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FUTURE OF QUARTZ RESONATOR THERMOMETRY 

by 

F. L. Walls' 

ABSTRACT 

This paper will attempt to predict the future of precision thermometry 
based on quartz crystal resonators used as thermal sensors. At present, 
quartz resonator thermal sensors exhibit considerable hysteresis after temper- 
ature cycling and, therefore, are not generally used for precision therplome- 
try. However, we have shown that the sensors can be used to detect tempera- 
ture fluctuations of approximately 20 PK over many seconds. Moreover, major 
advances in quartz resonators, including new crystallographic cuts, hold prom- 
ise of producing quartz resonators with greatly reduced hysteresis. These new 
advances will be discussed in terms of their implication for thermometry from 
-100 to 400 K. A new technique for utilizing quartz resonators f o r  thermal 
measurements will be discussed in detail. It is expected that a few of these 
improved resonators will become available for testing within a few months. 

INTRODUCTION - 
Experimental thermodynamics can be said to be a study of thermometry as 

much as a study of fundamental properties of macroscopic systems. The present 
accuracy limit of temperature measurements near 300 K is of order 50 to 100 PK 
and is obtained using platinum resistance thermometers (14) . 2  Thermistors 
used as thermal sensors yield a resolution of approximately10 pK and a temp- 
erature stability of order 1 mK/100 days ( 4 ,  - -  19). Quartz crystal thermometers 
presently have a temperature resolution of order 2 PK; however, they are 
plagued by hysteresis. effects due to thermal shock and cycling. Several new 
experimental quartz crystal resonators show promise of achieving temperature 
resolutions of less than 1 PK with daily variations of less than 10 PK and 
greatly reduced thermal shock and/or cycling-induced hysteresis. 

'Frequency and Time Standards Group, National Bureau of Standards, Boulder, 

2Underlined numbers in parenthese refer to items in the list of references at 
Colo.  

the end of the report. 
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The development of a convenient  thermal sensor  with 1-PK r e s o l u t i o n  
would provide  an important  new t o o l  for many areas of s c i ence ,  e s p e c i a l l y  
thermodynamics. This paper w i l l  review t h e  background, problems, and capabi l -  
i t i e s  of p re sen t  q u a r t z  c r y s t a l  r e sona to r s  used as thermal  s enso r s ,  desc r ibe  
new advances i n  r e s o n a t o r  des ign  and f a b r i c a t i o n  which are l i k e l y  t o  lead  t o  
much g r e a t e r  accuracy ,  and f i n a l l y ,  d e s c r i b e  some of t h e  methods of us ing  

- q u a r t z  c r y s t a l  r e s o n a t o r s  as thermal  sensors. 

PRESENT STATUS OF QUARTZ THERMAL SENSORS 

Quartz c r y s t a l  r e s o n a t o r s  have long been known f o r  t h e i r  s t a b l e  resonance 
P resen t  h igh-qual i ty  commercial qua r t z -con t ro l l ed  o s c i l l a t o r s  have frequency.  

achieved frequency s t a b i l i t i e s  of o r d e r  3 x 

The p o t e n t i a l  f o r  us ing  a qua r t z  c r y s t a l  r e s o n a t o r  t o  o b t a i n  a high- 
r e s o l u t i o n  d i g i t a l  thermometer has  long been recognized (7-9, 11, 15) .  In- 
deed ,  Smith and Spencer i n  1962 used a h igh -qua l i ty  q u a r t z  r e sona to r  as the  
frequency-determining element of an o s c i l l a t o r  and obta ined  a temperature  
r e s o l u t i o n  of approximately 5 PIC f o r  a 10-s measurement t i m e  and a d r i f t  of 
less than  100 PK per  hour ,  i l l u s t r a t e d  i n  f i g u r e  1 (15) .  The frequency depen- 
dence w a s  approximately 74.6 ppm/K and w a s  r e l a t i v z y  l i n e a r  from -20" C t o  
+loo" C. P r e s e n t l y  a v a i l a b l e  qua r t z  thermometers are cons ide rab ly  more linear 
than  t h e  r e s u l t s  ob ta ined  i n  r e fe rences  15 and 9 ( f i g .  2 ) .  However, they  
s u f f e r  from thermal stress e f f e c t s  which r e s u l t  i n  spu r ious  temperature  read- 
ing  of o rde r  10 mK fol lowing thermal cyc l ing  ( f i g .  3 ) .  This  apparent  temp- 
e r a t u r e  t y p i c a l l y  d r i f t s  approximately 10 mK over s e v e r a l  days iuunediately 
fo l lowing  a temperature  shock of many degrees .  Because of t h e s e  h y s t e r e s i s  
e f f e c t s ,  qua r t z  c r y s t a l  r e sona to r s  have g e n e r a l l y  not been used i n  p r e c i s i o n  
thermometry where tempera ture  cyc l ing  i s  r e q u i r e d .  An a d d i t i o n a l  problem for 
us ing  the  commercial qua r t z  s enso r s  f o r  PK r e s o l u t i o n  thermometry is t h e  l a r g e  

. h e a t  conduct ion along t h e  sensor  cable .  This  can be overcome e i t h e r  by re- 
p l ac ing  the  sensor  cab le  or  by very c a r e f u l  hea t  s ink ing  of t h e  sensor  cab le .  
The advantages of these senso r s  are t h a t  they  d i s s i p a t e  only a few PW, they 
are e a s i l y  made i n t o  a d i g i t a l  thermometer whose output  can be manipulated 
wi th  g r e a t  p r e c i s i o n  us ing  microprocessors ,  e t c . ,  and they  have a thermal t i m e  
cons t an t  of less than  1 s. Measurements made with t h e s e  sensors  i n d i c a t e  a 
tempera ture  r e s o l u t i o n  approaching 2 UK and a d r i f t  of less  than 100 vK/day 
( 1 7 ) .  - 

. - -  - - 

Figure  4 shows the  temperature  ve r sus  t i m e  behavior  of a s ing le - s t age  
oven t h a t  employs one commercial qua r t z  c r y s t a l  as the  thermal sensor  f o r  
c o n t r o l l i n g  the  h e a t e r  power and a d i f f e r e n t  qua r t z  sensor  fo r  d e t e c t i n g  t e m -  
p e r a t u r e  changes.  These d a t a  were obta ined  a f t e r  t he  system had operated on 
tempera ture  f o r  2 days i n  o rde r  t o  a l low some of t h e  thermal-shock-induced 
t r a n s i e n t s  t o  d i e  o u t .  F igure  5 shows t h e  f r a c t i o n a l  temperature  f l u c t u a t i o n s  
f o r  t he  s ing le - s t age  oven, as measured by the  qua r t z  thermometer using exper i -  
mental  e l e c t r o n i c s  (17 ) .  - Note t h a t  fo r  the  averaging t i m e  of 1 s ,  the approx- 
imate thermal t ime cons tan t  f o r  t h e  senso r ,  the  temperature  r e s o l u t i o n  i s  
approximately 3 PK, while a t  averaging t i m e s  of 10 s it  is  approximately 30 
DK. I t  is expected t h a t  temperature  s t a b i l i t i e s  of o rder  2 uK could be ob- 
r a i n e d  for times of many minutes i n  a two-stage oven i f  g r e a t  ca re  i s  used i n  



FIGURE 1. - Temperature variation of a double oven versus time measured 
using 5" Y cut quartz resonator (15). - 
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heat-sinking the sensor cables. A resolution of 2 UK is probably close to the 
limit imposed by stress relaxation in this type of sensor. 

NEW DEVELOPMENTS IN QUARTZ RESONATORS 

Stress-induced frequency transients have received considerable attention 
in the past 5 years because they are responsible for much of the frequency 
instability of high-precision quartz crystal resonators used in frequency 
control (1, 10, 16-17). It appears likely that they are responsible for the 
thermal hysteresis as well as the noise in quartz sensors. In the past 2 
years, great strides have been made in designing crystallographic cuts that 
are less sensitive to stress, and to new mounting techniques that help to 
minimize temperature (i.e., stress) induced transients (2-3, -- -- 5-6, - 12, 17 

- 7- 

For example, a fifth-overtone, 5-MHz quartz resonator has a temperature 
- sensitivity of approximately Av/v = 10-8/K, yielding a linearized sensitivity 
of - Av/v = 10-6/K, 10 K away from turnover. Since the frequency stability of 
such precision units is Av/v = one would expect to achieve temperature 
resolution of 0.5 uK; however, the thermal-transient-induced response is Av/v 
= dT/dt, requiring that dT/dt be less that lo-' K / s  in order to achieve 
this 1-pK temperature resolution and stability. Most ovens and test systems 
do not have the low-temperature transients required to use AT cut resonators 
for temperature sensors. 

The new SC3 cut resonators (2-3, 12, 17) have a measured transient res- - _  - - 
ponse which is 50 to 100 times smaller than that for AT cuts. Therefore,. 
dT/dt of only 0.5 to 1 x K/s is required in order to resolve 1 VK. SC 
cut resonators are therefore excellent candidates for thermal sensors. These 
new SC cut resonators have another very interesting feature; namely, they can 
be made to oscillate on both the B and C mode simultaneously (13). The C mode 
can be made with Av/v dT/dt, while the B moTe has a linear 
response of Av/v 2.5 x 10- /K, with a so-far-unmeasured transient response. 
It may be possible to use the C mode as the frequency reference for the micro- 
-processor-based counter measuring the frequency of the B mode. With such a 
system, temperature resolutions of approximately 0.1 UK are contemplated. 
Using only the B mode temperature resolution of 1 UK over hours, and 10 to 
20 VK per day resolutions appear likely. Precision SC cut resonator should be 
commercially available within 9 months. 

10-YK2 + 

Additionally, we have been studying the thermal transient process. From 
measurements on AT and SC cut resonators, it appears that the aging which 
leads to apparent frequency temperature drift can be greatly reduced by apply- 
ing an exponentially decaying thermal sign wave to the final temperature. This 
process anneals out the bonding stress, thereby reducing the hysteresis effect 
observed in all resonators to date. 4 

Aging rates in the frequency of the C mode of an SC cut resonator are 

3 ~ ~ r  sc and AT cuts, see reference 1. 
4Private communication from S. R. Stein, C. M. Manney, Jr., and G. M. 

Kielian, National Bureau of Standards, Boulder, Colo. 
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dropped from approximately 10-lO/day K/day) t o  approximately 10" * /  
day K/day) a f t e r  a 2-hour annea l ing  c y c l e .  Normally, such an improve- 
ment i n  the  , ag ing  r a t e  would r e q u i r e  more than  40 days.  The e f f e c t  on the  B 
mode has  not  been measured y e t .  

A new approach t o  reducing  bonding and p l a t i n g  stress is  shown i n  f i g u r e  
- 6 ( 2 - 3 ) .  - -  The o s c i l l a t i n g  qua r t z  r e sona to r  i s  t h e  c e n t e r  p o r t i o n  of p a r t  C y  

shown i n  t h e  c r o s s  s e c t i o n .  The r e sona to r  i s  f ixed  a t  t h e  ends between two 
a u x i l i a r y  p l a t e s ,  D 1  and D2. D 1  and D2 c a r r y  the  r e sona to r  e l e c t r o d e s ,  which 
are sepa ra t ed  by -20 P from r e s o n a t o r  C .  This  des ign  g r e a t l y  inc reases  the  
i s o l a t i o n  between t h e  r e s o n a t o r  C and t h e  bonding p o i n t s .  This  technique has  
been app l i ed  t o  p r e c i s i o n  SC cu t  r e s o n a t o r s ,  y i e l d i n g  frequency s t a b l i t i e s  of 
o rde r  1 x which should make thermal s enso r s  wi th  r e s o l u t i o n s  of 0.1 PK 
a t  100 s p o s s i b l e .  

The a p p l i c a t i o n  of such technology t o  t h e  LC cu t  used i n  the  present  
commercial q u a r t z  thermometer ( 9 )  or t he  Y c u t  used by Smith and Spencer (15) 
could y i e l d  a thermal sensor  wTth r e s o l u t i o n  of o rde r  0.1 PK, a l i n e a r i t y o f  
o r d e r  10 mK/100 K, and a d a i l y  s t a b i l i t y  of o rde r  20 PK. 

DISCUSSION OF MEASUREMENT TECHNIQUES 

The t r a d i t i o n a l  method of us ing  a qua r t z  c r y s t a l  as a temperature  sensor  
i s  t o  make it  t h e  frequency-determining element i n  a o s c i l l a t o r  ( f i g .  7). The 
ou tpu t  frequency of t h e  o s c i l l a t o r  i s  then compared with a very  s t a b l e  r e f e r -  
ence ,  y i e l d i n g  a d i f f e r e n c e  frequency dependent on temperature .  For t h e  
r e s o n a t o r  of r e f e r e n c e  9 , t he  frequency d e r i v a t i o n  is l i n e a r  t o  approximately 
f 0.01 pc t  over t h e  range from 0" t o  200" C.  AT c u t  and C mode SC cu t  reso- 
n a t o r s  have a cubic  frequency dependence on temperature  which can be l o c a l l y  
l i n e a r i z e d .  To achieve  enough r e s o l u t i o n  t o  d e t e c t  1 PK changes i n  tempera- 
t u r e ,  it i s  necessary  t o  d e t e c t  frequency changes of o rde r  10 t o  100 PHz. To 
r e s o l v e  100 vHz wi th  a d i r ec t - coun t ing  scheme r e q u i r e s  a count ing t i m e  of 
l o 4  s, or 2.4 hours .  The same r e s o l u t i o n  (100 vHz) can be obta ined  i n  10 s 
by de terodyning  t h e  tempera ture-cont ro l led  o s c i l l a t o r  down t o  1,000 Hz and 
measuring - i t s  per iod  wi th  a r e s o l u t i o n  of 1 US, which i s  e a s i l y  done us ing  a 
frequency s y n t h e s i z e r .  Such a scheme g ives  a d i r e c t  d i g i t a l  readout  of temp- 
e r a t u r e  which i s  e a s i l y  processed.  

s The p r a c t i c a l  problem of such a c i r c u i t  i s  t h a t  t h e  e l e c t r i c a l  phas 
around t h e  o s c i l l a t i n g  loop must be maintained extremely stable--of order  10- 
rad ians- - in  o rde r  t o  achieve UK s t a b i l i t i e s .  T h i s ,  i n  t u r n ,  r e q u i r e s  t h a t  t h e  
senso r  cab le  be he ld  mechanical ly  very  s t a b l e  and t h a t  i t s  temperature  be he ld  
cons t an t  t o  -1 K .  It is  very  l i k e l y  t h a t  much of t he  spur ious  temperature  
f l u c t u a t i o n s  observed with qua r t z  sensors  have been due t o  phase changes along 
t h e  sensor  c a b l e  because of mechanical and/or  thermal d i s t u r b a n c e s .  

F igure  8 shows the  block diagram of a new technique  f o r  1ocking.an o s c i l -  
l a t o r  t o  a q u a r t z  c r y s t a l  where the  e l e c t r i c a l  phase length  of the  sensor  
c a b l e  i s  r e l a t i v e l y  unimportant (16). Phase modulation s idebands a t  *1 a r e  
inpressed  upon a c a r r i e r  f r e q u e n c y o r i g i n a t  ing from a frequency source .  The 
c z r r i e r  frequency probes the  qua r t z  c r y s t a l  resonance,  while the  modulation 
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s idebands  are r e f l e c t e d  o f f  a v i r t u a l  sho r t  since they  l i e  o u t s i d e  the  c rys ta l  
resonance.  I f  t h e  frequency source  i s  detuned from the  resonance frequency of 
t h e  c r y s t a l ,  amplitude modulation a t  n, r e s u l t s .  The phase of t h e  amplitude 
modulat ion r e l a t i v e  t o  the  impressed phase modulation depends on whether the  
frequency source  is h igher  or lower than  t h e  q u a r t z  c r y s t a l ,  thus  enabl ing  one 
to electronically steer the f requency source t o  t h e  center of t h e  q u a r t z  cry- 
s t a l  resonance .  The important  new aspec t  h e r e  i s  t h a t  t h e  phase of t h e  carri-  
e r  frequency,  vo,  i s  measured r e l a t i v e  t o  t h a t  of t he  modulat ion s idebands 
a t  vof 167 Hz, so t h a t  t he  phase change due t o  changes i n  e l e c t r i c a l  l ength  of 

t h e  senso r  cab le  i s  reduced by approximately l o 5  r e l a t i v e  t o  t h e  t r a d i t i o n a l  
s imple  o s c i l l a t o r  scheme desc r ibed  above. This  technique  has  been used t o  
o b t a i n  a frequency s t a b i l i t y  of 7 x us ing  a 5-MHz SC cu t  c r y s t a l ,  which 
is n e a r l y  f i v e  times b e t t e r  t han  t h a t  ob ta ined  p rev ious ly  (16). I f  t h e  SC 
c r y s t a l  had been opera ted  away from i t s  turnover  p o i n t ,  t h i s  would correspond 
t o  a tempera ture  r e s o l u t i o n  of approximately 0.07 vK.  

Using t h i s  new technique ,  t he  au thor  b e l i e v e s  t h a t  temperature  reso lu-  
t i o n s  of much less t h a t  1 vK, perhaps even as good as 0.1 UK, Wil l  be achieved 
i n  t h e  near f u t u r e .  It appears  t h a t  t h i s  temperature  r e s o l u t i o n  should be 
o b t a i n a b l e  from approximately 100 t o  400 K and perhaps h i g h e r .  

The above a n a l y s i s  and measurements have p r i m a r i l y  addressed temperature  
r e s o l u t i o n  without  regard  t o  abso lu te  r e p r o d u c i b i l i t y .  A t  t h e  p re sen t  l e v e l  
of  technology and unders tanding ,  it i s  l i k e l y  t h a t  h y s t e r e s i s  e f f e c t s  follow- 
i n g  l a r g e  tempera ture  excurs ions  w i l l  remain a t  least  an o rde r  of magnitude, 
above t h e  b e s t  r e s o l u t i o n s  o b t a i n a b l e  with the  same dev ices .  Therefore ,  it 
seems a p p r o p r i a t e  t o  suggest  t h a t ,  whenever p o s s i b l e ,  ca lo r ime t ry  experiments 
be designed t o  ope ra t e  a t  cons t an t  tempera ture  and cons t an t  h e a t  l o s s ,  and 
t h a t  one measure the  hea t  input  necessary  t o  main ta in  cons t an t  temperature .  
This  would appear t o  have g r e a t  advantages i n  terms of main ta in ing  thermal 
g r a d i e n t s  cons t an t  i n  space and t i m e ,  and minimizing thermal t r a n s i e n t s ,  both 
of which make t h e  measurement of temperatures  t o  vK r e s o l u t i o n s  extremely 
d i f f i c u l t .  

CONCLUSION 

It has  been shown t h a t  t h e  p re sen t  commercially a v a i l a b l e  q u a r t z  c r y s t a l  
thermometer i s  capable  of achiev ing  a temperature  r e s o l u t i o n  i n  excess  of 20 
vK over many seconds,  provided c a r e  i s  taken i n  h e a t  s ink ing  the  sensor  cab le  
and thermal cyc l ing  i s  avoided. Thermal cyc l ing  of t h e  sensor  by 100 K t yp i -  
c a l l y  causes  a spur ious  temperture  reading  of o rde r  10 mK, which d i e s  away i n  
s e v e r a l  days.  Temperature s t a b i l i t y  of p r e s e n t l y  a v a i l a b l e  q u a r t z  thermome- 
t e r s  and a l s o  AT cu t  r e sona to r s  normally used f o r  frequency c o n t r o l  appl ica-  
t i o n  i s  t y p i c a l l y  dominated by r e s i d u a l  mounting and/or  p l a t i n g  s t ress  which 
changes under thermal shock. New qua r t z  r e sona to r  c r y s t a l l o g r a p h i c  c u t s  and 
new mounting techniques provide r e s o n a t o r s  t h a t  have 'thermal-shock-induced 
t r a n s i e n t s  of o rde r  50 times smal le r  than  t r a d i t i o n a l  r e s o n a t o r s .  .It has  been 
proposed t o  use these  new qua r t z  r e s o n a t o r s ,  which were o r i g i n a l l y  designed 
f o r  frequency c o n t r o l ,  as thermal s enso r s .  Calcu la ted  r e s o l u t i o n  based on the  
b e s t  achieved frequency s t a b i l i t y  a t  the  tempera ta re  turnover  po in t  i n d i c a t e s  
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an ultimate temperature resolution in excess of 0.1 VK if the same frequency 
stability can be achieved away from the temperature turnover point. 

The traditional oscillator scheme of using quartz crystal resonators as 
thermal sensors was briefly described, and the most serious cause of spurious 

- temperature readings due to practical electronic problems was discussed. A new 
technique with several orders of magnitude smaller spurious readings due to 
electronic problems was described, and preliminary results were presented. 

Finally, it is suggested that whenever possible, calorimetry experiments 
should be designed to operate at nearly constant temperatures, thereby reduc- 
ing temperature measurement problems due to thermal cycling, changing gradi- 
ents, etc. Instead of measuring temperatures during a process, one measures 
the amount of heat necessary to maintain constant temperature in the presence 
of a known constant heat leak. Under such conditions it was predicted that 
effective temperature resolutions of much better that 1 UK can be achieved in 
the near future. 
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