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A mathemat ical  model is presented for cyclic heat t rea tment  of a film on a substra te ,  and 
heating curves  have been constructed for a thin si l icon wafer heated by an infrared source  
and cooled by forced convection. 

Heat t rea tment  of films on subst ra tes  is important  in the production of integrated circui ts  and semi-  
conductor devices,  including drying and polymerizat ion of lacquers ,  photoresis t  compotinds, firing of 
cur ren t - l ead  and res i s t ive  pastes,  forming of metal contact a reas ,  and so on [1]. The films involved in 
these p rocesses  vary  in physical  composit ion and in thickness f rom 0.5 to 50 #m. Strong radiat ion surces  
producing a continuous heat supply a re  used to reduce the heating and drying t imes [2, 3]. 

For  instance, vigorous heat t rea tment  of a liquid photores i s tor  layer  on a subst ra te  causes the film 
to heat up much more  rapidly than the solvent evaporates by virtue of the small  film thickness (0.5-2.0 #m). 
The rapid t empera tu re  r i se  in the subs t ra te  causes a re la t ively prolonged h igh- tempera ture  phase in the 
film, which may adverse ly  affect the physicochemical  cha rac te r i s t i c s .  In the case of drying, there  is a 
high tempera tu re  gradient  f rom the outside inwards, which re ta rds  the motion of solvent and water  out- 
wards,  which also adverse ly  affects the s t ruc tura l  and mechanical  proper t ies ,  and can even give r i se  to 
internal  s t r e s s e s  tending to break the film if the heat t rea tment  is very  vigorous.  Consequently, the p e r -  
formance of rapid drying and heating in a f i l m - s u b s t r a t e  sys tem is dependent on the detailed organization, 
which has to provide optimum heating and evaporation ra tes  that a re  matched to the ra tes  of internal diffu- 
sion of water  or solvent within the film [3, 4]. 

Cyclic (oscillating) states a re  therefore  best  used in heat t rea tment  of f i lms:  al ternating heating and 
cooling at prese t  in tervals .  Lykov [5, 6] layed the theoret ical  basis for such states in drying heat -sens i t ive  
mate r ia l s .  Others have also pointed out [7-10] the prospects  for using cyclic states in accelera t ing drying 
for var ious mate r ia l s .  Valuable resul ts  have been obtained in cyclic drying of heat -sens i t ive  powders [11], 
for which the Lykov c r i t e r ion  is very  smal l  (Lu << 1). 

However, the technical l i te ra ture  does not deal with the calculation of such cycles on thin plates 
bear ing fi lms. Here we present  calculations and kinetic curves for cyclic heating of si l icon wafers .  A 
distinctive feature of this mode of t rea tment  is that the t empera tu re  of the wafer or film as a function of 
t ime takes the form of a curve with a r is ing oscil lat ion amplitude in the tempera ture  (Fig. 1). The follow- 
ing mathemat ical  model is presented for cyclic heating and cooling to derive the conditions for heating in 
accordance  with the curve of Fig. 1. 

During the heating phase, we neglect the radiation back to the source  and the heat loss f rom the s u r -  
face of the system,  since the t empera tu re  difference in the thickness (5 = 500 #m) is slight, while for the 
cooling we assume that the heat t r ans fe r  f rom the surface  of the film is proport ional  to the t empera tu re  
difference (t 2 --  tc). 

The f i rs t  cycle is heating of the wafer (heat supplied): 

cm dr, 
d--~- = q' O.~<'~.~<-q. (la) 

The cooling of the wafer (heat loss) gives 
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Fig .  1. R e s p o n s e  of a thin plate  to  cyc l i c  hea t ing .  

d t  2 
g m  

dr  
= - - a S ( t o  to), O..< T-..< * v 

(lb) 

The  m a s s  and th i ckness  (6 = 0 .5-2 .0  ;~m) of the  f i lm a r e  much l e s s  than  those  of the s u b s t r a t e  (5 of 200- 
500 pm), so  m in (1) is the m a s s  of the  s u b s t r a t e ,  and t is the t e m p e r a t u r e  of the f i lm,  which is t aken  as  
equal  to  the  s u b s t r a t e  t e m p e r a t u r e .  

The  ini t ial  condi t ions  fo r  Eq. (la) a r e  

D u r i n g  hea t ing  of  the  w a f e r  
z'=O, t i = t  0 = t  e. 

_ t l = t c + q ~ ,  0 ..< T.<. %. 
c m  

(lc) 

(ld) 

The  t e m p e r a t u r e  at  the  end of the  f i r s t  hea t ing  cyc le  is 

t[ 1) = t~+ -q T~. 
cra 

Dur ing  cool ing,  the ini t ia l  condi t ion  fo r  (lb) is 

= O, t~ = t~ ') = t~+ -q 
c r a  

(le) 

(lf) 

T h e n  f r o m  (lb) with (lf) we obtain 

t~ = t c -}-- q *le -~' ,  0 ..< ~-.<:. z~, 
crn 

(lg) 

w h e r e  ~ = ~ S / c m .  

The  t e m p e r a t u r e  at  the  end of the  f i r s t  cool ing p h a s e  is  

t~ ') = tc + q Tie--ins,. 
c m  

(lh) 

We omi t  the  i n t e r m e d i a t e  s t eps  to  obtain  for  cyc le  n that  

tl  ") (~1) = tr + q xt (t + e-a~'+ e -2a~' + . . .  + e-t~-t)a"), 
c m  

ti n) (T2) = tc + q Tz (1 + e - ~ T ' + e - 2 ~ ' + . . .  +e--(n--')~*')e--~TL 

If the  n u m b e r  of cyc l e s  is l a rge ,  
ctr/  

t [  | ('c,) = t~ + q .~- 1 
cnz 1 - -  e - f ~ "  ' 

e -~Tz  
t(: ~) (%) = t~ + q ~1 

crn 1 - -  e -aT'  ' 

a t |  = t[ ~) (,~) - -  t~ ~'  ( ~ )  = s  ~ .  
crn 

(2) 

(3) 

(4) 

(5) 

(6) 
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Fig.  2. T e m p e r a t u r e  of  a s i l i con  wafe r  as  a funct ion of t i m e  
for  r 1 = 5 see ,  r 2 = 5 sec ,  q = 4.18 W (cooling with fo r ced  
convec t ive  heat  t r a n s f e r ) :  1) fl = 0.04 s e c  -1, a S  = 3 . 5 6 . 1 0  -2 
W/deg ;  2) 0.06 and 5 .34-10-2 ;  3) 0.08 a n d 7 . 5 2 - 1 0 - 2 ;  4) 0.10 
and 9 . 3 0 . 1 0  - 2 .  

Cons ide r  the r a t i o  of the i n c r e m e n t s  in the t e m p e r a t u r e  osc i l l a t ion  ampl i tude  in the penul t imate  and 
l a s t  c y c l e s :  

At~ t~ ') (~0  - -  t~ ( '  ( ~ )  I 
A-)~ = tl ~) ( ~ )  - iT' ( ~ )  = 1 + e - ~ "  < I .  (7) 

Simi la r ly ,  

At__.!~ _ I + e - ~ "  
At, 1 + e - ~ '  + e -2~ '  < I. (8) 

F r o m  (7) and (8) we have  

Ati < 1. (9) 
Ati+i 

It fol lows f r o m  (6)- (9) that  the hea t ing  phases  will  involve i n c r e a s i n g  ampl i tude  in the t e m p e r a t u r e  
osc i l l a t ions  untiI  the q u a s i s t a t i o n a r y  s ta te  is r e a c h e d  (Fig. 1). 

T h e s e  e x p r e s s i o n s  w e r e  used in c ons t ruc t i ng  heat ing cu rves  for  a s i l i con  wafe r  (D = 40 ram, 5 = 400 
gm) heated  by a qua r t z  tubu la r  r a d i a t o r  [12] and cooled by fo rced  convect ion .  

To  r e d u c e  the t i m e  to  r e a c h  the q u a s i s t a t i o n a r y  s ta te ,  one m u s t  i n c r e a s e  a in the  cool ing per iod ,  
which is a t ta ined ,  fo r  example ,  in the  dev ice  by us ing a g a s d y n a m i c  suppor t  [15], with a i r  s t r e a m s  inc i -  
dent on the p la te .  F igu re  2 shows heat ing cu rves  for  a s i l i con  wafe r  with fo rced  convec t ive  heat  t r a n s f e r .  
The  t = f(r) c u r v e s  have been  c o n s t r u c t e d  for  q = constant  and va r ious  a ,  which w e r e  d e t e r m i n e d  by the 
method  of [13, 14]. The  cu rves  show that  the n u m b e r  of  cyc les  needed to  r e a c h  the q u a s i s t a t i o n a r y  s ta te  
for,  g iven  q, r l ,  r2, and tc  will i n c r e a s e  as  the h e a t - t r a n s f e r  coeff ic ient  fal ls ,  and t (n v) = 0.5 [t}n) (r t) + 

t~n)(r2)] and At(n) = t/n)0-1) - t/n) (r2) i n c r e a s e  with the n u m b e r  of cyc les  n. + 

In p r a c t i c e ,  it is often n e c e s s a r y  to  know the t ime needed to  r e a c h  this s ta te ,  so  we de r ived  fo rmu la s  
for  the  n u m b e r s  of cyc l e s  N and i in  which r Ati, r e s p e c t i v e l y ,  of the penul t imate  cyc le  d i f fer  f r o m  ~ a v  
t ( n + l )  and At i fo r  the las t  cyc le  by 5%. a v  + 1 

The condi t ion for  N is 
tl ̂ '~ (~I) . > 0.95; (10) 

ti N+" %) 

and f r o m  (2) we subs t i tu te  into (10): 

q 1 - -  e -~- '  ~ ,q t~ 
cnz 1 -- e -~'~-" (11) 

0.95. 
1 - -  e--t3zA,v+l) 

c m  1 - -  e - ~ 2  

229 



Then  we have 

( 1 -- 0.95e -I~:') q 
N >/ I In (12) 

[t~.. (l _0.95) [ :m ~ + t~(l _ e_~,)] . . . . .  

We subst i tu te  (2), (3), (7), and (8) into A t i /A t i+ l  -> 0.95 to obtain 

1 + e -I3~= - -  e -'~t~' - - ' . . .  - -  e -(~-~)I~" 
I - ~  e - - I ~ q ' - r  - e - 2 f ~ "  ~ ~ " - _~_ . . . - ? -  e - - d ~ ~ 2  

and, finally,  

>/095, 

1 - -  0.95e - ~ '  
i >1 In 1 - -  0.95 

(13) 

(14) 

F r o m  (12) and (14) w e r e a d i l y  show that  i > N, i . e . ,  the quas i s t a t iona ry  s ta te  for  ta(~) is r eached  e a r -  
l i e r  than that for  At (n). 

These  exp res s ions  prov ide  heating curves  for t r e a t m e n t  of thin wafe r s  with known geomet r i ca l  p a r a m -  
e t e r s ,  spec i f ic  heat ,  and m a s s .  During the development  of such cycl ic  p r o c e s s e s  one has  to se lec t  the 
values  for  q, h ,  r2, a ;  this  model  for a fiat plate al lows one to d e t e r m i n e  the p a r a m e t e r s  of the heat  
t r e a t m e n t  f r o m  n o m o g r a m s  cons t ruc ted  for p a r t i c u l a r  m a t e r i a l s .  

T i ,  7 2 

C 

m 

D, 6, S 
q 

to 
te  
t(n) 

t !  n)  

At~ 
tavoo 

NOTATION 

are the cooling and heating time; 
is the specific heat of substrate; 
is the mass of substrate with film; 
are the diameter, thickness, and area of plate; 
is the heat flux absorbed by substrate; 
is the mean convective heat-transfer coefficient of substrate; 
is the init ial  t e m p e r a t u r e  of plate;  
is the ambien t  t e m p e r a t u r e  (air); 
is the  plate  t e m p e r a t u r e  at the end of n-th heating cycle;  

~s the plate  t e m p e r a t u r e  at end of n- th  cooling cycle;  
~s the constant  t e m p e r a t u r e  ampli tude a f t e r  a l a rge  number  of cycles ;  
is the mean  t e m p e r a t u r e  in qus is teady s ta te .  

LITERATURE CITED 

i. K.I. Martyushov (editor), Integrated-Circuit Design Principles and Technology [Russian transla- 
tion], Soy. Radio, Moscow (1970). 

2. Yu. I. Drokhorov and G. K. Vasil'ev, Elektron. Prom-st, No. 4, 102 (1972) [paper deposited at 
TsNII (Central Scientific-Research Institute of Electronics) DE-648], 

3. V.I. Ivanov and Yu. I. Drokhorov, Electronic Technology, Series 7; Technology, Production 
Organization, and Equipment [in Russian], No. 3 (55) (1973), p. 19. 

4. A.G. Kasatkin, Basic Processes and Apparatus in Chemical Technology [in Russian], Khimiya, 
Moscow (1971). 

/ 

5. A.V. Lykov, Theory of Drying [in Russian], Energiya, Moscow (1951). 
6. A.V. Lykov, Heat and Mass Transfer in Drying Processes [in Russian], Moscow (1956). 

p 

7. P.D. Lebedev, Heat and Mass Transfer [in Russian], Vol. 5, Energiya, Moscow-Leningrad 
(1966). / 

8. Yu. S. Postol'nik and V. A. Garanchuk, Izv. VUZ, Energetika, No. 9, 95 (1971). 
9. V.G. Andreev and P. I. Ulyakov, Inzh.-Fiz. Zh., 21, No. 1, 176 (1971). 

10. V.V. Frolov, Zh. Prikl. Spektrosk., No. 1, 755 (1971) [paper deposited at VINITI (All-Union 
Institute of Scientific and Technical Information), Dep. No. 3661-71]. 

11. I . L .  Lyuboshits, L. S. Slobodkin, and I. E. Pikus, Drying of Heat-Sensitive Powders [in Russian], 
Nauka i Tekhnika, Minsk (1969). 

/ I 
12. Yu. I. Drokhorov and V. I. Ivanov, Eleklroprom-st Priborostr., Ser. Elel~rotermiya, Nos. 112-113, 

24 (1971). 
13. W.M. Kays, Convective Heat and Mass Transfer, McGraw-Hill (1966). 

2 3 0  



14. 
15. 

/ 

A. V. Lykov, Heat and Mass T r a n s f e r  [in Russian], Energiya,  Moscow (1972). 
Yu~ I. Drokhorov,  N. I. Makarov, and G. K. Vasi l 'ev,  Authors '  Cer t i f icate  No. 401185, Byull. 
Izobret . ,  No. 46 (1973). 

231 


