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PROPOSED TECHNIQUE FOR SURFACE DYNAMICS MEASUREMENTS 
AT H I G H  PRESSURE 

V. P. G i l b e r t  and P. R. Bienkowski H. D. Cochran 
Department of Chemical Engineer ing Chemical Technology Divis ion  
U n i v e r s i t y  of Tennessee Oak Ridge Nat iona l  Laboratory 
Knoxvil le ,  Tennessee 37996-2200 Oak Ridge, Tennessee 37831-6224 

ABSTRACT 

A new experimental  t echnique  is  descr ibed  i n  which 
dynamic processes  on s u r f a c e s  - a d s o r p t i o n ,  d e s o r p t i o n ,  
and d i f f u s i o n  - can be monitored d i r e c t l y .  The s h i f t  
i n  f requency of resonant  s u r f a c e  v i b r a t i o n s  i n  a 
c r y s t a l  i s  monitored as a f u n c t i o n  of t i m e  whi le  t h e  
s u r f a c e  is exposed t o  a time dependent d r i v i n g  f o r c e .  
T h i s  s u r f a c e  a c o u s t i c  wave (SAW) device  i s  capable  of 
r e s o l v i n g  changes i n  s u r f a c e  c o n c e n t r a t i o n s  of less 
than  1% of a monolayer over  time spans of m i l l i s e c o n d s  
o r  l o n g e r ,  under p r e s s u r e  c o n d i t i o n s  ranging  from 
u l t r a - h i g h  vacuum t o  moderate-to-high pressure .  
The development of t h e  SAW as a monitor f o r  dynamic 
p r o c e s s e s  w i l l  h e l p  meet t h e  i n s t r u m e n t a l  needs f o r  
s t u d y i n g  t h e  f l u i d - s o l i d  i n t e r f a c e s  which c o n t r o l  
many s e p a r a t i o n  processes .  

INTRODUCTION 

In any type  of s e p a r a t i o n  t h e  i n t e r a c t i o n s  occurr ing  a t  t h e  
i n t e r f a c e ,  o r  s u r f a c e ,  are very  important .  These s u r f a c e  phenomena 
occur  w i t h  mass t r a n s f e r  a c r o s s  a phase, such as adsorp t ion ,  
d e s o r p t i o n ,  c r y s t a l l i z a t i o n  and d i f f u s i o n .  C u r r e n t l y ,  many of 
t h e  techniques  used t o  s tudy t h e s e  s u r f a c e  processes  r e q u i r e  
high-vacuum c o n d i t i o n s  which are d i f f i c u l t  t o  produce and g r e a t l y  
removed from t h e  a c t u a l  process  c o n d i t i o n s .  

Some of t h e  techniques  c u r r e n t l y  used t o  s tudy  s u r f a c e  c a t a l y -  
s is  and phenomena, such as X-ray photoe lec t ron ,  Auger e l e c t r o n  
and ion-sca l ing  spec t roscopy,  provide  q u a n t i t a t i v e  a n a l y s i s  of 
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1942 GILBERT, BIENKOWSKI, AND COCHRAN 

su r face  l aye r s  and d e t e c t  impur i t i e s  on t h e  sur face .  A l l  of these  
techniques,  however, must be c a r r i e d  out  under vacuum condi t ions  
and s u f f e r  from low re so lu t ion  (1). In f ra red  spectroscopy and 
surface-enhanced Raman spectroscopy may be appl ied a t  nonvacuum 
condi t ions  t o  measure the  amount of material adsorbed on the  
su r face  and i n  some cases  may be used t o  s tudy the  rate a t  which 
c e r t a i n  su r face  processes  occur. Re f l ec t ion  spectroscopy provides  
a marginal  s e n s i t i v i t y  fo r  s t a t i c  adsorp t ion  s t u d i e s  but  appears  
t o  be inadequate  f o r  s tudying r a t e s  of su r f ace  phenomena ( 2 ) .  

A technique is descr ibed i n  t h i s  paper f o r  measuring s t a t i c  
and dynamic adsorp t ion  on a s o l i d  using a SAW device which appears 
t o  be s u i t a b l e  f o r  use a t  e leva ted  pressure.  A SAW device c o n s i s t s  
of a p i e z o e l e c t r i c  c r y s t a l  with two p a i r s  of e lec t rodes .  A r a d i o  
frequency (RF) vo l tage  is imposed on one pa i r  of e l ec t rodes  which 
induces a su r face  v i b r a t i o n  t h a t  propagates ac ross  the  sur face ,  
inducing an RF vol tage  i n  a second p a i r  of e l ec t rodes .  The use 
of a SAW device al lows de tec t ion  of the  quan t i ty  of mass adsorbed 
and the  r a t e  of adsorpt ion.  This technique should be app l i cab le  
t o  many d i f f e r e n t  systems a t  a v a r i e t y  of temperatures  and 
pressures .  The development of the  SAW device a s  a monitor f o r  
dynamic processes  w i l l  help provide much needed ins t rumenta t ion  
f o r  s tudying the  f lu id - so l id  i n t e r f a c e s  which dominate many 
sepa ra t ion  processes .  

The e f f e c t s  of temperature  and pressure  on the  performance 
of  the  SAW device w i l l  be considered,  and the  pro jec ted  sens i -  
t i v i t y  of the  device f o r  s t a t i c  and dynamic measurements w i l l  be 
descr ibed.  The proposed assembly of t h e  mass de tec t ion  u n i t  and 
resonant  c i r c u i t s  w i l l  be descr ibed and app l i ca t ions  i n  the  cu r ren t  
research  program de l inea ted .  

THEORY 

A simple SAW t ransducer  is a p i e z o e l e c t r i c  s o l i d  onto which 
i n t e r d i g i t a l  t ransducers  (IDTs) have been appl ied  by coa t ing  the  
s o l i d  with a t h i n  metal and subsequent ly  e tch ing  it with a photo- 
l i t hograph ic  technique. Upon a p p l i c a t i o n  of an RF vol tage  t o  one 
IDT, a Rayleigh wave is generated on the  su r face  of the  s o l i d  by 
mechanical deformation of the  s o l i d  from the  p i e z o e l e c t r i c  e f f e c t .  
A second IDT acts a s  a rece iver  of the  energy t r ave l ing  ac ross  the  
s o l i d .  The process  is depic ted  schemat ica l ly  i n  Fig. 1. The con- 
f i g u r a t i o n  and the  number of IDTs l i thographed upon the  piezo- 
e lec t r ic  s o l i d  (Fig.  2)  determine the  resonant  frequency of the  
su r face  wave and the  bandwidth, r e spec t ive ly  ( 3 ) .  

When t h e  propagated su r face  waves i n t e r a c t  with adsorbed 
matter, the  wave p rope r t i e s  -ampl i tude ,  phase, ve loc i ty ,  and 
frequency - are a l t e r e d .  
monitoring t h e  changes i n  SAW ve loc i ty  (by measuring frequency 

Wohltjen and Dessy ( 4 )  have shown t h a t  
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SURFACE DYNAMICS MEASUREMENTS 1943 

1 TRANSMITTER IDT 

1 PIEZOELECTRIC SUBSTRATE 

n n n n n  

7 
n n n n n  n n n n  

w 
ELECTRICAL OUTPUT SIGNAL 

Fig. 1. Schematic diagram showing the  propagation 
of a su r face  acous t i c  wave on a p i e z o e l e c t r i c  c r y s t a l .  

pe r tu rba t ions )  can be much more p rec i se  than  measuring of ampli- 
tude  o r  phase change because of t he  accuracy a t t a i n a b l e  in 
frequency measurements (5). 

Many types of ma te r i a l s  e x h i b i t  p i e z o e l e c t r i c  q u a l i t i e s .  
Typica l ly ,  qua r t z  or  l i t h ium niobate  c r y s t a l s  are used because of 
t h e i r  a v a i l a b i l i t y ,  low c o s t ,  good p i e z o e l e c t r i c  coupling, and 
low temperature  c o e f f i c i e n t  of delay.  D i f f e ren t  c r y s t a l l i n e  
o r i e n t a t i o n s  w i l l  e x h i b i t  one or  more, but  not a l l ,  of these  
advantages (3). 
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1944 GILBERT, BIENKOWSKI, AND COCHRAN 

INTERDIGITAL ELECTRODES 

F i g .  2. SAW i n t e r d i g i t a l  t r a n s d u c e r  design.  

Sauerbrey (6 )  developed a r e l a t i o n s h i p  between t h e  mass of 
a t h i n  f i l m  depos i ted  on t h e  s u r f a c e  of a p i e z o e l e c t r i c  q u a r t z  
c r y s t a l  ( b u l k  wave r a t h e r  than  s u r f a c e  wave o s c i l l a t o r )  and t h e  
change i n  frequency occurr ing  because of t h i s  d e p o s i t i o n  ( 6 ) .  
King (5) repor ted  t h i s  a s :  

hf = 2 . 3  1 0 6 f 2 W / A  , (1) 

where 

Af = t h e  f requency change due t o  t h e  c o a t i n g ,  
f = f requency of t h e  q u a r t z  p l a t e ,  
W = weight of f i l m  d e p o s i t ,  and 
A = a r e a  of t h e  e l e c t r o d e .  

E l e c t r o d e  spac ing  determines wavelength and hence 
o p e r a t i o n  frequency 

A = -  Vo (Surface  Wave Veloc i ty)  
f o  (Synchronous Frequency) 
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SURFACE DYNAMICS MEASUREMENTS 1945 

(N) Number of e l e c t r o d e  p a i r s  determines bandwidth 

f 0  
N = ( %  bandwidth)-l = 

Wohltjen l a t e r  r e p o r t e d  a s i m i l a r  r e l a t i o n s h i p  f o r  SAW devices  w i t h  
very t h i n ,  nonconducting, i s o t r o p i c  over lay  f i l m s .  This  r e l a t i o n -  
s h i p  w a s  developed from Auld's d e s c r i p t i o n  of t h e  p e r t u r b a t i o n  
a n a l y s i s  of a SAW device ( 7 ) .  Auld 's  o r i g i n a l  equat ion  is 

where 

f i l m  t h i c k n e s s ,  
Rayleigh wave v e l o c i t y ,  
f i l m  mass d e n s i t y ,  
Lame ' cons t . , 
s h e a r  modules, 

normalized p a r t i c l e  v e l o c i t y  components 
a t  t h e  s u r f a c e ,  and 

normalized p a r t i c l e  v e l o c i t y  components 
a t  t h e  s u r f a c e .  

With s e v e r a l  s i m p l i f y i n g  assumptions,  t h i s  becomes 

Af = (k l  + k 2 )  f 2  h p '  , ( 3 )  

where 

kl and k2  = material c o n s t a n t s  f o r  t h e  SAW s u b s t r a t e ,  
Af = t h e  change i n  resonant  frequency due t o  

p e r t u r b a t i o n  by t h e  over lay  f i l m ,  and 
h p' = t h e  mass per  u n i t  a r e a  on t h e  c o a t i n g  f i l m .  

Wohltjen ( 3 )  has  shown t h a t  f o r  a YX q u a r t z  SAW delay  l i n e  o s c i l -  
la tor  t h i s  equat ion  is 

Af = 1.36 - 106f2W/A . ( 4 )  

S ince  t h e  resonant  frequency of t h e  SAW device  may be e a s i l y  20 t o  
200 t i m e s  g r e a t e r  than  t h e  bulk wave frequency and i n  both devices  
A €  = f2, t h e  SAW device  is p o t e n t i a l l y  much more s e n s i t i v e  ( 3 ) .  
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1946 GILBERT,  BIENKOWSKI, AND COCHRAN 

EXPERIMENTAL 

I n  order  t o  assess t h e  p o t e n t i a l  of t h e  SAW device f o r  
measuring a d s o r p t i o n  and d e s o r p t i o n  r a t e s ,  equipment must be 
assembled f o r  determining the frequency change i n  s u r f a c e  waves 
propagat ing  a c r o s s  a SAW device  and s e p a r a t i n g  out  t h e  e f f e c t s  due 
t o  s u r f a c e  loading  on t h e  c r y s t a l  from o t h e r  f a c t o r s  which may 
i n f l u e n c e  t h e  frequency.  
f o r  c a l i b r a t i o n  of t h e  SAW device  and f o r  compensation f o r  t h e  
e f f e c t s  of p r e s s u r e  and temperature  on t h e  frequency measurements. 
A r e f e r e n c e  SAW w i l l  be used t o  compensate f o r  many of t h e  p e r t u r -  
b a t  ions  induced by temperature  and p r e s s u r e  changes. 

An exper imenta l  program must be developed 

Descr ip t ion  of Equipment 

The SAW device  i s  s o  small and e a s i l y  f a b r i c a t e d  t h a t  many of 
t h e  problems a s s o c i a t e d  w i t h  temperature  and p r e s s u r e  changes may 
be a l l e v i a t e d  by us ing  a r e f e r e n c e  SAW i n - l i n e  wi th  the exper i -  
mental  SAW. Temperature changes a f f e c t  t h e  frequency s h i f t  
observed due t o  mass loading  i n  t h r e e  ways: (1) expansion of t h e  
c r y s t a l  a t  high temperature  ( 8 ) ,  ( 2 )  temperature  e f f e c t s  on the  
resonant  c i r c u i t ,  and (3) a r e d u c t i o n  of t h e  q u a n t i t y  of m a t e r f a l  
adsorbed due t o  g r e a t e r  k i n e t i c  energy. 

Expansion of t h e  s o l i d  may be minimized by j u d i c i o u s  choice  
of t h e  s o l i d  ( f o r  example, AT q u a r t z  has  a temperature  c o e f f i c i e n t  
of n e a r l y  z e r o  up t o  tempera tures  of 45'C) o r  by compensation wi th  
a r e f e r e n c e  SAW maintained a t  the same temperature  (8).  D r i f t  of 
Af due t o  e l e c t r o n i c  components i n  t h e  resonant  c i r c u i t  may a l s o  be 
minimized by c a r e f u l  s e l e c t i o n  of components and by enc los ing  both 
the r e f e r e n c e  and exper imenta l  SAWS in a c o n s t a n t  temperature  
chamber. C a r e f u l  des ign  of t h e  SAW d e l a y  l i n e  and i t s  a m p l i f i e r  
is e s s e n t i a l  i n  minimizing n o i s e  and main ta in ing  a h igh  system 
q u a l i t y  f a c t o r  (3). The e f f e c t s  of increased  k i n e t i c  energy of t h e  
adsorb ing  gases  and hence less a d s o r p t i o n  a r e  among t h e  fundamental 
phenomena of a d s o r p t i o n  k i n e t i c s  which w i l l  be s t u d i e d  wi th  t h e  SAW 
device.  

P r e s s u r e  e f f e c t s  may be considered as fol lows:  F i r s t ,  an 
i n c r e a s e  i n  p r e s s u r e  causes  emission of a compressional  wave from 
t h e  s o l i d  onto  t h e  surrounding f l u i d  and c o n t r i b u t e s  t o  t h e  wave's 
a t t e n u a t i o n  ( 4 ) .  The s h i f t  i n  f requency due t o  t h e  p r e s s u r e  e f f e c t  
is  p o s i t i v e  and may be e l i m i n a t e d  by c a l i b r a t i o n  wi th  a nonadsorbing 
gas  l i k e  helium ( 9 ) .  Second, energy l o s s  t o  the vapor w i l l  i n c r e a s e  
w i t h  d e n s i t y  r e s u l t i n g  i n  a d r i f t  i n  f requency.  This p e r t u r b a t i o n  
of t h e  resonant  f requency i s  p r i m a r i l y  due t o  t h e  coupl ing of t h e  
s u r f a c e  wave t o  t h e  compressional  l o n g i t u d i n a l  sound waves i n  t h e  
gas .  The magnitude of t h i s  frequency s h i f t  i s  r e l a t e d  t o  t h e  
c o m p r e s s i b i l i t y  and s o n i c  v e l o c i t y  of t h e  surrounding gas  and can 
be c o r r e c t e d  f o r  q u a n t i t a t i v e l y  by c a l i b r a t i o n  w i t h  a nonadsorbing 
gas. Schoenwald has  shown t h a t  v a r i o u s  g a s e s  a t  f i x e d  p r e s s u r e s  
y i e l d  d i f f e r e n t  f requency s h i f t s ,  hence t h e  frequency s h i f t  i s  not 
due t o  mechanical d i s t o r t i o n  of t h e  s o l i d  ( 9 ) .  
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ORHL DWG a7-181 I I R  

CELL BOUNDARY 

DOUBLE 
BALANCED 

MIXER WIDE-BAND 
RF AMPLIFIER 

BUFFER 
AMPLIFER 

DIFFERENCE FREQUENCY OUTPUT 

WIDE-BAND 
RF AMPLIFIER 

Fig. 3. Schematic diagram of t h e  experimental  SAW device .  

Two i d e n t i c a l  SAW devices  w i l l  be used,  and t h e  f r e q u e n c i e s  of 
t h e  two d e l a y  l i n e s  w i l l  be mixed t o  y i e l d  a d i f f e r e n c e  frequency 
which is r e l a t e d  s o l e l y  t o  t h e  mass loading  on t h e  exper imenta l  
SAW. Figure  3 p r e s e n t s  a schematic  r e p r e s e n t a t i o n  of our exper i -  
mental  a p a r a t u s .  Wohltjen has  shown t h a t  a 3 GHz SAW device  w i t h  

p r e c i s i o n  should a l low d e t e c t i o n  of <1.0% of a monolayer. With 
m o d i f i c a t i o n s  i n  c r y s t a l  s i z e  and the  number of IDTs,  t h e  s e n s i -  
t i v i t y  of t h i s  device  may be f u r t h e r  i n c r e a s e d .  

a 1.0 cm s a r e a  can d e t e c t  a mass change of 3 x g. This 

Our exper imenta l  appara tus  uses  a Hewlett-Packard model 5315B 
f requency counter  capable  of measuring + l o  Hz a t  lo8 Hz i n  1 s. 
This  p r e c i s i o n  may be i n c r e a s e d  by a f a c t o r  of t e n  wi th  t h e  addi-  
t i o n  of one component, a l lowing  measurements of +I HZ a t  108 over  
1 s w i t h  a corresponding i n c r e a s e  i n  t h e  s e n s i t i v i t y  of a d s o r p t i o n  
and d e s o r p t i o n  rates. The r e f e r e n c e  s u r f a c e  can be balanced a g a i n s t  
the exper imenta l  SAW t o  w i t h i n  t h e  p r e c i s i o n  of t h e  frequency 
counter .  The r e f e r e n c e  SAW can be maintained a t  a temperature  
w i t h i n  20.1 "K of t h e  exper imenta l  SAW and a t o t a l  system p r e s s u r e  
w i t h i n  +0.1% from t o r r  t o  200 bar .  
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1948 GILBERT, BIENKOWSKI, AND COCHRAN 

SUMMARY 

Potentially, the SAW device should have greater accuracy than 
the Cahn balance, for static measurements and with a much wider 
operating range of temperatures and pressures. For dynamic 
measurements at pressure above vacuum conditions the SAW will be 
unique. Potential applications are as a detector for gas and 
liquid chromatography and possibly as a means for detecting 
supercritical fluid solubilities i n  flow experiments (5 ,10,11) .  
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