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The Q-farrors of piezoelectr ic  resonators fab- 
r i ca ted  from na tura l  and synthet ic  quartz  with a 34' 
rotated X-cut o r ien ta t ion  have been measured a t  tem- 
peratures up t o  3 2 ~ ~ ~ .  Thh synthet ic  material. u b k h  
was purif ied by e lec t ro lys i s ,  r e t a i n s  a high enough Q 
t o  be su i tao le  f o r  high-temperature prescrure-trans- 
ducer appl icat ions,  whereas tbe na tura l  quartz is 
u c e s s i v e l y  lossy  above 200 C f o r  t h i s  application. 
The present r e s u l t s  a r +  compared t o  r e s u l t s  obtained 
prevlars ly on AT-cut rewnators .  

operation it is n u e s ~ r y  t o  have a Q of w e t  1, 10' f o r  
a11 operating temperatures.' tt is tnwa from prsviou* 
vork on quartz t h a t  the  Q depends on a number of  f a c t o r s  
including c r y s t a l l i n e  o r i e n t a t  ion, grovt h coadi t ions 
(natural  o r  synthet ic) ,  sample preparation, and t h e  
number a d  type of defec t s  present. the present work 
ws undertaken t o  character ize the  temperature depen- 
dent Q-factor of rotated X-cut quartz  resonators 
fabricated both f r a  na tura l  and synthet ic  (electrol-  
yzed) material.  

Introduction Exwr h e n t s  

Quartz-resonator pressure transducers a r e  being 
developed a t  Sand% Na:ioaal Laboratories f o r  high- 
temperature (a300 C) appl icat ions i n  g e o t e c b l o g y  
areas. ' Areas of par t  i cu la r  i n t e r e s t  include survey- 
ing of geothermal and deep o i l  and gas  resources. In 
order  f o r  a c r y s t a l  resonator t o  be used a s  a pressure 
gauge, the  e f f e c t  of temperature changes on t h e  res- 
onator frequency u a t  be minimized compared t o  t h e  
pressure-induced Crequency s h i f t .  Thus it is des i rab le  
t o  use a resonator design that is teaperature-compen- 
sated t o  a s  high a degree a s  possible  over the  tem-  
peracure range of in te res t .  P la te  resonators  operating 
i n  t h e  thickness shear mode a r e  generally u t i l i z e d  i n  
temperature-cumpensated appl icat ions,  a s  they have 
turnover points  i n  t h e i r  frequency v s  temperature 
charac te r i s t i cs .  This means t h a t  t h e  der iva t ive  
df/dT (f - frequency, T = temperature) is zero a t  some 
appropriate temperature. For appl icat ions around 
200-300~~.  a rotated X-cut o r ien ta t ion  of the resonator 
p l a t e  has been shorn t o  be more s u i t a b l e  than otber  
temperatxre-carpensated ur ien ta t ions  because it 
e ~ h i b i t s  a lower curvature of f(T) a t  the  turnover 
point.2 The geometry of the  rotated X-cut p la te  is 
shovn i n  Fig. 1. Here a ro ta t ion  angle of e = 34' is 
shown, a s  t h i s  is the  angle t h a t  provides compensation 
i n  the  temperature range of in te res t .  

ROTATED 

X-CUT 

Four samples were studied i n  t h e  present inves- 
t igat ion:  two na tura l  quartz  samples from Boffman and 
two synthet ic  cuartz  samples from Sawyer. The Sawyer 
mater ial  was e l ~ c t r i c a l l y  swept (electrolyzed) a t  
Sandia. Plano-convex resonators  v i t h  deposited Au 
electrodes were fabricated and   hen mounted i n  her- 
metical ly  sealed cans. The samples vere heated i n  a 
tube furnace, and care  was taken t o  s t a b i l i z e  t h e  
temperature before taking each Q measurement. 

The simple apparatus used f o r  the  Q measurements 
is shovn i n  Fig. 2. 
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Fig. 2 Apparatus used f o r  Q measurements 

The output of a frequency sythesizer  is used t o  e x c i t e  
the resonator and is s h l t a n e o u s l y  applied t o  t h s  
rrference terminal of a vector  voltmeter. Current f l o v  
through the resonator is monitored v i a  a current  
viewing r e s i s ~ o r ,  the  voltage across  which is applied 

I(. 
t o  the s igna l  input of the voltmetor. To ensure t h a t  

x' the rssonator is excited by e low impedaace source, t h e  
output of the syntheaizer is shunted by t h e  r e s i s t o r  

Fig. 1. I l l u s t r a t i o n  of the  34' rotated X-cut shorn t o  the l e f t  of the  resonator i n  the  drawing. 
o r ien ta t ion  used f o r  tpmperature-cwoensated With t h i s  arrangement t a e  voltmeter measures the  complex 
pressure gauge applications. admittance of the  resonator. Provided t h a t  the  res -  

onance is s u f f i c i e n t l y  strong, t h e  width (a t  the half 
A more de ta i led  descript ion of the  pressure gauge power ooints)  of the  resonance is the  difference of the  
being developed can be found i n  Ref. 1. frequencies fg5 and f45 where the current  and voltage - 

Although the X-cut orientation has been a r e  t 45" a t  of phase.' For the  resonarore used i n  

found to bf opt- frol the viewpoint of frequency the  present work. the resonances were solewhat maker  
v s  temperature and pressure charac te r i s t i cs ,  there a r e  than expect* under 'Ondit ions* Because Of 
no da ta  i n  the  l i t e r a t u r e  on the Q-factor of reeonators proved impractica1 'leasure Q about 
with t h i s  or ientat ion.  For s t a b l e  and r e l i a b l e  gauge lo' as doing so have required a 



pout-by-point t r a c i n g  ou t  of the  resonance c i r c l e  in 
the  c a p l u  admittance plane.) 

A l l  t b e  d a t a  p remen td  i n  t h i s  paper were obtained 
a t  the  t h i r d  over tone ( f e 3  Mt.) of  the  resonators. 
R e r x v t o r  data are t y p i c a l l y  obta ined a t  the f i f t h  
hrroaic. ,but f o r  t h e  present  dev ices  t h e  t h i r d  hnr- 
ro-tic exh ib i t ed  a h i s b e t  Q and a srrmer reammace 
tban d i d  the  fifzh.. 

Resu l t s  - 
Typical d a t a  s h m i ~ &  t h e  temperature-igduced 

s h i f t  in resonance frequency f o r  a e = 34.0 r o t a t e d  
X-cut r e sowtor  a t  a t u i a s ~ h e r i c  pressure  a r e  rbcrrm i n  
Fig .  3. 

Fig.  3. F rac t iona l  change i n  resonant  frequency vs. 
t e r p e r a t u r e  f o r  a (contoured) r o t a t e d  X-cut 
resonator .  

~ l s o  shown i n  t h i s  f i g u r e  is t h e  magnitude of t h e  

't;-.... * *  ---- a * .  1 
Fig. 4. Typical J a t a  f o r  a c o u s t i c  l o s s  Q-l up t o  

3 2 ~ ~ ~ .  -Data mere taken a t  3 HFz (3d ha-nic). 

Data obtatned f o r  a sample of  syn the t i c  swept 
quar tz  a r e  shovlr i n  the b o t t a  p a r t  of  Fig. 4. The 
d r -   tic improvement due t o  t h e  e l e c t r o l y t i c  p u r i f f -  
c a t i o n  is £ m e d i a t e l y  apparent.  S ince  t h e  Q is -re 
than 2.5 x 10' over t h e  e n t i r e  range of t l p e r a t u r e .  
it appcars  t h a t  syn the t i c  svept qua r t z  is s u i t a b l e  f o r  
p re s su re  gauge appl ic3t ions .  Data obta ined on t h e  
o t h e r  sample of svept  s y n t h e t i c  m a t e r i a l  a r e  s i m i l a r  t 
those  shown i n  Fig. 4. An important po in t  t o  mention 
wi th  regard t o  t h e  present  d a t a  is t h a t  t h e  a c t u a l  
i n t r i n s i c  Q of t h e  swept s y n t h e t i c  material -y be 
higher than t h e  d a t a  indicate .  Th i s  is because t h e  
r-sonators ve re  p la ted  and t h e  r e s u l t i n g  stresses mav 
doe ina te  t h e  l o s s  f o r  !ligh q u a l i t y  quar tz .  Previous  
w r k e r s  have not iced t h i s  ~ f f e c t , ~  and f o r  r e l i a b l e  
measureaents of Q 10' it is G v i s a b l e  t o  d r i v e  t h e  
r e sona to r  by c a p a c i t i v e  coupl ing a c r o s s  a gap. 

Discussion 

frequency s h i f t  produced by a p res su re  incrgase  of 
100 p s i  f o r  an  a c t u a l  pressure  gauge a t  275 c.' Foro I t  is of i n t e r e s t  to  compare t h e  present  r e s u l t s  

t h e  r e sona to r  measured, t h e  turnover point  is a t  300 C, with those in previous studies 

compared t o  t h e  value  of 2 2 0 ~ ~  expected from t h e  d a t a  l o s s  a s  a funct ion of  temperature. Nost of t h e  

i n  Ref. 2. The s h i f t  i n  turnover po in t  is believed due previous work in this area has been On 

t o  t h e  r e sona to r s  i n  t h e  present  work being s l i g h t l y  th i ckness  shear  resonators .  The ex tens ive  e a r l y  work 

contoured whereas t h e  previous work p e r t a l a s  t o  f l a t  t h a t  was done has  been revieved by ~ r a s e r , '  who d i scus -  
ses i n  d e t a i l  t h e  e f f e c t s  of impur i t i e s ,  r a d i a t i o n ,  and 

p la t e s .  e l e c t r i c a l  sweeping on t h e  temperature dependent 
a c o u s t i c  lo s s .  Nowick and s t a n l e y 5  have given a group- 

data as a function '' temperature t h e o r e t i c a l  a n a l y s i s  of d i e l e c t r i c  and acous t i c  r e -  a r e  shown i n  Fig. 4- *he quan t i ty  a c t u a l l y  p lo t t ed  is lenation in quartz and have used the results to 
t h e  l o s s  Q-' (on a l o g a r i t h i c  s c a l e ) ,  a s  is conven- i n t e r p r e t  d a t a  i n  t h e  l i t e r a t u r e .  
t i o n e l .  The upper curve  is f o r  t h e  n a t u r a l  (unnwept) 
ma te r i a l .  For t h i a  sample t h e r e  is a l o s s  peak a t  From s y m e t r y  conaiderr - ions ,  Nowick and S tan ley  
1, 70*c and a rapid increase of loss teclperature have argued that a l l  pure shear  .ode defo-tions w i l l  
above 2 0 0 ~ ~ .  A s  mentioned above, it was not convenient couple to relaxetional mdes transfomiq with the shple apperatus "ti'ized O F  

according t o  t h e  doubly degenerate  E r ep resen ta t ion  of 
Q much lower than 5 x 10'. ~ ~ v e ~ e r  i t  was observed 
t h a t  t h e  l o s s  d i d  con t inue  Co inc rease  wi th  increas ing the point (D3)* Since the AT-cut 
temperature up t o  3 0 0 ~ ~ .  

th i ckness  shear  mode involves  a pure shear  deformation, 
and s i n c e  t h e  r o t a t e d  X-cut t h i ckness  shear  d e  is 
ve ry  n e a r l y  a pure  shear  mode,* one w u l d  expect sk- 
i l a r  a n e l a s t i c  behavior f o r  t h e  two d i f f e r e n t  o r i -  
en ta t ions .  Of course ,  t h e  r g n i t u d e s  of t h e  anelastf: :  



r e l a x a t i o n s  cannot be deduced Era  s y m e t r y  arguments. 
Nonetheless, it t s  not p a r t  i cu la r -y  s u r a r i z i n g  :hat 
t he  d a t a  of Fig.  4 a r e  soaewhat s i m i l a r  t o  previously  
p u b l i s h d  d a t a  on AT-cut r e sona to r s  f ab r i ca t ed  from 
na tu ra l  and bwpt-synthet ic  quar tz .  

The previous ~ r k " ~  on a n e l a s t i c  l o s s  i n  qua r t z  
r e sona to r s  has  l ed  t o  a p a r t i a l  understanding of t h e  
r e l a t i o n  between va r ious  impur i t i e s  i n  t h e  samples and 
t h e  va r ious  l o s s  peaks observed. Unfortunately,  t h e  
behavior a t  low t e a p e r a t w e  is b e t t e r  understood than 
a t  high temperature.  A l l  quar tz ,  n a t u r a l  o r  syn the t i c ,  
con ta ins  a s i g n i f i c a n t  number (2 5 ppm) of a l s i r , u o  
(All3+) impur i t i e s  which s u b s t i t u t e  f o r  s i l i c o n  i n  t h e  
l a t t i c e .  T1.ese d e f e c t s  a r e  charge-comaensated by 
a l k a l i  i ons  (~a'. ~ i +  o r  K+) a t  i n t e r s t i t i a l  p o s i t i o n s  
adjacent  t o  t h e  All. Compensation by protons  is a l s o  
poss ible .  The motion of t h e  i n t e r s t i t i a l  ion among 
equivalent  p o s i t i o n s  i n  response t o  t h e  a c o u s t i c  s t r e s s  
is an  important mechanism f o r  producing acous t i c  l o s s .  
Careful  e l e c t r o l y t i c  sveeping can remove t h e  a l k a l i  
impuri t ies ,  and it is believed t h a t  protons  or.  in 
c e r t a i n  cares .  holes  provide charge compensation 
of t h e  AE". Water may a l s o  be incorporated i n t o  t h e  
qua r t z  l a t t i c e  (eg dur ing growth) by r ep lac ing  a 
Si-0-Si br idge with ttm Si-O-H s t r u c t u r e s .  

For n a t u r s l  qua r t z  t h e  rapid  r i s e  i n  l o s s  above 
2 0 0 ~ ~  a s  seen in  Fig. 4 is believed due t o  a l k a l i  ' i f -  
fu s ion  i n  r<?sponse t o  the  appl ied  s t r e s s .  Removal of 
a l k a l i s  by e l e c t r o l y s i s  is necewary  t o  reduce t h i s  
source  of l o s s .  The l o s s  peak shown a t  2. 7 0 ' ~  ir. 
Fig. 4 may be of t h e  same o r i g i n  a s  a s i m i l a r  peak 
observed i n  n a t u r a l  Braz i l i an  opal ine  qua r t z  and in  
f a s t  Z-growth cyn the t i c  quartz.' I t  appears t o  be 
a s soc ia t ed  wi th  OH bonds. 

The d a t a  fo r  syn the t i c  qu:rtz in  Fig.  4 do not 
show any evidence o f  acous t i c  l o s s  peaks. The previovs  
work on AT-cut resonr;tors has  s h m  t ha t  l o s s  peaks 
usua l ly  a r e  observed, but t h a t  they a r e  q u i t e  weak. I t  
appears  t h a t  t1.e beckground l o s s  due t o  e l ec t rod ing  9nd 
mounting may have obscured a n s  small  l o s s  peaks in 
t h e  present  ncssurements. 

TWO main conclus ions  may be drawn from the  present  
work. The f i r s t  is t h a t  t h e  acous t i ca l  10,s p r o p e r t i e s  
of r o t a t e d  X-cut r e sona to r s  appear s imi l a r  t o  those  
of t h e  wjdely s tudied AT-cut. Thus most pas t  
experience Jn AT-cut r e sona to r s  nay provide a 
valuable  guide  in des igning dev ices  us ing t h e  rotated 
X-cut. The second conclusion is t h a t  e l e c t r o l y t i c d ~ l y  
swept syn the t i c  quar tz  appears  t o  ha le  s u f f i c i e n t l y  
high Q f o r  pressure  gauge app l i ca t ions ,  whereas 
na tu ra l  qua r t z  is unsu i t ab le  f o r  t e r p e r a t u r e s  above 

2oo0c. 
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