coated quartz resonator, this 1s not a dramatic situation
The partial effects are either neglgible or can be
elmnated by using a differential method for mea-
surements This implies the use of two 1dentical quartz
resonators, one of them beng coated with the active
film and the other bemng coated with a neutral film
Thus, the temperature, hydrostatic pressure and shear
impedance of the gas will have no sigmificant effect on
the accuracy of the sorption measurements For the
case of absorption measurements, accompanmied by lat-
tice parameter changes, the use of two quartz resonators
with SC-cut, 1n a differential system, 1s the best solution
Temperature control of the measuring cell 1s compulsory,
because the sorption equilibrium 1s strongly affected
by the temperature

72 Hydrogen (deuterum} sorption in thin palledium
films

Quartz-crystal resonators proved to be very useful
for hydrogen (deuterium) sorption studies in thin pal-
ladwum films The very ligh mass sensitivity and fast
response of these sensors were the attractive features
recommending them for such studies

It 1s well known [34] that palladium selectively and
reversibly absorbs large amounts of hydrogen, or its
1sotopes, when 1ts clean and active surface comes 1n
contact with these gases Although hydrogen is the
hghtest chemical element, the uptake of this gas can
be followed using palladium films deposited onto the
electrode surface of the quartz resonators, or using
palladium as the electrode matertal The very fast time
response of these quartz mass sensors 1s also useful
for kinetic measurements

Some characteristic absorption—desorption curves are
shown 1n Fig 23 Its reveals that equilibrium 1s rapidly
attained with both hydrogen and deuterrum The equi-
hibrium 15 inchcated by the constancy of the frequency
shift during absorption and by the constant level attained
after every hydrogen (deuterium) desorption cycle with
mitrogen gas For these measurements an AT-cut quartz-
crystal resonator with a nominal frequency of 8 35 MHz
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Fig 23 Tbe absorption-desorption curves for hydrogen and
deutennum (B-phase)

was used The numerical results are shown in Table
3 Here AF;, represents the frequency decrease fol-
lowing the electrochemical deposition of Pd films onto
both gold electrodes of the quartz resonator, AFy; and
AF, represent the measured frequency decreases fol-
lowing hydrogen and deuterium absorption, respectively,
AFE*< and AFZ" represent the expected frequency
decrease following hydrogen and deuterrum absorption,
taking the hydrogen (deuterium) to palladium atomuc
ratio to be 068 [34] for absorption mn the B-phase at
atmospheric pressure, H/Pd and D/Pd represent the
measured 1sotope to palladiam ratios, H/D 1s the mea-
sured ratio of the two 1sotopes m palladium at equi-
librium and T 1s the temperature of the experiment

The results shown 1 Table 3 reveal that hydrogen
and deuterium absorption 1n palladium induce a larger
frequency shift than expected taking into account the
hydrogen to metal ratio of 0 68 for the SB-phase of the
hydride reported in the hterature [34] We got H/Pd
and D/Pd ratios larger than 0 68 This might be explamed
by the additional frequency decrease induced by the
mechanical stresses developed 1n the quartz by the
increase of the lattice parameter of palladium, following
hydrogen and deutertum absorption

Hydrogen sorption studies can be performed not only
in the B-phase (saturated) of the hydnde, but also n
the a-phase, at low hydrogen partial pressure [32] This
pressure can be obtamed by mxng a controlled hy-
drogen flow with a controlled flow of an mert gas
(hehum, argon or mtrogen) The partial pressure ranges
used were 027-945 kPa for hydrogen and 03-164
kPa for deuterium at a constant temperature of 353
K. Purified mtrogen at a constant flow was used as an
ert gas, both for mmng with hydrogen or deutenum
and for desorption Its flow rate was 50 ml/min The
chemical stabiity of the nitrogen m the presence of
hydrogen and palladium was checked by substituting
helum for mtrogen There was no difference in the
observed desorption rates

The working mass sensor was an AT-cut quartz-
crystal resonator, having a nominal frequency of 5 27
MHz, which was covered on both sides with palladium
layers by electrodeposition onto the silver electrodes
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TABLE 3 Numerncal data on hydrogen and deuterum measurements 1n thin palladium films

i AFy, AFy AFgle AF;, AFge H/Pd D/Pd H/D T
(MHz) (Hz) (Hz) (Hz) (Hz) (Hz) (K)
63204 655 407 990 800 110 083 132 299
835 61766 548 399 817 787 094 070 134 3003
55078 814 356 1082 700 157 104 150 300
3000
1 " !
f (Hzl|! af (Hz)
! B
5275260, “:},f
5275240 L
52752601 (-/r o,
5275240) 2000F
2 4
Run No,
5275220
0 3000 6000 3000
tisec) — 1000} ,/
4 — 323K
Fig 24 The absorption—desorption curves for hydrogen 1n the 7 - 333K ]Presemsensor
a-phase of the palladium hydride Inset the effect of remanent ! __3mK
elastic stresses on the desorption steady-state frequency values - -333k ]Du Pont sensor
for hydrogen (O) and deuterum (@)
0 i 1 H 1
The experimental results for three successive hy- U 2000 4000 6000 8000 10000

drogen sorption cycles at a constant pressure of 945
kPa are shown m Fig 24 Because of the mtroduction
of a certamn small flow of hydrogen (indicated by H,
arrows) m the flowing mtrogen gas, the frequency
decreases to a steady-state value, which 15 ascribed to
the equihbrium of the palladium layer with the gaseous
hydrogen At the time indicated by N, arrows, pure
nitrogen was allowed to flow through the cell, thus
removing the absorbed hydrogen The equilibrium fre-
quency was higher than the previous one This shift
of the desorption steady-state frequency value (f;* mn
the inset of Fig 24) 1s ascribed to the irreversible
changes n the structure of the palladium layer during
the uptake of hydrogen. No such effect was found for
deutennum Deutenum induces smaller elastic stresses
and does not affect the structure of the palladium layer,
the FZ% values remain constant during the sorption
cycles, as revealed by the mset of Fig 24

These expenments proved the additional effect of
the elastic stresses on the vibrational frequency of an
AT-cut quartz resonator This unwanted effect can be
eliminated, as already mentioned, by the use of a stress-
compensated cut, called the SC-cut

73 Mousture sorption in a hygroscopic polymer

When a quartz-crystal resonator 1s coated with a
hygroscopic material it becomes a very sensitive moisture
sensor Du Pont Company was the first to use these

conc {ppm) —=

Fig 25 Frequency response to mossture of two different quartz-
resonator moisture sensors

sensors down to a concentration of 01 ppm moisture
In a permanent NOB-COTTOSIVE gas

Due to their polar nature, water molecules are strongly
adsorbed by practically all sohd surfaces at normal
temperatures and pressures This 1s, 10 fact, the main
problem 1n measuring accurately the moisture content
of the permanent gases Rehliable measurements can
hardly be performed when this aspect 15 1ignored A
rehable calibration of all moisture sensors, manly in
the low concentration range, requires some experience
However, this 1s possible mn different ways that are
described 1n the hterature We chose a very simple
and rehable method to calibrate the quartz-resonator
moisture sensors A vacuum deposition plant was used
for this purpose Following a careful evacuation of the
bell jar, controlled amounts of water were mjected with
a microsyringe through a sihcone rubber septum A
quartz-crystal resonator coated on both sides with a
natural polymer was accommodated 1n a temperature-
controlled copper cell, where tween cavities were hol-
lowed In one of these cavities was located the polymer-
coated quartz resonator, while an 1dentical uncoated
quartz resonator was located in the other cavity This
differential arrangement was used to measure the re-
sponse of a quartz-resonator moisture sensor to vanous
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concentrations of water The results obtained at 323
and 333 K are shown 1n Fig 25 The nominal frequency
of the quartz resonators was 10 MHz The response
of a Du Pont moisture sensor is also shown for com-
parison It 1s very clear that both senmsors are very
sensitive, mainly for moisture concentrations lower than
500 ppm Their sensitivities are temperature dependent,
because the equilibrum between the gas phase and
absorbed state 1s greatly affected by the absorbent
temperature Figure 25 also reveals that the sensitvity
of the present sensor, at the same temperature, 1s higher
than that of the Du Pont moisture sensor

8. Tunable gas sensors

One of the main 1deas of the energy transfer model
1s that whenever a medium 1s i contact with the
vibrating surface of a quartz resonator, they together
form a compound resonator whose frequency and vi-
bration amphtude are greatly affected by the charac-
tenstics of the medwm vibrating synchronously with
the quartz resonator surface

The nteraction of a shear vibrating quartz resonator
with sohd and hiquid substances has already been de-
scnibed It 1s well known that shear waves do not
propagate 1 gases However, if compressional waves
are generated by an X-cut quartz resonator, ultrasonic
longitudinal waves will propagate 1n the surrounding
gas If the surroundmng gas 1s mduced to resonate at
the same frequency as that of the quartz resonator,
then an important amount of the wibration energy of
the quartz resonator will be absorbed by the resonating
gas The resonance condition can easily be accomphshed
when standing waves are generated between the surface
of the quartz resonator and the surface of a parallel
reflecting wall Standing waves are generated whenever
the distance / between the two parallel surfaces 1s an
mteger number of halfwavelengths of the ultrasound
generated by the quartz resonator

A v
I=n-=nz% 65
e (65)
where v, 18 the ultrasound velocity 1n the gas filhng
the resonance cavity and f, 1s the frequency of the
quartz resonator vibrating mn a compressional mode

There can be a significant amount of vibration energy
absorbed by the resonating gas, inducmg the complete
damping of the quartz-resonator vibrations

There seems to be a close analogy between the
absorption of vibration energy by a gas at resonance
m contact with a quartz resonator vibrating m a com-
pressional mode and the absorption of vibration energy,
at certain temperatures, by a sohd film coating the
surface of a shear vibrating quartz resonator

The gas-resonance condition, indicated by eqn (65),
reveals that, for the same quartz resonator vibrating
1n a compressional mode, the resonance depends on
the nature of the gas through the ultrasound velocity
For some common gases the ultrasound velocities at
0 °C are given m Table 4 [38]

There 1s a significant difference 1n ultrasound velocity
between various gases This feature can be used for
gas detectton Whenever the distance ! between the
surface of the quartz resonator and the surface of the
reflecting wall 15 adjusted to fulfil the resonance con-
dition for a certamn reference gas, the presence of a
small amount of another gas, diffeing 1 ultrasound
velocity, will after the resonance and a change n the
vibration amplitude of the quartz resonator will be
recorded This 1s shown in Fig 26 for the case of a
resonant cavity adjusted so that the distance between
the surface of a 1 MHz quartz resonator and the surface
of the reflecting wall 1s {, when air flows between the
two surfaces The recorded signal related to the vibration
amplitude of the quartz resonator 1s U,, smaller than
the maximum signal U, corresponding to the out-of-
resonance condition When the air flowing through this
cavity contains a small amount of hydrogen, the ul-
trasound velocity 1 such a mixture 1s higher than in

TABLE 4 Ultrasound velocities in some common gases at § °C

Gas v,

(m/s)
Hydrogen 1269 5
Helum 972
Methane 472
Carbon monoxide 3371
Nitrogen 337
Air 33136
Nitrie oxide 325
Oxygen 3172
Argon 307
Nitrous oxide 261 8
Carbon dioxide 258
Sulphur dioxide 2162
Carbon disulfide 189
uv)

0
Gap {mm) —
Fig 26 Hydrogen detection with a tunable gas sensor Example
1s given for n=2



pure air and a signficant change m the recorded signal
will be detected, the resulting voltage bemng U,

The gap between the quartz-resonator surface and
the reflecting-wall surface can be adjusted to be close
to the resonance conditton for whatever gas Thus, we
can call such a sensor ‘tunable gas sensor’ Whenever
a gas differing n ultrasound velocity 1s temporanly
present 1n the gas for which the cawvity was tuned, a
measurable change mn the rectified rf voltage, cor-
responding to the new vibration amplitude, will be
recorded

This detection principle was first patented by Mecea
and Bucur [39] and was used by Mecea and Tatar for
hydrogen detection 1n air [40]

The resonance condition (65) s affected by tem-
perature changes through the cavity dilatation, according
to the law

I=l(1+at) (66)

and through the ultrasound velocity change according
to the law

v=v,(1+4273 15)12 (67)

These two major effects can alter the reliability of a
tunable gas sensor Good temperature control of the
detection cell 1s very important However, the adverse
effect of the temperature changes can be greatly di-
mnished by thermocompensation This 1s accomplished
when the dilatation of the gap I, follows the change
of the resonance condition (65) through the temperature
dependence of the ultrasound velocity In order to
match the dilatation of the gap to the change of the
ultrasound velocity, a detection cell was designed and
1s schematically shown 1n Fig 27 The quartz resonator,
with a nomnal frequency of 1 MHz and a diameter
of 20 mm, 15 accommodated within the body of the
cell To avoid mechanical losses, the quartz resonator
1s fixed m 1ts nodal vibrational plane The electrical
connections to the evaporated Au/Cr electrodes touch
the quartz resonator 1n its nodal vibrational plane too

=
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Fig 27 Schematic drawing of a thermocompensated tunable gas
Sensor
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Fig 28 Effect of the thermocompensation on a tunable gas
sensor, when hydrogen 1s detected 1n air A, without thermo-
compensation, B, unsatisfactory thermocompensation For B and
C different lengths of ceramic cylinders were used

The gas enters the cell through a pipe penetrating the
Iid and exits through a pipe emerging from the body
of the cell A rubber gasket hermetically closes the
cell It also allows the hd to move following the dilatation
of the aluminum screws, which rest on the hd surface
by means of ceramic cylinders with a very small dil-
atation Their length 1s calculated to match the dilatation
of the gap to the ultrasound velocity change due to a
temperature change As eqn (67) 15 not hnear like the
dilatation law, the best thermocompensation 1s obtained
1n a rather narrow temperature range, as shown i Fig
28 for for the case of hydrogen detection [41]

81 Hydrogen detection

In recent years hydrogen has become one of the
most useful gases Many industnies, such as chemucal,
metallurgical and food, use hydrogen as a raw matenal

The increasing use of hydrogen gas should not be
considered as being without disadvantages A hydrogen
leak 1n the atmosphere should be avoided, because
hydrogen, when mixed with air i the ratio 4 00-74 2
vol %, 1s explosive [42] For this reason, among others,
1t has become very important to develop highly sensitive
hydrogen sensors to prevent accidents due to hydrogen
gas leakage, thus saving lives and equipment Such
sensors should allow continuous momitoring of the
concentration of gases in the environment m a quan-
titative and selective way

Several classes of hydrogen detectors have been
developed semiconductor, pyroelectric, piezoelectric
and electrochemical devices The common feature of
all these sensors 1s that they use a catalyst, mainly
palladium, to detect hydrogen selectively The main
drawback of these sensors 1s the possibility of catalyst
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Fig 29 Response of the tunable gas sensor to vanous concen-
trations of hydrogen n air at 310 K

posoning by sulphur dioxide, hydrogen sulfide, carbon
monoxide, sulphur and other gases Consequently they
can work properly only in controlled atmospheres

It has already been proved that the working principle
of a tunable gas sensor can be used for hydrogen
detection 1n air [40, 41] Here new expenmental results
are shown By tuning the gap/, to get the near-resonance
condition for air, 1t was possible to record the response
of the sensor to vanous concentrations of hydrogen in
ar The results are shown in Fig 29, where the resonance
deep1s revealed 1n a rather large hydrogen concentration
range, 0 75-3 1 vol % hydrogen m air This is because
of the strong vibration-energy absorption by the res-
onating gas A smmlar result was obtamed for hydro-
gen—argon muxtures when the gap I, was tuned to get
the near-resonance condition for argon The sensor
response for different concentrations of hydrogen in
argon 15 shown m Fig 30 Here the resonance deep
1s broader than 1n the case of air because of the higher
molecular weight and viscosity of the argon gas

The time response of such a sensor is very fast,
depending on the necessary time to fill the detection
cavity with the new concentration of the gas This 1s
revealed in Fig 31 for various concentrations of hy-
drogen mm air Measurements were performed at 310
K

82 Methane detection

Interest 1n methane detection anses from its wide
domestic use When mixed with air m the ratio
500-15 00 vol % 1t 1s also explosive [42] As shown o
Table 4, the ultrasound velocity 1n methane is different
from that in the air, allowing its detection with a tunable
gas sensor As expected, the sensitiaty of a tunable
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Fig 30 Response of the tunable gas sensor to various concen-
trations of hydrogen n argon
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Fig 31 Time response of the tunable gas sensor for various
concentrations of hydrogen in air at 310 K

gas sensor for methane detection 1n air will be smaller
than that for hydrogen detection because the ultrasound
velocity 1n methane 1s closer to that in air than in the
case of hydrogen This 1s shown m Fig 32, where the
response of the tunable gas sensor for various con-
centrations of hydrogen and methane mn air at 310 K
1s revealed The result shown in Fig 31 proves that
the sensitivity of the tunable gas sensor for each of
these gases 1s very high, allowing their detection m the
environment at concentrations much lower than the
explosion limits This 1s a very promising apphcation
of tunable gas sensors

83 Gas-chromatography detector
A tunable gas sensor might also be used as a universal
gas-chromatography detector The detection of various
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Fig 32 Response of a tunable gas sensor to various concentrations
of hydrogen and methane n air at 310 K
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Fig 33 Response of a tunable gas sensor when used as a gas-
chromatography detector at 310 K

gases 1s based on the existing difference mn ultrasound
velocities

In order to check the performance of a tunable gas
sensor as a detector for gas-chromatography, the gap
between the quartz-resonator surface and the reflecting
wall was tuned to the near-resonance condition for
hydrogen, which was the eluent gas of a gas-chro-
matograph A gas sample contamning 10 8 ppm oxygen
mn a nitrogen matrx was used (can mix No 48 from
Scott Analyzed Gases) As shown i Fig 33, the sep-
arated oxygen peak 1s sensitively detected by a tunable
gas sensor The nitrogen peak 1s very large and dis-
continuous This 1s because of the very large concen-
tration of mitrogen, which caused the whole resonance
deep to be swept, mcluding the situation of complete
damping of the quartz-resonator vibrations

When using a conventional thermal-conductivity de-
tector the oxygen was not detected and the mitrogen
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peak was much narrower This proves the very high
sensitivity of a tunable gas sensor when used as a gas-
chromatography detector

9. ‘Nanobalance’ experiment in outer space

One of the chief virtues of quartz resonators 1s that
they can work 1n both vacuum conditions and controlled
atmospheres

The very lugh sensitivity of the shear vibrating quartz
resonators to the mass of a deposited film was proved
to be profitable for studies on the stabihity of thin layers
of sihcone choxide 1n outer space It was thought that
cosmic radiation and high-energy particle bombardment
could sputter such a layer, which could be useful for
the protection of the optical equipment of satellites
and space laboratories

In order to check the behaviour of a silicone dioxide
protective layer m a severe cosmic environment, two
AT-cut quartz-crystal resonators with a nominal fre-
quency of 6 2 MHz were coated by vacuum deposition
with 6000 A layers of siicone dioxide on one side One
of these resonators could be exposed to the cosmic
environment by actuating an electromagnetic shutter,
while the other, situated n the close neighbourhood,
could not The difference between the two frequencies
was converted mnto an analog signal and, through the
telemetry system, recorded on the Earth

This expeniment called ‘Nanobalance’ was performed
during the Soviet-Romaman joint space fight on the
space laboratory ‘Sahut-6’ (14-21 May, 1981)

The measuring device was located 1n an experimental
enclosure near the wall of the space laboratory It was
exposed to the cosmic environment by opening the
external hd of the experimental enclosure

The expenmental results are shown 1n Fig 34 The
steady signal, recorded for a day and a half, revealed
a good stability of the silicone dioxide layer n the
cosmic environment Before the end of the day of 18
May, an increase in the mass of the sihicone dioxide
layer was recorded This continued up to the limit of
the telemetry range The solar explosion on 16 May
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Fig 34 Record of the ‘Nanobalance’ signal when exposed to
the cosmic environment
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(807-8 34 GMT) was responsible for this effect The
start of this deposition was delayed by 59 5 h from the
solar explosion, resulting 1n a speed of 697 7 km/h for
the solar wind This wind drove cosmic dust towards
the Earth and a thin layer of cosmic dust was deposited
onto the surface of the quartz resonator when the
shutter was opened

After flight, measurements revealed that 8 62X 107°
g of cosmic dust was deposited Auger electron spec-
troscopic analysis of this deposition revealed silicone
and oxygen atoms from the siticone dioxade layer, carbon,
nitrogen, sulphur and hydrogen, probably from an or-
ganic contamination, and alumnium, titanium and 1ron
atoms from the cosmic dust

This experiment proved the excellent behaviour of
a quartz-resonator mass sensor in the cosmic environ-
ment It also proved the good stability of silicone dioxide
protective layers in the severe cosmic environment and
the effect of solar explosions regarding the deposition
of cosmic dust layers onto the surfaces of satellites and
space laboratories

10. Conclusions

The theoretical and expenmental contributions re-
vealed 1 this paper lead to the following conclusions

(1) Whenever a coating (sohd film, hquid layer or
gas at resonance) 1s 1n contact with the antinodal surface
of a quartz resonator, the vibrational characterstics of
the compound resonator thus formed, namely the nom-
1nal frequency and vibration amphitude, are correlated
to the physical charactenistics of the coating

(2) The cnergy transfer model describes the nter-
action of whatever coating, either sohd or hquud, with
the vibrating quartz substrate It also explamns the
correlation between the mass-sensitivity distribution and
vibration-amphitude distribution on the surface of the
quartz resonators

(3) The microweighing capability 1s not restricted to
shear vibrating quartz resonators (AT or BT cuts), but
extends to any quartz-crystal cut and vibrational mode,
providing that the coating covers the antinodal surfaces
of these resonators

(4) The microweighing capability 1s not restricted to
quartz resonators, but extends to any piezoelectric
resonator, when coated on 1ts antinodal surfaces

(5) Damping of a coated quartz-resonator vibrations,
at certain temperatures and frequencies durnng a tem-
perature sweep, 1s corrclated to the deposited film
morphology and mught develop as thin-film vibration
spectroscopy

(6) Dampmng of the vibrations of a quartz resonator,
vibrating 1n a compressional mode, when 1t 1s 1n contact

with a gas at resonance, leads to a new sensing principle
and the development of tunable gas sensors

(7) Vibrating quartz 1s not a simple weighing device,
but rather a complex sensor that reveals many char-
actenistics of a coating when both the nominal frequency
and vibrational-amphtude changes are monttored It 1s
not a single instrument, but rather an orchestra, playing
the wonderful symphony of the surface and interfacial
phenomena
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