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INTRODUCTION 

I 
I We descr ibe the  t h e o r e t i c a l  and experimental f o r  

th ickness measurements o f  t h i n  metal f i lms  by low-frequency thermal waves. 
Although we assume t h a t  the  f i l m s  are  opaque and the  subst rates are 
comparat ive ly  poor thermal conductors, the theory i s  e a s i l y  extended t o  
o ther  cases o f  techno log ica l  i n t e r e s t .  We begin w i t h  a b r i e f  d e s c r i p t i o n  
o f  thermal waves and t h e  experimental arrangement and parameters. Next we 
i l l u s t r a t e  t h e  usefulness o f  t he  technique f o r  making absolute 
measurements (based on measurements o f  l eng th  and t ime)  o f  the  thermal 
d i f f u s i v i t i e s  o f  i s o t r o p i c  subs t ra te  mater ia ls .  
elemental s o l i d s  prov ides a check on our three-dimensional theory i n  t h e  
l i m i t i n g  case o f  zero f i l m  th ickness.  The t h e o r e t i c a l  framework i s  then 
presented, along w i t h  numerical ca l cu la t i ons  and corresponding 
exper imental  r e s u l t s  f o r  t he  case o f  copper f i l m s  on a g lass subst rate.  

DESCRIPTION OF THERMAL WAVES AND EXPERIMENTAL TECHNIQUE 

This measurement on pure 

The elements of thermal wave propagation are ill us t ra ted  by 
cons ider ing  the  one-dimensional heat equation, presented along w i t h  i t s  
s o l u t i o n  i n  Fig. 1. Here k i s  t h e  thermal conduc t i v i t y ,  p i s  t h e  mass 
densi ty ,  c t h e  s p e c i f i c  heat capaci ty ,  and o i s  the  angular frequency o f  

so l  u t i o n  i s  a wave whose wave vector  i s  complex, and has equal r e a l  and 
imaginary par ts .  A sketch o f  t he  spat ia l  v a r i a t i o n  o f  the  rea l  p a r t  (see 
Fig.  1) emphasizes an impor tant  aspect o f  thermal wave propagat ion - these 
waves are n e a r l y  completely damped ou t  a f t e r  propagat ing one thermal 
wavelength. Both the  thermal wavelength and t h e  p ropor t i ona l  quant i t y ,  
1-1 , t h e  thermal d i f f u s i o n  l eng th  o f  the s o l i d ,  are seen t o  be i n v e r s e l y  
pFoportiona1 t o  the  square r o o t  o f  t h e  heat source frequency. 
t y p i c a l  ranges of thermal p roper t i es  and exper imental  f requencies,  
d i f f u s i o n  lengths  range from a few micrometers t o  a few m i l l i m e t e r s .  

shown i n  Fig.  2. 
focussed t o  a few micrometer diameter spot on t h e  sample surface. 
the  present  measurements, f requencies are t y p i c a l l y  below 1 kHz, such t h a t  
t he  thermal d i f f us ion  lengths i n  t h e  Cu f i l m s  are much grea ter  than t h e i r  
th icknesses. 

I t he  (assumed) pe r iod i c  heat source. By inspect ion,  one sees t h a t  t he  

A t  t he  

The arrangement f o r  t he  thermal wave measurements descr ibed here i s  
The heat ing  beam i s  an in tens i ty-modulated A r +  i o n  l ase r ,  

For 

The t ime-vary ing temperature d i s t r i b u t i o n  i n  the  a i r  j u s t  
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above t h e  coat ing i s  moni tored phase-coherent ly  by means o f  a v e c t o r  
l o c k - i n  a m p l i f i e r ,  which measures t h e  t i m e - v a r y i n g  d e f l e c t i o n  o f  a HeNe 
probe l a s e r  beam skimming t h e  sur face o f  t h e  c o a t i n g  (see F igs.  2-4, 
i l l u s t r a t i n g  t h e  use o f  t h e  mirage e f f e c t  i n  t h e  heated a i r ) .  I n  t h i s  
exper iment,  t h e  probe beam i s  f i x e d  i n  p o s i t i o n  and t h e  h e a t i n g  beam spot  
i s  scanned ( t ransverse  o f f s e t )  across t h e  s u r f a c e  beneath t h e  probe beam 
and a t  r i g h t  angles t o  i t . 
component o f  t h e  t r a n s v e r s e  probe beam d e f l e c t i o n  ( i  .e. t h e  d e f l e c t i o n  
component i n  a p lane p a r a l l e l  t o  t h a t  o f  t h e  sample s u r f a c e )  d u r i n g  such a 
scan. Note t h a t  t h e  t r a n s v e r s e  d e f l e c t i o n  i s  zero as t h e  heated spot  
passes d i r e c t l y  beneath t h e  probe beam, and t h a t  i t s  s i g n  changes a t  t h a t  
p o i n t .  The l e n g t h  measurement f o r  de termin ing  bo th  t h e  f i l m  t h i c k n e s s  and 
(accompanied by t h e  f requency measurement) t h e  thermal d i f f u s i v i t y  of t h e  
subs t ra te ,  i s  t h e  q u a n t i t y  x, i n  F ig .  5, namely, t h e  separa t ion  between 
t h e  two non-centra l  zero  c ross ings  o f  t h e  in-phase s i g n a l .  

F i g u r e  5 shows t h e  r e s u l t i n g  in-phase 

THERMAL DIFFUSIVITY OF AN ISOTROPIC SOLID 

A p l o t  o f  xo versus t h e  r e c i p r o c a l  o f  t h e  square r o o t  o f  t h e  
f requency should y i e l d  t h e  thermal d i f f u s i v i t y ,  a = k/pc. Exper imental  
v e r i f i c a t i o n  o f  t h i s  f a c t  f o r  pure elemental  s o l i d s  i s  g i v e n  i n  Figs.  6 
and 7. Here, t h e  nominal d i f f u s i v i t y  i s  determined from t h e  Handbook o f  
Chemistry and Physics va lues f o r  k, p and c. 

The length  measurements used i n  t h e  preced ing  f i g u r e s  employed o n l y  a 
few data  p o i n t s  from t h e  scan. As a f u r t h e r  check on t h e  r e l i a b i l i t y  o f  
t h e  theory ,  we p l o t  t h e  in-phase component o f  t h e  t r a n s v e r s e  d e f l e c t i o n  
versus t h e  quadrature component o f  t h a t  d e f l e c t i o n ,  d u r i n g  t h e  scan o f  
t r a n s v e r s e  o f f s e t  (see Fig.  8). The r e s u l t i n g  comparison between t h e o r y  
and experiment f o r  t h e  case o f  s i l v e r  (see F ig.  9) uses no a d j u s t a b l e  
parameters ( t h e  Handbook va lue  f o r  d i f f u s i v i t y  i s  assumed), and shows 
excel  l e n t  agreement. 

THEORETICAL FRAMEWORK FOR THIN FILM CALCULATIONS 

The geometry f o r  t h e  t h i n  f i l m  exper iment i s  g iven  i n  F ig .  10. The 
t h i c k n e s s  o f  t h e  f i l m  i s  a, t h e  r a d i u s  o f  t h e  h e a t i n g  beam i s  b, t h a t  o f  
t h e  probe beam i s  c, t h e  h e i g h t  o f  t h e  probe beam i s  h,, t h e  t r a n s v e r s e  
o f f s e t  i s  yo ,  and 
c o n d u c t i v i t y .  
n e g l i g i b l e  compared t o  those o f  t h e  f i l m  o r  subs t ra te .  The t h e o r e t i c a l  
equat ion  i s  g i v e n  i n  F ig .  11. A d e t a i l e d  d e s c r i p t i o n  o f  t h i s  t h e o r y  i s  
found e l  sewhere. 1 

K, w i t h  i t s  a p p r o p r i a t e  s u b s c r i p t ,  i s  t h e  thermal 
The thermal c o n d u c t i v i t y  o f  t h e  a i r  i s  assumed t o  be 

NUMERICAL CALCULATIONS AND EXPERIMENTAL RESULTS: Cu FILM ON GLASS 

Numerical c a l c u l a t i o n s  o f  x o  as a f u n c t i o n  o f  i n v e r s e  r o o t  f requency 
fo r  Cu f i l m s  (1000 A t o  5000 A)  on g lass  a r e  shown i n  F ig .  12, and t h e  
corresponding exper imental  measurements a re  shown i n  F ig .  13. Theory and 
exper iment a re  i n  excel  l e n t  agreement. F i g u r e  14 shows t h e  t h e o r e t i c a l l y  
p r e d i c t e d  dependence o f  x o  on c o a t i n g  t h i c k n e s s  f o r  t h r e e  d i f f e r e n t  
f requencies.  The f i l m  th icknesses were a l s o  measured independent ly  by 
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means o f  R u t h e r f o r d  b a c k s c a t t e r i n g  of a1 pha p a r t i c l e s .  
measurements agree t o  w i t h i n  a combined u n c e r t a i n t y  o f  about  10%. 

The two 

SUMMARY AND CONCLUSIONS 

We have descr ibed a thermal wave technique which i s  capable o f  
de termin ing  t h e  th icknesses o f  opaque iiietal f i l m s  on subs t ra tes  whose 
thermal d i f f u s i v i t i e s  a r e  smal l  compared t o  those o f  t h e  f i l m s .  The method 
i s  based on measuring t h e  t ransverse  d e f l e c t i o n  o f  an o p t i c a l  probe beam, 
due t o  t h e  mirage e f f e c t  i n  t h e  a i r  above t h e  sample, as a f u n c t i o n  o f  t h e  
t r a n s v e r s e  probe beam d i s t a n c e  from a l o c a l i z e d  ac sur face  heat source. 
The measurement i s  c a r r i e d  o u t  i n  t h e  frequency range below 1 kHz. 
f i t t i n g  t h e  da ta  t o  t h e  t h e o r y  o f  Kuo e t  al . ' ,  w i t h o u t  p r i o r  knowledge o f  
t h e  d i f f u s i v i t i e s  o r  t h e  c o n d u c t i v i t i e s  o f  t h e  c o a t i n g  o r  t h e  subs t ra te ,  
one can determine t h e  th ickness  o f  t h e  f i l m  as w e l l  as t h e  thermal 
d i f f u s i v i t y  o f  t h e  subs t ra te .  
on g lass.  The th icknesses o f  these f i lms  were between 1000 A and 5000 A. 
We f i n d  agreement between t h e  thicknesses determined by our method and by 
measurements o f  t h e  R u t h e r f o r d  b a c k s c a t t e r i n g  o f  a lpha p a r t i c e s ,  c a r r i e d  
o u t  i n  t h i s  l a b o r a t o r y ,  t o  w i t h i n  a combined u n c e r t a i n t y  o f  approx imate ly  
10% . 

by 

We have a p p l i e d  t h i s  method t o  copper f i l m s  
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THERMAL DIFFUSION WITH A PERIODIC SOURCE 

(ONE-D IMENSIONAL PICTURE 1 

DIFFUSION EOUATION 

d x '  I 

SOLUTION: 

T = T exp[i(qx - wt)l ,where 

11500 e -  2 n 

It ,,A THERMAL WAVELENGTH = 

2 w  u s  

THERMAL DIFFUSION LENGTH 

Figure 1 

WAVE S C A N  OF A COATING 
AKKANGEl'ltNT FUK I HtKI'IAL 

SIDE VIEW 
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/,robe beam (FIXED) 

PERSPECTIVE 

Figure 2 
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Figure 3 

Mirage Ef fect  (Op t i ca l  Beam De f lec t i on )  De tec t i on  

Position sensitive 
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Diagrammat iC 
representation of 
surface temperature I 

Transverse 
off set 

A f t e r  L.C. Aamodt and J.C. Murphy, J.App1 Phys. 3 581 (1983). 

Figure 4 
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Figure 8 
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Figure 10 
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THEORY FOR THE MIRAGE TRANSVERSE 
DEFLECTION SIGNAL (SI 

00 

sin ky  exp (- F- h o l y )  
kdk 

0 

F (k)  , where 

b = Gaussian beam radius of heating beam 

c = Gaussian beam radius of probe beam 

o(, = Thermal diffusivity of gas (region 1) 

k 2  = Thermal diffusivity of coating (region 2) 

Ck 5 =  Thermal diffusivity of substrate (region 3) 

e x p  [ - 2 a I T ]  , 
l + R  1-  R' 

F ( k ) =  -, R = -  
1 - R  1 + R' 

x 
= Thermal Conductivity, 

= Film Thickness 

Figure 1 1  

[THEORY] 
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Figure 12 
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EXPERIMENT 
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Figure 13 
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