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CONTACT LESS METHOD OF DETERMINING THE 

COEFFICIENT OF THERMAL DIFFUSIVITY OF LOCAL 

DOMAINS OF SURFACE LAYERS AND THIN FILMS 

K. G. Gartsman, To T. Dedegkaev, 
A o D. Terekhov, and I~~ Mo Sher 

UDC 536.2.023 

A method is proposed for  measur ing  the coefficient  of t h e r m a l  diffusivity of mic rosec t ious  of 
su r f ace  l ayers  and thin f i lms .  T h e  coefficient  of t h e r m a l  diffusivity is calculated f r o m  the t ime  
dependence of the heat flux emit ted by the heated s u r f a c e .  

The  poss ibi l i ty  of de te rmin ing  the physica l  p a r a m e t e r s  cha rac te r i z ing  mic ron  regions of su r f ace  layers  
of bulk spec imens  and thin f i lms is impor tan t  in the minia tur iza t ion  of technical  appa ra tus .  

X - r a y  s p e c t r u m  e l ec t ron -p robe  mic roana lys i s  [1] is extensively used at this  t i m e .  In pa r t i cu la r ,  this 
method is used to inves t iga te  semiconduc tor  ma te r i a l s  and t h e r m o e l e c t r i c  subs tances ,  which pe rmi t s  obtain-  
ing data about the micro inhomogene i ty  of the subs tance ,  the composi t ion  of the  shallow phases ,  the i n t e r m e -  
dia te  l aye r s ,  the behavior  of the doping impur i t i e s ,  e tc .  [2]. Knowledge of only the r e su l t s  of an x - r a y  s p e c -  
t r u m  mic roana lys i s  is insufficient for  an es t imat ion  of the ro le  of the  micro inhomogene i t i e s ,  the shallow 
phas es,  and the in te rmedia te  layers  in semiconduc tor  i n s t rumen t s .  Knowledge of the physical  p a r a m e t e r s  of 
the  mic rodomains  under  invest igat ion,  pa r t i cu la r ly  the t he rmophys i ca l  p rope r t i e s ,  is a l so  impor tan t .  

We used an e lec t ron  beam x - r a y  m i c r o a n a l y z e r  of MS-46 type in combinat ion with a high sens i t iv i ty  in-  
f r a r ed  radia t ion  de tec tor  to de t e rmine  the coefficient  of t h e r m a l  diffusivity of su r f ace  or f i lm m i c r o s e c t i o n s .  
Since the d i ame te r  of the e lec t ron  b e a m  of ins t ruments  of the type mentioned equals approx imate ly  1 #m,  the 
measu red  values of the coefficient  of t h e r m a l  diffusivity will c h a r a c t e r i z e  a domain s e v e r a l  microns  in s i z e .  
The  crux  of the method is the following. 

A cyl indr ica l  sec t ion  of radius  a and thickness  l (Fig. 1) of the su r f ace  of the spec imen  3 under inves t i -  
gat ion is exposed to the a x i s y m m e t r i c  e lec t ron  b e a m  1 whose densi ty is normal ly  d is t r ibuted .  

Heat will be l iberated at the s i t e  of e lec t ron  beam incidence on the su r f ace  being invest igated,  par t  of 
which will be d iss ipa ted  in the  subs tance  and par t  of which will be radia ted  by the su r f ace  into surrounding 
space .  It may be cons idered  that  the quantity of energy being radia ted  is negligible compared  to the quantity 
which is d iss ipated within the subs tance .  
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Fig.  1. D i a g r a m  of an appara tus  for  con-  
t ac t l ess  de te rmina t ion  of x .  

The  heat radia ted by the s u r f ace  by using a parabol ic  m i r r o r  2 at whose focus is the center  of the e lec -  
t r o n  beam and a gilded cone is del ivered to the inf rared  radia t ion  de tec tor  4, whose s ignal  is amplif ied by a 
spec ia l  ampl i f i e r .  

Let us consider  the case  when the t i m e  to heat the su r f ace  is so  g rea t  that a s ta t ionary  t e m p e r a t u r e  
field T = T( r ,  z) succeeds  in being built up in the body. At the t i m e  t = 0 let the heating cease  and cooling of 
the  body s t a r t .  The dependence of the t e m p e r a t u r e  on the coordinates  is evidently de te rmined  by solving the 
equation 

O2T I aT OUT__ = l . 1  aT (i) 
Or ~ -  + ~-"  ~ + az u z at 

under  the following conditions 

T = T  o for r = a a n d z = l ,  (2) 

T = T (r, z) for t = O .  
(3) 

It should be noted that  the t e m p e r a t u r e  is independent of the polar  angle because  of axial  s y m m e t r y .  

The  function T (r, z) descr ib ing  the s ta t ionary  t e m p e r a t u r e  field d is t r ibut ion is evidently the solution of 
the equation 

OaT 1 OT OaT 
Or u ~ - - + - - = 0  (4) r Or az 2 

under  the conditions T = T O for  r =a,  z =  l ,  

(" r 2 ) --k aT qo exp ---~-o~ . (5) 
az z=0 2~(~ u 

The  r ight-hand m e m b e r  in (5) is p ropor t iona l  to the e l e c t r o n - b e a m  densi ty and can be wri t ten in that  
f o r m  under  the condition that  

a << a. (6) 

Taking into account that  the s ize  of an e lec t ron  b e a m  in an MS-46 x - r a y  m i c r o a n a l y z e r  is around i ~m, 
it can be cons idered  that  (6) is p rac t ica l ly  always sa t i s f i ed .  

The solution of (5) has the f o r m  [3] 

n~ 
T(r ,  z ) _ _ T o =  qo Z I O ( ) ~  n r " s h [ ~ - ~ J e x p [ - - ( ~ ) ' ~ ]  ' (7) 

where ~n is a root of the equation 

10 ( ~ )  = 0 (8) 

Equation (7) de sc r ibe s  the t e m p e r a t u r e  field at the t ime  t = 0 and is an initial  condition for  (1). 

Solving (1) in combinat ion with the conditions (2) and (3), we obtain the solut ion in the f o r m  of a s e r i e s  
expansion in the eigenfunctions [4] 
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m = l  n ~ l  

1 1 AmnIo(~-r) sin~l 1 (l--z)exp[---(as215 . 

S i n c e  the  s e r i e s  (9) and (7) shou ld  a g r e e  at  t he  i n i t i a l  i n s t a n t ,  b y  c o m p a r i n g  (9) and (7) we ob ta in  fo r  
A m n  {taking accoun t  of t h e  o r t h o g o n a l i t y  of t he  t r i g o n o m e t r i c  func t ions  in t he  s e g m e n t  + I ) 

(9) 

A,,~n = , 2 2I - - - .  (10) 

T h e r e f o r e ,  (9) in c o m b i n a t i o n  wi th  (10) indeed y i e l d s  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  for  the  t i m e s  t -> 0. 
S ince  the  t o t a l  hea t  f lux  e m i t t e d  by a hea ted  s u r f a c e  is  m e a s u r e d  in our  c a s e ,  i t  m u s t  t hen  be  d e t e r m i n e d .  We 
have  fo r  t he  hea t  f lux  Q 

dQ = e% (T'-- T~) 2nrdr. (11) 

C o n s i d e r i n g  tha t  hea t ing  of a s u r f a c e  by  a n  e l e c t r o n  b e a m  is s l i g h t  and t a k i n g  in to  accoun t  tha t  Q ~ fr  - -  
To) fo r  ( T - - T 0 ) / T  0<< 1, we ob ta in  f r o m  (9), (10) and (11) for  z = 0  

mJ~ 

n= 1 = 2 ' 

wh ich  d e s c r i b e s  t he  t i m e  d e p e n d e n c e  of t he  t o t a l  e n e r g y  f lux  r a d i a t e d  by the  s u r f a c e .  I t  is s e e n  f r o m  (12) tha t  
by  knowing the  l o g a r i t h m  of Q as  a func t ion  of t he  t i m e ,  i t  is a l w a y s  p o s s i b l e  to  c o m p u t e  t he  coe f f i c i en t  of 
t h e r m a l  d i f f u s i v i t y  ~t if  t h e  d i m e n s i o n s  a and l of t h e  s p e c i m e n  a r e  known.  

Let  us e x a m i n e  s e v e r a l  p a r t i c u l a r  c a s e s .  

1. l << a .  In  th i s  c a s e  we have  f r o m  (12) for  s u f f i c i e n t l y  l a r g e  t 

"Q= kl - ~ /  - ~  - ~ e x p  - - - ~ - •  , (13) 

s i n c e  ?~i/a << 7r/2I. 

In t h i s  c a s e  t h e  p r o p o s e d  e x p e r i m e n t a l  me thod  m a y ,  in p r i n c i p l e ,  ev iden t ly  be  a p p l i e d  to  d e t e r m i n e  the  
quan t i ty  ~ of t h in  f i l m s .  

2. l >> a .  T h e  quan t i ty  ~ to  be  m e a s u r e d  wi l l  ev iden t l y  c h a r a c t e r i z e  t he  n e a r - s u r f a c e  l a y e r  of d i m e n -  
s i o n  ~ a  of t h e  m a t e r i a l  be ing  i n v e s t i g a t e d  in th is  c a s e .  

In  t h i s  c a s e ,  we ob ta in  t he  fo l lowing  f r o m  (12) by s e t t i n g  a << l : 

' a 2 

Q -  kl. 

It should  be  noted tha t  a n o t h e r  method  ex i s t s  fo r  m e a s u r i n g  the  coe f f i c i en t  of t h e r m a l  d i f f u s i v i t y ,  which  
has  s o m e  a d v a n t a g e s  o v e r  t he  method of d e t e r m i n i n g  ~ b y  m e a s u r i n g  the  coo l ing  t e m p o .  T h e  s econd  method  
is b a s e d  on m e a s u r i n g  the  quant i ty  of hea t  be ing  r a d i a t e d  by t h e  hea ted  s u r f a c e  d u r i n g  s o m e  t i m e  s p a n .  T h e  
r e q u i r e m e n t s  on the  i n e r t i a  of the  t r a n s d u c e r  r e c e i v i n g  t h e  t h e r m a l  r a d i a t i o n  a r e  hence  d i m i n i s h e d .  

Se t t ing  t = 0 in (12), we ob ta in  an  equa t ion  d e s c r i b i n g  the  hea t  f lux Q0 be ing  r a d i a t e d  by  a hea ted  s u r f a c e  
in  t he  s t a t i o n a r y  mode  : 

n = |  s i n 2  /T/~ 

n = l  

F r o m  (15), t h e  t o t a l  quant i ty  of hea t  Ql0 d u r i n g  a t i m e  At wi l l  be 

qlo = Qoat. 

F r o m  (12) we w i l l  have  fo r  t h e  t o t a l  quan t i ty  of hea t  Q20 be ing  r a d i a t e d  a f t e r  c e s s a t i o n  of t he  hea t ing ,  

(16) 
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8ne%T~qo 1 
Q2o = Q dt = -kl 

0 n ~ l  

sin 2ran 

�9 (17) 

F r o m  (16) and (17) we obtain 

n = l  
u = Q,_~o • 

Q~ 
n~m 

n=|  ~n  2 os m - |  sins mn 

, - - .  s i n  ~ 

"= '  \ 2t ] 

(i8) 

There fore ,  by using the measured  quantities of the total radiated the rma l  energy f rom the heated sur face  
the magnitude of the coefficient of the rmal  diffusivity n can be determined.  

A s imple  analysis  shows that the se r ies  in (18) converge sufficiently rapidly.  In pract ice ,  it is suffi-  
cient to sum the se r i e s  in (18) up to n ~ 10 andre ~0 10 by using an electronic computer .  

Computations performed show that the energy flux emitted by a heated sur face  is approximately 10 -l~ W 
for heating of a sur face  micros  ection 10 ~ above room tempera tu re .  

To record  such low energy fluxes in the infrared range,  an infrared radiat ion detector  based on m e r c u r y -  
doped germanium can be used.  The voltage sensit ivity of such a photodetector is 104 V/W at the t empera tu re  
of liquid helium and the threshold sensi t ivi ty to the radiat ion of an absolutely black body at T = 400~ is ~11 -li 
W/era  �9 tiz 1/2. In the presence  of an appropr ia te  photodetector signal amplif ier  both the cooling tempo and the 
total  quantity of energy radiated f rom a heated sur face  mtcrosec t ion  can be recorded  experimental ly.  

NOTATION 

r ,  dis tance between any point of the body to the cyl indrical  specimen;  z, cylinder axis with origin on 
the sur face  being heated and positive direct ion along the normal  to the sur face  into the body; T, t empera tu re  
on the sur faces  r = a and z = l ; n ,  coefficient of the rmal  dfffusivity; k, coefficient of thermal  conductivity; 
7, normal  distr ibution law paramete r  for the e lec t ron-beam density over the section; q0, total  quantity of heat 
being liberated per unit t ime on the spec imen sur face ;  I0(hn), z e ro -o rde r  Bessel  function of the f i rs t  kind; e, 
sur face  emissivi ty;  q0, S te fan- -Bol t zmann  constant; Ii(hn), f i r s t - o r d e r  Bessel  function of the f i rs t  kind; n, 
m, a rb i t r a ry  in tegers .  

1~ 

2 .  

3. 
4. 
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