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ABSTRACT 

The  a b s o r p t i v i t y  o f  h i g h - p u r i t y  g r a d e s  o f  
s i l i c o n  ( S i )  a n d  i t s  r e d u c t i o n  by s u b s e q u e n t  
d o p i n g  p r o c e d u r e s  a r e  i n v e s t i g a t e d .  
The d i e l e c t r i c  d a t a  a r e  g i v e n  f o r  t h e  w i d e  r a n g e  
o f  f r e q u e n c i e s  (30  - 330 GHz) a n d  t e m p e r a t u r e s  
(30  - 330 K) i n  c o m p a r i s o n  w i t h  t h e  d a t a  s e t  f o r  
s a p p h i r e .  The a d v a n c e d  m a t e r i a l  p e r f o r m a n c e  in  
h i g h  p o w e r  w i n d o w  a p p l i c a t i o n s  i s  d i s c u s s e d  
t a k i n g  i n t o  a c c o u n t  b o t h  d i e l e c t r i c  p r o p e r t i e s  
o f  t h e  o p t i m i z e d  s i l i c o n  g r a d e s  and  t h e r m a l  
c o n d u c t i v i t y .  

863 

0195-9271/95/0500-0863507,50/0 0 1995 Plenum Publishing Corporation 



864 Parshin et at  

INTRODUCTION 
G y r o t r o n s  f o r  p l a s m a  h e a t i n g  a r e  o n e  o f  t h e  

g r e a t e s t  c h a l l e n g e s  i n  t h e  p r e s e n t  d e v e l o p m e n t  
o f  m i l l i m e t e r  wave  g e n e r a t o r s  a s  t h e y  r e q u i r e  
t h e  o u t p u t  p o w e r  a b o u t  1 MW i n  t h e  f r e q u e n c y  
r a n g e  1 0 0 - 2 0 0  GHz i n  CW o p e r a t i o n  r e g i m e  [ 1 , 2 ] .  

The  c a r d i n a l  p r o b l e m  f o r  r e a c h i n g  t h e  CW 
r e g i m e  i s  c a u s e d  by  t h e  g y r o t r o n  o u t p u t  w i n d o w ,  
b e c a u s e  up t o  p r e s e n t  t h e r e  a r e  no w i n d o w s  
a v a i l a b l e  t h a t  t o l e r a t e  t h e  t r a n s m i s s i o n  o f  
m e g a w a t t  p o w e r  l e v e l s .  

I n  t h e  m o s t  a d v a n c e d  w i n d o w  c o n c e p t  f o r  CW 
g y r o t r o n s  a c r y o g e n i c a l l y - c o o l e d  s a p p h i r e  w i n d o w  
i s  b e i n g  d e v e l o p e d  [ 3 , 4 ]  b e c a u s e  o n l y  a t  c r y o g e -  
n i c  t e m p e r a t u r e s ,  s a p p h i r e  r e a c h e s  t h e  r e q u i r e d  
l e v e l s  o f  h i g h  t h e r m a l  c o n d u c t i v i t y  a n d  low 
d i e l e c t r i c  a b s o r p t i o n .  Bu t  up  t o  now t h e  u p p e r  
l i m i t  f o r  s a p p h i r e  i s  1MW a t  140 GHz [ 3 , 5 ] .  

At t h e  same t i m e  f o r  t h e  ITER p r o j e c t  f o r  
h e a t i n g  o f  f u s i o n  p l a s m a s  r e q u a r e d  t h e  g y r o t r o n s  
w i t h  t h e  f r e q u e n c y  170 GHz, w h e r e  t h e  p o w e r  
t r a n s m i s s i o n  c a p a b i l i t y  o f  s a p p h i r e  w i n d o w s  i s  
r e d u c e d  by  a b o u t  a f a c t o r  o f  1 . 4 .  

H o w e v e r ,  we c a n  d e n o t e  t h e  s e t  o f  h o m o p o l a r  
s u b s t a n c e s  w h i c h  c o m b i n e  t h e  l o w e r  a b s o r p t i o n  
l o s s e s  a n d  t h e  h i g h e r  t h e r m a l  c o n d u c t i v i t y .  

S u b s t a n c e s  f o r  w h i c h  t h e s e  p r o p e r t i e s  a r e  
e x p e c t e d  a r e  t h e  f i r s t  o f  a l l  e l e m e n t s  o f  g r o u p  
IV o f  t h e  p e r i o d i c  s y s t e m .  But  a l s o  c o m p o u n d s  
w i t h  a d i a m o n d - l i k e  c r y s t a l  s t r u c t u r e  o f  t h e  
g r o u p  IV e l e m e n t s  a n d  e v e n  o f  t h e  I I I - V  g r o u p  
e l e m e n t s  h a v e  t h e s e  p o t e n t i a l s  i n h e r e n t l y .  T h e i r  
o u t s t a n d i n g  t h e r m o p h y s i c a l  and  m i l l i m e t e r  w a v e  
p r o p e r t i e s  a s  c o m p a r e d  t o  a l l  o t h e r  d i e l e c t r i c  
e l e m e n t s  a n d  c o m p o u n d s  a r e  d u e  t o  t h e i r  c r y s t a l  
s t r u c t u r e  w i t h  h i g h  s y m m e t r y  a n d  t h e  w e a k n e s s  o r  
a b s e n c e  o f  ( f i r s t  o r d e r )  d i p o l e  m o m e n t s  i n  t h e  
c o l l e c t i v e  l a t t i c e  v i b r a t i o n s .  
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P r e l i m i n a r y  e s t i m a t e s  s h o w  t h a t  t h e  l a t t i c e  
c o n t r i b u t i o n  t o  t h e  d i e l e c t r i c  l o s s  t a n g e n t  
( t g 6 )  r a n g e s  i n  d i a m o n d ,  S i l i c o n  ( S i )  a n d  
G e r m a n i u m  (Ge)  b e t w e e n  l 0  - °  t o  1 0 - 7 1 6 ] .  

The  c o n t r i b u t i o n  f r o m  t h e r m a l l y  e x c i t e d  
c h a r g e  c a r r i e r s  o v e r  t h e  b a n d  g a p  ( i n t r i n s i c  
c o n d u c t i v i t y  a t  290 K) i n c r e a s e s  t h e  t o t a l  l i m i t  

- 6  - 2  
i n  t g 6  t o  ~ 4 . 1 0  i n  S i  a n d  ~ 2 . 1 0  i n  Ge .  

The losses in single crystal diamond by 
intrinsic conductivity are negligible. 

In the first experimental investigations it 
was found that at room temperature commercial 
silicon grades range among the low loss 
materials which have been inspected so far at MM 
and especially at SubMM wavelengths [7,8,9,10]. 

P r o b l e m s  f o r  t h e i r  a p p l i c a t i o n  w e r e  
i d e n t i f i e d  b y  t h e i r  m a r k e d  l o s s  min imum a r o u n d  
room t e m p e r a t u r e  w h i c h  i m p l i e d  a m a r k e d  i n  
s t a b i l i t y  u n d e r  t h e r m a l  l o a d s  w h i c h  c o u l d  n o t  be 

c o m p e n s a t e d  by  c r y o g e n i c  c o o l i n g .  

The present studies are aimed at identifying 
more promising silicon grades by selecting of 
the compensated industrial silicon and by 
modifying them by special doping procedures for 
the reducing loss level [11]. 

EQUATIONS 
As d i s c u s s e d  a b o v e  t h e  l a t t i c e  a b s o r p t i o n  

c o n t r i b u t e s  n e g l i g i b l y  t o  t h e  l o s s  t a n g e n t ,  
t h e r e f o r e  tg6"  c a n  be  e x p r e s s e d  i n  t h e  f o r m  [ 1 0 ] :  

t g 6  ffi 4~eZN/m'c~t~c = 4 n / ~ e N / t ~  = 2 N / ~ e / f c  w i t h :  

N = 2 . 8 " 1 0 - i 3 . f ' t g 6 ,  f [ G H z ] ,  c = 1 1 . 7  
f o r  n - t y p e  t o f  Si  

- 3 
N = 8 . 1 " 1 0  . f * t g 6 ,  f [ G H z ] ,  c = 1 1 . 7  
f o r  p - t y p e  o f  S i  
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w h e r e :  
N i s  t h e  f r e e  c h a r g e  c a r r i e r  c o n c e n t r a t i o n ;  

i s  t h e  m o b i l i t y ,  (~  500 c m 2 / V . s e c  f o r  h o l e ,  
1450 c m Z / V . s e c  f o r  e l e c t r o n ,  a t  3 0 0 K ) .  

- i O  
e i s  t h e  e l e c t r o n  c h a r g e  = 4 . 8 - 1 0  . 

i s  t h e  f r e q u e n c y  o f  c o l l i s i o n ,  
(~  1013 Hz a t  300K,  ~ 10 iz Hz a t  8 0 K ) .  

m' i s  t h e  e f f e c t i v e  m a s s .  
( 1 0 - Z ? g  f o r  h o l e ,  0 . 3 3 . 1 0 - Z ? g  f o r  e l e c t r o n )  

INSTALLATIONS 
F o r  t h e  d i e l e c t r i c  p a r a m e t e r s  i n v e s t i g a t i o n  

two i n s t a l l a t i o n s  b a s e d  on h i g h - Q  F a b r y - P e r o t  
r e s o n a t o r s  w e r e  u s e d .  

One i n s t a l l a t i o n  w h i c h  was  u s e d  t o  m e a s u r e  
t h e  l o s s  t a n g e n t  a n d  r e f r a c t i v e  i n d e x  a t  room 
t e m p e r a t u r e  a s  t h e  f r e q u e n c y  f u n c t i o n  was  b a s e d  
on a s y m m e t r i c a l  a r r a n g e m e n t  o f  t h e  s p h e r i c a l  
m i r r o r s  ( w i t h  r a d i u s  o f  c u r v a t u r e  (R) = 240 mm) 

f o r m i n g  a r e s o n a t o r  o f  t h e  l e n g t h  = 3 0 0 -  420 mm. 
The  s a m p l e  was  p l a c e d  i n  t h e  c e n t e r .  The  m e a s u -  
r e m e n t s  w e r e  p e r f o r m e d  a t  t h e  f r e q u e n c i e s  f o r  
w h i c h  t h e  s a m p l e  t h i c k n e s s  was  r e s o n a n t .  I t  
m e a n s  t h a t  t h e  n u m b e r  o f  h a l f - w a v e l e n g t h s  (m) 
c o n t a i n e d  i n  t h e  s p e c i m e n  i s  i n t e g e r  [ 1 2 ] .  

The o t h e r  i n s t a l l a t i o n  was  u s e d  t o  m e a s u r e  
t h e  d i e l e c t r i c  p a r a m e t e r s  a s  t h e  t e m p e r a t u r e  
f u n c t i o n  a r o u n d  145 GHz. I t  was  b a s e d  on a 
( q u a s i - )  h e m i s p h e r i c a l  g e o m e t r y  c o m p o s e d  o f  a 
s p h e r i c a l  m i r r o r  (R = 122 mm) a n d  a p l a n e  m i r r o r  
s e p a r a t e d  by  L = 114 mm. The  s a m p l e  was  p l a c e d  
on t h e  p l a n e  m i r r o r  [ 1 3 ]  a n d  i n v e s t i g a t e d  a t  
a r b i t r a r y  t h i c k n e s s  ( n o n - i n t e g e r  m) .  

The d i e l e c t r i c  p a r a m e t e r  s t u d i e s  w e r e  f l a n k e d  
by  t h e  f o l l o w i n g  i n v e s t i g a t i o n s :  

The f r e e  c a r r i e r  c o n c e n t r a t i o n  ( b y  H a l l ' s  



Silicon Window for Gyrotrons 867 

m e t h o d )  a n d  DC r e s i s t i v i t y  (p )  w e r e  m e a s u r e d  a t  
room t e m p e r a t u r e  a n d  c o m p a r e d  w i t h  r e s u l t s  f r o m  
t h e  C-V [ 1 4 ]  a n d  PTIS  ( P h o t o  T h e r m a l  I o n i z a t i o n  
S p e c t r o s c o p y  [ 1 5 ] )  m e t h o d .  

Deep  l e v e l  i m p u r i t i e s  w e r e  d e t e r m i n e d  by  t h e  
DLTS (Deep  L e v e l  T r a n s i e n t  S p e c t r o s c o p y  [ 1 6 ] )  
t e c h n i q u e .  

I n d e p e n d e n t l y ,  t h e  f r e e  c a r r i e r  c o n c e n t r a t i o n  
was  c a l c u l a t e d  f r o m  l o s s  t a n g e n t  m e a s u r e m e n t s  
[ 1 0 ] .  I t  i s  w o r t h  n o t i n g  t h a t  a p a r t  f r o m  a f o r e  
m e n t i o n e d  m e t h o d s  t h e  c o n c e n t r a t i o n  d e t e r m i n a t i -  
on was  t h e  m o s t  c o n v e n i e n t  a n d  n o t  c o n t r a d i c t o r y  
e x a c t l y  by  t h i s  w a y .  The r e s u l t s  n o r m a l i z e d  t o  
t h e  f r e q u e n c y  150 GHz a r e  g i v e n  i n  t h e  T a b l e .  

T a b l e .  The c h a r a c t e r i s t i c s  o f  
g r a d e s  i n v e s t i g a t e d  i n  t h i s  s t u d y .  

t h e  S i l i c o n  

L R - S i  d L R - S i  H P - S i  HR-Si  e H R - S i  
i n i t i a l  d o p e d  i n i t i a l  e - i r r .  

H a l l ' s  m e a s u r e m e n t s  

c o n d u c t i v .  

N / 1 0  t i  cm-9 

IP, kOhm. cm 

t g 6 × l O  5 

290 K 
1 5 0 - 1 8 0  K 

n p 

30 

1 . 3  

102 
300 

P 

4 . 5  

35 

2 2 . 1  
0 . 6  8 

n n 

4 

1 1 . 4  

6 2 . 4  
15 1 .3  

c a l c u l a t e d  f r o m  t g 6  m e a s u r e m e n t s  [ 1 0 ]  (290  K) 

N / l O i i  - a  cm 43 2 . 4 3  2 . 5 5  2 . 5 2  1 .01  

p ,  kOhm*cm 1 51 48 17 42 
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MATERIALS CHARACTERISTICS 
The s i l i c o n  c r y s t a l s  u s e d  f o r  t h i s  s t u d y  w e r e  

a l l  g rown by  t h e  f l o a t i n g - z o n e  (FZ) t e c h n i q u e .  
The s a m p l e  L R - S i  was  n - t y p e  "Low R e s i s t "  S i .  

I t s  c o n d u c t i v i t y  t y p e  was  c a u s e d  by  p h o s p h o r u s  
a s  t h e  m a j o r  i m p u r i t y  a c c o r d i n g  t o  c o n t a c t  f r e e  
PTIS  m e a s u r e m e n t s  [ 1 5 ] .  The c o m p e n s a t i n g  i m p u r i -  
t y  was b o r o n .  The s a m p l e s  c o n t a i n e d  an i m p u r i t y  
c e n t e r  w i t h  t h e  i o n i z a t i o n  e n e r g y  Ei  = 0 . 1 6 4  eV 
and a c o n c e n t r a t i o n  ~ 20% o f  t h e  f r e e  c a r r i e r  
c o n c e n t r a t i o n  ( a c c o r d i n g  t o  DLTS r e s u l t s ) .  

The s a m p l e  d L R - S i  was  LR-S i  d o p e d  w i t h  g o l d .  
The d o p i n g  was p r o d u c e d  b y  Au d i f f u s i o n  a t  t h e  
t e m p e r a t u r e  o f  ~ 1100 C. The H a l l  m e a s u r e m e n t s  
i n d i c a t e d  t h a t  t h e  d o p i n g  p r o c e d u r e  r e s u l t e d  in  
t h e  c o n v e r s i o n  o f  i n i t i a l  n - t y p e  S i  i n t o  p - t y p e .  

I t  i s  known,  t h a t  t h e  Au p r o d u c e s  in  Si  b o t h  
a c c e p t e r  (Ec - 0 . 5 4  eV) and d o n o r  (Ev + 0 . 3 5  eV) 
l e v e l s .  The p - t y p e  c o n d u c t i v i t y  o f  d o p e d  Si  was 
c o n n e c t e d  j u s t  w i t h  t h e  Au a c c e p t e r  l e v e l  [ 1 7 ] .  

The s a m p l e  H P - S i  was  p - t y p e  " H i g h  P u r i t y "  S i .  
I t  was t h e  mos t  p u r e  o f  a l l  s a m p l e s  u s e d  in  t h i s  
w o r k .  I t s  c o n d u c t i v i t y  t y p e  was c a u s e d  by  b o r o n  
and  c o m p e n s a t i n g  i m p u r i t y  was  p h o s p h o r u s .  

The s a m p l e  HR-Si  was  n - t y p e  " H i g h  R e s i s t "  Si  
f r o m  Wacker  ( B u r g h a u s e n ,  G e r m a n y ) .  I t s  c o n d u c t i -  
v i t y  t y p e  was c a u s e d  by  p h o s p h o r u s  a s  t h e  m a j o r  
i m p u r i t y .  The c o m p e n s a t i n g  i m p u r i t y  was b o r o n .  

The f r e e  c a r r i e r  c o n c e n t r a t i o n ,  a c c o r d i n g  t o  
C-V m e a s u r e m e n t s ,  d i d  n o t  c h a n g e  f r o m  300 K down 
t o  77 K, w h i c h  u n d e r l i n e d  t h e  low c o n c e n t r a t i o n  
o f  d e e p  i m p u r i t i e s .  

The s a m p l e  eHR-S i  was an e l e c t r o n  i r r a d i a t e d  
n - t y p e  " H i g h  R e s i s t "  Si  c u t  o u t  o f  a b i g  b l o c k  
p u r c h a s e d  f r o m  W a c k e r .  The e l e c t r o n  i r r a d i a t i o n  
was made a t  CIEMAT, M a d r i d ,  w i t h  2 MeV e l e c t r o n s  
[ 1 8 ]  t o  a t o t a l  d o s e  o f  7 - 1 0 i S G y / s .  
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RESULTS 
The  r e f r a c t i v e  i n d e x  d a t e s  f o r  S i l i c o n  w e r e  

o b t a i n e d  b y  t h e  s t a n d a r d  p r o c e d u r e  o f  s o l v i n g  
r e s o n a t o r  e q u a t i o n  f o r  d i f f e r e n t  t y p e s  o f  F a b r y -  
- P e r o t  r e s o n a t o r s .  

The  r e f r a c t i v e  i n d e x  v a r i e s  f r o m  s a m p l e  t o  
s a m p l e  b e t w e e n  3 . 4 1 6  t o  3 . 4 2 3 .  At 290 K, t h e  
r e f r a c t i v e  i n d e x  d e c r e a s e s  p r a c t i c a l l y  l i n e a r l y  
o v e r  i n s p e c t e d  f r e q u e n c y  r a n g e  f r o m  30 GHz t o  
330  GHz. F o r  i n s t a n c e ,  i n  t h e  H R - S i  s p e c i m e n  i t  
d r o p s  f r o m  3 . 4 2 6  t o  3 . 4 1 5 .  The  p e r m i t t i v i t y  
v a r i a t i o n  down t o  c r y o g e n i c  t e m p e r a t u r e s  i s  
c o n s i s t e n t  w i t h  p r e v i o u s  d a t a  f o r  H R - S i  [ 1 1 ] .  

A g e n e r a l  o v e r v i e w  o f  t h e  l o s s  t a n g e n t  d a t a  
o b t a i n e d  a t  r o o m  t e m p e r a t u r e  i s  g i v e n  i n  F i g . 1 .  
I t  i s  c l e a r l y  s e e n  t h a t  t g 6  d e c r e a s e s  w i t h  
i n c r e a s i n g  f r e q u e n c y  i n  a l l  s a m p l e s  f o l l o w i n g  

w e l l  t h e  ~ l  l a w .  The  l o s s  d a t a  o b t a i n e d  w i t h  
two  m e a s u r i n g  s y s t e m s  a g r e e  w i t h i n  e x p e r i ~ , ~ n t a l  
a c c u r a c y .  D i f f e r e n t  s a m p l e s  o f  t h e  same  m a t e r i a l  
e v e n  when  c u t  o u t  o f  a d i f f e r e n t  b i g  b l o c k  
p l a c e s  s h o w e d  i n d i v i d u a l  l o s s e s  v a r y i n g  w i t h i n  
30%. The  same  s i t u a t i o n  was  f o u n d  f o r  t h e  l o s s e s  
a t  d i f f e r e n t  p l a c e s  o f  d i s k  w i t h  a b i g  d i a m e t e r .  

At room temperature all silicon samples have 
the losses at least by a factor of 5-10 lower 

(except LR-Si) than in sapphire around 145 GHz. 

At this frequency this attractive feature was 

further inspected at the cryogenic temperatures. 

As shown  i n  F i g . 2 ,  t h e  t g 6  i n c r e a s e s  b e l o w  
r o o m  t e m p e r a t u r e  f o r  t h e  HR a n d  HP s a m p l e s .  A 
maximum i s  r e a c h e d  a r o u n d  130 K. B e l o w  50 K t g 6  
s t r o n g l y  d e c r e a s e s  w i t h  t e m p e r a t u r e  d e c r e a s i n g .  

The  L R - S i  s a m p l e  f o l l o w s  s i m i l a r  c u r v e ,  b u t  
i t  i s  s h i f t e d  t o  a much h i g h e r  l e v e l  s o ,  i t  
f a l l s  o u t  o f  t h e  s c a l e .  
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The  t e m p e r a t u r e  f u n c t i o n  c a n  b e  u n d e r s t o o d  i n  
t e r m s  o f  c o n d u c t i v i t y  i n  S i l i c o n  c o m p e n s a t e d  b y  
s h a l l o w  i m p u r i t i e s .  F rom 25 K t o  50 K t h e  
s h a l l o w  i m p u r i t i e s  a r e  i o n i z e d  a n d  c r e a t e  f r e e  
c h a r g e  c a r r i e r s  i n c r e a s i n g  t h e  l o s s  s t r o n g l y .  

A b o v e  130 K, t h e  s a t u r a t i o n  o f  f r e e  c a r r i e r  
c o n c e n t r a t i o n  p r o d u c e d  b y  s h a l l o w  i m p u r i t i e s ,  
t a k e  p l a c e  a n d  t h e  t g 6  c u r v e  b e c o m e s  d o m i n a t e d  
b y  t h e  t e m p e r a t u r e  f u n c t i o n  o f  c a r r i e r  m o b i l i t y  
w h i c h  f a l l s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  A b o v e  
r o o m  t e m p e r a t u r e s  t h e  m a i n  l o s s  m e c h a n i s m  a r i s e s  
f r o m  i n t r i n s i c  c h a r g e  c a r r i e r s  c r e a t e d  b y  t h e  

Ti. 5 i o n i z a t i o n  o f  S i  a t o m s .  (N ~- , e x p [ - E g / 2 k T ] )  

The  t e m p e r a t u r e  b e h a v i o r  o f  Au d o p e d  s i l i c o n  
i s  e s s e n t i a l l y  m o r e  c o m p l i c a t e d .  The  c o n s i s t e n t  
p i c t u r e  c a n  b e  f o u n d  i n  t e r m s  o f  t h e  Au i m p u r i t y  
l e v e l s  i n  t h e  S i  [ 1 7 ] .  

The  s t r o n g  l o s s  t a n g e n t  d r o p  w i t h  t e m p e r a t u r e  
d e c r e a s e  f r o m  350  K t o  200 K i s  c o n n e c t e d  w i t h  
t h e  f r e e z i n g  o f  Au l e v e l  w i t h  E i  = 0 . 5 4  eV.  

I n t e r m e d i a t e  i n c r e a s i n g  o f  l o s s e s  b e l o w  150 K 
c a n  b e  c a u s e d  b y  an  e n h a n c e m e n t  o f  t h e  m o b i l i t y .  

The  f i n a l  l o s s  t a n g e n t  d r o p  a t  t h e  l o w e s t  
t e m p e r a t u r e s  i s  c o n n e c t e d  w i t h  t h e  f r e e z i n g  o f  
s h a l l o w  l e v e l s  o f  P h o s p h o r u s  w i t h  Ei  = 0 . 0 4 5  eV. 

The  t g 5  t e m p e r a t u r e  d e p e n d e n c e  o f  e l e c t r o n  
i r r a d i a t e d  S i  s h o w s  t h e  d e e p  l e v e l  p r e s e n c e  w i t h  
a l o w e r  a c t i v a t i o n  e n e r g y  i n  c o m p a r i s o n  t o  Au 
d o p e d  S i .  W i t h  h i g h  p r o b a b i l i t y  i t  i s  r e l a t e d  t o  
t h e  a c c e p t e r  l e v e l  w i t h  E i  = 0 . 1 6  eV [ 1 7 ] .  

I n  t o t a l ,  t h e  f r e e  c h a r g e  c a r r i e r  c o n c e n t r a -  
t i o n  c o u l d  be  r e d u c e d  a t  r oom t e m p e r a t u r e  b y  
t r a p p i n g  p r o c e s s  a t  d e f e c t  c e n t e r s  ( d e e p  t r a p s ) .  

THERMAL MODELING OF HIGH POWER WINDOW 
The  p r i n c i p a l  d i f f e r e n c e  o f  d o p e d  s i l i c o n  i n  

c o m p a r i s o n  t o  i n i t i a l  s i l i c o n  o c c u r s  a t  low t e m -  
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p e r a t u r e s :  The  l ow  l o s s e s  a t t a i n e d  i n  t h e  two  S i  
g r a d e s  p e r m i t  t o  e x p e c t  t h a t  d o p e d  S i  w i n d o w s  
w i l l  b e  a b l e  t o  w o r k  w i t h o u t  u s i n g  LN c o o l i n g .  
E d g e  c o o l i n g  a p p e a r s  t o  b e  f e a s i b l e  w i t h  t h e  l o w  
t e m p e r a t u r e  r e f r i g e r a t o r s  ( p o s s i b l e  c o o l a n t  CHF3 
a t  191 K, CF3C1 a t  192 K) and  may b e  w i t h  o t h e r  
d e v i c e s  e v e n  c l o s e r  t o  room t e m p e r a t u r e s .  

A p a r t  f r o m  low t g 6  i n  t h i s  t e m p e r a t u r e  r a n g e ,  
a s  c a n  b e  s e e n  f r o m  F i g . 3 ,  S i  h a s  h i g h  t h e r m a l  
c o n d u c t i v i t y .  T h i s  i s  i n  p o s i t i v e  c o n t r a s t  t o  
t h e  t h e r m a l  c o n d u c t i v i t y  a n d  l o s s e s  f o r  S a p p h i r e  
w h i c h  h a s  a c c e p t a b l e  p a r a m e t e r s  o n l y  a t  t h e  low 
c r y o g e n i c  t e m p e r a t u r e  a n d  a t  l ow f r e q u e n c y  end  
o f  t h e  MM w a v e  r a n g e  ( F i g u r e s  1 - 3 ) .  

W i t h  t h e  a f o r e  m e n t i o n e d  d a t a  b a s e ,  t h e  f i r s t  
t e c h n o l o g y  e x p l o r a t o r y  c a l c u l a t i o n s  f o r  t h e  1MW 
CW t r a n s m i s s i o n  c a p a b i l i t y  o f  t h e  new s i l i c o n  
m a t e r i a l s  w e r e  m a d e .  

The  c a l c u l a t i o n s  w e r e  b a s e d  on  t h e  f o l l o w i n g  
d e s i g n  c o n d i t i o n s :  

E d g e  c o o l i n g  b y  l i q u i d  n i t r o g e n  ( 8 0  K ) ;  
D i s k  t h i c k n e s s  = 3 . 1  mm. D i a m e t e r  = 80 mm; 
G a u s s i a n  w a v e - b e a m  s t r u c t u r e ;  F r e q u e n c y  170 GHz; 
I n  t h i s  c a s e  t h e  CW d i s s i p a t e d  p o w e r  i s  ~ 370  W; 
The  e q u i l i b r i u m  t e m p e r a t u r e  o f  w i n d o w  c e n t e r  
i s  ~ 110 K, w h i c h  i s  r e a c h e d  a f t e r  0 . 7  s e c .  

E v e n  m o r e  s t r i k i n g  a r e  t h e  r e s u l t s  f o r  t h e  
f o l l o w i n g  c o n d i t i o n s :  

Disk thickness = 3.1 mm. Diameter ffi 80 mm; 

Cooling with edge temperature fixed to 200 K; 

Two peak flattened wave-beam structure; In this 

case, the CW dissipated power is ~ 020 W; The 

equilibrium temperature of center ~ 240 K, which 

is reached after 10 sec. Further increasing of 

edge temperature leads to the unstable regime. 
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I n  t h e  l i g h t  o f  t h e s e  r e s u l t s  a n d  f r o m  v i e w  
p o i n t  o f  t h e  m a t e r i a l s  d e v e l o p m e n t  t h e  t a s k  o f  
c o n s t r u c t i n g  m e g a w a t t  w i n d o w s  a p p e a r s  t o  h a v e  
f o u n d  a p r a c t i c a l  s o l u t i o n .  

CONCLUSION 

The  f e a s i b i l i t y  o f  r e l a t i v e l y  s i m p l e  d o p i n g  
m e t h o d s  t o  r e d u c e  t h e  f r e e  c a r r i e r  c o n c e n t r a t i o n  
i n  c o m m e r c i a l  s i l i c o n  g r a d e s  was  d e m o n s t r a t e d .  

By t h i s  m e t h o d ,  t h e  s i l i c o n  d i s k  w i t h  e x t r e m -  
e l y  low l o s s e s  was  p r o d u c e d  w h i c h  c a n  w o r k  a s  a 
I MW g y r o t r o n  w i n d o w  i n  CW o p e r a t i o n  by  e d g e  
c o o l i n g  w i t h  low t e m p e r a t u r e  r e f r i g e r a t o r s  a t  
t e m p e r a t u r e s  n e a r  200 K. 

At t h e  same t i m e ,  t h e r e  i s  a f u r t h e r  c h a n c e  
t o  m i n i m i z e  t h e  l o s s e s  by  t e c h n o l o g y  i m p r o v i n g  
o f  Au d o p i n g  a n d  e l e c t r o n  i r r a d i a t i o n s  a n d  by  
t h i s  way  t o  i n c r e a s e  t h e  c o o l i n g  t e m p e r a t u r e .  

The  h i g h - p u r i t y  s i l i c o n  w i t h  t h e  same p e r f o r -  
mance  i s  n o t  y e t  r e a l i z e d  a n d  w i l l  c o s t  a t  l e a s t  
on two o r d e r s  o f  m a g n i t u d e  m o r e .  
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