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C h a pt e r 1 

I nt ro d u cti o n 

  

1. 1  H a rs h e n vi r o n m e nt el e ct r o ni cs  

In 1 9 4 7, t h e p oi nt- c o nt a ct tr a nsi st or w as i n v e nt e d b y B ar d e e n, Br att ai n, a n d S h o c kl e y. 

Si n c e t h e n, a l ot of s e mi c o n d u ct or d e vi c es h a v e b e e n d e v el o p e d. N o w a d a ys, w e c a n s e e 

v ari o us el e ctr o ni c d e vi c es b uilt of tr a nsist ors ( e. g., s m art p h o n e) i n d ail y lif e. 

  R e c e ntl y, s o m e r es e ar c h gr o u ps att e m pt t o d e v el o p el e ctr o ni cs o p er a bl e e v e n 

u n d er a n e xtr e m e e n vir o n m e nt, w h er e a c o n v e nti o n al s e mi c o n d u ct or d e vi c e w o ul d f ail 

s u c h as hi g h-t e m p er at ur e a n d hi g h-r a di ati o n e n vir o n m e nts. T h e s p e ci ali z e d t e c h n ol o g y 

a n d t h e s ci e n c e f or t hi s ar e c all e d t h e h ars h e n vir o n m e nt el e ctr o ni cs. 

  Fi g ur e 1. 1 c h art s e n d- us e a p pli c ati o ns f or r a di ati o n a n d hi g h-t em p er at ur e 

e n vir o n m e nts [ 1]. T h e h ori z o nt al a xis s h o ws a q u a ntit y of e n er g y d e p ositi o n p er u nit 

m ass b y i o ni zi n g r a di ati o ns i n a p pli c ati o ns. As i n di c at e d i n t h e fi g ur e, s e v er al 

Fi g. 1. 1.   A p pli c ati o ns f or t h e h ars h e n vir o n m e nts. 
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a p pli c ati o ns a n d s yst e ms str o n gl y r e q uir e t h e h ars h e n vir o n m e nt el e ctr o ni cs. A m o n g 

t h em, a n u cl e ar p o w er pl a nt wit h a m elt d o w n a c ci d e nt es p e ci all y r e q uir es hi g h 

r a di ati o n- h ar d n ess o v er 1 0 0 k G y a n d hi g h-t e m p er at ur e r eli a bilit y at a t e m p er at ur e o v er 

5 0 0 ° C. 

  B ef or e e x pl ai ni n g h o w t o e n h a n c e b ot h h ar d n ess es of s e mi c o n d u ct or d e vi c es, t h e 

i nfl u e n c es of t h e h ar s h e n vir o n m e nts o n t h e d e vi c es ar e m e nti o n e d i n s u bs e cti o ns 1. 1. 1 

a n d 1. 1. 2. 

 

1. 1. 1  R a di ati o n eff e cts o n s e mi c o n d u ct or d e vi c es 

Io ni zi n g r a di ati o n is r o u g hl y c at e g ori z e d i nt o t hr e e t y p es b y i n ci d e nt p arti cl es: a si n gl e 

hi g hl y e n er g eti c c h ar g e d- p arti cl e ( al p h a p arti cl e, h e a v y i o n), li g ht p arti cl e ( n e utr o n, 

el e ctr o n), p h ot o n ( X-r a y, γ -r a y). T h es e i n ci d e nt p arti cl es i nt er a ct wit h s o m e m at eri al i n a 

s e mi c o n d u ct or d e vi c e. T h e d o mi n a nt r a di ati o n r es p o ns es ar e s h o w n i n Fi g. 1. 2 . It is 

m ai nl y c h a n g e d b y t h e t y p e of i n ci d e nt p arti cl e, t h e ki n eti c e n er g y, a n d a n a p pli e d 

el e ctri c fi el d. 

  T h e i n ci d e nt c h ar g e d- p arti cl e c a us es t h e si n gl e e v e nt eff e cts ( S E Es) o n t h e 

s e mi c o n d u ct or r e gi o n. A n i n ci d e nt hi g h- e n er g eti c p arti cl e g e n er at es a l ot of 

el e ctr o n- h ol e p airs al o n g it s p at h. T h e i niti al n u m b er of el e ctr o n- h ol e p airs ( N p ) is 

es ti m at e d wit h t h e f or m ul a:  
N p  = E k /E e- h, ( 1. 1) 

Fi g. 1. 2.  Cl assifi c ati o n of t h e r a di ati o n a n d i nt er a cti o n m e c h a nis m. 
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w h er e E k  a n d E e- h  ar e t h e ki n eti c e n er g y of t h e r a di ati o n a n d t h e p air cr e ati o n e n er g y. 

T h e  cr e at e d p air-li n e- d e nsit y is hi g h. I n ot h er w or ds, t h e s e p ar ati o n dist a n c e b et w e e n 

el e ctr o n- h ol e p airs is n arr o w, l e a di n g t o m u c h r e c o m bi n ati o n ( c all e d t h e c ol u m n ar 

r e c o m bi n ati o n m o d el) [ 2]. T h e yi el d of t h e p airs es c a pi n g r e c o m bi n ati o n is e n h a n c e d b y 

a n el e ctri c fi el d. M ost of t h e p air s ar e s e p ar at e d b y a r e v ers e- bi as e d of p- n j u n cti o ns. As 

a r es ult, a l ar g e c urr e nt fl o w, t h er e b y c a usi n g t h e si n gl e- e v e nt u ps et [ 3] a n d t h e 

si n gl e- e v e nt b ur n o ut [ 4]. T h es e p h e n o m e n a ar e c oll e cti v el y c all e d S E Es. 

  T h e i nt er a cti o n of n e utr o n str o n gl y d e p e n ds o n ki n eti c e n er g y. Sl o w n e utr o n ( E < 

0. 1 e V) cr e at es a hi g h- e n er g y c h ar g e d- p arti cl e vi a n u cl e ar tr a ns m ut ati o n r e a cti o n. 

H e n c e, sl o w n e utr o n c a us es S E Es as s a m e as al p h a p arti cl e. Sl o w n e utr o n w as r e p ort e d 

t o r e a ct wit h a n i m p urit y i n t h e i nt erl a y er di el e ctri c l a y er o n tr a nsist ors [ 5, 6]. O n t h e 

ot h er h a n d, f ast n e utr o n ( 0. 5 M e V < E < 2 0 M e V) is m u c h d a m a gi n g a s e mi c o n d u ct or 

s u bstr at e r es ulti n g fr o m t h e k n o c k- o n eff e ct wit h t h e h ost at o m d u e t o el asti c a n d 

i n el asti c s c att eri n g [ 7]. T hi s is c all e d b y dis pl a c e m e nt d a m a g e d os e ( D D D) eff e ct. 

U nli k e S E Es, D D D eff e ct i s a r es ult of e n er g y d e p ositi o n i n t h e b ul k m at eri als, c a usi n g 

t h e d e gr a d ati o n of el e ctri c al c h ar a ct eristi cs [ 8]. 

  X-r a y a n d g a m m a-r a y s eri o usl y d o n ot m a k e s eri o us d a m a g es t o a s e mi c o n d u ct or. 

W h e n p h ot o ns p ass t hr o u g h a s e mi c o n d u ct or, el e ctr o n- h ol e p airs ar e g e n er at e d li k e t h e 

r es p o ns e of t h e c h ar g e d- p arti cl e. H o w e v er, t h e cr e at e d c h ar g e d e nsit y is l o w er t h a n t h at 

of t h e c h ar g e d- p arti cl e ( c all e d t h e g e mi n at e r e c o m bi n ati o n m o d el)  [ 2]. T h us, t h e n u m b er 

of  c h ar g es is i ns uffi ci e nt t o c a us e S E Es. H o w e v er, t h e i n ci d e nt p h ot o ns c a us e t ot al 

i o ni zi n g d os e ( TI D) eff e ct, i nst e a d of S E Es, i n a n o xi d e. 

  TI D eff e ct m ai nl y o c c ur s i n a g at e- o xi d e of m et al- o xi d e-s e mi c o n d u ct or 

fi el d- eff e ct tr a nsi st or ( M O S F E T) d u e t o c u m ul ati v e d os e. Fi g ur e  1. 3 s h o ws t h e 

s c h e m ati c e n er g y b a n d di a gr a m f or n- c h a n n el M O S F E T wit h Si O 2  g at e- o xi d e, w h er e a 

p osi ti v e g at e bi as is a p pli e d. T h e TI D eff e ct o c c urs i n f o ur st a g es. Firstl y, el e ctr o n- h ol e 

p airs i n Si O 2 ar e g e n er at e d b y r a di ati o n. T h e r a di ati o n-i n d u c e d el e ctr o ns a n d h ol es m o v e 

t o t h e g at e m et al a n d s e mi c o n d u ct or si d e, r es p e cti v el y. I n Si O2 , t h e el e ctr o n drift 

m o bi lit y is m u c h hi g h er t h a n t h e h ol e m o bilit y, a n d m ost of t h e el e ctr o ns ar e s w e pt o ut 

wit h o ut vi a r e c o m bi n ati o n pr o c ess. As a r es ult, r esi d u al h ol es ar e tr a p p e d i n t h e o xi d e. 

I n t h e c as e of Si O2 , t h e el e ctr o n m o bilit y is 2 0 c m- 2V - 1s - 1 a n d t h e h ol e m o bilit y is 4 × 1 0- 5 

c m -2 V - 1s - 1 at r o o m t e m p er at ur e [ 9, 1 0]. 

  Th e h ol e tr a p pi n g br e a ks Si- O b o n ds i n Si O 2 , g e n er ati n g o x y g e n v a c a n ci es 

( E′-c e nt er) [ 1 1]. T h e d ef e ct s ar e gr a d u all y pr o p a g at e d i nt o t h e M O S i nt erf a c e al o n g a 

str ai n gr a di e nt ar o u n d t h e M O S i nt erf a c e [ 1 2].  

  Aft er r e a c hi n g n e ar t h e M O S i nt erf a c e, tr a ns p ort e d h ol es f all i nt o tr a p st at es i n t h e 
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b a n d g a p of t h e s e mi c o n d u ct or. T h es e tr a p p e d h ol es h a v e a l o n g lif e-ti m e, a ct as fi x e d 

p osi ti v e c h ar g es n e ar t h e o xi d e/s e mi c o n d u ct or i nt erf a c e. T h e p ositi v e c h ar g es ar e c all e d 

o xi d e-tr a p p e d p ositi v e c h ar g es, a n d t h e b uil d- u p p ositi v e c h ar g es l e a d t o n e g ati v e 

t hr es h ol d v olt a g e s hift a n d a n i n cr e as e i n g at e l e a k a g e c urr e nt [ 2, 1 3]. 

  T h e r e a c h e d h ol es ri g ht at t h e M O S i nt erf a c e dis or d er t h e M O S i nt erf a c e. T h e 

i nt erf a ci al h ol e-tr a p pi n g br e a ks c h e mi c al b o n ds ( e. g. Si- H b o n d, Si- Si b o n d) g e n er ati n g 

i nt erf a c e tr a ps [ 1 2, 1 4]. T h es e ar e c all e d r a di ati o n-i n d u c e d i nt erf a c e tr a ps. T h e i n d u c e d 

tr a ps r e d u c e t h e c h a n n el m o bilit y i n t h e i n v ersi o n l a y er a n d i n cr e as e t h e t hr es h ol d 

v olt a g e [ 1 5].  

  I n s u m m ar y, t h e i n ci d e nt p h ot o n i n d u c es t h e t hr e e m aj or r a di ati o n eff e cts: t h e 

b uil d- u p of o xi d e-tr a p p e d p ositi v e c h ar g e, g e n er ati o n of i nt erf a c e tr a ps, a n d m o bilit y 

d e gr a d ati o n. 

 

  

Fi g. 1. 3.  S c h e m ati c e n er g y b a n d di a gr a m a n d t h e pr o c ess es of TI D eff e ct [ 2]. 
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1 . 1. 2  P erf or m a n c e of M O S d e vi c es u n d er hi g h-t e m p er at ur e 

T e m p er at ur e i m p a ct s o n c arri er d e nsit y of s e mi c o n d u ct or. I n fi g ur e 1. 4 , el e ctr o n d e nsit y 

(n ) is pl ott e d as a f u n cti o n of t h e r e ci pr o c al t e m p er at ur e f or a n-t y p e sili c o n wit h d o n or 

i m p urit y c o n c e ntr ati o n (N D ) of 1 × 1 01 5  c m- 3 [ 1 6]. At l o w t e m p er at ur es u n d er 1 2 0 K, t h e 

t h er m al e n er g y (k T ) is l o w er t h a n a n i o ni z ati o n e n er g y of t h e d o p a nts, w h er e k  is t h e 

B olt z m a n n c o nst a nt a n d T  i s t e m p er at e. T h us, m ost i m p uriti es ar e n ot i o ni z e d, a n d t his 

r a n g e is c all e d fr o z e n- o ut r e gi o n (n < N D ). As i n cr e asi n g T , th e el e ctr o n d e nsit y 

b e c o m es a c o nst a nt ( n ≈  N D ) d u e  t o t h e f ull i o ni z ati o n. T his st a g e is c all e d s at ur ati o n 

r e gi o n. Al m ost all s e mi c o n d u ct or d e vi c es utili z e t his r e gi o n t o m ai nt ai n t h e c arri er 

d e nsit y. 

  At hi g h t e m p er at ur es b e y o n d 5 0 0 K, t h e i ntri nsi c c arri er d e nsit y (n i) gr e atl y 

c o nt ri b ut es t h e el e ctr o n d e nsit y r at h er t h a n t h e d o pi n g c o n c e ntr ati o n b e c a us e of 

i o ni z ati o n of sili c o n. T h e c arri er d e nsit y is e x pr ess e d as f oll o ws: 

�푛 �푖 = √ �푁 �퐶 �푁 �푉 e x p −
�퐸 �푔

�푘 �푇
, ( 1. 2) 

Fi g. 1. 4.  El e ctr o n d e nsit y as a f u n cti o n of t e m p er at ur e f or sili c o n wit h d o n or 

i m p urit y d e nsit y of 1 × 1 01 5 c m - 3 [ 1 6]. 
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w h er e N c , Nv ar e t h e eff e cti v e d e nsiti es of st at es i n t h e c o n d u cti o n b a n d a n d t h e v al e n c e 

b a n d, r es p e cti v el y. Al s o, E g  i s t h e b a n d g a p of s e mi c o n d u ct or. T h e el e ctr o n d e nsit y 

e x p o n e nti al i n cr e as es wit h i n cr e asi n g t h e t e m p er at ur e. As a r es ult, t h e s e mi c o n d u ct or 

e x hi bits hi g h c o n d u cti vit y li k e a m et al, l e a di n g hi g h l e a k a g e c urr e nt t hr o u g h t h e d e vi c e. 

T h er ef or e, it i s i m p ort a nt t o m ai nt ai n t h e c arri er d e nsit y of s e mi c o n d u ct or i n or d er t o 

e xt e n d t h e o p er ati o n al t e m p er at ur e r a n g e. 

T h e o p er ati o n al r a n g e is li mit e d b y n ot o nl y s e mi c o n d u ct or b ut ot h er c o m p o n e nts 

i n a d e vi c e. B esi d e s e mi c o n d u ct or, t h e d e vi c e c o nsists of s o m e m et als a n d o xi d es. At 

hi g h t e m p er at ur es, diff usi o n or c h e mi c al r e a cti o n o c c ur i n b ot h m at eri als.  

  As o n e of e x a m pl es, a n i nt erl a y er di el e ctri c er osi o n is d es cri b e d [ 1 7]. Fi g ur e 1. 5  

illustr at es t h e cr oss-s e cti o n of M O S F E T wit h a n Al- er osi o n o n Si O 2  di el e ctri c. Al a n d 

Si O 2  ar e t y pi c al m at eri als f or t h e i nt er c o n n e ct m et al a n d i nt erl a y er di el e ctri c. At hi g h 

t em p er at ur es ar o u n d 5 0 0 ° C, t h e Al l a y er r e a cts a n d gr a d u all y er o d es t h e u n d erli n g Si O 2  

l ay ers. T his r e a cti o n is e x pr ess e d b el o w: 

2 Al + 3/ 2 Si O 2  →  Al 2 O 3  + 3/ 2 Si. ( 1. 3) 

T his p h e n o m e n o n r e d u c es t h e eff e cti v e t hi c k n ess of t h e i nt erl a y er, c a usi n g a 

s h or t- cir c uit a n d d e vi c e’s f ail ur e. 

Fi g. 1. 5.  S c h e m ati c cr oss-s e cti o n of M O S F E T a n d t h e er osi o n of Al- g at e m et al at 

hi g h t e m p er at ur es ar o u n d 5 0 0 ° C. 
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1 . 2 Sili c o n c a r bi d e a n d its s p e ci ali z e d a p pli c ati o ns 

S ili c o n c ar bi d e ( Si C) is o n e of t h e c o m p o u n d s e mi c o n d u ct ors w hi c h h as b e e n 

c o ns i d er e d as a p ot e nti al alt er n ati v e t o Si f or p o w er el e ctr o ni cs [ 1 8]. Als o, Si C is 

e n d o w e d wit h s u p eri or p h ysi c al a n d el e ctri c al pr o p erti es f or t h e h ars h e n vir o n m e nt 

el e ctr o ni cs. 

 

1. 2. 1  P h ysi c al pr o p erti es 

Si C h as a l ot of p ol y m or p hs; t h e p o p ul ar p ol yt y p es ar e 3 C-, 4 H-, 6 H-, 1 5 R- Si C i n 

R a ms d ell’ s n ot ati o n. 4 H- Si C h as t h e wi d est b a n d g a p a n d e x hi bits t h e g o o d s p ati al 

u nif or mit y of el e ctr o n- m o bilit y. H e n c e, 4 H- Si C attr a cts a n att e nti o n a n d a h o p e f or 

p o w er el e ctr o ni cs a n d t h e h ars h e n vir o n m e nt el e ctr o ni cs. T h e pri n ci pl e pr o p erti es of 

4 H- Si C s e mi c o n d u ct or a n d c o n v e nti o n al Si s e mi c o n d u ct or ar e s u m m ari z e d i n T a bl e 1. 1 . 

4 H- Si C is e n d o w e d wit h a wi d er b a n d g a p, a hi g h er el e ctr o n- h ol e cr e ati o n e n er g y ( E e- h ), 

a n d a hi g h er t hr es h ol d di s pl a c e m e nt e n er g y ( E d ). T h es e pr o p erti es e n h a n c e t h e 

r a di ati o n- a n d hi g h-t e m p er at ur e h ar d n ess es. M or e s p e cifi c r e as o ns ar e d es cri b e d i n 

s u bs e cti o n 1. 2. 2 a n d 1. 2. 3.  

 

 
* p er p e n di c ul ar dir e cti o n t o c - a xis. * *T i ntri n si c is t h e t e m p er at ur e at s wit c hi n g fr o m t h e s at ur ati o n 

r e gi o n t o t h e i ntri n si c r e gi o n.  

T a bl e 1. 1.   P h ysi c al pr o p erti es of Si a n d 4 H- Si C f or t h e h ars h e n vir o n m e nt 

el e ctr o ni cs. All m e as ur e m e nts at r o o m t e m p er at ur e if n ot s p e cifi e d ot h er wis e. 
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1 . 2. 2  R a di ati o n h ar d e n e d el e ctr o ni cs  

R a di ati o n eff e ct s ar e di vi d e d i nt o S E Es, D D D eff e ct, a n d TI D eff e ct as d es cri b e d i n t h e 

s u bs e cti o n 1. 1. 1. T h e hi g h er E e- h  a n d Ed  l e a d t o s u p pr ess S E Es, D D D eff e ct, a n d TI D 

eff e ct. 

  T h e E e- h  of 4 H- Si C is t w o ti m es hi g h er t h a n t h at of Si. Usi n g E q. ( 1. 1), t h e 

esti m at e d n u m b er of el e ctr o n- h ol e is c ut b y h alf. T h us, w h e n 4 H- Si C is utili z e d as 

s e mi c o n d u ct or s u bstr at e, t h e pr o b a bilit y of S E Es c a n b e r e d u c e d.  

  N ot e t h at cir c uit d esi g n a n d t h e l a y o ut als o m a k e a l ar g e c o ntri b uti o n t o mi ni mi z e 

t h e pr o b a bilit y of S E Es fr o m a si n gl e- p arti cl e stri k e. It is c all e d r a di ati o n 

h ar d n ess- b y- d esi g n. H er e, a tri pl e m o d ul ar r e d u n d a n c y ( T M R) is e x pl ai n e d. It is a 

d esi g n f or i m pr o vi n g t h e f a ult t ol er a n c e d u e t o t h e si n gl e e v e nt u ps ets. T h e T M R d esi g n 

h as t hr e e i d e nti c al i nst a n c es of h ar d w ar e wit h a v oti n g f u n cti o n at t h e o ut p ut. T h e t hr e e 

s yst e ms p erf or m a m aj orit y v oti n g, pr o d u ci n g a si n gl e o ut p ut. If a si n gl e- p arti cl e stri k e 

aff e cts o n e of t h e h ar d w ar e i nst a n c es, t h e l o gi c cir c uits n ot e t h e m aj orit y o ut p ut wit h t h e 

i niti al i nf or m ati o n. Si d e vi c es f or s p a c e a p pli c ati o ns a d o pt r e d u n d a nt str u ct ur es li k e 

T M R f or i m pr o vi n g t h e t ol er a n c e of S E Es [ 3, 2 2]. 

  Utili zi n g 4 H- Si C al s o r e d u c es t h e dis pl a c e m e nt d a m a g e b y r a di ati o n. T h e E d  of 

4 H- Si C is 1. 4 ti m es hi g h er t h a n t h at of Si. T h e n u m b er of dis pl a c e m e nts p er at o m is 

i n v ers e pr o p orti o n t o E d [ 2 3]. H e n c e, 4 H- Si C is e x p e ct e d t o l e a d t o t h e l ess 

dis pl a c e m e nt d a m a g e. U nli k e S E Es, D D D eff e ct is c a us e d b y t h e c u m ul ati v e d a m a g e. 

T h us, r a di ati o n h ar d n ess- b y- d esi g n is u n a bl e t o pr e v e nt t h e dis pl a c e m e nt d a m a g e. 

R e pl a ci n g s e mi c o n d u ct or s u bstr at e i s o n e of a f e w m et h o ds t o m a n a g e t h e t ol er a n c e of 

D D D eff e ct. H arris et al. r e p ort e d t h e diff er e n c e i n t h e dis pl a c e m e nt d a m a g e b et w e e n Si 

a n d Si C i n t h e r ef. [ 2 4]. 

  R e pl a ci n g t h e s e mi c o n d u ct or s u bstr at e is als o a n a p pr o a c h t o i m pr o v e TI D 

t ol er a n c e. TI D eff e ct m ai nl y d a m a g es a g at e- o xi d e a n d a n i nt erl a y er di el e ctri c, n ot 

s e mi c o n d u ct or. N e v ert h el ess, r e pl a ci n g t h e s u bstr at e t o Si C r e d u c es t h e n u m b er of t h e 

o x y g e n v a c a n ci es i n t h e di el e ctri cs, a n d pr e v e nts t h e g e n er ati o n of t h e i nt erf a c e st at es 

[ 2 5, 2 6]. Alt h o u g h t h e TI D h ar d e ni n g b y utili zi n g Si C h as e x p eri m e nt all y b e e n r e v e al e d, 

t h e r e as o n is n ot f ull y u n d er st o o d y et [ 2 7, 2 8]. O hs hi m a et al. r e p ort e d t h e b a n d g a p 

d e p e n d e n c e o n TI D h ar d n ess; wi d er b a n d g a p c a n pr o vi d e l o w er t hr es h ol d v olt a g e s hift 

b y r a di ati o n [ 2 6]. 

     

 

 



 
 

 

9 
 

1 . 2. 3 Hi g h-t e m p er at ur e el e ctr o ni cs 

T h e o p er ati o n al t e m p er at ur e r a n g e is str o n gl y aff e ct e d b y i ntri nsi c c arri er d e nsit y ( n i) of 

s e mi c o n d u ct or s u bstr at e, as e x pr ess e d i n E q. ( 1. 2). 4 H- Si C is a bl e t o pr e v e nt t h e 

i o ni z ati o n of s e mi c o n d u ct or, r e d u ci n g n i at hi g h t e m p er at ur es. Fi g ur e 1. 6  s h o ws el e ctr o n 

d e ns iti es of 4 H- Si C a n d Si as a f u n cti o n of t h e r e ci pr o c al t e m p er at ur e. T h e s at ur ati o n 

r e gi o n of 4 H- Si C is e xt e n d e d t h a n ks t o t h e wi d e b a n d g a p. T i ntri n si c is d efi n e d as t h e 

te m p er at ur e  at s wit c hi n g fr o m t h e s at ur ati o n r e gi o n t o t h e i ntri nsi c r e gi o n. T h e v al u es of 

T i ntri n si c ar e 5 3 0 K a n d 1 0 0 0 K f or Si a n d 4 H- Si C at t h e s a m e d o p a nt c o n c e ntr ati o n, 

4 H- Si C c a n a ct as s e mi c o n d u ct or at t h e t e m p er at ur e of m or e t h a n 5 0 0 ° C. 

  F or c o m m er ci al p o w er d e vi c es, t h e m a xi m u m o p er ati n g t e m p er at ur e is e x pr ess e d 

as j u n cti o n t e m p er at ur e ( T j), w hi c h is s p e cifi e d t o d et er mi n e t h e m a xi m u m p er missi bl e 

p o w e r dissi p ati o n u n d er a c o nti n u o us O N-s at e of t h e d e vi c e. T j of c o m m er ci al 4 H- Si C 

M O S F E Ts i s s u m m ari z e d i n Ta bl e 1. 2 . T h e v al u es of T j ar e 1 5 0 – 2 0 0 ° C, a n d t h e 

m a n uf a ct ur er A pr o vi d es t h e M O S F E Ts wit h t h e hi g h est T j. 

  As s h o w n i n Ta bl e 1. 2 , t h e c urr e nt T j is still b el o w t h e T i ntri n si c. T h at is, ot h er 

c o m p o n e nts, n ot t h e s e mi c o n d u ct or s u bstr at e, is t h e b ottl e n e c k. O nl y r e pl a ci n g t h e  

 

Fi g. 1. 6.  El e ctr o n d e nsiti es of Si a n d 4 H- Si C as a f u n cti o n of r e ci pr o c al 

t e m p er at ur e. 
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s u bstr at e is i ns uffi ci e nt t o e n h a n c e t h e m a xi m u m o p er ati n g t e m p er at e. T h e gr o u p of 

n at i o n al a er o n a uti cs a n d s p a c e a d mi nistr ati o n ( N A S A) d e m o nstr at e d t h e st a bl e 

o p er ati o n of 4 H- Si C j u n cti o n fi el d- eff e ct tr a nsist or (J F E T) wit h hi g h-t e m p er at ur e 

r eli a bilit y at t e m p er at ur es a b o v e 8 0 0 ° C [ 2 9]. J F E T h as n o g at e- o xi d e t o s wit c h its 

c h a n n el c o n d u cti vit y. T h us, t his str u ct ur e s u p pr ess es t h e c h ar a ct eristi c d e gr a d ati o n d u e 

t o t h e c h e mi c al r e a cti o n b et w e e n g at e- o xi d e a n d g at e- m et al at hi g h t e m p er at ur es. 

 

 

 

 

  

T a bl e 1. 2. M a xi m u m j u n cti o n t e m p er at ur es of c o m m er ci al 4 H- Si C M O S F E Ts. 
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1. 3  O pti mi z ati o n of Si C M O S i nt e rf a c e 

B ot h r a di ati o n a n d hi g h-t e m p er at ur e h ar d n ess es ar e i m pr o v e d b y utili zi n g Si C as t h e 

s u bs tr at e. B e c a us e of its s p e ci al c h ar a ct eristi cs, Si C M O S F E T h as b e e n d e v el o p e d f or 

t h e h ars h e n vir o n m e nt el e ctr o ni cs. F or e x a m pl e, t h e M O S F E T- b as e d i nt e gr at e d cir c uits 

w er e d e m o nstr at e d u p t o 5 0 0 ° C [ 3 0]. 

  A n ot h er a d v a nt a g e of Si C is t h at it c a n b e t h er m all y o xi di z e d i n t h e s a m e m a n n er 

as sili c o n. I n e arl y st u di es, t h e t h er m al- gr o w n Si O 2  h a d b e e n utili z e d as g at e di el e ctri c 

in M O S F E T [ 3 1]. H o w e v er, t h e t h er m al- gr o w n Si O 2 / Si C i nt erf a c e h as hi g h i nt erf a c e 

tra p d e nsit y ( D it), w hi c h i s 1 0 0 – 1 0 0 0 ti m es hi g h er t h a n t h at of t h e h y dr o g e n-t er mi n at e d 

Si O 2 / Si i nt erf a c e [ 3 2]. T h es e d ef e ct st at es str o n gl y li mit c h a n n el m o bilit y i n M O S F E T, 

a n d t h e m o bilit y w as f ar fr o m a s ati sf a ct or y l e v el. 

  F or m o bilit y i m pr o v e m e nt, v ari o us m et h o ds h a v e b e e n s u g g est e d, s h o w n i n Fi g. 

1. 7 . It is c at e g ori z e d i nt o t w o t y p es; g at e o xi d e e n gi n e eri n g a n d c h a n n el e n gi n e eri n g. 

T h e f or m er m et h o d e n h a n c es c h a n n el m o bilit y t h a n ks t o r e d u ci n g D it. T h e l att er o n e is 

t h e m et h o d w hi c h e n h a n c es i niti al c arri er m o bilit y wit h o ut i m pr o vi n g t h e i nt erf a c e 

pr o p erti es, f or e x a m pl e, utili zi n g ( 1 1 2 0 ) f a c e.  

 

Fi g. 1. 7. Cl assifi c ati o n of m o bilit y e n h a n c e m e nt m et h o ds. 
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1. 3. 1  G at e o xi d e e n gi n e eri n g 

O n e of t h e p o p ul ar a p pr o a c h es is t o i n c or p or at e s o m e el e m e nt i nt o t h e Si O 2 / Si C 

i nterf a c e t o r e d u c e D it. Nitr o g e n, p h os p h or us, b or o n, s o di u m, b ari u m, a n d l a nt h a n u m 

w e r e eff e cti v e f or t h e p assi v ati o n of t h e d ef e cts [ 3 3 – 3 8]. I n c or p or ati n g nitr o g e n b y 

a n n e ali n g i n t h e a m bi e nt of N O or N 2 O pr o vi d es r e pr o d u ci bl e m o bilit y e n h a n c e m e nt 

wi t h a f e w dr a w b a c ks. T h us, it is wi d el y us e d f or f a bri c ati n g st at e- of-t h e- art c o m m er ci al 

Si C M O S F E Ts. Alt h o u g h t h e c h a n n el m o bilit y is i n cr e as e d u p t o 2 5 – 3 5 c m 2 V - 1s - 1, t h e 

re s ulti n g m o bilit y i s still l o w er t h a n t h e i d e al v al u e e x p e ct e d b y t h e b ul k el e ctr o n 

m o bilit y [ 1 8, 3 9].  

  T h e g at e i ns ul at or wit h a hi g h di el e ctri c c o nst a nt (k ) als o e n h a n c es t h e m o bilit y. 

Li c ht e n w al n er et al. d e m o nstr at e d hi g h- m o bilit y Si C M O S F E Ts wit h Al 2 O 3  g at e 

di e l e ctri c i nst e a d of t h e nitri c o xi d e [ 4 0]. B esi d es Al2 O 3 , Al Si O a n d Al N t hi n fil m ar e 

ef f e cti v e as t h e g at e di el e ctri c [ 4 1, 4 2].  Hi g h-t e m p er at ur e o xi d ati o n at t e m p er at ur es 

o v er 1 5 0 0 ° C assists t o f or m hi g h q u alit y Si O 2 / Si C i nt erf a c e [ 4 3, 4 4]. Kit a et al. 

pr o p os e d t h e m et h o d t o c o ntr ol t h e i nt erf a c e st at es b y t h er m o d y n a mi c pr o p ert y of 

d es or pti o n of t h e c ar b o n at o ms w h e n Si C is o xi di z e d [ 4 3]. 

  Ta bl e 1. 3  s h o ws t h e v al u es of fi el d eff e ct m o bilit y (µ F E ) i m pr o v e d b y t h e g at e 

o xi d e  e n gi n e eri n g. M or e o v er, t h e r el ati o ns hi p b et w e e n t h e µ F E  a n d t hr es h ol d v olt a g e 

(V t h) is s h o w n i n Fi g. 1. 8 . T h er e is a d e cr e asi n g tr e n d i n µ F E  as i n cr e asi n g V t h. T h at is, it 

is still diffi c ult t o e ns ur e b ot h hi g h µF E  a n d V t h. T his is b e c a us e t h e el e m e nt 

in c or p or ati n g si m ult a n e o usl y l e a ds t o r e d u cti o n of D it a n d c o u nt er- d o pi n g o n Si C 

s ur f a c e. As a r es ult, t h e n et c o n c e ntr ati o n o n t h e c h a n n el r e gi o n d e cr e as es, a n d t h e 

m o bilit y dr a m ati c all y i n cr e as es as s a m e as t h e c o u nt er d o pi n g usi n g i o n i m pl a nt ati o n. 

T h e c o u nt er- d o pi n g eff e ct fr o m t h e i n c or p or at e d- o xi d e w as r e v e al e d usi n g s c a n ni n g 

c a p a cit a n c e mi cr os c o p y b y Fi or e n z a et al. [ 4 5]. 
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Fi g. 1. 8. R el ati o ns hi p b et w e e n V t h a n d µ F E . D at a ar e t a k e n fr o m Ta bl e 1. 3. 

T a bl e  1. 3 . S u m m ar y of fi el d eff e ct m o bilit y  (µ F E ) a n d i nt erf a c e tr a p d e nsit y  (D it) 
i n 4 H- Si C M O S d e vi c es. T h e f a bri c ati o n pr o c ess of t h e g at e o xi d e, t h e a c c e pt or 
c o n c e ntr ati o n ( N A ) of t h e p-t y p e c h a n n el r e gi o n ar e als o s h o w n. 
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1. 3. 2  C h a n n el e n gi n e eri n g  

 Hist ori c all y, t h e ( 0 0 0 1) Si-f a c e of Si C h as b e e n utili z e d t o f a bri c at e al m ost all Si C 

d e vi c es. I n 2 0 0 2, Ya n o et al. r e p ort e d t h at ( 1 1 2 0̅) a-f a c e r es ult e d i n 5 0 c m 2 V - 1s - 1 of fi el d 

ef f e ct m o bilit y, s h o wi n g t h at ot h er f a c es c o ul d b e utili z e d f or t h e M O S d e vi c e [ 5 2]. 

T h e y als o r e p ort e d t h at t h e s h all o w i nt erf a c e st at e d e nsit y o n ( 0 3 3̅ 8 )̅ m-f a c e w as l o w er 

t h a n o n ( 0 0 0 1) [ 5 3]. Utili zi n g alt er n ati v e f a c es is e as y t o c o m bi n e t h e f a bri c ati o n 

pr o c ess of a v erti c al p o w er M O S F E T, w hi c h h as a l ar g e dr ai n c urr e nt t o w ar d t h e Si C 

b ul k s u bstr at e. M ost of v erti c al M O S F E T utili z e t his m et h o d.  

  C o u nt er- d o pi n g i nt o c h a n n el r e gi o n b y i o n i m pl a nt ati o n is us e d t o c o ntr ol V t h a n d 

µ F E . T h e c o u nt er- d o pi n g r e d u c es t h e n et c o n c e ntr ati o n of a c c e pt or i n c h a n n el r e gi o n. As 

a  r es ult, C o ul o m b s c att eri n g d u e t o t h e i m p uriti es is s u p pr ess e d, e n h a n ci n g t h e m o bilit y. 

A nti m o n y ( S b) a n d s ulf ur ( S) ar e m ai nl y us e d [ 5 4, 5 5], a n d i n m ost c as es, t h e g at e o xi d e 

e n gi n e eri n g i s si m ult a n e o usl y p erf or m e d t o r e d u c e D it. 

 

 

1. 4  M oti v ati o n a n d p u r p os e  

  In t his diss ert ati o n, hi g h- m o bilit y a n d r u g g e d Si C M O S F E Ts u n d er t h e h ars h 

e n vir o n m e nts w er e i n v esti g at e d. As m e nti o n e d i n s e cti o n 1. 1, t h e d e c o m missi o ni n g of 

n u cl e ar p o w er pl a nt s r e q uir es Si C d e vi c es wit h hi g h r a di ati o n- h ar d n ess o v er 1 0 0 k G y 

a n d hi g h-t e m p er at ur e r eli a bilit y at t e m p er at ur es o v er 5 0 0 ° C. 

  Nitr o g e n i n c or p or ati o n i nt o M O S i nt erf a c e is o n e of t h e str o n g c a n di d at es t o 

e n h a n c e t h e c h a n n el m o bilit y, a n d it is us e d f or f a bri c ati n g st at e- of-t h e- art c o m m er ci al 

Si C M O S F E Ts. M or e o v er, it h as r e p ort e d t h at st a bl e o p er ati o n of M O S d e vi c es wit h 

nitr o g e n i n c or p or ati o n at t e m p er at ur es u p t o 5 0 0 ° C [ 3 0]. Alt h o u g h t h e r es ulti n g 

m o bilit y is still l o w, nitr o g e n i n c or p or ati o n c a n s atisf y t h e r e q uir e m e nt f or t h e 

hi g h-t e m p er at ur e e n vir o n m e nt. 

  H o w e v er, i n t h e t er m of r a di ati o n- h ar d n ess, t h e nitr o g e n i n c or p or ati o n h as a 

c o u pl e of dr a w b a c ks. T h e first o n e is t o r e d u c e TI D h ar d n ess. T h e M O S i nt erf a c e wit h 

nitr o g e n h as m or e h ol e-tr a p- c e nt ers t h a n t h at of t h er m all y- gr o w n Si O 2  [ 5 6, 5 7]. It 

pr o m ot es tr a p pi n g t h e h ol es g e n er at e d b y r a di ati o n, c a usi n g a l ar g e t hr es h ol d v olt a g e 

s hift [ 2 7, 2 8]. T h e s e c o n d o n e i s t o r e a ct wit h n e utr o ns.  I nsi d e a n u cl e ar p o w er pl a nt 

wit h a m elt d o w n a c ci d e nt, a n i ntr o d u c e d Si C d e vi c e is e x p e ct e d t o s uff er fr o m b ot h 

g a m m a-r a y a n d n e utr o n irr a di ati o ns. 1 4 N, w hi c h m a k es u p 9 9. 6 3 6 % of n at ur al nitr o g e n, 

c a pt ur es a n e utr o n, c h a n gi n g t o 1 4 C. T his n u cl e ar tr a ns m ut ati o n r e a cti o n is gi v e n: 
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1 4 N + n →  1 4 C + p + γ  ( 0. 5 8 M e V), ( 1. 4) 

w h er e n, p, a n d γ  d e n ot e n e utr o n, pr ot o n, a n d g a m m a-r a y. T h e c a pt ur e cr oss-s e cti o n of 

t h e t h er m al n e utr o n ( ~ 2 5 m e V) i s 2 b ar n, w hi c h is 2 0 ti m es hi g h er t h a n t h at of 3 0 Si us e d 

n e ut r o n tr a ns m ut ati o n d o pi n g f or Si- p o w er d e vi c e ( 1 b ar n = 1 × 1 0 − 2 4  c m2 ) [ 5 8]. T h us, 

i ntr o d u ci n g nitr o g e n w o ul d gr a d u all y l os e its ori gi n al c h ar a ct eristi c b y c a pt uri n g 

n e utr o n. 

 I n t his diss ert ati o n, I f o c us o n b ari u m-i n c or p or ati o n pr o p os e d b y W olfs p e e e d, I n c. 

T h e r es ulti n g m o bilit y w as hi g h er t h a n t h at of nitr o g e n i n c or p or ati o n [ 3 7]. M or e o v er, 
1 3 8 B a, m a k es u p 7 1. 7 0 % of n at ur al b ari u m, d o es n ot pr o d u c e n u cl e ar tr a ns m ut ati o n 

r ea cti o n a g ai nst n e utr o n. T h us, t h er e is a p ossi bilit y t h at b ari u m i n c or p or ati o n 

o v er c o m es t h e dr a w b a c ks of nitr o g e n i n c or p or ati o n, l e a di n g t o m or e st a bl e o p er ati o ns 

i n t h e h ars h e n vir o n m e nts. I f a bri c at e d Si C M O S F E Ts wit h b ari u m, a n d t h e n e x pl or e d 

t h e p ot e nti al of t h e B a-i n c or p or ati o n m et h o d f or h ars h e n vir o n m e nt el e ctr o ni cs. 

 

1. 5  Diss e rt ati o n o v e r vi e w  

  This di ss ert ati o n c o nsists of si x c h a pt ers, as s h o w n b el o w. 

 

C h a pt e r 1: T h e r es e ar c h b a c k gr o u n d a n d t h e p ur p os e ar e s u m m ari z e d. It is s h o w n t h at 

t h e i nfl u e n c es of t h e h ars h e n vir o n m e nts o n t h e s e mi c o n d u ct or d e vi c es a n d t h e 

eff e cti v e n ess of utili zi n g 4 H- Si C s u bstr at e f or t h e h ars h e n vir o n m e nt el e ctr o ni cs. 

 

C h a pt e r 2:  It i s s h o w n t h at t h e t hi c k n ess d e p e n d e n ci es of Si O2 / B a O2  l a y ers o n 

s tr u ct ur al a n d i nt erf a ci al pr o p erti es of a l a y er e d g at e- di el e ctri c o n 4 H- Si C. T h e 

B a-i n c or p or ati o n m et h o d utili z es n ot o nl y B a l a y er, b ut als o a Si O 2  c a p l a y er, w hi c h is 

d e p os it e d o n a B a/ Si C s u bstr at e pri or t o o xi d ati o n. I c o n cl u d e t h e r ol es i n e a c h l a y er i n 

t h e m o bilit y e n h a n c e m e nt a n d dis c uss o pti m al t hi c k n ess es. 

 

C h a p t e r 3: Hi g h-t e m p er at ur e c h ar a ct eristi cs of t h e Si C M O S F E Ts wit h i nt erf a ci al B a- 

sili c at e is s h o w n. El e ctri c al c h ar a ct eri z ati o n at hi g h-t e m p er at ur es fr o m 2 7 ° C t o 5 0 0 ° C 

w as m e as ur e d. At 5 0 0 ° C, t h e M O S F E Ts e x hi bit e d cl e ar o ut p ut c h ar a ct eristi cs. 

M or e o v er, t h e i n c or p or at e d B a at o ms di d n ot a ct as m o bil e i o n at e v e n 5 0 0 ° C. 

 

C h a pt e r 4:  T h e c h a pt ers of r a di ati o n h ar d n ess is di vi d e d i nt o c h a pt er 4 a n d 5. I n t his 

c h a pt er, t h e TI D a n d D D D eff e cts of t h e f a bri c at e d Si C M O S F E Ts ar e s h o w n. 

N- c h a n n el Si C M O S F E Ts wit h B a-sili c at e l a y er w er e irr a di at e d wit h g a m m a-r a ys u p t o 
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8 5 0 k G y. T hr es h ol d v olt a g e s hift w as o bs er v e d d u e t o TI D eff e ct. M or e o v er, 

dr a i n-s u bstr at e l e a k a g e c urr e nt fl o w e d. T his l e a k a g e c urr e nt i n di c at es t h e g e n er ati o n of 

a d e e p d ef e ct st at e o n p n j u n cti o n d u e t o D D D eff e ct. 

 

C h a pt e r 5:  Aft er irr a di ati o n o v er 6 0 0 k G y, t h e Si C M O S F E T wit h B a-sili c at e r es ult e d 

i n a n o m al o us m o bilit y e n h a n c e m e nt: fi el d eff e ct m o bilit y i n cr e as e d fr o m 1 2 t o 1 8 

c m 2 V − 1 s − 1 . T h e n arr o w er c h a n n el M O S F E T e n h a n c e d t his eff e ct. I dis c uss t h e 

g e o m etri c eff e ct a n d t h e m e c h a nis m of t his a n o m al o us m o bilit y e n h a n c e m e nt. 

 

C h a pt e r 6:  S u m m ar y of t his diss ert ati o n is s h o w n. T h e n, t h e p ot e nti al of t h e 

B a-i n c or p or ati o n m et h o d i s c o n cl u d e d f or h ars h e n vir o n m e nt a p pli c ati o ns. I n 

c o n cl u di n g r e m ar ks, f ut ur e w or ks a n d r esi d u al pr o bl e ms ar e m e nti o n e d.  
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C h a pt e r 2 

Eff e c ts of Si O2 / B a O2  l a y e rs o n i nt e rf a ci al 

p r o p e rti es i n B a-i n c o r p o r ati o n m et h o d 

  

2. 1  Int r o d u cti o n 

T I D t ol er a n c e of M O S F E Ts d e p e n ds o n g at e- o xi d e t hi c k n ess. T hi n o xi d e pr o m ot es t h e 

r ec o m bi n ati o n of t h e g e n er at e d h ol es t hr o u g h b ot h t h er m al a n d t u n n eli n g el e ctr o ns, 

i m pr o vi n g t h e i ntri nsi c TI D r o b ust n ess [ 1, 2]. I n t h e c as e of Si- d e vi c es f or s p a c e 

a p pli c ati o n, 3 – 1 0 n m-t hi c k g at e- o xi d e h as b e e n us e d [ 2 – 4]. 

  B a-i n c or p or ati o n m et h o d h as t w o dis a d v a nt a g e o us pr o p erti es f or t h e g at e- o xi d e 

t hi c k n ess. O n e is t o pr o m ot e c at al yti c o xi d ati o n. Al k ali m et al is k n o w n t o a ct as a 

c at al yst, pr o m oti n g o xi d ati o n a n d nitri d ati o n o n a s e mi c o n d u ct or [ 5, 6].  T his is 

b e c a us e al k ali m et al, w hi c h h as a n s- or bit al el e ctr o n pr otr u di n g i nt o v a c u u m, c a n assist 

a ds or pti o n a n d diss o ci ati o n of m ol e c ul es [ 7]. B ari u m als o h as t h e 6s- el e ctr o ns [ 8], a n d it 

pr o m ot es o xi d ati o n r e a cti o n [ 9, 1 0]. Fi g ur e 2. 1  s h o ws a n o xi d ati o n gr o wt h r at e b y 

c at al yti c o xi d ati o n [ 1 1 ]. F or 6 0 mi n of o xi d ati o n ti m e, t h e Si O2  t hi c k n ess w as 5 0 a n d 2 

n m  wit h a n d wit h o ut b ari u m; t h e gr o wt h r at e b e c a m e 2 5 ti m es hi g h er. 

 

 

Fi g. 2. 1.  O xi d ati o n gr o wt h r at e b y c at al yti c r e a cti o n as a f u n cti o n of o xi d ati o n ti m e. 
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  T h e s e c o n d dis a d v a nt a g e is t o r e q uir e a t hi c k c a p- Si O2  l a y er. T h e 

B a -i n c or p or ati o n m et h o d utili z es a Si O2  c a p l a y er, w hi c h is d e p osit e d o n a B a/ Si C 

s u bs tr at e pri or t o o xi d ati o n. T h e t hi c k n ess es of b ari u m a n d c a p- Si O2  l a y ers ar e 

s u m m ari z e d i n Ta bl e 2. 1 [ 1 2 – 1 7]. It i n cl u d es t h e i nf or m ati o n of L a-i n c or p or atio n. B ot h 

m et h o ds utili z e a t hi c k Si O 2  c a p l a y er o v er 3 0 n m. T hi n g at e- o xi d e ( ~ 1 0 n m) h as n ot 

r ep ort e d. F or t h e B a-i n c or p or ati o n m et h o d, a 4 H- Si C M O S c a p a cit or wit h o ut c a p- Si O 2  

l ay er sli g htl y r e d u c e d D it (t o 2 × 1 01 2  c m− 2 e V − 1 ), a n d it w as n ot s uffi ci e nt f or i m pr o vi n g 

m o bi lit y [ 1 0]. T his r e p ort i m pli es t h at t h e c a p- Si O2  l a y er is n e c ess ar y f or t h e 

B a -i n c or p or ati o n m et h o d. H o w e v er, its r ol e h as n ot b e e n el u ci d at e d. M or e o v er, t h e 

o pti m al B a t hi c k n ess is al s o i n c o m pl et el y u n d erst o o d. T h e pr e vi o us r es e ar c h w as d o n e 

wit h a t hi n B a l a y er ( 0. 1 – 0. 8 n m) [ 1 2, 1 4, 1 8, 1 9].  

  I n t his c h a pt er, I s h o w t h e t hi c k n ess d e p e n d e n ci es of a n i nt erf a ci al B a l a y er a n d a n 

Si O 2  c a p l a y er o n t h e i nt erf a c e pr o p erti es of a l a y er e d g at e di el e ctri c, i n or d er t o r e v e al 

t h e r ol e of t h e Si O2  c a p l a y er. T h e eff e cts of diff er e nt t hi c k n ess es ar e i n v esti g at e d usi n g 

f o ur c h ar a ct eri z ati o n t e c h ni q u es. F urt h er m or e, I f a bri c at e d n-t y p e M O S c a p a cit ors wit h 

diff er e nt t hi c k n ess es a n d e v al u at e d t h eir el e ctri c c h ar a ct eristi cs. 

 

  

T a bl e 2. 1.  S u m m ar y of c a p- Si O2  t hi c k n ess a n d t h e r el at e d p ar a m et ers. 

P r o c e ss I nt e rf a c e l a y e r 
t hi c k n e ss

( n m)

C a p- Si O 2

t hi c k n e ss
( n m)

N A

( c m- 3)
V t h

( V)
µ F E

( c m2 V - 1s - 1)
D it

( c m- 2e V - 1)
R e f.

B a-
in c or p or ati o n

0. 6 – 0. 8 3 0 5 × 1 0 1 5 1 8 5 3 × 1 0 1 1 1 2

a f e w m o n ol a y ers 3 0 5 × 1 0 1 5 0 . 5 1 1 0 3 × 1 0 1 1 1 3

0. 1 3 5 ≈ 0 6 2 4 × 1 0 1 1 1 4

L a-
i nc or p or ati o n

1 3 0 5 × 1 0 1 5 3 1 3 0 2 × 1 0 1 1 1 5

0. 3 – 1. 0 3 0 5 × 1 0 1 5 — 4 0 – 1 3 0  — 1 6

2 5 0  —  —  — 7 × 1 0 1 1 1 7
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2. 2  E x p e ri m e nt al 

2 . 2. 1 S a m pl e pr e p ar ati o n 

A n e x p eri m e nt al pr o c e d ur e is s h o w n i n Fi g. 2. 2 . N-t y p e M O S c a p a cit ors w er e 

f a bri c at e d o n 4 ° off- a xis 4 H- Si C ( 0 0 0 1) w af ers wit h a n e pit a xi al n-t y p e Si C l a y er, 

w hi c h h a d a d o p a nt c o n c e ntr ati o n ( N D ) of 1 × 1 01 6  c m− 3 . Aft er c h e mi c al s urf a c e 

c le a ni n g, a l a y er e d g at e di el e ctri c w as f or m e d t hr o u g h t h e f oll o wi n g pr o c ess es. A 

b ari u m p er o xi d e ( B a O 2 ) l a y er, w hi c h e x hi bits hi g h er c h e mi c al st a bilit y t h a n m et al B a, 

wi t h a t hi c k n ess i n t h e r a n g e of 3 – 8 n m w as d e p osit e d o n t h e 4 H- Si C s u bstr at e. B ari u m 

o xi d e als o h as t h e 6s- el e ctr o ns pr otr u di n g i nt o t h e v a c u u m [ 2 0]. S u bs e q u e ntl y, a n Si O 2  

c a p l a y er wit h a t hi c k n ess r a n g e of 0 – 3 0 n m w as d e p osit e d o n t h e B a O 2 / Si C s a m pl e. 

B ot h t h e d e p ositi o ns w er e c arri e d o ut b y R F s p utt eri n g i n t h e s a m e v a c u u m c h a m b er at 

r o o m t e m p er at ur e.  

  T h e s a m pl es w er e t h e n o xi di z e d i n O2  a m bi e nt at 9 5 0 ° C f or 1 h o ur, f or mi n g a 

l ay er e d Si O 2 / B a-sili c at e/ Si C str u ct ur e. TI D t ol er a n c e w o ul d b e i nfl u e n c e d b y b ot h 

o xi d a ti o n a n d p ost- o xi d ati o n a n n e ali n g t e m p er at ur es [ 2 1]. Te m p er at ur es o v er 9 5 0 ° C 

c a us e a vis c o us s h e ar fl o w i n Si O 2 , i n cr e asi n g t h e n u m b er of h ol e tr a ps [ 2 2].  

  For all t h e s a m pl es, Ni sili ci d e w as f or m e d b y t h e d e p ositi o n of Ni o n t h e 

b a c ksi d e of t h e s u bstr at e, f oll o w e d b y a n n e ali n g i n N 2  a m bi e nt at 9 0 0 ° C. Fi n all y, 

al u mi n u m w as d e p osit e d o n t h e s a m pl e as t h e g at e el e ctr o d e. T h e c a p a cit a n c e – v olt a g e 

( C – V) c h ar a ct eristi cs w er e m e as ur e d usi n g a n A gil e nt 4 2 8 4 A L C R m et er a n d a n A gil e nt 

4 2 9 4 A i m p e d a n c e m et er. 

Fi g. 2. 2.  E x p eri m e nt al pr o c e d ur e i n C h a pt er 2. 

S urf a c e cl e a ni n g

B a O 2 s p utt er d e p ositi o n ( 3 – 8 n m)

Si O 2 s p utt er d e p ositi o n ( 0 – 3 0 n m)

O x i d ati o n (i n O2 g as, 9 5 0 ° C, 1 hr)

D e p ositi o n of Ni o n b a c ksi d e ( 5 0 n m)

Sili ci d ati o n (i n N 2 g as, 9 0 0 ° C, 5 mi n)

G at e m et al d e p ositi o n ( Al of 2 0 0 n m)

C – V m e as ur e m e nt

2 D- X R D

H A X- P E S 

X R R

SI M S

n-t y p e e pit a xi al l a y er
(N D = 1 × 1 0 1 6 c m - 3)4 H- Si C n-t y p e B ul k s u bstr at e

B a O 2 3 – 8 n m

C a p- Si O 2 0 – 3 0 n m 
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2. 2. 2   C h ar a ct eri z ati o n  

T h e eff e cts of diff er e nt t hi c k n ess es w er e c h ar a ct eri z e d usi n g f o ur c h ar a ct eri z ati o n 

te c h ni q u es: t w o- di m e nsi o n al X-r a y diffr a cti o n ( 2 D- X R D), h ar d X-r a y p h ot o el e ctr o n 

s p e ctr os c o p y ( H A X P E S), s e c o n d ar y i o n m ass s p e ctr o m etr y ( SI M S), a n d X-r a y 

r efl e cti vit y ( X R R). 

  2 D- X R D a n d H A X P E S w er e c arri e d o ut at t h e b e a mli n e B L 4 6 X U of S Pri n g- 8, 

w hi c h is a s y n c hr otr o n r a di ati o n f a cilit y i n J a p a n. T h e i n ci d e nt X-r a y e n er gi es w er e 1 2. 4 

a n d 7. 9 4 k e V, r es p e cti v el y. F or t h e 2 D- X R D m e as ur e m e nt, t h e X-r a y i n ci d e nt a n gl e w as 

s et t o 0. 2 °, a n d t h e diffr a ct e d X-r a ys w er e d et e ct e d usi n g a t w o- di m e nsi o n al d et e ct or 

( PI L A T U S 3 0 0 K, D e ctris). T h e p e n etr ati o n d e pt h of t h e i n ci d e nt X-r a y is 1. 1 µ m, as 

s h o w n i n Fi g. 2. 3 . 

  Th e  H A X P E S s p e ctr u m w as m e as ur e d usi n g V G S ci e nt a R 4 0 0 0 i nstr u m e nt, a n d 

t a k e- off a n gl e ( T O A) w as s et t o 8 0 °. T h e T O A is d efi n e d as t h e a n gl e b et w e e n t h e p at h 

of t h e d et e ct e d p h ot o el e ctr o ns a n d t h e s a m pl e s urf a c e. T h e e n er g y r es ol uti o n w as 2 8 0 

m e V. Bi n di n g e n er g y of a c or e l e v el p e a k w as d et er mi n e d b y fitti n g wit h Voi gt f u n cti o n. 

C 1s c or e-l e v el- p e a k of b ul k Si C ( 2 8 3. 2 5 e V) w as us e d f or c h ar g e c orr e cti o n. 

  D y n a mi c SI M S w as c arri e d o ut usi n g a q u a dr u p ol e m ass s p e ctr o m et er a n d a 

D u o pl as m atr o n i o n s o ur c e ( SI M S 6 6 5 0, U L V A C- P HI); t h e i n ci d e nt pri m ar y i o ns w er e 

O 2 + wit h a n a c c el er ati o n v olt a g e of 5 k V. Et c hi n g d e pt h w as esti m at e d b y a st yl us 

s ur f a c e pr ofil er ( D e kt a k 3 S T, U L V A C) aft er SI M S m e as ur e m e nt.  

  T h e X R R w as m e as ur e d usi n g a n X-r a y diffr a ct o m et er ( A T X- E, Ri g a k u). T h e 

i n ci d e nt X-r a y ( C uΚ α  li n e, 8. 0 4 k e V) w as c olli m at e d usi n g a G e ( 2 2 0) c h a n n el- c ut 

m o n o c hr o m at or, wit h a di v er g e n c e a n gl e of 0. 0 0 5 7 ° a n d a b e a m wi dt h of 0. 0 2 5 m m, as 

s h o w n i n Fi g. 2. 4 . At a criti c al a n gl e o n Si O2 ( ~ 0. 2 1 5 °), t his e x p eri m e nt al s et u p 

pr o d u c e d a 6. 7 m m of t h e f o ot pri nt o n a Si O 2 / 4 H- Si C c hi p. 
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Fi g. 2. 3.   P e n etr ati o n d e pt h v ers us i n ci d e nt a n gl e of X-r a y ( 1 2. 4 k e V). 
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Fi g. 2. 4.   X-r a y i nt e nsit y a n d s c a n ni n g of Z - a xis. F W H M (f ull wi dt h at h alf 
m a xi m u m) w as esti m at e d b y G a ussi a n f u n cti o n.  
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2. 3  R es ults a n d dis c ussi o n 

2 . 3. 1 Str u ct ur al a n d i nt erf a ci al pr o p erti es 

Fi g ur e 2. 5( a)  s h o ws t h e 2 D- X R D i m a g es of t h e l a y er e d g at e di el e ctri cs wit h v ari o u s 

c a p- Si O 2 / B a O2  t hi c k n ess es. F or a 3- n m-t hi c k B a O2  l a y er, cr yst al diffr a cti o n w as n ot 

o bs e r v e d n eit h er wit h n or wit h o ut t h e Si O2  c a p l a y er. I n ot h er w or ds, t h e g at e di el e ctri cs 

w e r e a m or p h o us. W h e n t h e B a O2  t hi c k n ess w as o v er 6 n m, a n n ul ar Br a g g diffr a cti o ns 

a p p e ar e d. T h e a n n ul ar diffr a cti o n  p att er ns i n di c at e t h e pr es e n c e of a p ol y cr yst alli n e 

st r u ct ur e i n t h e di el e ctri c. T h e diffr a cti o n p att er n str o n gl y d e p e n d e d o n t h e c a p- Si O 2  

t hic k n ess, a n d p ol y- cr yst alli n e B a 5 Si 8 O 2 1  [ 2 3] a n d B a3 Si 5 O 1 3  [ 2 4, 2 5] w er e f or m e d at 

t hic k n ess es of 0 a n d 2 0 n m. 

  Fi g ur e 2. 5( b)  s h o ws t h e bi dir e cti o n al C – V c ur v es c orr es p o n di n g t o th e v ari o us 

Si O 2 / B a O2  t hi c k n ess es. All M O S c a p a cit ors e x hi bit e d a cl o c k wis e h yst er esis d u e t o 

el e ctr o n i nj e cti o n, n ot m o bil e i o n drift. T h e M O S c a p a cit ors wit h p ol y cr yst alli n e 

B a-sili c at e e x hi bit e d a l ar g e fr e q u e n c y dis p ersi o n ar o u n d t h e fl at- b a n d v olt a g e, 

s u g g esti n g a hi g h D it v al u e [ 2 6]. T his tr e n d is i n d e p e n d e nt of t h e c a p- Si O2  t hi c k n ess. 

  In c o ntr ast, t h e 3- n m-t hi c k B a O 2  l a y er r es ult e d i n a s m all er fr e q u e n c y dis p ersi o n 

ar o u n d t h e fl at- b a n d v olt a g e, o nl y w h e n t h e Si O 2  c a p l a y er w as us e d. T h us, t h e 

a m or p h o us B a-sili c at e i nt erf a c e i s e x p e ct e d t o h a v e a l o w D it v al u e. 
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Fi g. 2. 5.  T hi c k n ess d e p e n d e n c es i n Si O2 / B a O2  l a y ers o n ( a) 2 D- X R D i m a g es a n d ( b) 
bi di r e cti o n al C – V c h ar a ct eristi cs. q x y  a n d q z d e n ot e t h e h ori z o nt al a n d v erti c al 
s c att eri n g v e ct ors. C F B  i s t h e fl at- b a n d c a p a cit a n c e. T h e i ns et s h o ws t h e s c h e m ati c 
cr oss-s e cti o n of t h e s a m pl e, a n d t h e d e p osit e d t hi c k n ess es pri or t o o xi d ati o n. 
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2. 3. 2  E v al u ati o n of i nt erf a c e tr a p d e nsit y 

 D it w as e xtr a ct e d b y c o n d u ct a n c e m et h o d [ 2 7]. T his m et h o d d et er mi n es D it v al u e 

fro m c o n d u ct a n c e d u e t o i nt erf a c e st at es of t h e M O S c a p a cit or w h e n bi as e d i n d e pl eti o n. 

T h e i nt erf a c e-st at e- c o n d u ct a n c e, G p /ω , is e xtr a ct e d fr o m e x p eri m e nt al d at a b y 

�푛 �푖

�푁
=

�퐶 �푁 �푉 �퐸 �푔 �푘
2

�푇 �푚
2 + �휔 2 ( �퐶�표 �푥 − �퐶 �푚 )2

, ( 2. 1) 

w h er e G p  a n d ω  ar e a n e q ui v al e nt p ar all el c o n d u ct a n c e a n d a n g ul ar fr e q u e n c y; C m , G m  

ar e a m e as ur e d c a p a cit a n c e a n d c o n d u ct a n c e p er u nit ar e a, r es p e cti v el y; C o x is 

g at e- o xi d e c a p a cit a n c e  p er u nit ar e a. I n t his w or k, G p /ω  w as m e as ur e d as f u n cti o ns of 

fr e q u e n c y, g at e bi as, a n d m e as ur e m e nt t e m p er at ur e. T h e t e m p er at ur e w as v ari e d fr o m 

2 5 t o 2 0 0 ° C t o e xt e n d t h e m e as ur a bl e e n er g y r a n g e. 

G P /ω  c ur v e c a n b e si m ul at e d  usi n g t h e f oll o wi n g e q u ati o n [ 2 7, 2 8]: 

�퐺 �푝

�휔
=

�푞 �퐷 �푖�푡

2 √ 2 �휋 �휎 �푠
2 ∫

e x p( �휂)

�휔 �휏 �푛

l n 1 + �휔 2 �휏 �푛
2 e x p( − 2 �휂) e x p −

�휂 2

2 �휎 �푠
2

∞

− ∞
�푑 �휂, ( 2. 2) 

w h e r e q , ω , τ n , a n d σ s ar e t h e el e m e nt ar y c h ar g e, a n g ul ar fr e q u e n c y, ti m e c o nst a nt, a n d 

s ur f a c e p ot e nti al fl u ct u ati o n, r es p e cti v el y. η  is d efi n e d at η  = V s－ < V s >, w h er e V s is t h e 

n or m ali z e d s urf a c e p ot e nti al t o k T/ q . 

  T h e s urf a c e p ot e nti al, ψ s, w as d et er mi n e d b y a s e mi c o n d u ct or c a p a cit a n c e ( C s) 

[ 2 9]. It is e x pr ess e d b y 

�퐶 �푠 = �퐶 �푝 − �퐶 �푖�푡, ( 2. 3) 

�퐶 �푝 =
√

�퐶 �표 �푥
2 �퐺 �푝

�퐺 �푚

−
�퐺 �푝

2

�휔 2
− �퐶 �표 �푥 , ( 2. 4) 

�퐶 �푖�푡 =
�푞 �퐷 �푖�푡

2 √ 2 �휋 �휎 �푠
2

 
∫

e x p( �휂)

�휔 �휏 �푛

t a n− 1 ( �휔 �휏�푛 e x p( − �휂)) e x p −
�휂 2

2 �휎 �푠
2

∞

− ∞
�푑 �휂. ( 2. 5) 

C it a n d C p  d e n ot e a n i nt erf a c e-tr a p c a p a cit a n c e a n d a n e q ui v al e nt p ar all el c a p a cit a n c e. 

Fi g ur e 2. 6  s h o ws o n e e x a m pl e of t h e c a p a cit a n c es as a f u n cti o n of fr e q u e n c y. C s w as 

i n d ep e n d e nt of fr e q u e n c y. I n ot h er w or ds, t h e s urf a c e p ot e nti al w as d et er mi n e d o nl y b y 

g at e bi as, i n di c ati n g t h e v ali dit y of t his m et h o d. 
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  Fi g ur es 2. 7( a ) a n d ( b) s h o w t h e G p /ω  c ur v es at t h e e n er g y l e v els of E t− E i = 1. 0 e V 

a n d 1. 4 e V, w h er e E t a n d Ei d e n ot e t h e e n er g y l e v els of t h e i nt erf a c e tr a ps a n d t h e 

i ntri nsi c F er mi l e v el, r es p e cti v el y. F or c o m p aris o n, G p /ω  c ur v es of a t h er m all y- gr o w n 

S i O2 / Si C ar e i n cl u d e d. T h e Si O2  w as gr o w n at 1 1 5 0 ° C i n dr y O2  a m bi e nt, a n d t h e 

t hic k n ess w as 2 0 n m. 

  Fi g ur e 2. 7( c)  s h o ws t h e D it v al u es as a f u n cti o n of t h e r el ati v e e n er g y l e v el. F or 

t h e 2 0- n m t hi c k c a p- Si O2 , t h e D it v al u e w as c o m p ar a bl e wit h t h at of t h e t h er m al- gr o w n 

S iO 2 . B ot h t h e D it v al u es w er e 3 × 1 01 2  c m− 2 e V − 1  at E t− E i = 1. 4 e V. Wit h i n cr e asi n g 

Si O 2  t hi c k n ess, t h e D it v al u e d e cr e as e d t o 2 × 1 01 1  c m− 2 e V − 1  at a n e n er g y l e v el of 1. 4 e V. 

T h e s e r es ults i n di c at e t h at t h e D it v al u e is aff e ct e d n ot o nl y b y t h e B a O2  t hi c k n ess b ut 

al s o b y t h e c a p- Si O 2  t hi c k n ess. T h e D it v al u e is n ot n e c ess aril y i m pr o v e d e v e n t h o u g h 

B a O 2  is i n c or p or at e d i nt o t h e i nt erf a c e. 

 

 

  

Fi g. 2. 6.   C p , C s, a n d C it c h ar a ct eristi cs as a f u n cti o n of fr e q u e n c y f or M O S 
c a p a cit or wit h Si O 2  3 0 n m a n d B a O2  3 n m. R it is a r esist a n c e d u e t o t h e e n er g y l oss 
d uri n g el e ctr o n tr a nsf er b et w e e n i nt erf a c e st at es a n d t h e c o n d u cti o n b a n d of 4 H- Si C. 
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2. 3. 3  Distri b uti o n of B a wit h a n d wit h o ut c a p- Si O 2  l a y er 

 F i g ur e 2. 8  s h o ws t h e d e pt h pr ofil e of B a a n d t h e r el at e d el e m e nts wit h v ari o us 

c a p- Si O 2  t hi c k n ess es; t h e B a O2  t hi c k n ess w as fi x e d at 3 n m. T h e s a m pl e wit h o ut 

c a p pi n g e x hi bit e d t w o p e a ks i n t h e B a pr ofil e, as s h o w n i n Fi g. 2. 8( a) . T h e i nt e nsit y of 

t h e B a i o n t o o k m a xi m u m o n t h e g at e- di el e ctri c s urf a c e; m or e o v er, t h e Si O 2 / Si C 

i nterf a c e h a d hi g h i nt e nsit y. T his r es ult i n di c at es t h at t h e B a distri b uti o n is s e gr e g at e d 

b y o xi d ati o n i nt o t h e di el e ctri c s urf a c e a n d t h e di el e ctri c/ Si C i nt erf a c e. Wit h o ut Si O 2  

c a p pi n g, m ost B a- sili c at e i s l o c at e d o n t h e s urf a c e; i nt erf a ci al B a is s c ar c e. T h e M O S 

c a p a cit or wit h t his c o n diti o n c a us e d a l ar g e fr e q u e n c y dis p ersi o n, as s h o w n i n Fi g. 

2. 5( b) . T h e r esi d u al B a c o n c e ntr ati o n is i n a d e q u at e f or i m pr o vin g el e ctri c 

c h ar a ct eristi cs. 

Fi g ur e 2. 8( b)  a n d ( c) s h o w t h e SI M S r es ults wit h c a p pi n g. T h e c a p- Si O2  

t hic k n ess es w er e 2 0 n m a n d 3 0 n m. B ot h t h e B a pr ofil es w er e si mil ar; t h e i nt e nsit y of 

t h e B a i o n w as m a xi m u m at t h e di el e ctri c/ Si C i nt erf a c e, w hi c h i n cr e as e d f urt h er o n 

a p pr o a c h t o t h e di el e ctri c s urf a c e. T h e hi g h i nt e nsit y n e ar t h e s urf a c e i m pli es t h e 

diff usi o n of B a i nt o t h e Si O 2  r e gi o n d uri n g o xi d ati o n. Wit h c a p pi n g, m ost B a-sili c at e 

re m ai ns i nt a ct at t h e i nt erf a c e e v e n aft er o xi d ati o n. T h es e SI M S pr ofil es wit h a n d 

Fi g. 2. 7.  G p /ω  c ur v es at E t− E i = ( a) 1. 0 a n d ( b) 1. 4 e V. T h e s y m b ols a n d s oli d li n es 
in di c at e t h e e x p eri m e nt al a n d si m ul ati o n d at a, r es p e cti v el y. ( c) I nt erf a c e tr a p d e nsit y 
(D it) as a f u n cti o n of t h e e n er g y r el ati v e t o E i. E a c h t hi c k n ess is gi v e n i n p ar e nt h es es.  
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wit h o ut c a p pi n g ar e c o nsi st e nt wit h t h os e r e p ort e d b y C h a nt h a p h a n et al. [ 1 0, 3 0]. 

 

2. 3. 4  S t oi c hi o m etr y of i nt erf a ci al B a-sili c at e l a y er 

 Usi n g X R R, t hi c k n ess of a l a y er e d g at e di el e ctri c is d et er mi n e d. Fi g ur e 2. 9  s h o ws 

o n e of t h e m e as ur e d X R R pr ofil es a n d a si m ul at e d c ur v e. T h e t hi c k n ess es of t h e B a O 2  

a n d Si O 2  l a y ers w er e 3 a n d 2 0 n m. F or t h e si m ul ati o n, I e m pl o y e d a t hr e e-l a y er 

Si O 2 / B a-sili c at e/ Si C m o d el b as e d o n t h e SI M S r es ults. Fitti n g p ar a m et ers ar e 

s u m m ari z e d i n Ta bl e 2. 2 . 

 

Fi g. 2. 8.  SI M S d e pt h pr ofil es of l a y er e d di el e ctri c/ Si C s a m pl es wit h v ari o us 
c a p- Si O 2  t hi c k n ess es. ( a) 0 n m, ( b) 2 0 n m, a n d ( c) 3 0 n m. E a c h t hi c k n ess is i n di c at e d 
i nsi d e t h e p ar e nt h es es i n t h e fi g ur e. 
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 F i g ur e 2. 1 0( a)  s h o ws a s u m m ar y of t h e fitti n g p ar a m et ers of all t h e s a m pl es as a 

f u n cti o n of t h e Si O2  c a p t hi c k n ess. T h e B a O2  t hi c k n ess w as fi x e d at 3 n m. T h e t hi c k n ess 

of t h e B a-sili c at e (d sili c at e) d e cr e as e d fr o m 3. 1 t o 1. 8 n m wit h i n cr e asi n g c a p- Si O 2 

t hi c k n ess, w h er e as t h e d e nsit y (ρ sili c at e) i n cr e as e d fr o m 3. 3 t o 3. 6 g/ c m 3 . T h e s urf a c e 

r o u g h n ess i n cr e as e d fr o m 0. 4 6 t o 1. 7 n m. T h es e v ari ati o ns i m pl y t h e f or m ati o n of 

diff er e nt sili c at e str u ct ur es wit h i n cr e asi n g c a p- Si O 2  t hi c k n ess. 

  Fi g ur e 1 0( b) s h o ws t h e r el ati o ns hi p b et w e e n t h e c a p- Si O 2  t hi c k n ess a n d t h e 

bi n di n g e n er g y of B a 3 d 5/ 2  or bit al. All t h e B a 3 d s p e ctr a e x hi bit a si n gl e p e a k. T h e 

bi n di n g e n er g y sli g htl y d e cr e as e d fr o m 7 8 1. 1 t o 7 8 0. 6 e V wit h i n cr e asi n g c a p- Si O 2  

t hic k n ess. T hi s c h e mi c al s hift i n di c at es a diff er e n c e i n t h e cr yst al str u ct ur e of B a-sili c at e. 

As a r ef er e n c e, t h e bi n di n g e n er gi es of t hr e e sili c at es ( B a 5 Si 8 O 2 1 , B a3 Si 5 O 1 3 , a n d B a O2 ) 

ar e i n cl u d e d i n Fi g. 1 0( b) . T h e p e a k p ositi o n of B a3 Si 5 O 1 3  is at 7 8 1. 1 e V, w hi c h is 

hi g h e r t h a n t h at of B a5 Si 8 O 2 1 . T h e bi n di n g e n er g y of B a O2  w as m u c h l o w er t h a n t h os e 

of  th e ot h er s a m pl es. 

  T h e m ol e p er c e nt a g es of B a O i n B a3 Si 5 O 1 3  a n d B a5 Si 8 O 2 1  ar e 3 7. 5 a n d 3 8. 5 m ol %, 

r es p e cti v el y. I n ot h er w or ds, B a 5 Si 8 O 2 1  c o nt ai ns m or e B a O t h a n B a3 Si 5 O 1 3 . B ari u m 

o xi d e  s h o ws a n a n o m al o us n e g ati v e bi n di n g e n er g y s hift r el ati v e t o t h e m et al B a [ 3 1]. 

H e n c e, it is pr e di ct e d t h at B a O-ri c h sili c at e e x hi bits a l o w er bi n di n g e n er g y. T h e t hi c k er 

c a p- Si O 2  l a y er l e d t o a d e cr e as e i n t h e bi n di n g e n er g y, i n di c ati n g t h e f or m ati o n of a 

B a O -ri c h sili c at e str u ct ur e wit h t h e d e p ositi o n of t h e c a p- Si O 2  l a y er. 

  Ba O-ri c h sili c at e h as a hi g h er el e ctr o n d e nsit y t h a n Si O 2 -ri c h sili c at e. F or 

e x a m pl e, t h e t h e or eti c al d e nsiti es of B a 3 Si 5 O 1 3 , B a5 Si 8 O 2 1 , a n d B a O2  ar e 3. 7 1, 3. 7 3, a n d 

5. 3 9 g/ c m 3 , r es p e cti v el y [ 3 2]. T h e i n cr e asi n g tr e n d i n ρ sili c at e als o s u p p orts t h e f or m ati o n 

of a B a O-ri c h sili c at e str u ct ur e. T h e d e p e n d e n c e of Si O 2  t hi c k n ess c a n b e e x pl ai n e d b y 

t h e diff usi o n of o x y g e n. A t hi c k er Si O2  l a y er s u p pr ess es t h e diff usi o n of o x y g e n i nt o t h e 

M O S i nt erf a c e d uri n g o xi d ati o n [ 3 3]. As a r es ult, t h e t h er m al o xi d ati o n r at e of Si C 

d e cr e as es, t h us f or mi n g B a O-ri c h sili c at e at t h e i nt erf a c e. 

 

T a bl e 2. 2.  Str u ct ur al p ar a m et ers c orr es p o n di n g t o t h e si m ul at e d c ur v e i n Fi g. 2. 9. 

M at eri al
D e n sit y
( g/ c m3 )

T hi c k n e ss
( n m)

R o u g h n ess
( n m)

Si O 2 2. 3 0 7 0. 9 0. 8 8

B a 5 Si 8 O 2 1 3. 3 1 3. 0 7 0. 4 6

4 H- Si C 3. 2 1 — 0. 2 0
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  Li c ht e n w al n er et al. [ 1 2, 1 9] s p e c ul at e d t h at t h e i o ni c n at ur e of Si- B a b o n di n g 

c o ul d e n h a n c e t h e fl e xi bilit y of i nt erf a ci al at o ms a n d t h er e b y i m pr o v e m o bilit y. 

B a O-ri c h sili c at e is e x p e ct e d t o c o nt ai n m or e i o ni c b o n ds a n d a ct as a b uff er l a y er, 

t h er e b y r e d u ci n g t h e i nt erf a ci al str ai n. T hi c k er c a p- Si O2  r es ult e d i n t h e r e d u cti o n of D it 

a n d f or m ati o n of B a O-ri c h sili c at e. T his r es ult c orr o b or at es t h e m e c h a nis m pr o p os e d b y 

Li c ht e n w al n er et al. 

 

 

 

 

 

 

 

 

 

 

 

Fi g. 2. 1 0.  ( a) d sili c at e, ρ sili c at e, a n d ( b) bi n di n g e n er g y of B a 3 d 5/ 2  or bit al as a f u n cti o n 
of c a p- Si O 2  t hi c k n ess. 
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2. 4  C o n cl usi o ns 

In t his c h a pt er, t h e eff e ct s of c a p- Si O 2  t hi c k n ess o n t h e str u ct ur al a n d i nt erf a c e 

pr o p e rti es of a l a y er e d Si O2 / B a- sili c at e g at e di el e ctri c w as dis c uss e d. It is c o n cl u d e d 

t h at t h e Si O2  c a p l a y er pl a ys t w o i m p ort a nt r ol es i n t h e f or m ati o n of B a-sili c at e; o n e is 

t o e ns ur e t h at B a-sili c at e r e m ai ns i nt a ct at t h e M O S i nt erf a c e e v e n aft er o xi d ati o n. 

Wit h o ut t h e c a p l a y er, t h e m ost sili c at e is f or m e d n e ar t h e di el e ctri c s urf a c e, w h er e as 

Si O 2  c a p pi n g h el ps l o c ali z e B a- sili c at e at t h e M O S i nt erf a c e. T h e ot h er r ol e is t o c o ntr ol 

th e  st oi c hi o m etr y of i nt erf a ci al sili c at e. A t hi c k er c a p- Si O2  l a y er r es ult e d i n a m or e 

B a O-ri c h  sili c at e str u ct ur e. M or e o v er, t h e i nt erf a c e tr a p d e nsi t y r e d u c e d wit h i n cr e asi n g 

t hi c k n ess. 

  It is al s o s h o w n t h e p ol y- cr yst alli z ati o n of B a-sili c at e at B a O2  t hi c k n ess es w as 

i n d u ce d o v er 6 n m. T h e p ol y- cr yst alli z ati o n of B a-sili c at e r es ult e d i n a l ar g e fr e q u e n c y 

dis p ersi o n ar o u n d t h e fl at- b a n d v olt a g e, e v e n t h o u g h t h e B a-sili c at e l a y er w as l o c ali z e d 

at t h e M O S i nt erf a c e. 

  A n i nt erf a ci al B a O-ri c h sili c at e is c o n d u ct e d t o b e n e c ess ar y f or i m pr o vi n g t h e 

4 H- Si C M O S i nt erf a c e pr o p erti es. W h e n p ur e O 2  a m bi e nt is utili z e d f or o xi d ati o n i n t h e 

B a -i n c or p or ati o n m et h o d, t hi c k er c a p- Si O 2  o v er 3 0 n m is n e e d e d. I n or d er t o a c hi e v e 

b ot h t h e t hi n c a p- Si O2  l a y er a n d hi g h m o bilit y, it w o ul d b e eff e cti v e t o r e d u c e t h e 

a n n e ali n g t e m p er at ur e, it s ti m e, a n d o x y g e n c o n c e ntr ati o n d uri n g o xi d ati o n. D e p ositi n g 

a t hi c k B a O 2  l a y er m a y pr o vi d e B a O-ri c h sili c at e at t h e M O S i nt erf a c e. H o w e v er, t his 

c a n i n d u c e p ol y- cr yst alli z ati o n.  

  At 1 0 0 % of o x y g e n c o n c e ntr ati o n d uri n g o xi d ati o n, 3 n m-t hi c k B a O2  a n d 3 0 

n m- t hi c k c a p- Si O2  l a y ers ar e s uit a bl e t o i m pr o v e M O S i nt erf a c e pr o p erti es. 
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C h a pt e r 3 

Hi g h-t e m p e r at u r e  c h a r a ct e risti cs of Si C 

M O S F E Ts wit h i nt e rf a ci al B a-sili c at e l a y e r 

  

3. 1  Int r o d u cti o n 

T h e d e v el o p m e nt of Si C M O S F E Ts wit h hi g h-t e m p er at ur e r eli a bilit y h as b e e n 

pr o gr ess e d. I n 1 9 9 1, D a vis et al. of N ort h C ar oli n a St at e U ni v ersit y r e p ort e d a n 

e n h a n c e m e nt- m o d e M O S F E T utili zi n g 6 H- Si C a n d p ol y- Si g at e; it o p er at e d u p t o 

6 5 0 ° C [ 1]. T h e g o o d dr ai n- c urr e nt s at ur ati o n w as o bt ai n e d at a t e m p er at ur e i n t h e r a n g e 

of 2 5 ° C t o 4 0 0 ° C. At 6 5 0 ° C, t h e sli g ht l e a k a g e c urr e nt fl o w e d w h e n a p pl yi n g a hi g h 

dr ai n-s o ur c e v olt a g e ( V D S ). I n 2 0 1 4, G h a ni et al. of G e n er al El e ctri c [ 2] r e p ort e d t h at 

usi n g t h e N-i n c or p or ati o n m et h o d a n d p ol y- Si g at e, t h e 4 H- Si C M O S F E Ts pr o vi d e d 

st a bl e o p er ati o n at a t e m p er at ur e i n t h e r a n g e of − 1 9 3 t o 5 0 0 ° C. M or e o v er, t h e y 

d e m o nstr at e d a ri n g os cill at or a n d a n a m plifi er b uilt of t h e M O S F E Ts. T h es e i nt e gr at e d 

cir c uits e x hi bit e d l o n g-ti m e st a bilit y f or m or e t h a n 1 0 0 h o urs at 5 0 0 ° C. 

  I n o ur r es e ar c h gr o u p, K ur o ki et al. r e p ort e d hi g h-t e m p er at ur e o p er ati o n of 

4 H- Si C M O S F E T wit h t hi n t h er m al- Si O 2  u p t o 4 5 0 ° C [ 3]. T h us, at l e ast, a n o p er ati o n al 

te m p er at ur e of a d e v el o p e d M O S F E T n e e ds t o b e o v er 4 5 0 ° C. I n t h e pr e vi o us c h a pt er, 

it is s h o w n t h at f or t h e B a-i n c or p or ati o n m et h o d, t h e r ol es of Si O2 / B a O2  l a y ers a n d a 

cl u e t o i m pr o v e Si C M O S i nt erf a c e. B as e d o n t h es e r es ults, I f a bri c at e d n- c h a n n el 

M O S F E Ts wit h a diff er e nt c a p- Si O 2  t hi c k n ess a n d e v al u at e d t h eir hi g h-t e m p er at ur e 

c h a r a ct eristi cs. 
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3. 2  E x p e ri m e nt al p r o c e d u r e 

 A f a bri c ati o n pr o c ess i s s h o w n i n Fi g. 3. 1 . L at er al n- c h a n n el M O S F E Ts w er e 

f a bri c at e d o n p-t y p e 4 H- Si C ( 0 0 0 1) Si-f a c e e pil a y er ( 4 ° off- a xis) wit h t h e a c c e pt or 

c o n c e ntr ati o n of 6 × 1 0 1 7  c m- 3. T h e c h a n n el l e n gt h (L ) a n d wi dt h ( W ) w er e d esi g n e d b y 

t h e i o n-i m pl a nt ati o n r e gi o ns a n d t h e g at e- m et al wi dt h. S o ur c e/ dr ai n ( S/ D) r e gi o ns w er e 

f or m e d b y ars e ni c i o n i m pl a nt ati o n at a t e m p er at ur e of 5 0 0 ° C. S u bs e q u e ntl y, t h e 

s u bstr at e c o v er e d wit h a di a m o n d-li k e c ar b o n fil m w as a n n e al e d f or i m p urit y a cti v ati o n 

at 1 8 0 0 ° C i n Ar at m os p h er e. T h e d o n or c o n c e ntr ati o n a n d t h e S/ D j u n cti o n d e pt h ( x j) 

w e r e 5 × 1 01 9  c m- 3 a n d 1 3 0 n m. 

  Aft er a w et cl e a ni n g pr o c ess, a l a y er e d g at e di el e ctri c wit h a n i nt erf a ci al 

B a-sili c at e l a y er w as f or m e d b y t h e f oll o wi n g pr o c ess. Firstl y, 3 n m of t hi n B a O 2  l a y er 

w a s d e p osit e d o n t h e 4 H- Si C s u bstr at e b y t h e R F s p utt eri n g m et h o d. S u bs e q u e ntl y, 3 0 

n m or 4 0 n m of t hi c k Si O 2  l a y er w as d e p osit e d o n B a O2 / 4 H- Si C b y t h e R F s p utt eri n g 

m e t h o d. B ot h d e p ositi o ns w er e c arri e d o ut i n t h e s a m e v a c u u m c h a m b er at r o o m 

t e m p er at ur e. T h e s a m pl e w as o xi di z e d i n dr y- o x y g e n a m bi e nt at 9 5 0 ° C i n a q u art z t u b e 

f ur n a c e, f or mi n g a n i nt erf a ci al B a- sili c at e l a y er at M O S i nt erf a c e. 

  As t h e g at e m et al, 1 wt % Si- d o p e d Al w as d e p osit e d o n t h e g at e- di el e ctri c usi n g 

D C-s p utt eri n g. T h e r e a cti o n of p ur e al u mi n u m wit h Si O 2  c a n b e si g nifi c a nt at 

t em p er at ur es o n t h e or d er of 5 0 0 ° C [ 4]. H o w e v er, Si- d o p e d Al c a n b e e x p e ct e d t o 

r e d u c e diss ol uti o n a n d tr a ns p ort of Al i nt o a n Si O 2  l a y er e v e n at a hi g h t e m p er at ur e of 

5 0 0 ° C  [5, 6]. 

Fi g. 3. 1.   F a bri c ati o n pr o c ess of Si C M O S F E Ts wit h t h e B a-i n c or p or ati o n. 

S urf a c e cl e a ni n g

B a O 2 s p utt er d e p o siti o n ( 3 n m)

Si O 2 s p utt er d e p o siti o n ( 3 0 or 4 0 n m)

O xi d ati o n (i n O 2 g as, 9 5 0 ° C, 1 hr)

D e p ositi o n of Ni/ N b bil a y er ( 1 0 0 n m)

Sili ci d ati o n (i n N 2 g as, 9 0 0 ° C, 5 mi n)

G a t e m et al d e p o siti o n ( 1 wt % Si- d o p e d Al, 2 0 0 n m)

D e p ositi o n of i nt erl a y er i n s ul at or ( N S G, 5 0 0 n m)

F or m ati o n of p a d el e ctr o d e ( 1 wt % Si- d o p e d Al, 6 0 0 n m)

F or m ati o n of l a y er e d-
g at e di el e ctri c
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  S/ D o h mi c c o nt a ct s w er e f or m e d b y d e p ositi n g a Ni/ N b bil a y er of 1 0 0 n m, 

fol l o w e d b y a n n e ali n g at 9 0 0 ° C. F or p assi v ati o n, a n o n- d o p e d sili c at e gl ass ( N S G) 

i nt erl a y er of 5 0 0 n m w as d e p osit e d o n t h e s a m pl e b y usi n g at m os p h eri c pr ess ur e 

c h e mi c al v a p or d e p ositi o n ( A P C V D). Aft er c o nt a ct- vi a p att er ni n g, 1 wt % Si- d o p e d Al 

w as d e p osit e d a n d p att er n e d as t h e p a d el e ctr o d es. Fi g ur e 3. 2  s h o ws a s c h e m ati c l a y o ut 

of t h e f a bri c at e d M O S F E T. 

  El e ctri c al c h ar a ct eri z ati o n at hi g h t e m p er at ur es fr o m 2 7 ° C t o 5 0 0 ° C w as c arri e d 

o ut b y dir e ct w af er pr o bi n g s yst e m i n K T H R o y al I nstit ut e of Te c h n ol o g y, S w e d e n, as 

s h o w n i n Fi g. 3. 3 . 
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Fi g. 3. 2.  S c h e m ati c l a y o ut of f a bri c at e d M O S F E T: ( a) t o p vi e w a n d ( b) cr oss-s e cti o n 
al o n g t h e A – B  li n e (fr o m t h e s o ur c e t o dr ai n r e gi o n).  

Fi g. 3. 3.  P h ot o gr a p h of t h e M O S F E Ts o n Si C c hi p d uri n g m e as uri n g hi g h 
t e m p er at ur e c h ar a ct eri sti cs. 

A cti v e ar e a

G at e m et al

Vi a

P a d el e ctr o d e

S o ur c e Dr ai n

L

W

O h mi c el e ctr o d e

( a)

( b)

A B

A B
P a d el e ctr o d e

B a- sili c at e

Si O 2

N S G
I nt erl a y er

S o ur c e Dr ai n
p-t y p e Si C

x ｊ
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3. 3  R es ults a n d dis c ussi o n  

3 . 3. 1 I nfl u e n c es of c a p- Si O2  t hi c k n ess o n hi g h-t e m p er at ur e 

c h ar a ct eristi cs 

Fi g ur e 3. 4( a ), ( b) s h o w dr ai n c urr e nt v ers us dr ai n-s o ur c e v olt a g e ( ID — V D S ) 

c h a r a ct eristi cs at m e as ur e m e nt t e m p er at ur es (T ) of 2 7 ° C a n d 5 0 0 ° C; t h e c a p- Si O 2  

t hic k n ess ( d c a p- Si O 2 ) w as 3 0 n m. T h e d e vi c e di m e nsi o ns w er e L  = 5 µ m, a n d W  = 5 0 µ m. 

T h e M O S F E T s h o w e d t h e cl e ar c h ar a ct eristi cs wit h li n e ar a n d s at ur ati o n r e gi o ns e v e n at 

5 0 0 ° C. M or e o v er, dr ai n c h ar a ct eristi cs f or d c a p- Si O 2  = 4 0 n m ar e s h o w n i n Fi g. 3. 5 . As 

w el l as d c a p- Si O 2  = 3 0 n m, t y pi c al dr ai n c h ar a ct eristi cs w er e o bt ai n e d. 

 

 

   

  

Fi g. 3. 4.  ID – V D S  c ur v es f or d c a p- Si O 2  = 
3 0 n m a t t e m p er at ur e of ( a) 2 7 ° C a n d 
( b) 5 0 0 ° C. 

Fi g. 3. 5.  ID – V D S  c ur v es f or d c a p- Si O 2  = 
4 0 n m a t t e m p er at ur e of ( a) 2 7 ° C a n d 
( b) 5 0 0 ° C. 

0 2 4 6 8 1 00 2 4 6 8 1 0

0. 0

0. 1
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0. 3

4 V

8 V

1 2 V

1 6 V

 V D S  ( V)

V G  = 2 0 V

T  =  5 0 0 ° C
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8 V

1 2 V

1 6 V

I D
  
(m

A)

 VD S  ( V)

V G  =  2 0 V

T  = 2 7  °C( a) ( b)

0 2 4 6 8 1 0

0. 0
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0. 2

0. 3

0 2 4 6 8 1 0

I D 
 
(

m
A)

V D S ( V)

( a) ( b)

 VD S  ( V)

4  V8 V

1 2 V

1 6 V

V G  =  2 0 V

T  = 5 0 0 ° C

4 V

8 V
1 2 V

T  = 2 7 °C

V G  = 2 0 V

1 6 V
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  Fi g ur e 3. 6( a ), ( b) s h o ws dr ai n c urr e nt v ers us g at e v olt a g e (ID – V G ) c h ar a ct eristi cs 

i n a t e m p er at ur e r a n g e of 2 7 – 5 0 0 ° C f or d c a p- Si O 2  = 3 0 n m a n d 4 0 n m. I n b ot h c as es, 1 0 

n A of t h e off-l e a k a g e c urr e nt fl o w e d a b o v e 4 0 0 ° C, a n d t h e l e a k a g e c urr e nt i n cr e as e d 

wit h t h e i n cr e asi n g m e as ur e m e nt t e m p er at ur e. T h e i ns ets i n Fi g. 3. 6( a), ( b)  s h o w t h e 

h yst er esis of ID  at 5 0 0 ° C. T h e t hr es h ol d v olt a g e s hifts (Δ V t h) wit h t h e cl o c k wis e 

dir e cti o n w er e + 3. 1 V a n d + 1. 9 V, r es p e cti v el y. A p ositi v e t hr es h ol d v olt a g e s hift is 

d eri v e d fr o m el e ctr o n i nj e cti o n, n ot m o bil e i o n drift [ 7]. 

 

 

  Fi g ur e 3. 7  s h o ws fi el d- eff e ct m o biliti es (µ F E ) wit h diff er e nt c a p- Si O2  t hi c k n ess at 

tw o t e m p er at ur es of 2 7 ° C a n d 5 0 0 ° C. µ F E  is gi v e n b y 

�푛 �푖 �푁 =
�퐶

�푁 �푉 �퐸 �푔 �푘 �푇 �푚

�휔 �퐶 �표

�푥 �퐶 �푚

, ( 5. 1) 

w h er e C o x  i s t h e g at e- o xi d e c a p a cit a n c e p er u nit ar e a a n d V G  is t h e g at e v olt a g e. At 2 7 ° C, 

e a c h p e a k m o bilit y w as 9. 0 a n d 1 0 c m 2 V - 1s - 1; t h e t hi c k er c a p- Si O2  l a y er r es ult e d i n 

hi g h e r m o bilit y. T h e r es ult s u p p ort s t h e i d e a t h at a t hi c k c a p- Si O 2 l a y er f or ms B a O-ri c h 

si li c at e, t h er e b y e n h a n c es c h a n n el m o bilit y, writt e n i n C h a pt er 2. B ot h c h a n n el 

m o biliti es i n cr e as e d at 5 0 0 ° C. 
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Fi g. 3. 6.   ID – V D S  c ur v es f or ( a) d c a p- Si O 2  = 3 0 n m a n d ( b)  dc a p- Si O 2  = 4 0 n m at 
t em p er at ur e r a n g e of 2 7 – 5 0 0 ° C. T h e i ns ets s h o w bi dir e cti o n al dr ai n c urr e nt 
c ur v es at 5 0 0 ° C. 
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 F i g ur e 3. 8 a n d 3. 9  s h o w t e m p er at ur e d e p e n d e n ci es of µ F E  a n d t hr es h ol d v olt a g e 

(V t h) f or d c a p- Si O 2  = 3 0 n m a n d 4 0 n m. V t h w as d et er mi n e d b y li n e ar e xtr a p ol ati o n. F or 

d c a p- Si O 2  = 3 0 n m, t h e m o bilit y sli g htl y i n cr e as e d i n pr o p orti o n t o T 0. 0 5 . V t h d e cr e as e d 

wi t h a r at e of − 7. 0 m V/ ° C. N ot e t h at V t h i n cr e as e d a t a t e m p er at ur e of o v er 3 5 0 ° C. T his 

tr e n d als o e m er g e d f or d c a p- Si O 2  = 4 0 n m. I n t h e c as e of 4 0 n m, t h e V t h d e cr e as e d wit h a 

r at e of − 8. 5 m V/ ° C; o v er 3 5 0 ° C, V t h i n cr e as e d. T ur n- ar o u n d of V t h s u g g ests t h at el e ctr o n 

inj e cti o n i nt o sl o w tr a ps li k e n e ar-i nt erf a c e tr a ps ( NI Ts) i n a g at e di el e ctri c [ 8]. 

 

0

5

1 0

1 5

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0

- 3

0

3

6

µ
F

E
 (

c
m2

V
-
1 s

-
1 )

µ F E ∝  T 0 . 0 5

T  (° C)

V
t
h 
(

V)

d V t h / d T =

 − 7 . 0 m V/° C

0

5

1 0

1 5

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0

- 3

0

3

6

µ
F

E
 (

c
m2

V
-
1 s

-
1 )

µ F E ∝  T 0. 0 3

T  (° C)

V
t
h 
(

V)

d V t h / d T =

 − 8. 5 m V/ ° C

( a)

( b) ( b)

( a)

Fi g. 3. 8.  Te m p er at ur e d e p e n d e n ci es 
of ( a) µ F E  a n d ( b) V t h f or d c a p- Si O 2  = 
3 0 n m . 
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4 0 n m . 

Fi g. 3. 7.  Fi el d- eff e ct m o biliti es wit h diff er e nt c a p- Si O 2 t hi c k n ess at t w o 
t e m p er at ur es of ( a) T  = 2 7 ° C a n d ( b) T  = 5 0 0 ° C. C h a n n el l e n gt h a n d wi dt h 
w er e 5 µ m a n d 5 0 µ m. T h e dr ai n-s o ur c e v olt a g e w as 1 0 0 m V. 
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  T h e d e nsit y of tr a p p e d el e ctr o ns w as esti m at e d fr o m t h e h yst er esis of ID – V G  c ur v e. 

A ll M O S F E Ts e x hi bit a t hr es h ol d v olt a g e s hift (Δ V t h) wit h t h e cl o c k wis e dir e cti o n i n t h e 

r an g e of 2 7 – 5 0 0 ° C. A tr a p p e d- el e ctr o n d e nsit y ( Δ N t e) is si m pl y gi v e n b y 

�푛 �푖 �푁 �퐶 = �푁 �푉 �퐸 �푔 �푘 �푇 ℎ �푚⁄ . ( 5. 2) 

Δ V t h a n d Δ N t e as a f u n cti o n of T  ar e s h o w n i n Fi g. 3. 1 0 . T h er e is a p e a k of Δ V t h at 1 0 0 ° C 

i n t h e b ot h s a m pl es; c orr es p o n di n g Δ N t e v al u es w er e 3 × 1 0 1 1  c m- 2 a n d 7 × 1 01 1  c m- 2. 

M or e o v er, at 1 5 0 ° C, t hr es h ol d v olt a g e s hifts d e cr e as e d. T h at is, i nt erf a ci al B a-sili c at e 

l a y ers h a v e sl o w tr a ps at a n e n er g y l e v el a b o v e t h e c o n d u cti o n b a n d of Si C, a n d t h es e 

st at es w er e fill e d b y el e ctr o n i nj e cti o n wit h t h er m al e n er g y at 1 0 0 ° C. Wit h i n cr e asi n g 

t e m p er at ur e, Δ V t h i n cr e as e d a g ai n. F or dc a p- Si O 2  = 3 0 n m, Δ N t e e x hi bit e d a m a xi m u m 

v al u e of 8 × 1 0 1 1  c m- 2 at 4 5 0 ° C. W h er e as Δ N t e f or d c a p- Si O 2  = 4 0 n m h a d 7 × 1 01 1  c m- 2 of 

Δ N t e. T h at is, t h e B a- sili c at e l a y er wit h 4 0 n m of c a p- Si O2  h a d s m all er sl o w tr a p d e nsit y 

at  hi g h t e m p er at ur es.  

  A cl o c k wi s e h yst er esis of ID  i n di c at es t h at el e ctr o n i nj e cti o n, n ot m o bil e i o n drift. 

T h a t is, t h e i nt erf a ci al B a- sili c at e str u ct ur es ar e st a bl e e v e n at 5 0 0 ° C. Pr e vi o usl y, 

Li c ht e n w al n er et al. r e p ort e d t h at t h e t hr es h ol d v olt a g e of t h e M O S F E T wit h B a w as 

st a bl e u p t o 1 7 5 ° C b y bi as-t e m p er at ur e str ess t est. T h e y e x p e ct e d t h at t h e 

t h er m o d y n a mi c all y st a bl e B a- c o m p o u n d r es ult e d i n t h e d ur a bl e M O S i nt erf a c e wit h o ut 

m o bil e i o n [ 9]. As s h o w n i n Fi g. 2. 1 0 , C h a pt er 2, i nt erf a ci al B a-sili c at e h a d B a at o m 

wit h a bi n di n g e n er g y of 7 8 0. 6 e V. T his bi n di n g e n er g y is hi g h er t h a n t h at of t h e 

m et alli c B a ( 7 7 9. 5 – 7 8 0. 2 e V) [ 1 0, 1 1]. T h at is, t h e i n c or p or at e d B a at o m is str o n gl y 

b o n d e d t o t h e n o n- bri d gi n g o x y g e n i n t h e sili c at e str u ct ur e [ 1 2]. T his diff er e n c e w o ul d 

st a bili z e hi g h-t e m p er at ur e c h ar a ct eristi cs e v e n at 5 0 0 ° C. 
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3. 3. 2  I nfl u e n c es of hi g h-t e m p er at ur e m e as ur e m e nt o n Si C 

M O S F E Ts 

  Aft er m e as uri n g el e ctri c al c h ar a ct eristi cs u p t o 5 0 0 ° C, t h e Si C M O S F E Ts w er e 

c o ol e d t o r o o m t e m p er at ur e. ID /IG – V G  c h ar a ct eristi cs of t h e c o ol e d M O S F E T w er e t h e n 

m e as ur e d at T  = 2 7 ° C, s h o w n i n Fi g. 3. 1 1 . T h e t hi c k n ess of c a p- Si O2  w as 4 0 n m. Aft er 

c o ol i n g, t h e s u bt hr es h ol d s wi n g w as n ot c h a n g e d. It i n di c at es t h at t h e M O S i nt erf a c e 

w as n ot d a m a g e d d u e t o t h e el e ctr o n i nj e cti o ns d uri n g t h e m e as ur e m e nts. T h e p ositi v e 

Δ V t h w as 2 2 0 m V, a n d t h e c al c ul at e d Δ N t e w as 5. 0 × 1 01 0  c m- 2. T h us, t h e i nj e ct e d 

el e ctr o ns at T  = 5 0 0 ° C al m ost r e m o v e d. I n t h e t er m of IG , t h e l e a k a g e c urr e nt of t h e 

c o ol e d M O S F E T w as sli g htl y l ar g er t h a n t h at of t h e as-f a bri c at e d M O S F E T. T h es e 

r es ults i m pl y t h at t h e d e nsit y of sl o w tr a ps i n t h e g at e di el e ctri c sli g htl y i n cr e as e d d u e t o 

el e ctr o n i nj e cti o n d uri n g t h e m e as ur e m e nt. 

Fi g. 3. 1 0. Te m p er at ur e d e p e n d e n ci es of Δ V t h a n d Δ N t e f or ( a) d c a p- Si O 2  = 3 0 n m 
a n d ( b) 4 0 n m. T h e i ns et s h o ws e n er g y b a n d di a gr a m wit h sl o w tr a ps. 
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 F i g ur e 3. 1 2( a), ( b)  di s pl a y t o p- vi e w mi cr o gr a p hs of t h e Si C M O S F E T b ef or e a n d 

aft er 5 0 0 ° C m e as ur e m e nt. S o m e v oi ds wit h a di a m et er of 5 – 8 µ m w er e s e e n o n Al 

p a d- el e ctr o d es of Si C M O S F E Ts aft er 5 0 0 ° C m e as ur e m e nt. M or e o v er, t h e Al p a d wit h 

t h e v oi ds p e el e d off b y pri c ki n g pr o b e n e e dl e, s h o w n i n Fi g 3. 1 2( c) . T h e p e el- off of t h e 

Al p a d i n di c at es t h e r e d u cti o n of a d h esi o n t o N S G i nt erl a y er di el e ctri c b y h e ati n g. I n 

m ost c as es, t h e p a d el e ctr o d e f or g at e m et al w as t a k e n off, a n d ot h er p a d el e ctr o d es 

r e m ai n e d o n t h e i nt erl a y er di el e ctri c.  

  Ta ni m ot o et al. r e p ort e d t h e i m p a ct of hi g h t e m p er at ur es o n Al el e ctr o d e i n R ef. 

[ 6]. T h e y s h o w e d t h e cr e ati o n of Al 2 O 3  v oi ds ar o u n d a n i nt erl a y er di el e ctri c as a r es ult 

of  a c h e mi c al r e a cti o n b et w e e n Al a n d Si, aft er 1 2 h o urs of st or a g e at 5 0 0 ° C. T h er e is a 

p ossi bilit y t h at v oi ds o n Al p a ds, s h o w n i n Fi g. 3. 1 1 ( b),  ar e ori gi n at e d b y Al2 O 3  v oi d. 

Fi g. 3. 1 1.   ID – V D S  c ur v es b ef or e a n d aft er 5 0 0 ° C m e as ur e m e nt at a 
m e as ur e m e nt t e m p er at ur e of 2 7 ° C. ( L/ W  = 5/ 5 0 µ m, V D S  = 1 0 0 m V, 
d c a p- Si O 2  = 4 0 n m) 
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Fi g. 3. 1 2.   T o p- vi e w mi cr o gr a p hs of Si C M O S F E Ts ( a) b ef or e a n d ( b) aft er 
5 0 0 ° C m e as ur e m e nt a n d ( c) aft er pr o bi n g. 
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3. 3. 3  T h er m all y gr o w n Si O 2  a n d B a-i n c or p or at e d Si O 2  

  I n t his s u bs e cti o n, a M O S F E T wit h i n c or p or at e d B a is c o m p ar e d wit h pr e vi o usl y 

f abri c at e d- M O S F E T. T h e f or m er M O S F E T h a d a l a y er e d g at e di el e ctri c wit h d c a p- Si O 2  = 

4 0 n m , e x pr ess e d as B a-i n c or p or at e d Si O2 ; t h e l att er o n e h a d t h er m all y gr o w n Si O2 , 

e x pr ess e d as Dr y Si O 2 . T hi s Si O2  fil m w as gr o w n at 1 1 5 0 ° C i n dr y- o x y g e n a m bi e nt, 

a n d t h e t hi c k n ess w as 2 0 n m. T h e d et ail f a bri c ati o n pr o c ess w as r e p ort e d i n R ef. 3. B ot h 

M O S F E T h a v e t h e s a m e a c c e pt or c o n c e ntr ati o n of 6 × 1 0 1 7  c m- 3 o n t h e c h a n n el r e gi o n. 

 F i g ur e 3. 1 3 s h o ws t h e t e m p er at ur e d e p e n d e n c e of µ F E . C h a n n el l e n gt h a n d wi dt h 

w e r e 5 a n d 5 0 µ m, r es p e cti v el y. F or t h e B a-i n c or p or at e d Si O 2 , t h e fi el d- eff e ct m o bilit y 

w a s a p pr o xi m at el y 1 2 c m - 2V - 1s - 1 i n t h e r a n g e of 5 0 – 5 0 0 ° C, sli g htl y i n cr e as e d i n 

pr o p or ti o n t o T 0. 0 3 . W h er e as, usi n g Dr y Si O2 as g at e- o xi d e, t h e m o bilit y dr a m ati c all y 

i n cr e as e d i n pr o p orti o n t o T1. 3 . T h e m o bilit y of t h e B a-i n c or p or at e d Si O2  w as m or e 

st a bl e t h a n t h at of Dr y Si O 2 . As s h o w n i n Fi g. 2. 7 , C h a pt er 2, Dr y Si O 2  r es ult e d i n hi g h 

i nterf a c e tr a p d e nsit y of 3 × 1 0 1 2  c m- 2e V - 1 n e ar t h e c o n d u cti o n b a n d e d g e. T his hi g h 

d ef e ct st at es i n d u c e C o ul o m b s c att eri n g of t h e c h a n n el c arri es, t h er e b y pr o d u ci n g a n 

i n cr e as e i n µ F E wit h i n cr e asi n g t e m p er at ur e. T h e diff er e n c e i n t h e pr o p orti o ns of t h e t w o 

M O S F E Ts i m pli es t h at t h e B a-i n c or p or at e d Si O 2  h as si g nifi c a ntl y l o w er i nt erf a c e st at e 

d e ns it y. 

  Fi g ur e 3. 1 4  s h o ws a d e p e n d e n c e o n t h e t e m p er at ur e of t hr es h ol d v olt a g es. F or 

B a-i n c or p or at e d Si O 2 , V t h of t h e M O S F E T d e cr e as e d wit h a r at e of − 8. 5 m V/ ° C. 

W h e r e as, V t h f or Dr y Si O2  d e cr e as e d wit h a r at e of − 4. 3 m V/ ° C. T h e V t h st a bilit y of Dr y 

Si O 2  is hi g h er t h a n t h at of B a-i n c or p or at e d Si O2 . It is i nfl u e n c e d b y hi g h C o x . T h e t ot al 

t hic k n ess of t h e B a-i n c or p or at e d Si O 2  is 9 3 n m a n d 4. 7 ti m es t hi c k er. T h e t hi c k 

g at e- di el e ctri c d e gr a d es t h e t e m p er at ur e d e p e n d e n c e of V t h [ 7]. 

  



4 9 
 

 

 

3. 4  C o n cl usi o ns 

 I n t his c h a pt er, hi g h-t e m p er at ur e c h ar a ct eristi cs of t hr e e Si C M O S F E Ts wit h t w o 

dif f er e nt c a p- Si O2  t hi c k n ess a n d Dr y Si O2  w er e s h o w n a n d dis c uss e d. 

 A s e x p e ct e d i n C h a pt er 2, t h e t hi c k er c a p- Si O 2  l a y er r es ult e d i n 1 0 c m2 V - 1s - 1 of 

hi g h e r c h a n n el m o bilit y. Alt h o u g h t h e B a-i n c or p or at e d M O S F E T c o ul d o p er at e e v e n at 

hi g h-t e m p er at ur es u p t o 5 0 0 ° C, t h e g at e di el e ctri cs wit h i nt erf a ci al B a-sili c at e l a y er h a d 

sl o w tr a ps, w hi c h i n d u c e d t h e t ur n ar o u n d of V t h at t e m p er at ur es o v er 3 5 0 ° C. B a-sili c at e 

l ay er wit h t hi c k er c a p- Si O 2  of 4 0 n m tr a p p e d 7 × 1 01 1  c m- 2 of el e ctr o ns at 4 0 0 ° C. 

  In c o m p aris o n wit h Dr y Si O 2 , t h e B a-i n c or p or at e d Si C M O S F E T wit h d c a p- Si O 2  = 

4 0 n m  e x hi bit e d m or e st a bl e m o bilit y wit h t e m p er at ur e t h a n ks t o l o w er i nt erf a c e st at e 

d e nsit y. W h er e as, t h e t hr es h ol d v olt a g e s hift w as l ar g er t h a n t h at of Dr y Si O 2 , d u e t o 

t hic k g at e- di el e ctri c. 

  I n t h e t er m of i nt erf a c e pr o p erti es, 3 n m-t hi c k B a O2  l a y er a n d t hi c k c a p- Si O2  

m or e t h a n 4 0 n m ar e s uit a bl e. I n t h e n e xt w or k, w e n e e d t o fi n d a m et h o d or a 

f a bri c ati o n c o n diti o n t o st a bili z e t hr es h ol d v olt a g e at hi g h t e m p er at ur es o v er 3 0 0 ° C. 

  

Fi g. 3. 1 3.  Fi el d- eff e ct m o biliti es wit h 
B a-i n c or p or at e d Si O 2  a n d Dr y Si O2  as 
a f u n cti o n of t e m p er at ur e. 

Fi g. 3. 1 4.  T hr es h ol d v olt a g es wit h 
B a-i n c or p or at e d Si O 2  a n d Dr y Si O2  as 
a f u n cti o n of t e m p er at ur e. 
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C h a pt e r 4 

R a di ati o n eff e cts of Si C M O S F E Ts wit h 

i nt e rf a ci al B a-sili c at e l a y e r 

  

4. 1  Int r o d u cti o n 

T h e r a di ati o n r es p o ns e of a M O S d e vi c e is s us c e pti bl e t o t h e g at e m et al, o xi d e t hi c k n ess, 

a n d t h e p assi v ati o n t e c h ni q u e [ 1 – 4]. I n t h e c as e of c o n v e nti o n al Si- M O S F E Ts, t h e Si- H 

b o n ds at t h e Si O 2 / Si i nt erf a c e ar e br o k e n b y tr a p pi n g t h e h ol es g e n er at e d b y g a m m a-r a y 

irr a di ati o n, r es ulti n g i n t h e d e gr a d ati o n of c h a n n el m o bilit y [ 3]. I n Si C M O S d e vi c es, 

t h e nitr o g e n i n c or p or ati o n i nt o M O S i nt erf a c e r e d u c es TI D t ol er a n c e [ 5, 6]. I n 2 0 0 6, 

Di xit et al. of Va n d er bilt U ni v ersit y c o m p ar e d r a di ati o n r es p o ns es of nitri d e d a n d 

n o n- nitri d e d Si O 2 / 4 H- Si C c a p a cit ors; si g nifi c a ntl y hi g h er o xi d e-tr a p p e d c h ar g e d e nsit y 

w a s o bs er v e d i n t h e nitri d e d s a m pl e [ 5]. I n 2 0 0 9, Ar or a et al. r e p ort e d t h at nitri d e d g at e 

o xi d e o n 3 C- Si C i n cr e as e d o xi d e-tr a p p e d p ositi v e c h ar g e. T h e y r e v e al e d t h e 

r el ati o ns hi p b et w e e n t h e nitr o g e n d e nsit y a n d t h e o xi d e-tr a p p e d c h ar g e d e nsit y [ 6]. T his 

r el ati o ns hi p is als o r e p ort e d b y R o z e n et al. [ 7]. T h e c urr e nt N-i n c or p or ati o n m et h o d 

r e q uir es hi g h-t e m p er at ur e a n n e ali n g o v er 1 1 0 0 ° C, a n d it h as n ot b e e n o pti mi z e d f or 

r a di ati o n- h ar d e n e d el e ctr o ni cs [ 8]. 

  A r a di ati o n r es p o ns e of P-i n c or p or at e d o xi d e w as als o r e p ort e d. Vi v o n a et al. 

s h o w e d t h e G at e o xi d e a n n e al e d i n P O Cl 3  r es ult e d i n l ar g er fl at b a n d v olt a g e s hift i n 

c o m p aris o n wit h t h e N-i n c or p or at e d o xi d e [ 9]. I n s u m m ar y, t h e m et h o d f or a c q uiri n g 

t h e b ot h hi g h TI D h ar d n ess a n d hi g h m o bilit y h as n ot r e p ort e d y et. I n t his c h a pt er, it is 

e v al u at e d t h at t h e r a di ati o n r es p o ns e of B a-i n c or p or at e d g at e di el e ctri c usi n g M O S F E T 

str u ct ur e. 
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4. 2  E x p e ri m e nt al p r o c e d u r e 

4 . 2. 1 D e vi c e f a bri c ati o n 

 Alt h o u g h f a bri c ati o n pr o c ess of Si C M O S F E T is alr e a d y w ritt e n i n C h a pt er 3, it is 

r e writt e n a g ai n h er e. N- c h a n n el M O S F E Ts wit h a B a-sili c at e i nt erf a c e l a y er w er e 

f a bri c at e d o n 4 ° off- a xis 4 H- Si C ( 0 0 0 1) s u bstr at e wit h a n e pit a xi al p-t y p e Si C l a y er. 

T h e M O S F E Ts w er e d esi g n e d wit h o ut a n is ol ati o n r e gi o n, as s h o w n i n Fi g. 4. 1( a) .  

T h e  a c c e pt or c o n c e ntr ati o n ( N A ) of t h e e pit a xi al l a y er w as 6 × 1 01 7  c m- 3, a n d t h e i m p urit y 

w a s al u mi n u m. S o ur c e/ dr ai n ( S/ D) r e gi o ns w er e f or m e d b y As-i o n i m pl a nt ati o n at t h e 

t e m p er at ur e of 5 0 0 ° C, f oll o w e d b y hi g h-t e m p er at ur e a cti v ati o n at 1 8 0 0 ° C. T h e c h a n n el 

l e n gt h a n d wi dt h w er e d esi g n e d b y t h e i o n-i m pl a nt ati o n r e gi o ns a n d t h e g at e- m et al 

wi dt h, r es p e cti v el y. Aft er a w et cl e a ni n g pr o c ess, a l a y er e d g at e di el e ctri c wit h a 

B a-sili c at e i nt erf a c e l a y er ( c all e d B a-i n c or p or at e d Si O 2 ) w as f or m e d b y t h e f oll o wi n g 

pr o c ess. Firstl y, a b ari u m p er o xi d e ( B a O 2 ) l a y er of 3 n m w as d e p osit e d o n t h e 4 H- Si C 

s u bs tr at e b y t h e R F s p utt eri n g m et h o d. S u bs e q u e ntl y, sili c o n di o xi d e ( Si O2 ) of 4 0 n m 

w a s als o d e p osit e d o n B a O 2 / 4 H- Si C b y t h e R F s p utt eri n g m et h o d. B ot h d e p ositi o ns 

w e r e c arri e d o ut i n t h e s a m e v a c u u m c h a m b er at r o o m t e m p er at ur e. T h e s a m pl e w as 

o xi di z e d i n dr y- o x y g e n a m bi e nt at 9 5 0 ° C i n a q u art z t u b e f ur n a c e. Aft er o xi d ati o n, t h e 

g at e o xi d e t hi c k n ess i n cr e as e d t o 9 3 n m, a n d B a-sili c at e w as f or m e d at t h e Si O 2 / Si C 

i nterf a c e. Al u mi n u m g at e m et als a n d Ni/ N b o h mi c c o nt a ct m at eri als w er e d e p osit e d b y 

t h e s p utt eri n g m et h o d. Sili ci d ati o n wit h Si C w as c arri e d o ut at 9 0 0 ° C. F or p assi v ati o n, a 

n o n- d o p e d sili c at e gl ass ( N S G) i nt erl a y er of 5 0 0 n m w as d e p osit e d o n t h e o h mi c 

el e ctr o d es a n d t h e g at e m et al s b y usi n g at m os p h eri c pr ess ur e c h e mi c al v a p or d e p ositi o n 

( A P C V D). Aft er c o nt a ct- vi a p att er ni n g, al u mi n u m w as d e p osit e d a n d p att er n e d as wir es. 

Fi g ur e 4. 1( b)  s h o ws a s c h e m ati c cr oss-s e cti o n of t h e f a bri c at e d M OS F E Ts.  
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4. 2. 2  G a m m a-r a y irr a di ati o n 

G a m m a-r a y r a di ati o n o n t h e M O S F E Ts w as c arri e d o ut at a c o b alt- 6 0 irr a di ati o n f a cilit y 

i n J a p a n; t h e Ta k as a ki A d v a n c e d R a di ati o n R es e ar c h I nstit ut e, N ati o n al I nstit ut es f or 

Q u a nt u m a n d R a di ol o gi c al S ci e n c e a n d Te c h n ol o g y ( Q S T). Fi g ur e 4. 2  s h o ws t h e 

irra di ati o n s et u p. Si C c hi p wit h M O S F E Ts p ut i n a c o nt ai n er m a d e of st ai nl ess st e el, a n d 

t h e w h ol e c o nt ai n er w as r e c ei v e d g a m m a-r a ys. Nitr o g e n g as w as e n cl os e d i n t h e 

c o nt ai n er t o pr e v e nt o xi d ati o n. T h e M O S F E Ts w er e irr a di at e d wit h a g a m m a-r a y d os e 

r at e of 1 0 k G y/ h at r o o m t e m p er at ur e. T h e t ot al g a m m a-r a y d os e r e a c h e d u p t o 8 5 0 k G y. 

D uri n g t h e irr a di ati o n, t h e s u bstr at e wit h t h e M O S F E Ts w a s gr o u n d e d a n d n o bi as w as 

a p pli e d t o all el e ctr o d es. 

  T h e el e ctri c al c h ar a ct eri sti cs w er e m e as ur e d at r o o m t e m p er at ur e pri or t o 

irr a di ati o n a n d aft er st e p- str ess irr a di ati o ns u p t o 8 5 0 k G y. I n t his c h a pt er, t h e 

g a m m a-r a y d os e i s e x pr ess e d as a n e q ui v al e nt d os e of Si O 2 . 

Fi g. 4. 1.  ( R e p e at) S c h e m ati c l a y o ut of f a bri c at e d M O S F E T: ( a) t o p vi e w a n d ( b) 
cr oss-s e cti o n al o n g t h e A – B  li n e (fr o m t h e s o ur c e t o dr ai n r e gi o n).  

A cti v e ar e a

G at e m et al

Vi a

P a d el e ctr o d e

2 0 μ m

S o ur c e Dr ai n

L

W

O h mi c el e ctr o d e

( a)

( b)

A B

A B
P a d el e ctr o d e

B a- sili c at e

Si O 2 9 3 n m

N S G
I nt erl a y er

S o ur c e Dr ai n
p-t y p e Si C

x j = 1 3 0 n m
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Fi g. 4. 2.   ( a) S c h e m ati c a n d ( b) p h ot o gr a p h of t h e irr a di ati o n s et u p. 

( a) 

( b) 

1. 1 7 M e V

1. 3 3 M e V

6 0 C o s o ur c e

Si C c hi p ( 7. 5 m m × 7. 5 m m)

C o nt ai n er 

( e n cl o s e d nitr o g e n at m o s p h er e 
at r o o m t e m p er at ur e)

A c o v er m a d e of 
st ai nl e s s st e el

St or a g e p o ol
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4. 3  R es ults a n d dis c ussi o n 

4 . 3. 1 Mi d g a p-s u bt hr es h ol d t e c h ni q u e 

B ef or e s h o wi n g e x p eri m e nt al r es ults, t h e mi d g a p-s u bt hr es h ol d t e c h ni q u e pr o p os e d b y 

M c W h ort er et al. is e x pl ai n e d h er e [ 1 0]. R a di ati o n-i n d u c e d t hr es h ol d v olt a g e s hift 

(Δ V t h) is aff e ct e d b y b ot h n e g ati v e a n d p ositi v e c o m p o n e nts: i nt erf a c e tr a ps ( Δ V it) a n d 

o xi d e -tr a p p e d c h ar g es (Δ V o x ). T h e mi d g a p-s u bt hr es h ol d t e c h ni q u e c a n s e p ar at e Δ V t h i nt o 

t h e c o ntri b uti o ns of Δ V it a n d Δ V o x . 

  Th e mi d g a p-s u bt hr es h ol d t e c h ni q u e p erf or ms a p pli e d as p er t h e f oll o wi n g st e ps 

[ 1 0— 1 2]. T h e s c h e m ati c of t his t e c h ni q u e is s h o w n i n Fi g. 4. 3 . Firstl y, t h e mi d g a p 

c urr e nt Im g  is c al c ul at e d wit h t h e f or m ul a: 

�푛 �푖 �푁 = √ 2 �퐶( �푁 / �푉)( �퐸 �푔 �푘 �푇 �푚 / �휔 )( �퐶�표/ �푥�퐶 )2 e x p( �푚 �퐺 �푝 ) ( �휔 �푞�퐷 )
− 1/ 2 , ( 4. 1) 

w h e r e q, μ , n i, Ψ S  ar e t h e el e m e nt ar y c h ar g e, t h e c h a n n el m o bilit y, t h e i ntri nsi c c arri er 

c o n c e ntr ati o n, a n d t h e b a n d b e n di n g at t h e Si C s urf a c e, r es p e cti v el y. I n t his st u d y, t h e 

fi el d- eff e ct m o bilit y (μ F E ) w as us e d as t h e c h a n n el m o bilit y. β  is r e ci pr o c al t h er m al 

e n er g y as gi v e n b y q/ k T. T h e D e b y e l e n gt h  is gi v e n b y L B = [ ε Si C /(β q N A )]1/ 2 , w h er e ε Si C  is 

t h e di el e ctri c c o nst a nt of Si C. Im g  is d eri v e d as t h e dr ai n c urr e nt w h e n ψ s c orr es p o n ds t o 

t h e mi d g a p c o n diti o n, ψ B  = (k T/ q ) l n(N A /n i). 

  Usi n g t h e c al c ul at e d Im g , t h e mi d g a p v olt a g e (V m g ) is d et er mi n e d wit h t h e 

e xt r a p ol ati o n of t h e ID — V G  c ur v e. W h e n ψ s = ψ B , t h e i nt erf a c e tr a ps i n t h e u p p er h alf of 

t h e b a n d g a p b e c o m e n e utr al, a n d t h us t h e i nt erf a c e tr a ps d o n ot c o ntri b ut e t o t h e 

t hr es h ol d v olt a g e s hift. A str et c h- o ut v olt a g e (V s o) is d efi n e d as 

∆ �푖 �푡 �휋 = �휎 �푠 ℎ − �휂 �휔 �휏 . ( 4. 2) 

S w e e pi n g t h e g at e v olt a g e fr o m V m g  t o V t h fills t h e i nt erf a c e tr a ps i n t h e u p p er h alf of t h e 

b a n d g a p wit h el e ctr o ns. As a r es ult, t h e s u bt hr es h ol d c ur v e is str et c h e d wit h t h e 

v ari ati o n of V s o, w hi c h  is d e n ot e d as Δ V s o. If t h e d e vi c e s uff ers fr o m irr a di ati o n, Δ V it is 

e x pr ess e d b y 

∆ �푛 �휔�휏 = ∆ �푛 �휂 �휂 = �휎 �푠 �푑, �휂 �퐶 �푠�퐶 − �푝 �퐶 �푖, �푡 �퐶 �푝 , ( 4. 3) 

w h e r e “ p ost ” a n d “ pr e ” d e n ot e aft er a n d b ef or e irr a di ati o n. Si n c e t h e i nt erf a c e tr a ps at 

V m g  d o n ot c o ntri b ut e a n y v olt a g e s hift, a t hr es h ol d v olt a g e s hift at V m g  is c a us e d o nl y b y 

o xi d e -tr a p p e d c h ar g es a c c or di n g t o  

∆ �퐶 �표 �푥 = ∆ �퐺 �푝 �퐺 = �푚 �퐺 �푝, �휔 �퐶 �표�푥 − �퐶 �푖 �푡, �푞 �퐷 �푖 . ( 4. 4) 
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T h e r a di ati o n-i n d u c e d i nt erf a c e tr a p d e nsit y ( Δ N it) a n d o xi d e-tr a p p e d c h ar g e d e nsit y 

(Δ N o x ) ar e gi v e n b y 

∆ �푛 �푖�푁 = �퐶 �푁 �푉 | ∆ �퐸�푔�푘|/ �푇, ( 4. 5) 

∆ �푚 �휔 �퐶 = �표 �푥 �퐶 | ∆ �푚�퐺 �푝 |/ �휔. ( 4. 6) 

 

 

  

Fi g. 4. 3.  S c h e m ati c of t h e mi d g a p-s u bt hr es h ol d t e c h ni q u e. “ p ost ” a n d “ pr e ” d e n ot e 
aft er a n d b ef or e irr a di ati o n. 

L
o
g 

(I
D
)
(

A)

V G ( V)

Im g

V m g, pr e

V t h, pr e

V s o, pr e

V s o, p o st

V m g, p o st

V t h, p o st

B ef or e irr a di ati o n

Aft er irr a di ati o n
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4. 3. 2  D e gr a d ati o n of ID – V G  c h ar a ct eristi cs d u e t o TI D eff e ct 

Fi g ur e 4. 4( a)  s h o ws ID — V G  c ur v es of t h e M O S F E T fr o m 0 k G y t o 8 5 0 k G y. T h e c h a n n el 

l en gt h a n d wi dt h w er e 1 0 a n d 1 0 μ m, a n d V D S  w as s et t o 1 0 0 m V. T h e off-l e a k a g e 

c ur r e nt i n cr e as e d wit h t h e i n cr e asi n g t ot al d os e, a n d t h e o n/ off r ati o d e cr e as e d t o 1 0 4  at 

6 0 0 k G y. Aft er irr a di ati o n of 8 5 0 k G y, t h e dr ai n c urr e nt d e cr e as e d at a v olt a g e of o v er 

2 5 V. T his r e d u cti o n w as i n d u c e d b y t h e g at e-l e a k a g e c urr e nt. B ef or e irr a di ati o n, t h e 

t hr es h ol d v olt a g e (V t h) w as 9. 0 V b y li n e ar e xtr a p ol ati o n of t h e ID — V G  c ur v e o n a li n e ar 

s c al e [ 1 1]. V th  s hift e d t o w ar d t h e l o w er V G  b y i n cr e asi n g t h e t ot al d os e, a n d it b e c a m e 

2. 3 V  at 6 0 0 k G y. A b o v e 6 0 0 k G y, a sli g ht p ositi v e s hift w as o bs er v e d. T h es e tr e n ds 

i n di c at e t h at i nt erf a c e tr a ps a n d o xi d e-tr a p p e d c h ar g es ar e g e n er at e d i n t h e M O S F E T b y 

irr a di ati o n [ 1 3].  

  T h e t ot al d os e d e p e n d e n c e of Δ V t h, Δ V it, a n d Δ V o x  f or t h e M O S F E T is s h o w n 

i n Fi g. 4. 4( b) . T h e v al u es of Δ V it a n d Δ V o x  s hift e d t o t h e p ositi v e a n d n e g ati v e v olt a g e 

si d e b y irr a di ati o n. T h es e r es ults i n di c at e t h at g a m m a-r a ys g e n er at e n e g ati v el y c h ar g e d 

i nt erf a c e tr a ps a n d p ositi v e c h ar g es i n t h e g at e di el e ctri c. 
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  T h e t ot al d os e d e p e n d e n c e of Δ N it f or t h e B a-i n c or p or at e d Si O2  is s h o w n i n Fi g. 

4. 5( a ). T h e v al u es of Δ N it i n cr e as e d wit h a t ot al d os e wit h a n e x p o n e nt of 2/ 3. F or 

c o m p aris o n, it i s al s o s h o w n t h at t h e d e p e n d e n c e f or a n ot h er 4 H- Si C M O S F E T wit h 

t h er m al gr o w n Si O2 , e x pr ess e d as Dr y Si O2 . T his Si O2  w as f or m e d b y t h er m al o xi d ati o n 

i n dr y- o x y g e n a m bi e nt at 1 1 5 0 ° C, a n d t h e t hi c k n ess w as 2 0 n m. T h e d et ail f a bri c ati o n 

pr o c ess w as r e p ort e d i n R ef. 1 4. F or t h e Dr y Si O 2 , t h e p o w er-l a w d e p e n d e n c e w as a n 

e x p o n e nt of 2/ 3. T h e t w o g at e o xi d es e x hi bit n o diff er e n c e i n t h e p o w er-l a w d e p e n d e n c e. 

H o w e v er, Δ N it f or t h e B a-i n c or p or at e d Si O2  w as hi g h er t h a n t h at f or t h e Dr y Si O2 . 

F ig ur e 4. 5( b)  s h o ws t h e t ot al d os e d e p e n d e n c es of Δ N o x  f or t h e B a-i n c or p or at e d Si O2  

a n d t h e Dr y Si O2 . B ot h Δ N o x  i n cr e as e d wit h a t ot al d os e wit h a n e x p o n e nt of 2/ 3. As 

wi t h Δ N it, Δ N o x f or t h e B a-i n c or p or at e d Si O2  w as hi g h er t h a n t h at f or t h e Dr y Si O2 . 

T h e s e r es ults cl e arl y i n di c at e t h at t h e B a-i n c or p or at e d Si O 2  h as l ess r a di ati o n h ar d n ess 

t h an t h e Dr y Si O 2 . 

  Not e t h at t hi c k n ess es of t h e B a-i n c or p or at e d Si O 2  a n d t h e Dr y Si O2  ar e diff er e nt. 

T h e  v al u es of Δ N it, Δ N o x  ar e aff e ct e d b y g at e- o xi d e t hi c k n ess. T h us, it c a n n ot b e 

c o n c l u d e d t h at i nt erf a ci al B a- sili c at e r e d u c es TI D t ol er a n c e. T o c ali br at e f or t h e eff e cts 

of g at e- o xi d e t hi c k n ess o n r a di ati o n r es p o ns es, di m e nsi o nl ess p ar a m et ers of g e n er at e d 

d ef e cts ar e c al c ul at e d b el o w. T h e i nt erf a c e tr a p g e n er ati o n effi ci e n c y ( fit) a n d t h e o xi d e 

c h a r g e tr a p pi n g effi ci e n c y fo x  ar e esti m at e d usi n g f oll o wi n g f or m ul as [ 1 5]: 

�푛 �푖�푁 =
− Δ �퐶 �푁 �푉 �퐸 0 �푔 �푘

�푇 �푚 �휔 �퐶 �표 �푥 �퐶 �푚 �퐺�푝 �휔
2 �푞

, ( 4. 7) 

�퐷 �푖 �푡 =
− Δ �휋 �휎 �푠 �휂 0 �휔 �휏

�푛 �휔 �휏 �푛 �휂 �휂 �휎 �푠 �푑�휂 �퐶
2 �푠

, ( 4. 8) 

w h er e ε 0  a n d ε s  ar e t h e v a c u u m p er mitti vit y a n d t h e r el ati v e p er mitti vit y of g at e o xi d e; 

κ g  is t h e n u m b er of el e ctr o n- h ol e p airs g e n er at e d i n g at e- o xi d e; fy  is t h e pr o b a bilit y t h at 

el e ctr o n- h ol e p airs es c a pi n g i niti al r e c o m bi n ati o n pr o c ess es; fd e  is t h e d os e e n h a n c e m e nt 

f act or; to x  i s t h e o xi d e t hi c k n ess a n d D  is t h e a ds or b e d d os e. T h e i nt erf a ci al B a-sili c at e 

l a y er a c c o u nt s f or o nl y 2 % of t h e w h ol e B a-i n c or p or at e d Si O2 , a n d t h e gr e at er l a y er 

c o ns ists of Si O2 . M or e o v er, ε s of t h e B a-i n c or p or at e d Si O2  w as 3. 8, cl osi n g t o t h at of 

Si O 2 [ 1 6]. T his r el ati v e p er mitti vit y w as esti m at e d fr o m hi g h fr e q u e n c y C – V c ur v e. 

T h e r ef or e, κ g  of Si O2 ( 8. 1 × 1 01 4  c m- 3G y - 1) is s u bstit ut e d t o E q. ( 4. 7) a n d ( 4. 8) f or t h e 

b ot h c as es. fy  i s esti m at e d b y n u m eri c al f or m ul a [ 1 7]:  

�퐶 �푝 =
1

0. 2 7
�퐶 �푖 �푡 + 0. 0 8 4

+ 1
, ( 4. 9) 
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w h er e E o x  is t h e a p pli e d o xi d e el e ctri c fi el d d uri n g irr a di ati o n; E o x  = 0 M V/ c m. fd e  is 1 i n 

th e  c as e of C o- 6 0 g a m m a-r a y [ 1]. 

T h e v al u es of fit a n d fo x  ar e s h o w n i n Ta bl e 4. 1 . fit a n d fo x of t h e B a-i n c or p or at e d 

Si O 2  ar e sli g htl y s m all er t h a n t h at of t h e Dr y Si O2 , i n di c ati n g t h at t h e i nt erf a ci al 

B a -sili c at e l a y er i s l ess pr o n e t o d a m a g e. T h at is, t h e i nt erf a ci al B a-sili c at e is ess e nti all y 

r u g g e d t h a n t h e Dr y Si O2 . T h e gr e at Δ N it a n d Δ N o x f or t h e B a-i n c or p or at e d Si O2 ar e 

st r o n gl y i nfl u e n c e d of g at e- o xi d e t hi c k n ess. 

 

 

 

  

Fi g. 4. 5.  T ot al d os e d e p e n d e n ci es of ( a) Δ N it a n d ( b) Δ N o x  f or t h e B a-i n c or p or at e d 
Si O 2 . T h e v al es f or t h e Dr y Si O2  ar e als o s h o w n f or c o m p aris o n. 
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F ig ur e 4. 6( a)  s h o ws μ F E  v ers us V G  (μ F E — V G ) c ur v es b ef or e a n d aft er irr a di ati o n at 

t wo r a di ati o n d os es. Alt h o u g h t h e g a m m a-r a y g e n er at e d t h e i nt erf a c e tr a ps at t h e M O S 

i nt erf a c e, a b o v e 6 0 0 k G y, t h e fi el d eff e ct m o bilit y i n cr e as e d fr o m 1 2 t o 1 8 c m2 / Vs. T o 

cl arif y t h e r el ati o ns hi p b et w e e n t h e m o bilit y a n d t h e i nt erf a c e tr a p d e nsit y, t h e 

d e p e n d e n c e of t h e m o bilit y o n Δ N it i s s h o w n i n Fi g. 4. 6( b) . T h e m o bilit y is n or m ali z e d 

b y t h e i niti al v al u e at n o n-irr a di ati o n ( μ 0 ). I n Δ N it b el o w 4 × 1 01 2  c m- 2, t h e n or m ali z e d 

m o bi lit y w as al m ost t h e s a m e. H o w e v er, t h e B a-i n c or p or at e d M O S F E T e x hi bit e d a n 

i n cr e as e of t h e n or m ali z e d m o bilit y i n Δ N it a b o v e 7 × 1 01 2  c m- 2. I n t h e diss ert ati o n, t his 

p h e n o m e n o n is c all e d r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct, a n d t h e ori gi n 

a n d t h e m e c h a ni s m will b e dis c uss e d i n t h e n e xt c h a pt er d et ail. 

 

 

 

 

  

Fi g. 4. 6.  ( a) Fi el d eff e ct m o bilit y of t h e M O S F E T b ef or e a n d aft er irr a di ati o n at t w o 
r a di ati o n d os es. ( b) R el ati o ns hi p b et w e e n t h e n or m ali z e d m o bilit y a n d Δ N it, f or t h e 
B a -i n c or p or at e d Si O2 . 
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4. 3. 3  L e a k a g e c urr e nt o n ID – V D S  c h ar a ct eristi cs 

Fi g ur e 4. 7( a), ( b)  s h o w ID — V D S  c h ar a ct eristi cs of t h e s a m e M O S F E T b ef or e a n d aft er 

irr a di ati o n. T h e n o n-irr a di at e d M O S F E T e x hi bit e d t y pi c al o ut p ut c h ar a ct eristi cs wit h 

li n e ar a n d s at ur ati o n r e gi o ns. Aft er g a m m a-r a y irr a di ati o n, t h e dr ai n c urr e nt i n cr e as e d 

o v er all. T h e i n cr e as e i n t h e dr ai n c urr e nt is attri b ut e d t o a V t h d e cr e asi n g a n d 

r adi ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct. T h e irr a di at e d M O S F E T s h o w e d a cl e ar 

li n e ar r e gi o n. H o w e v er, t h e dr ai n c urr e nt o n t h e s at ur ati o n r e gi o n s u d d e nl y i n cr e as e d at 

V D S  o v er 8 V. 

 T h e t hr es h ol d V D S , w hi c h pr es e nts t h e s u d d e n ris e of ID , is d efi n e d b y t h e s e c o n d 

d er i v ati v e of ID  (∂ 2 ID /∂ V G
2 ), s h o w n i n Fi g. 4. 7( c ). T h e t hr es h ol d V D S  w as 9 V e x c e pt f or 

V G  = 0 V. M or e o v er, w e d efi n e Δ ID , w hi c h is t h e diff er e n c e i n dr ai n c urr e nt b et w e e n V D S  

= 8 V a n d V D S  = 1 0 V. T h e Δ ID m o n ot o ni c all y i n cr e as e d fr o m 0. 1 µ A t o 3 µ A wit h 

i n cr e asi n g V G , s h o w n i n Fi g. 4. 7( d) . Th us, t h e Δ ID  is aff e ct e d b y V G . 

 

Fi g. 4. 7.  ID – V D S  c ur v es f or ( a) n o n-irr a di at e d M O S F E T a n d ( b) irr a di at e d M O S F E T. 
( c) ∂ 2 ID /∂ V G

2  pl ot f or t h e irr a di at e d M O S F E T. ( d) Δ ID  v ers us V G  c h ar a ct eristi c. 
C h a n n el l e n gt h a n d wi dt h ar e 1 0 µ m a n d µ m, r es p e cti v el y. 
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H er e, t h e h ori z o nt al a xi s of Fi g. 4 . 7(b)  is c o n v ert e d fr o m V D S  t o dr ai n-t o- g at e 

v olt a g e ( V D G ). T hi s dr ai n c h ar a ct eristi c of t h e irr a di at e d d e vi c e is s h o w n i n Fi g. 4. 8 . T h e 

t hr es h ol d V D G  is d efi n e d as t h e s a m e as t h e t hr es h ol d V D S . It w as r e d u c e d fr o m 9 V at V G  

= 0 V wit h i n cr e asi n g V G , r e a c hi n g − 7 V at V G  = 1 6 V. T h at is, t his p h e n o m e n o n o c c urs 

at  p ositi v e a n d n e g ati v e V D G . T h us, t h e s u d d e n i n cr e as e e m er g es i n b ot h t h e 

a c c u m ul ati o n a n d d e pl eti o n c o n diti o ns of t h e dr ai n r e gi o n o v erl a p p e d wit h t h e g at e 

m et al. I n or d er t o c o nfir m a c o n diti o n of t h e dr ai n r e gi o n, t h e g at e-t o- dr ai n c a p a cit a n c e 

(C G D ) w as m e as ur e d. Fi g ur e 4. 9 (a)  s h o ws t h e cir c uit f or t h e C G D  m e as ur e m e nt. T h e g at e 

el e ctr o d e a n d t h e dr ai n r e gi o n w er e c o n n e ct e d t o t h e hi g h a n d l o w t er mi n als, a n d t h e 

s o ur c e r e gi o n w as gr o u n d e d. M or e o v er, Si C s u bstr at e w as el e ctri c all y fl o at e d t o pr e v e nt 

f or mi n g t h e i n v er si o n l a y er. Fi g ur e 4. 9( b)  s h o ws a cr oss-s e cti o n al s c h e m ati c of t h e 

M O S F E T d uri n g t h e C G D  m e as ur e m e nt. T h e o bt ai n e d C G D – V D G  c ur v e is s h o w n i n Fi g. 

4. 9( c ). T h e m e as ur e m e nt fr e q u e n c y w as 1 0 k H z. C G D  i n cr e as e d wit h d e cr e asi n g V D G  

b el o w V D G  = 6 V, i n di c ati n g a c c u m ul ati o n of t h e dr ai n r e gi o n. T h us, t h e s u d d e n i n cr e as e 

of ID  at V G  = 2 0 V o c c urr e d w h e n a c c u m ul at e d i n t h e dr ai n r e gi o n. T his r es ult i n di c at es 

t h at t h e s u d d e n i n cr e as e of ID  fl o w e d f or b ot h t h e a c c u m ul ati o n or t h e d e pl eti o n of t h e 

dr a i n r e gi o n. 
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Fi g ur e 4. 1 0( a ) s h o ws t h e g at e l e a k a g e c urr e nt (IG ) c h ar a ct eristi cs. T h e l o w er V D S  

r egi o n b el o w V D S  = − 6 V h a d a sli g ht p ositi v e l e a k a g e c urr e nt (IG < + 0. 2  p A). T h e 

n e g a ti v e l e a k a g e c urr e nt fl o w e d at t h e v olt a g e a b o v e V D S  = 8 V. M or e o v er, t h e n e g ati v e 

s u bs tr at e c urr e nt si m ult a n e o usl y fl o w e d, s h o w n i n Fi g.4. 1 0( b) . T h es e c urr e nts ar e d u e t o 

h ol e  i nj e cti o ns i nt o t h e g at e- o xi d e a n d t h e Si C s u bstr at e. T h at is, t h e s u d d e n ris e of ID  is 

a c c o m p a ni e d b y t h e h ol e i nj e cti o ns. T h er ef or e, t h e s u d d e n ris e of ID  is e x p e ct e d t o 

d er i v e fr o m t h e g e n er ati o n of el e ctr o n- h ol e p airs. 
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T h e s u d d e n i n cr e as e of ID  o n t h e s at ur ati o n r e gi o n r es e m bl es a g at e-i n d u c e d dr ai n 

le a k a g e ( GI D L) c urr e nt [ 1 8, 1 9]. T his l e a k a g e c urr e nt is c a us e d b y b ot h t h e i n cr e asi n g 

V D S  a n d d e cr e asi n g V G . T h e GI D L c urr e nt aris es fr o m b a n d-t o- b a n d t u n n eli n g w hi c h 

o c c urs i n t h e d e e p d e pl eti o n l a y er u n d erl yi n g t h e o v erl a p r e gi o n of g at e-t o- dr ai n. T h at is, 

it is c a us e d b y a p pl yi n g p ositi v e V D G . M or e o v er, GI D L c urr e nt is a c c o m p a ni e d b y 

g e n e r ati o n of el e ctr o n- h ol e p airs; t h e el e ctr o ns m o v e t o t h e dr ai n el e ctr o d e; t h e h ol es ar e 

i nj e ct e d i nt o g at e- o xi d e a n d s u bstr at e el e ctr o d e. F urt h er m or e, i nt erf a c e tr a ps i n cr e as e 

GI D L c urr e nt. H ori et al. r e p ort e d t h e e m er gi n g GI D L c urr e nt i n l o w V D G  r e gi o n aft er 

h ot -c arri er str essi n g. T his i s b e c a us e g e n er ati o n of el e ctr o n- h ol e p airs b y b a n d-t o- d ef e ct 

t u n n eli n g vi a i nt erf a c e tr a ps at M O S i nt erf a c e w h e n t h e d e e p d e pl eti o n r e gi o n f or ms i n 

t h e dr ai n r e gi o n [ 1 9], s h o w n i n Fi g. 4. 1 1 . Si n c e g a m m a-r a y irr a di ati o n d a m a g es a 

g at e- o xi d e a n d it s i nt erf a c e d u e t o TI D eff e ct, GI D L c urr e nt s e e ms t o b e m ost li k el y t h e 

ori gi n of t h e s u d d e n i n cr e as e i n ID  o n s at ur ati o n r e gi o n. H o w e v er, t his m e c h a nis m 

i n ad e q u at e e x pl ai ns t h e s u d d e n ris e of ID  w hi c h o c c urs i n t h e a c c u m ul ati o n c o n diti o n of 

t h e dr ai n r e gi o n. 

 

T h er e i s a p ossi bilit y t h at el e ctr o n- h ol e p airs ar e g e n e r at e d b y t h e t u n n eli n g of t h e 

v al e n c e b a n d el e ctr o ns i nt o t h e c o n d u cti o n b a n d vi a d e e p d ef e ct st at es i n t h e 

s p a c e- c h ar g e r e gi o n at t h e dr ai n-s u bstr at e j u n cti o n, s h o w n i n Fi g. 4. 1 2 . I n ci d e nt 

g a m m a-r a ys pr o d u c e s e c o n d ar y el e ctr o ns, a n d t h e n t h es e el e ctr o ns c a us e t h e 

dis pl a c e m e nt d a m a g e o n a s e mi c o n d u ct or d e vi c e as a r es ult of t h e i nt er a cti o n wit h t h e 

h ost at o ms [ 2 0]. O n o d a et al. r e p ort e d t h at t h e dis pl a c e m e nt d a m a g es b y g a m m a-r a y 

irr a di ati o n cr e at e d t h e g e n er ati o n-r e c o m bi n ati o n c e nt ers i n t h e b a n d g a p of 6 H- Si C at t h e 

d os e of 9 6 0 k G y ( Si C) [ 2 1]. T h e s u d d e n ris e of ID  w o ul d b e dr ai n-t o-s u bstr at e l e a k a g e 

c ur r e nt; it is i n d u c e d b y t h e di s pl a c e m e nt d a m a g es d u e t o g a m m a-r a ys. T h e p h ot o n 

e n er g y m ass e n er g y- a bs or pti o n c o effi ci e nts f or Si, O, a n d B a ar e al m ost e q u al i n t h e 

e n er g y r a n g e of 6 0 C o s o ur c e [ 2 2]. H e n c e, t h e i n c or p or at e d- B a d o es n ot e n h a n c e t h e 

Fi g. 4. 1 1.  S c h e m ati c di a gr a m of b a n d-t o- d ef e ct t u n n eli n g 
vi a r a di ati o n-i n d u c e d i nt erf a c e tr a p d u e t o TI D eff e ct. 

E F

e -

h +

R a di ati o n-i n d u c e d tr a p s
d u e t o TI D 

eff e ct



6 5 
 

s e c o n d ar y el e ctr o n d u e t o g a m m a-r a y. Fi g ur e 4. 1 3  s h o ws si m ul at e d e n er g y b a n d 

di a gr a ms f or t h e dr ai n-s u bstr at e j u n cti o n, wit h a n d wit h o ut a p pl yi n g t h e t hr es h ol d V D S . 

T h e  e n er g y b a n d di a gr a ms w er e c al c ul at e d b y t h e a br u pt d e pl eti o n l a y er a p pr o xi m ati o n 

a n d t h e f ull- d e pl eti o n a p pr o xi m ati o n. T h e d e pl eti o n r e gi o n b e c o m es t hi n t o 6 µ m b y 

a p pl yi n g t h e t hr es h ol d V D S  of 9 V. 

 
  

Fi g. 4. 1 2.  ( a) d e vi c e cr oss-s e cti o n n e ar dr ai n r e gi o n a n d ( b) e n er g y b a n d 
di a gr a m f or tr a p- assist e d b a n d-t o- b a n d t u n n eli n g vi a d ef e cts d u e t o 
dis pl a c e m e nt d a m a g e. 

Fi g. 4. 1 3.  Si m ul at e d e n er g y b a n d di a gr a ms f or ( a) V D S  = 0 V a n d ( b) V D S  = 9 V. 
Ψ bi  is b uilt-i n p ot e nti al. (N A  = 4. 6 × 1 01 7  c m- 3, N D  = 5. 0 × 1 01 7  c m- 3), n i = 5. 0 × 1 0- 9 
c m -3 , T  = 3 0 0 K, t h e a cti v ati o n r ati o of i m pl a nt e d i m p urit y w as s et t o 1 %) 
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4. 3. 4  I mp a ct of bi dir e cti o n al s w e e p, li g ht ill u mi n ati o n, a n d hi g h 

te m p er at ur e o n irr a di at e d M O S F E Ts 

  I n or d er t o c o nfir m t h e pr es e n c e of t h e tr a p- assist e d b a n d-t o- b a n d vi a t h e d ef e cts 

i n t h e dr ai n-s u bstr at e j u n cti o n, t hr e e e x p eri m e nts w er e p erf or m e d. Fi g ur e 4. 1 4  s h o ws 

bi di r e cti o n al ID /Is u b– V D S  c h ar a ct eristi cs of t h e irr a di at e d Si C M O S F E T u p t o 8 5 0 k G y. 

A n a nti- cl o c k wi s e h yst er esis of  ID  a p p e ar e d i n t h e v olt a g e r a n g e of 4 – 1 0 V. F or t h e 

f orw ar d s w e e p, t h e s u d d e n i n cr e as e of ID  e m er g e d ar o u n d V D S  = 8 V; si m ult a n e o usl y, 

h ol e  c urr e nt fl o w e d i nt o t h e Si C s u bstr at e. F or t h e b a c k w ar d s w e e p, h u m ps of ID  w er e 

u n- o b vi o usl y s e e n ar o u n d V D S  = 8 V. Als o, p ositi v e s u bstr at e c urr e nt fl o w e d ar o u n d V D S  

= 8 V. T h e p ositi v e Is u b s u g g ests t h at t h e h ol es i nj e ct e d b y t h e f or w ar d s w e e p c o m e b a c k 

t o t h e dr ai n r e gi o n. T h e a bs ol ut e m a xi m u m v al u e of Is u b f or t h e b a c k w ar d s w e e p w as 

l o wer t h a n t h at f or t h e f or w ar d s w e e p. T h at is, t h e i nj e ct e d h ol es w er e i n c o m pl et el y 

r e m o v e d. It i s a r e as o n t h at t h e a nti- cl o c k wis e h yst er esis a p p e ars. 

 

  Fi g ur e 4. 1 5( a), ( b)  s h o ws bi dir e cti o n al ID – V D S  c ur v es a n d ID – V G  c ur v es wit h a n d 

w it h o ut li g ht ill u mi n ati o n of w hit e li g ht. A fl u or es c e nt l a m p w as us e d as t h e li g ht 

s o ur c e; t h e ill u mi n a n c e w as s et t o 6 kl u x. T h e s u d d e n i n cr e as e of ID  o n t h e s at ur ati o n 

r egi o n ar os e ar o u n d V D S  = 8 V i n b ot h c o n diti o ns, a n d t hr es h ol d VD S  w as n ot c h a n g e d b y 

t h e li g ht ill u mi n ati o n. H o w e v er, w h e n ID – V D S  c h ar a ct eristi cs w er e m e as ur e d w hil e t h e 

lig ht ill u mi n ati o n, t h e dr ai n c urr e nt w as s at ur at e d ar o u n d V D S  = 1 1 V. Fi g ur e 4. 1 6 (a), 

( b) sh o w s u bstr at e c urr e nt c h ar a ct eristi cs wit h a n d wit h o ut  t h e li g ht ill u mi n ati o n. T h e 

Fi g. 4. 1 4.  Bi dir e cti o n al ( a) ID  a n d ( b) Is u b v ers us V D S  c h ar a ct eristi cs of t h e Si C 
M O S F E T aft er irr a di ati o n t o 8 5 0 k G y. C h a n n el l e n gt h a n d wi dt h w er e 1 0 a n d 
5 0 µ m, r es p e cti v el y. 

0 2 4 6 8 1 0 1 2 1 4 1 6
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1 0 0

1 2 0

1 4 0

 b a c k w ar d
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 (

µ
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V D S  ( V)

V G  = 0 – 2 0 V( a) ID  v s. V D S

L/ W = 1 0/ 5 0  µ m
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1. 0

I s
u
b 

(
= 
I D

−
I S

) 
(µ

A)

V D S  ( V)

( b) Is u b  v s. V D S

L/ W = 1 0/ 5 0  µ m

+ V G

+ V G

f or w ar d
s w e e p

b a c k w ar d
s w e e p



6 7 
 

a bs ol ut e m a xi m u m v al u e i n cr e as e d fr o m 0. 4 µ A t o 0. 9 µ A b y t h e ill u mi n ati o n. T his 

re s ult s u g g est s t h at h ol e i nj e cti o n i nt o t h e Si C s u bstr at e is e n h a n c e d b y t h e li g ht 

ill u mi n ati o n. T h er e i s a p ossi bilit y t h at t h e dr ai n-s u bstr at e j u n cti o n a ds or bs t h e i n ci d e nt 

w hit e li g ht a n d m or e el e ctr o n- h ol e p airs ar e g e n er at e d. 

     

 
   

 

 

 

Fi g. 4. 1 5.  ( a) Bi dir e cti o n al ID – V D S  a n d ( b) ID – V G  c h ar a ct eristi cs of t h e 
g a m m a-r a y irr a di at e d Si C M O S F E T, b ef or e a n d aft er li g ht ill u mi n ati o n. 
C h a n n el l e n gt h a n d wi dt h w er e 1 0 a n d 5 0 µ m, r es p e cti v el y. I n  ID – V D S , V G  w as 
s w e pt  fr o m 0 V t o 2 0 V. 

0 2 4 6 8 1 0 1 2 1 4

- 1. 0
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( a) Li g ht O F F

+ V G

+ V G

V D S  ( V)

( b) Li g ht O N

+ V G

+ V G

Fi g. 4. 1 6.  Is u b– V D S  c h ar a ct eri sti cs of ( a) t h e n o n-ill u mi n at e d Si C M O S F E T a n d 
( b) t h e ill u mi n at e d M O S F E T. C h a n n el l e n gt h a n d wi dt h w er e 1 0 a n d 5 0 µ m, 
r es p e cti v el y. V G  w as s w e pt fr o m 0 V t o 2 0 V. 
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  Fi g ur e 4. 1 7 (a), ( b)  s h o w ID /Is u b– V D S  c h ar a ct eristi cs i n a t e m p er at ur e r a n g e of 

2 1 – 2 0 0 ° C. T h e a p pli e d g at e v olt a g e w as fi x e d at 2 0 V. At 2 1 ° C, t h e dr ai n c urr e nt w as 

s at ur at e d ar o u n d 1 1 V. As i n cr e asi n g t e m p er at ur e, t h e s at ur ati o n v olt a g e i n cr e as e d fr o m 

1 1 V t o 1 3 V, a h u m p of dr ai n c urr e nt b e c a m e u n cl e arl y. T h e a bs ol ut e v al u e of t h e h ol e 

c urr e nt d e cr e as e d fr o m 0. 3 µ A t o 0. 0 5 µ A.  Fi g ur e 4. 1 7 ( c), ( d)  s h o w t h e s e c o n d 

d er i v ati v e of ID  a n d Is u b . T hr es h e d V D S  i n cr e as e d fr o m 8 V t o 1 0 V wit h i n cr e asi n g 

t em p er at ur e. T h e n e g ati v e p e a k v olt a g e i n ∂ 2 Is u b/∂ V G
2  pl ot als o i n cr e as e d fr o m 6 V t o 8 V. 

T h e  p e a k v olt a g e of ∂ 2 Is u b/∂ V G
2 w as b el o w t h e t hr es h ol d V D S  wit h r e g ar dl ess of 

t em p er at ur e. 

  T h e b uilt-i n p ot e nti al (ψ bi ) at dr ai n-s u bstr at e j u n cti o n d e cr e as es fr o m 3. 1 V t o 2. 8 

V wit h i n cr e asi n g t e m p er at ur e. Ass u mi n g a st e p j u n cti o n, t h e el e ctri c fi el d at t h e p n 

j u n cti o n is gi v e n b y [ 2 3] 

�푛 �푖 �푁 =
√

2 �퐶 �푁 �푉 �퐸 �푔 (�푘 �푇 �푚 + �휔 �퐶�표 )

�푥 �퐶�푚 �퐺 ( �푝�휔 + �푞 �퐷 )
. ( 4. 1 0) 

I p ost ul at e d t h at N A , N D , a n d ε Si C  ar e c o nst a nt v al u es i n t h e t e m p er at ur e r a n g e of 

2 1 – 2 0 0 ° C. W h e n a V D S  is a p pli e d, t h e el e ctri c fi el d d e cr e as es o wi n g t o t h e i n cr e as e i n 

t em p er at ur e. T h us, t h e i n cr e as e i n t e m p er at ur e is c o nsi d er e d t o r e d u c e t h e n e g ati v e Is u b. 

H o w e v er, t h e diff er e n c e i n t h e t hr es h ol d V D S  w as m u c h hi g h er t h a n t h e diff er e n c e i n ψ bi . 

T h e r ef or e, ot h er f a ct ors s h o ul d b e i ntr o d u c e d t o e x pl ai n s uffi ci e ntl y t h e t e m p er at ur e 

d e p e n d e n ci es of ID /Is u b– V D S  c h ar a ct eristi cs. I n g e n er al, as dir e ct t u n n eli n g is i n d e p e n d e nt 

of  t e m p er at ur e [ 1 6], t h e v ari ati o n i n t h e t hr es h ol d VD S  s u p p orts t h e tr a p- assist e d 

b a n d- t o- b a n d t u n n eli n g vi a t h e r a di ati o n-i n d u c e d d ef e cts, as s h o w n i n Fi g. 4. 1 2( b) . 
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4. 4  C o n cl usi o ns 

 I n t his c h a pt er, r a di ati o n r es p o ns es of t h e B a-i n c or p or at e d M O S F E T ar e s h o w n. 

T h e  TI D eff e ct o n t h e M O S F E Ts b y ID – V G  c h ar a ct eristi cs w as e v al u at e d. Δ N it a n d 

Δ N o x f or t h e B a-i n c or p or at e d Si O2  w er e hi g h er t h a n t h at f or t h e Dr y Si O2 . T his r es ult 

cl e arl y i n di c at es t h at t h e B a-i n c or p or at e d Si O 2 , w hi c h c o nsists of t h e t hi c k l a y er e d g at e 

di e l e ctri c, h as l ess r a di ati o n h ar d n ess t h a n t h e t hi n Dr y Si O2 . H o w e v er, t his tr e n d is 

af f e ct e d b y o xi d e t hi c k n ess. Aft er c orr e cti n g t h e c o ntri b uti o n of o xi d e t hi c k n ess, f or t h e 

B a-i n c or p or at e d Si O 2 , t h e i nt erf a c e tr a p g e n er ati o n effi ci e n c y (fit) a n d t h e o xi d e c h ar g e 

tra p pi n g effi ci e n c y ( fo x ) w er e sli g htl y s m all er t h a n t h at of t h e Dr y Si O 2 , i n di c ati n g t h at 

t h e i nt erf a ci al B a-sili c at e l a y er is l ess pr o n e t o d a m a g e. T h at is, t h e i nt erf a ci al 

B a-sili c at e is ess e nti all y r u g g e d t h a n t h e Dr y Si O 2 . 

T h e  o ut p ut c h ar a ct eri sti cs of t h e irr a di at e d Si C M O S F E T ar e als o dis c uss e d. T h e 

irr a di at e d M O S F E T e x hi bit e d t h e dr ai n c h ar a ct eristi cs wit h a t y pi c al li n e ar r e gi o n a n d 

t h e s u d d e n ris e of ID  o n t h e s at ur ati o n r e gi o n. T h e s u d d e n ris e of ID  w as a c c o m p a ni e d b y 

Fi g. 4. 1 7.  Te m p er at ur e d e p e n d e n ci es of ( a) ID  a n d ( b) Is u b v ers us V D S  
c h a r a ct eristi cs f or t h e irr a di at e d M O S F E T. G at e v olt a g e w as 2 0 V. ( c) ∂ 2 ID /∂ V G

2  
a n d ( c) ∂ 2 Is u b/∂ V G

2 pl ots. 
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h ol e i nj e cti o ns i nt o t h e g at e- o xi d e a n d t h e s u bstr at e. It is c o n cl u d e d t h at t h e s u d d e n ris e 

of  ID  r es ults fr o m t h e el e ctr o n- h ol e p airs b y el e ctr o n t u n n eli n g vi a d ef e cts at t h e 

dr a i n-s u bstr at e j u n cti o n. T h e d ef e ct st at es ar e e x p e ct e d t o b e i n d u c e d b y t h e 

dis pl a c e m e nt d a m a g e d u e t o g a m m a-r a y irr a di ati o n, a n d t h e dr ai n-s u bstr at e l e a k a g e 

c urr e nt is i n d e p e n d e nt of t h e i ntr o d u cti o n of t h e i nt erf a ci al B a-sili c at e l a y er. T h e s u d d e n 

i n cr e as e of ID  w as aff e ct e d b y t h e a c c u m ul ati o n of t h e h ol es, t h e li g ht ill u mi n ati o n, a n d 

t h e m e as ur e m e nt t e m p er at ur e. T h es e r es ults s u p p ort t h e i d e a of tr a p- assist e d b a n d- b a n d 

t u n n eli n g vi a d ef e cts g e n er at e d b y g a m m a-r a y irr a di ati o n. Si n c e t h e i n cr e as e i n ID  

d e p e n ds o n t h e i nj e ct e d h ol e i nt o t h e Si C b o d y r e gi o n, t h e s u d d e n ris e of ID is e x p e ct e d 

t o ori gi n at e fr o m t h e ki n k eff e ct. 

I n c o n cl usi o n, t h e l a y er e d Si O2 / B a-sili c at e di el e ctri c c a n e n h a n c e TI D t ol er a n c e. 

H o w e v er, t hi n ni n g t h e di el e ctri c i s r e q uir e d. I att e m pt e d t o r e d u c e t h e t hi c k n ess b y 

r e d u ci n g t h e o x y g e n c o n c e ntr ati o n d uri n g o xi d ati o n, b as e d o n t h e i d e a writt e n i n 

C h a pt er 2. 1 2 n m of B a-i n c or p or at e d Si O 2  w as r e ali z e d; t his g at e- di el e ctri c r es ult e d i n 

1 3 c m 2 V -1 s - 1. T h es e r es ult s ar e s u m m ari z e d i n R ef. 2 4. 
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C h a pt e r 5 

R a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct 

  

5. 1  Int r o d u cti o n 

 I n t h e pr e vi o us c h a pt er, r a di ati o n eff e cts o n t h e Si C M O S F E Ts w er e dis c uss e d. 

G a m m a-r a y irr a di ati o n a b o v e 6 0 0 k G y ( Si O 2 ) i n d u c e d a n a n o m al o us m o bilit y 

e n h a n c e m e nt eff e ct, w hi c h w as a c c o m p a ni e d b y a n i n cr e as e i n i nt erf a c e tr a p d e nsit y. I n 

t his diss ert ati o n, t his p h e n o m e n o n is c all e d r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt. 

T h e m e c h a nis m a n d t h e ori gi n of t his eff e ct ar e dis c uss e d i n t his c h a pt er. 

  T h er e ar e s o m e r e p orts o n m o bilit y e n h a n c e m e nt of Si C M O S F E Ts b y g a m m a-r a y 

irr a di ati o n. L e e et al. r e p ort e d t h at t h e h ol e m o bilit y i n 6 H- Si C p- c h a n n el M O S F E T w as 

i m pr o v e d b y t h e r e d u cti o n of s c att eri n g a n d c a pt ur e of h ol es wit h b uilt- u p p ositi v e 

tr a p p e d c h ar g es [ 1]. F urt h er, Hi s hi ki et al. r e p ort e d t h at t h e c h a n n el m o bilit y i n 6 H- Si C 

N M O S F E T i n cr e as e d b y r e d u cti o n of t h e i nt erf a c e tr a p d e nsit y a b o v e 1 M G y [ 2]. 

H o w e v er, t h es e m o bilit y e n h a n c e m e nt m e c h a nis ms ar e i n a d e q u at e t o e x pl ai n t h e 

r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct. T h e r e as o ns ar e t h at r e d u cti o n of 

i nt erf a c e tr a ps is n ot o bs er v e d i n t h e irr a di at e d B a-i ntr o d u c e d M O S F E T; m or e o v er, its 

c arri er t y p e is n-t y p e. T h us, t h er e i s u nr e as o n a bl e t h at b uilt- u p p ositi v e tr a p p e d c h ar g es 

r e d u c e s c att eri n g a n d c a pt ur e of el e ctr o ns. 

  T h er e ar e s o m e r e p ort s of t h e m o bilit y e n h a n c e m e nt a c c o m p a ni e d b y a n i n cr e as e 

i n i nt erf a c e tr a ps. A r el ati o ns hi p b et w e e n fi el d- eff e ct- m o bilit y of irr a di at e d M O S F E Ts 

a n d its t ot al d os e i s s u m m ari z e d i n Fi g. 5. 1 [ 3 – 8]. It i n cl u d es d at a of 6 H- Si C M O S F E Ts. 

I n fa ct, t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct a c c o m p a ni es b y a n i n cr e as e 

i n i nt erf a c e tr a ps h as b e e n o bs er v e d o n t h e s a m pl e w hi c h h as eit h er nitr o g e n or b ari u m 

at t h e M O S i nt erf a c e. T h er e is a p ossi bilit y t h at t h e i n c or p or ati o n of ot h er el e m e nts ( e. g. 

B or P) i nt o M O S i nt erf a c e al s o l e a ds t o t h e a n o m al o us m o bilit y e n h a n c e m e nt. 

T h er ef or e, t h e m e c h a nis m m ust b e el u ci d at e d. If t his p h e n o m e n o n is u n d erst o o d a n d it 

t h er e b y b e c o m es c o ntr oll a bl e, t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct m a y 

b e a n a d v a nt a g e a g ai nst t h e hi g h-t e m p er at ur e o xi d ati o n m et h o d a n d s o o n [ 9]. 
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5. 2  R es ults a n d dis c ussi o n 

In t his s e cti o n, it is s h o w n t h at v ari o us el e ctri c al c h ar a ct eristi cs of t h e irr a di at e d Si C 

M O S F E Ts. I n t h e pr e vi o us c h a pt er, si n c e d es cri bi n g t h e f a bri c ati o n pr o c ess of m e as ur e d 

Si C M O S F E Ts, t h e pr o c ess is n ot d es cri b e d i n t his c h a pt er. 

 

5 .2. 1  Bi as-t e m p er at ur e str ess t est 

A b o v e 6 0 0 k G y, t h e μ F E — V G  c ur v es s h o w e d a s h ar p p e a k ar o u n d V G  = 6 V, as s h o w n i n 

4. 6( a ), C h a pt er 4. T hi s s h ar p p e a k a n d t h e n e g ati v e t hr es h ol d v olt a g e s hift r es e m bl e t h e 

c ur v e of t h e M O S F E T w h os e o xi d e is c o nt a mi n at e d wit h s o di u m i o ns [ 1 0]. T uttl e et al . 

r e p ort e d t h at aft er a p pl yi n g a p ositi v e bi as-t e m p er at ur e str ess ( B T S) t est of + 1 5 V at 

1 7 5 ° C, t h e N a- c o nt a mi n at e d M O S F E T s h o w e d a n e xtr e m el y hi g h m o bilit y of 2 1 1 c m 2  

V - 1s - 1 wit h a s h ar p p e a k str u ct ur e a n d a n e g ati v e t hr es h ol d v olt a g e s hift. T h e y c o n cl u d e d 

t h e hi g h m o bilit y is str o n gl y c orr el at e d wit h t h e pr es e n c e of N a i o ns at t h e Si O2 / Si C 

i nterf a c e. T h er ef or e, I c o nsi d er e d t h at t h e irr a di at e d M O S F E T als o i n cl u d e d B a-i o ns at 

t h e g at e- o xi d e/ Si C i nt erf a c e as w ell as t h e N a- c o nt a mi n at e d M O S F E T. T o e v al u at e t his 

h y p ot h esi s, p ositi v e a n d n e g ati v e B T S t ests w er e p erf or m e d t o t h e irr a di at e d M O S F E T 

u p t o 8 5 0 k G y as p er t h e f oll o wi n g pr o c e d ur e, s h o w n i n Fi g. 5. 2 . 

1 0 0 1 0 1 1 0 2 1 0 3 1 0 4

0. 8

1. 2

1 . 6

2. 0

2. 4  N-i n c or p or at e d o xi d e 
 N-i n c or p or at e d o xi d e 
 N-i n c or p or at e d o xi d e 
 N-i n c or p or at e d o xi d e 
 B a-i n c or p or at e d o xi d e ( o ur w or k)
 Dr y Si O2
 Dr y Si O2  

 P y o g e ni c Si O2 
 P yr o g e ni c Si O2 

N
or

m
ali

z
e
d 

M
o
bil

it
y

 µ
/µ

0

T ot al D o s e ( k G y)

[ 3]
[ 3]

[ 4]
[ 4]

[ 5]
[ 6]

[ 7]

[ 7]

[ 8]

Fi g. 5. 1.  T ot al d os e d e p e n d e n c e of fi el d eff e ct m o biliti es f or 4 H- Si C a n d 6 H- Si C 
M O S F E Ts. 
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  T h e a p pli e d o xi d e el e ctri c fi el d w as + 1 M V/ c m or − 1 M V/ c m. Firstl y, t h e 

irr a di at e d M O S F E T w as h e at e d t o 2 0 0 ° C, a n d t h e n t h e el e ctri c fi el d of + 1 M V/ c m w as 

a p pli e d f or t h e s a m pl e t o drift t h e B a-i o ns t o w ar d t h e g at e- di el e ctri c/ Si C i nt erf a c e 

dir e cti o n. T h e M O S F E T w as t h e n c o ol e d t o r o o m t e m p er at ur e u n d er t h e el e ctri c fi el d. 

Fi n all y, t h e ID — V G  c ur v e w as m e as ur e d at r o o m t e m p er at ur e. Aft er t h e p ositi v e B T S t est, 

t h e pr o c e d ur e w as r e p e at e d wit h t h e s a m e M O S F E T wit h a r e v ers e bi as of − 1 M V/ c m. 

  Fi g ur e 5. 3( a), ( c)  s h o w V t h a n d μ F E  v ari ati o ns i n a c u m ul ati v e str ess ti m e b y 

a p pl yi n g t h e p ositi v e el e ctri c fi el d. Aft er a p pl yi n g t h e p ositi v e B T S, t h e N M O S F E T 

s h o w e d a p o siti v e t hr es h ol d v olt a g e s hift of 3. 5 V d u e t o el e ctr o n i nj e cti o n fr o m t h e Si C 

s urf a c e [ 1 1]. T h e str ess e d m o bilit y fl u ct u at e d ar o u n d 1 5 c m 2  V- 1s - 1, a n d t h e m o bilit y 

e n h a n c e m e nt eff e ct, li k e t h e N a- c o nt a mi n at e d M O S F E T, w as n ot o bs er v e d. 

S u bs e q u e ntl y, t h e s a m e N M O S F E T w as a p pli e d wit h t h e n e g ati v e el e ctri c fi el d, as 

s h o w n i n Fi g. 5. 3( b), ( d) . T h e t hr es h ol d v olt a g e d e cr e as e d t o 3 V as t h e c u m ul ati v e 

str ess ti m e i n cr e as e d; t h e t hr es h ol d v olt a g e w as cl os e t o t h e i niti al t hr es h ol d v olt a g e of 

2. 6 V b ef or e t h e p ositi v e B T S. T h us, t his v olt a g e s hift is m ai nl y c a us e d b y r e m o v al of 

t h e i nj e ct e d el e ctr o n. N ot e t h at t h e t hr es h ol d v olt a g e w as i n c o m pl et el y r e c o v er e d. T h e 

r esi d u al t hr es h ol d v olt a g e s hift of 0. 4 V w o ul d b e d u e t o h ol e i nj e cti o n.  

  U nli k e N a- c o nt a mi n at e d M O S F E Ts, t h e irr a di at e d M O S F E T e x hi bit e d n o m o bil e 

i o n drift u n d er t h e B T S t ests. T h at is, t h e irr a di at e d M O S F E T di d n ot c o nt ai n a n u m b er 

of B a-i o ns s uffi ci e nt t o d et e ct i o n- drift. It is c o n cl u d e d t h at t h e m e c h a nis m of 

r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt is diff er e nt fr o m t h e m o bilit y e n h a n c e m e nt 

m e c h a nis m of t h e N a- c o nt a mi n at e d M O S F E T. 
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Fi g. 5. 2.   S c h e m ati c of p ositi v e a n d n e g ati v e bi as-t e m p er at ur e str ess ( B T S) t ests. 
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irr a di at e d- N M O S F E T: V t h v ari ati o n of ( a) + 1 M V/ c m, ( b) − 1 M V/ c m, a n d μ F E  

v ari ati o n of ( a) + 1 M V/ c m, ( b) − 1 M V/ c m. T h e c h a n n el l e n gt h a n d wi dt h w er e 1 0 
μ m a n d 1 0 μ m, r es p e cti v el y. 
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5. 2. 2  T e m p er at ur e d e p e n d e n c e of m o bilit y 

A ft er g a m m a-r a y irr a di ati o n, t h e t e m p er at ur e d e p e n d e n c e of μ F E  is als o c h a n g e d. Fi g ur e 

5. 4  sh o ws t h e t e m p er at ur e d e p e n d e n ci es f or n o n-irr a di at e d a n d irr a di at e d M O S F E T. T h e 

r a di ati o n d os e w as 8 5 0 k G y. A n o n-irr a di at e d M O S F E T wit h L/ W  = 5/ 5 0 μ m s h o w e d 

c h a n n el m o bilit y w as pr o p orti o n al t o T 0. 4 . O n t h e ot h er h a n d, t h e irr a di at e d M O S F E T of 

L/ W  = 1 0/ 1 0 μ m s h o w e d a diff er e nt d e p e n d e n c e. T h e m o bilit y i n cr e as e d fr o m 1 7 c m 2  

V - 1s - 1 t o 1 9 c m2 V - 1s - 1 i n t h e r a n g e of 3 0 0 – 3 5 0 K, a n d t h e m o bilit y d e cr e as e d i n 

pr o p or ti o n t o T − 0. 6  a b o v e 3 5 0 K. 

  Not e t h at r a di ati o n r es p o ns es ar e aff e ct e d b y p ost-r a di ati o n- a n n e ali n g [ 1 2, 1 3]. 

T h e h ol es tr a p p e d i n t h e Si O 2  of a M O S d e vi c e ar e n ot tr ul y p er m a n e ntl y tr a p p e d. A 

fra cti o n of tr a p p e d h ol e is c o m p e ns at e d b y el e ctr o n t u n n eli n g a n d t h er m al a n n e ali n g 

o v er ti m e fr o m millis e c o n ds t o y e ars. T h us, t h er e is a p ossi bilit y t h at b y t h e 

m e as ur e m e nt at hi g h t e m p er at ur es, t h e r a di ati o n eff e cts ar e p arti all y r e c o v er e d.  

 
 

  

Fi g. 5. 4.  Te m p er at ur e d e p e n d e n ci es of c h a n n el m o bilit y of n o n-irr a di at e d M O S F E T 
at L/ W  = 5/ 5 0 μ m, a n d irr a di at e d M O S F E T at L/ W  = 1 0/ 1 0 μ m. 
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5. 2. 3  Es ti m ati o n of eff e cti v e m o bilit y 

E ff e cti v e m o bilit y (µ eff ) i s e v al u at e d i n t his s u bs e cti o n. E v al u ati o n of eff e cti v e m o bilit y 

r eq uir es a m o bil e c h ar g e d e nsit y ( Q n ), w hi c h is g e n er all y d et er mi n e d b y t h e s plit C – V 

m e t h o d [ 1 4]. H o w e v er, t his pr o c e d ur e c a n n ot a p pl y t o t h e irr a di at e d Si C M O S F E Ts. 

T h e r e as o n is t h at g a m m a-r a y d a m a g es g at e- o xi d e a n d M O S i nt erf a c e d u e t o t h e TI D 

eff e ct, t h er e b y c a usi n g a m u c h fr e q u e n c y dis p ersi o n o n C – V c ur v e. If Q n  of t h e 

irr a di at e d s a m pl e i s m e as ur e d b y t h e s plit C – V m et h o d, it i n cl u d es t h e c o ntri b uti o n of 

i nt erf a c e tr a ps, l e a di n g t o o v er esti m at e Q n . I n t his w or k, µ eff  a n d Q n  ar e a p pr o xi m at e d b y  

�푛 �푖 �푁 �퐶 =
�푁 �푉 �퐸

�푔 �푘 �푇

, ( 5. 1) 

�푚 �휔 = �퐶 �표 �푥 ( �퐶�푚 − �퐺 �푝 ℎ), ( 5. 2) 

w h e r e g d  i s t h e dr ai n c o n d u ct a n c e [ 1 4]. Fi g ur e 5. 5  s h o ws t h e eff e cti v e m o bilit y b ef or e 

a n d a ft er irr a di ati o n. Irr a di at e d M O S F E Ts e x hi bit e d hi g h er m o bilit y t h a n t h at of t h e 

n o n-irr a di at e d M O S F E Ts. 

 

Fi g. 5. 5.  Eff e cti v e m o biliti es of t h e n o n-irr a di at e d a n d irr a di at e d Si C M O S F E Ts. 
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5. 2. 4  R a di ati o n-i n d u c e d n arr o w c h a n n el eff e ct ( RI N C E) 

F i g ur e 5. 6  s h o ws t h e μ F E — V G  c ur v es f or a n arr o w c h a n n el wi dt h ( 1 0 μ m)  a n d a wi d e 

c h a n n el wi dt h ( 5 0 μ m) i n t h e M O S F E T b ef or e a n d aft er irr a di ati o n. T h e r a di ati o n d os e 

w as 8 5 0 k G y. F or t h e n arr o w c h a n n el, t h e m o bilit y w as e n h a n c e d fr o m 1 2 c m 2  V- 1s - 1 t o 

1 7 c m 2  V- 1s - 1, a n d t h e μ F E — V G  c ur v e h a d a s h ar p p e a k ar o u n d V G  = 6 V. O n t h e ot h er 

h a n d, f or t h e wi d e c h a n n el, t h e m o bilit y w as sli g htl y d e gr a d e d. M or e o v er, n o s h ar p p e a k 

w as o bs er v e d.  

  T h e c h a n n el wi dt h d e p e n d e n ci es of V t h, μ F E , a n d IG  ar e s u m m ari z e d i n Fi g. 5. 7  

b ef or e a n d aft er irr a di ati o n t o 8 5 0 k G y. B ef or e irr a di ati o n, V t h a n d μ F E  i n cr e as e d wit h 

t h e n arr o wi n g c h a n n el wi dt h. T h es e tr e n ds ar e c a us e d b y a hi g h s eri es r esist a n c e s u c h as 

a drift r esi st a n c e a n d a n o h mi c c o nt a ct r esist a n c e [ 1 4, 1 5]. F or e x a m pl e, at W  = 5 0 μ m, 

t h e M O S F E T’s s eri es r esist a n c e a c c o u nt e d f or 2 6 % of its t ot al r esist a n c e. As a r es ult, a 

hi g h v olt a g e dr o p p e d a cr oss t h e s eri es r esist a n c e, a n d V t h a n d μ F E  w er e m o difi e d wit h a 

dif f er e n c e of eff e cti v e V D S . Aft er irr a di ati o n, t h e t hr es h ol d v olt a g e s hift e d t o t h e 

n e g a ti v e dir e cti o n d u e t o r a di ati o n-i n d u c e d o xi d e-tr a p p e d c h ar g es. T h e c h a n n el wi dt h 

d e p e n d e n c e of V t h s hift i s t y pi c all y c all e d r a di ati o n-i n d u c e d n arr o w er c h a n n el eff e ct 

( RI N C E) i n Si- M O S d e vi c es. T h e t hr es h ol d v olt a g e s hift, as d efi n e d as |V t h, p ost – Vt h, pr e |, 

i n cr e as e d wit h t h e n arr o wi n g c h a n n el wi dt h, w h er e ‘ p ost’ a n d ‘ pr e’ d e n ot e aft er a n d 

b ef or e irr a di ati o n. T h e eff e cti v e p ositi v e- c h ar g e d e nsit y ( Δ N eff ) is gi v e n b y  

�푛 �푖 �푁 �퐶 �푁 =
�푉 �퐸 �푔

�푘
�푇 �푚 ℎ, �휔 �퐶 �표�푥 − �퐶 �푚 ℎ, �퐺 �푝 �휔 . (5. 3)  

T h e n arr o wi n g c h a n n el e n h a n c e d Δ N eff , w hi c h i n cr e as e d fr o m 1. 1 × 1 01 2  c m- 2 t o 1. 6 × 1 01 2  

c m -2 . N ot e t h at Δ N eff  i s e x pr ess e d b y Δ N eff = Δ N it + Δ N o x , a n d t h e n t h e i n cr e as e of Δ N eff  

i n dic at es c h a n n el n arr o wi n g e n h a n c es t h e r el ati v e o xi d e-tr a p p e d c h ar g e d e nsit y a g ai nst 

t h e i nt erf a c e tr a p d e nsit y. 

  Si mil arl y, t h e n arr o w er c h a n n el t e n ds t o i n cr e as e μ F E  aft er irr a di ati o n. Alt h o u g h 

t h e n arr o w c h a n n el M O S F E T of W  = 1 0 µ m s h o w e d a wi d e v ari ati o n of µ F E , it r es ult e d 

i n t h e hi g h est m o bilit y of 1 8 c m2 V - 1s - 1. At o nl y W  = 5 0 μ m, t h e μ F E  w a s b el o w t h at of 

t h e n o n-irr a di at e d s a m pl e. T h es e r es ults i n di c at e t h at t h e n arr o w er c h a n n el e n h a n c es 

r a di ati o n r es p o ns es s u c h as t h e t hr es h ol d v olt a g e s hift a n d t h e i n cr e asi n g m o bilit y. 
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5. 2. 5  A n al ysis usi n g g at e-t o- c h a n n el c o n d u ct a n c e ( G G C ) 

5. 2. 5. 1  R el ati o ns hi p b et w e e n c h a n n el wi dt h a n d G G C  

I n or d er t o cl arif y t h e ori gi n of RI N C E, a g at e-t o- c h a n n el c o n d u ct a n c e, G G C , w as 

m e as ur e d. G G C — V G  c h ar a ct eri sti c of a M O S F E T w as m e as ur e d usi n g a n A gil e nt 4 2 8 4 A 

L C R m et er a n d a n A gil e nt 4 2 9 4 A i m p e d a n c e a n al y z er. Fi g ur e 5. 8( a)  s h o ws t h e cir c uit 

f or t h e G G C  m e as ur e m e nt [ 1 4, 1 6]. T h e s m all-si g n al A C a m plit u d e w as s et t o 1 0 0 m V. 

T h e  hi g h t er mi n al w as c o n n e ct e d t o t h e g at e el e ctr o d e; S/ D r e gi o ns w er e c o n n e ct e d t o 

t h e l o w t er mi n al, a n d Si C s u bstr at e w as gr o u n d e d. Fi g ur e 5. 8( b)  s h o ws a cr oss-s e cti o n al 

s c h e m ati c of t h e M O S F E T d uri n g t h e G g c  m e as ur e m e nt. 

H e r e, V i n v i s d efi n e d as t h e g at e v olt a g e c orr es p o n di n g t o a Si C s urf a c e p ot e nti al of 

2 ψ B  [ 1 7]. It is i m p ort a nt t o n ot e t h at t h e Si C s urf a c e p ot e nti al, c orr es p o n di n g t o V t h 

d et er mi n e d b y t h e li n e ar e xtr a p ol ati o n, is g e n er all y gr e at er t h a n t h e 2 ψ B  v al u e [ 1 4, 1 7]. 

V i n v is d et er mi n e d b y t h e f oll o wi n g pr o c e d ur e [ 1 7, 1 8]. Firstl y, t h e i d e al s u bt hr es h ol d 

c ur r e nt w as o bt ai n e d at t h e s urf a c e p ot e nti al of 2ψ B , w h er e ψ B  is t h e F er mi p ot e nti al 

wi t h r es p e ct t o mi d g a p. T h e i d e al s u bt hr es h ol d c urr e nt is e x pr ess e d wit h t h e f or m ul a 

[ 1 9]: 

�푛 �푖 = �푁
�퐶

�푁 √

�푉 �퐸 �푔�푘 �푇 �푚 �휔

2 �퐶 �표

�푥 �퐶

�푚 �퐺

2
�푝 �휔

�푞

2
e x p

�퐷 �푖 �푡

�휋 �휎
1 − e x p −

�푠 �휂 �휔 �휏

�푛 �휔
, ( 5. 4) 

w h er e k,  T , q , n i ar e t h e B olt z m a n n c o nst a nt, t h e a bs ol ut e t e m p er at ur e, t h e el e m e nt ar y 

c h a r g e, a n d t h e i ntri nsi c c arri er d e nsit y. A n d ε Si C  d e n ot es t h e di el e ctri c c o nst a nt of Si C. 

T h e  fi el d- eff e ct m o bilit y w as us e d as c h a n n el m o bilit y. Fi n all y, V i n v is d efi n e d as t h e V G  

c or r es p o n di n g t o t h e c al c ul at e d i n v ersi o n c urr e nt o n m e as ur e d ID — V G  c h ar a ct eristi c. 

Fi g ur e 5. 9 s h o ws ID / GG C  v ers us V G  c h ar a ct eristi cs of t h e irr a di at e d M O S F E Ts wit h 

W =  1 0 µ m a n d W  = 5 0 µ m. T h e m e as ur e m e nt fr e q u e n c y w as 1 0 0 k H z. T h e V i n v f or W  = 

1 0 µ m w as − 1. 7 V. A n d t his n arr o w er c h a n n el tr a nsist or e x hi bit e d a si n gl e G G C  p e a k at 

V G  = − 5. 1 V. T h e g at e v olt a g e at t h e p e a k is l o w er t h a n t h e V i n v. W h er e as, t h e wi d er 

c h a n n el tr a nsi st or of W  = 5 0 µ m s h o w e d m ar k e dl y diff er e nt G G C  c h ar a ct eristi c. T h e V i n v 

of W  = 5 0 µ m w as 5. 5 V. T h e wi d er c h a n n el e x hi bit e d t hr e e G G C  p e a ks. E a c h p e a k 

l o cat e d at − 0. 9 6 V, 3. 4 V, a n d 6. 6 V, l a b el e d as D it, 1, Dit, 2, a n d Dit, 3. I nt er esti n gl y, t h e g at e 

v olt a g e c orr es p o n di n g D it, 3 w as l ar g er t h a n t h e V i n v. It i n di c at es t h at t h e wi d er c h a n n el 

h as  i nt erf a c e tr a ps at t h e e n er g y l e v el n e ar t h e c o n d u cti o n b a n d b ott o m (E c ). T h e tr a ps at 

t h e e n er g y l e v el n e ar Ec  is c all e d  a s t h e s h all o w tr a ps. Aft er f or mi n g t h e i n v ersi o n l a y er 

o n c h a n n el r e gi o n, i n d u c e d el e ctr o ns c o m m u ni c at e wit h t h e s h all o w tr a ps. It is 
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c o nsi d er e d t h at t h e m o bilit y d e gr a d ati o n i n t h e wi d er c h a n n el tr a nsist or r es ults fr o m t h e 

s h a ll o w tr a ps. 

I nt erf a c e tr a p d e nsit y w as esti m at e d b y t h e si n gl e-fr e q u e n c y a p pr o xi m ati o n 

t e c h ni q u e pr o p os e d b y Hill et al. [ 2 0]. T h e m et h o d r e q uir es G G C – V G  c ur v e at a 

hi g h- fr e q u e n c y. T h e v al u e of D it is e x pr ess e d b y t h e f oll o wi n g e q u ati o n: 

�푛 �푖�푁 =
2

�퐶 �푁, �푉 �퐸 �푔
�푘

�푇 �푚

�휔 �퐶, �표 �푥 �퐶

�푚 �퐺 �푝 �휔

2

+ 1 −
�푞 �퐷 �푖

�푡 �휋 �휎

2 − 1

, ( 5. 5) 

w h e r e G m, m a x  is t h e m a xi m u m c o n d u ct a n c e a n d C m c  is its c orr es p o n di n g c a p a cit a n c e. S  

a n d ω  ar e t h e d e vi c e ar e a a n d t h e si g n al fr e q u e n c y i n r a d/s e c, r es p e cti v el y. C o x  is g at e 

o xi d e  c a p a cit a n c e. T h e D it esti m ati o n w as p erf or m e d at 1 0 0 k H z. T h e s urf a c e p ot e nti al 

w a s esti m at e d wit h i d e al s u bt hr es h ol d c urr e nt as wit h t h e V i n v d et er mi n ati o n pr o c e d ur e. 

Es ti m at e d D it v al u es of t h e irr a di at e d M O S F E Ts ar e s h o w n i n Ta bl e 5. 1 . T h e s h all o w 

tr ap d e nsit y f or W  = 5 0 µ m w as 1 × 1 01 2  c m- 2e V - 1. 
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Fi g. 5. 8.  S c h e m ati c f or G G C  m e as ur e m e nt: ( a) cir c uit a n d ( b) cr oss-s e cti o n. C G C  
d e n ot es g at e-t o- c h a n n el c a p a cit a n c e. 
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c h a n n el wi dt h:( a) W  = 1 0 µ m a n d ( b) W  = 5 0 µ m. C h a n n el l e n gt h w as 1 0 µ m. V i n v is 
t h e g at e v olt a g e c orr es p o n di n g t o a Si C s urf a c e p ot e nti al of 2ψ B . 
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5. 2. 5. 2  I nfl u e n c e of p arti al r e c o v er y o n G G C  

As m e nti o n e d i n s u bs e cti o n 5. 2. 2, r a di ati o n eff e cts i n g at e- di el e ctri c ar e n ot p er m a n e nt. 

T h e  irr a di at e d M O S F E T wit h W  = 1 0 µ m w as r e c o v er e d b y el e ctr o n i nj e cti o n at a 

t e m p er at ur e of 2 0 0 ° C f or 4 0 mi n. T h e el e ctr o n i nj e cti o n p erf or m e d b y a p pl yi n g a n 

o xi d e el e ctri c fi el d of + 1 M V/ c m. 

  Fi g ur e 5. 1 0  s h o ws fi el d- eff e ct m o bilit y aft er t h e r e c o v er y pr o c es s. Aft er t h e 

r e c o v er y pr o c ess, t h e m o bilit y d e cr e as e d t o 1 6 c m - 2V - 1s - 1, w hi c h w as still hi g h er t h a n 

t h e i niti al m o bilit y b ef or e irr a di ati o n. G G C/ ID – V G  c h ar a ct eristi c of t h e r e c o v er e d 

M O S F E T is s h o w n i n Fi g. 5. 1 1 . T his fi g ur e i n cl u d es t h e dr ai n c h ar a ct eristi cs b ef ore a n d 

aft er irr a di ati o n. V i n v i n cr e as e d fr o m 0. 4 V t o 7. 6 V b y el e ctr o n i nj e cti o n. T his v olt a g e 

s hi ft s u g g ests t h e n e utr ali z ati o n of o xi d e-tr a p p e d p ositi v e c h ar g e. T h e i niti al V i n v b ef or e 

irr a di ati o n w as 2. 5 V. V i n v of t h e r e c o v er e d M O S F E T w as l ar g er t h a n t h e i niti al v al u e, 

st ill r e m ai ni n g r a di ati o n-i n d u c e d i nt erf a c e tr a ps. El e ctr o n i nj e cti o n at 2 0 0 ° C is 

i ns uffi ci e nt t o c ur e i nt erf a ci al d ef e cts; r e c o v eri n g is i n c o m pl et e. 

  F or G G C  c ur v e r e c ei v e d t h e r e c o v er y pr o c ess, t h er e ar e t w o G G C  p e a ks at g at e 

v olt a g es of − 0. 5 V a n d 6. 4 V. E a c h p e a k is l a b el e d as D it, 1 a n d D it, 2. I nt er esti n gl y, t h e 

D it, 1 a p p e ar e d o n o ut of t h e s u bt hr es h ol d r e gi o n of m e as ur e d ID — V G c ur v e. 

  At first, D it, 1 is pr e di ct e d t o r es ult fr o m t h e tr a ps at g at e- di el e ctri c/ Si C i nt erf a c e o n 

t h e o v erl a p r e gi o ns. C h e n et al. r e p ort e d t h at r a di ati o n-i n d u c e d i nt erf a c e tr a ps w er e 

n o n u nif or ml y di stri b ut e d s p ati all y; t h e tr a p d e nsiti es o n S/ D r e gi o ns w er e diff er e nt fr o m 

t h at of c h a n n el r e gi o n [ 2 1]. It i s s p e c ul at e d t h at t h er e ar e t w o s p ati all y s e p ar at e d 

i nt erf a c e-tr a ps, w hi c h ar e l o c at e d o n t h e c h a n n el r e gi o n a n d o v erl a p r e gi o n; e a c h 

i nt erf a c e st at es ar e fill e d b y a diff er e nt g at e v olt a g e. I n or d er t o r e v e al t h e pr es e n c e of 

i nt erf a c e tr a ps o n o v erl a p r e gi o ns, t h e g at e-t o- dr ai n c o n d u ct a n c e (G G D ) w as m e as ur e d. 

H o w e v er, t h er e w as n o p e a k o n t h e o bt ai n e d G G D – V G  c h ar a ct eristi c. T h er ef or e, it is 

c o n c l u d e d t h at t h e D it, 1 c orr es p o n ds t o i nt erf a c e tr a ps at g at e- di el e ctri c/ Si C i nt erf a c e o n 

t h e c h a n n el r e gi o n, n ot o v erl a p r e gi o n. 

  I nt erf a c e tr a p d e nsit y w as esti m at e d usi n g E q. ( 5. 5), s h o w n i n Ta bl e 5. 2 . T h e 

r e co v er e d M O S i nt erf a c e h a d t w o ki n ds of i nt erf a c e st at es at t h e diff er e nt e n er g y l e v els 

i n t h e b a n d g a p. D it, 1 a n d D it, 2 c orr es p o n d t o i nt erf a c e tr a ps of 3 × 1 01 1  c m- 2e V - 1 a n d 

2 × 1 0 1 2  c m- 2e V - 1, r es p e cti v el y. M or e o v er, D it, 2 w as l o c at e d at t h e e n er g y l e v el of E – E c  = 

0. 1 8 e V. T hi s s h all o w st at e n e ar E c  di d n ot a p p e ar o n t h e G G C – V G  c h ar a ct eristi c b ef or e 

t h e r e c o v er y pr o c ess, s h o w n i n Fi g. 5. 9( a) . It is c o n cl u d e d t h at t h e r e c o v er y pr o c ess 

i n d u c es hi g h s h all o w-tr a p d e nsit y. 
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Fi g. 5. 1 1.  G G C – V G  c h ar a ct eri sti c of t h e p arti all y r e c o v er e d M O S F E T. A n d ID – V G  
c h a r a ct eri sti cs ( a) b ef or e irr a di ati o n, ( b) aft er irr a di ati o n, a n d ( c) aft er r e c o v eri n g. 

T a bl e 5. 2.  Esti m at e d i nt erf a c e tr a p d e nsit y of t h e r e c o v er e d M O S F E T. 

Fi g. 5. 1 0.  Vari ati o n of fi el d eff e ct m o bilit y b y g a m m a-r a y irr a di ati o n a n d t h e 
r e c o v er y pr o c ess. 
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5. 2. 6  P r o p os al f or t h e m e c h a nis m of R a di ati o n-i n d u c e d m o bilit y 

e n h a n c e m e nt eff e ct 

A p pl yi n g t h e r e c o v er y pr o c ess r e d u c e d c h a n n el m o bilit y a n d i n d u c e d t h e s h all o w tr a ps. 

S h a ll o w tr a p st at e is e x p e ct e d t o h a v e l ar g e c a pt ur e cr oss-s e cti o n, a n d t h e n its st at e 

hi g hl y i nfl u e n c es o n c h a n n el m o bilit y [ 1 4]. T h us, t h e m o bilit y r e d u cti o n is d u e t o 

s h all o w tr a ps. N ot o nl y aft er r e c o v eri n g, b ut als o t h e wi d e c h a n n el M O S F E T of W  = 5 0 

µ m h a d t h e s h all o w tr a ps. T his wi d e c h a n n el M O S F E T di d n ot e x hi bit 

r a di ati o n-i n d u c e d m o bilit y eff e ct. It is s p e c ul at e d t h at t h e s h all o w tr a p c a n c els o ut t h e 

r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct i n t h e wi d e c h a n n el M O S F E T. 

  S h all o w tr a ps n e ar E c  pl a y a k e y r ol e i n o c c urr e n c e of t h e r a di ati o n-i n d u c e d 

m o bi lit y e n h a n c e m e nt eff e ct. S h all o w tr a ps w er e o bs er v e d i n s a m pl es wit h l ess 

o xi d e-tr a p p e d c h ar g e d e nsit y. T h e wi d e c h a n n el M O S F E T of W  = 5 0 µ m h a d l ess Δ N eff ; 

a n d t h e r e c o v er y pr o c ess r e d u c e d o xi d e-tr a p p e d p ositi v e c h ar g es. It is e x p e ct e d t h at t h e 

r el ati o ns hi p b et w e e n s h all o w tr a ps a n d o xi d e-tr a p p e d c h ar g es. I n ot h er w or ds, 

o xi d e-tr a p p e d c h ar g es r el at e t o t h e o c c urr e n c e of t h e r a di ati o n-i n d u c e d m o bilit y 

e n h a n c e m e nt eff e ct. R e d u cti o n of o xi d e-tr a p p e d c h ar g e b y t h e r e c o v er y pr o c ess 

( el e ctr o n i nj e cti o n at a hi g h-t e m p er at ur e) is a r e as o n a bl e r es ult. H er e, t h e c h a n n el 

d e p e n d e n c e of o xi d e-tr a p p e d c h ar g e d e nsit y is dis c uss e d b el o w. 

T h e c h a n n el wi dt h d e p e n d e n c e of V t h s hift, s h o w n i n Fi g. 5. 7( a ), is t y pi c all y c all e d 

r a diati o n-i n d u c e d n arr o w er c h a n n el eff e ct ( RI N C E) i n Si- M O S d e vi c es. T h e c a us e of 

RI N C E h as b e e n e x pl ai n e d b y m ai nl y t w o m o d els; o n e is t h at a s o ur c e — c h a n n el 

p ot e nti al b arri er dr o ps b y b uil d- u p of p ositi v e c h ar g es o n s h all o w tr e n c h is ol ati o n ( S TI) 

ar o u n d t h e tr a nsi st or [ 2 2]. I n t hi s st u d y, t h e f a bri c at e d M O S F E T h as n o is ol ati o n l a y er 

li k e S TI, m or e o v er, t h e si m pl e c h a n g e of t h e p ot e nti al b arri er i ns uffi ci e ntl y e x pl ai ns t h e 

m o bilit y e n h a n c e m e nt eff e ct. A n ot h er m o d el is t h at m e c h a ni c al str ess i n M O S F E Ts 

e n h a n c es t h e a m o u nt of r a di ati o n-i n d u c e d p ositi v e c h ar g e [ 2 3].  It is w ell k n o w n t h at 

el e ctr o d e-i n d u c e d m e c h a ni c al str ess m o difi es r a di ati o n r es p o ns e [ 2 4, 2 5]. A g at e 

el e ctr o d e i ntr o d u c es m e c h a ni c al str ess i nt o a g at e o xi d e, a n d t his str e n gt h d e p e n ds o n 

t h e m et al’s t hi c k n ess a n d t h e el e ctr o d e- wi dt h [ 2 6]. I n ot h er w or ds, a t hi c k a n d/ or n arr o w 

g at e el e ctr o d e i ntr o d u c es m or e m e c h a ni c al str ess o n t h e g at e o xi d e. F or e x a m pl e, i n 

Si- M O S F E Ts, t h e s h ort er c h a n n el i n d u c e d m or e o xi d e-tr a p p e d c h ar g es [ 2 7, 2 8]. As 

s h o w n i n Fi g. 5. 7( a) , t h e n arr o w er c h a n n el i n t h e Si C M O S F E Ts als o i m pli es t h e 

pr es e n c e of m or e o xi d e-tr a p p e d c h ar g es. M or e o v er, t h e c h a n n el wi dt h w as c o ntr oll e d b y 

Al g at e- m et al wi dt h. T h er ef or e, t h e m e c h a ni c al str ess is pr e di ct e d t o i n d u c e b ot h 
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RI N C E a n d t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct. 

T h e  m e c h a ni c al str ess d e p e n d e n c e of r a di ati o n s e nsiti vit y is e x pl ai n e d b y t h e b o n d 

str ai n gr a di e nt ( B S G) m o d el [ 2 9]. B as e d o n t h e B S G m o d el, h ol es cr e at e d b y r a di ati o n 

br e a k str ai n e d Si- O- Si b o n ds l e a di n g t o t h e f or m ati o n of o x y g e n v a c a n c y ( E ′- c e nt er) 

[ 3 0]. T h es e o x y g e n v a c a n ci es a ct as t h e o xi d e-tr a p p e d p ositi v e c h ar g es [ 3 1]. Als o, t h er e 

is a str ai n gr a di e nt of t h e b o n d i n Si O2 / Si i nt erf a c e, a n d t h e m a g nit u d e of t h e gr a di e nt 

m o di fi es pr o p a g ati o n of E′- c e nt er i nt o t h e i nt erf a c e. A n d h e n c e, t h e el e ctr o d e-i n d u c e d 

m e c h a ni c al str ess or a n e xtr a str ess is a bl e t o c o ntr ol r a di ati o n r es p o ns e s u c h as t h e 

n u m b er of t h e o x y g e n v a c a n ci es. F or e x a m pl e, t h e M O S c a p a cit ors wit h fl u ori n at e d 

g at e- o xi d e w er e m or e r esi st a nt t o X-r a y irr a di ati o n, a n d t h e g at e-si z e d e p e n d e n c e w as 

s u p pr ess e d [ 3 2]. El e ctr o d e-i n d u c e d m e c h a ni c al str ess is gr e at er n e ar t h e e d g e of t h e 

el e ctr o d e a n d f alls off h y p er b oli c all y a w a y fr o m t h e e d g e [ 2 5]. A n d t h us, w h e n t h e g at e 

el e ctr o d e is n arr o w e d, n ot o nl y m or e str ess str e n gt h, t h e r el ati v e str ess- distri b uti o n als o 

i n cr e as es. T h er ef or e, t h e d e cr e as e i n t h e c h a n n el- wi dt h w o ul d e n h a n c e t h e f or m ati o n of 

o x y g e n v a c a n ci es a n d c a us e RI N C E i n t h e B a-i n c or p or at e d M O S F E T. T his s c h e m ati c 

di a gr a m is s h o w n i n Fi g. 5. 1 1( a) . 

T h e  m o bilit y e n h a n c e m e nt eff e ct m a y b e attri b ut e d t o t h e o x y g e n v a c a n ci es 

e n h a n c e d b y t h e el e ctr o d e-i n d u c e d m e c h a ni c al str ess. R a di ati o n or h ol e i nj e cti o n cr e at es 

o x y g e n v a c a n ci es i n g at e- o xi d e, l e a di n g t o tr a nsf or m ati o n of t h e i nt erf a ci al str u ct ur e 

[ 3 0- 3 7]. I n C h a pt er 2, it is s h o w n t h at t h e i nt erf a ci al B a-sili c at e str u ct ur e c h a n g e s 

el e ctri c al c h ar a ct eristi cs f or t h e B a-i n c or p or at e d M O S d e vi c e. Pr o p a g at e d h ol es br e a k 

t h e i nt erf a ci al B a-sili c at e str u ct ur e, a n d t his m o difi c ati o n of t h e i nt erf a ci al str u ct ur e m a y 

c a us e t h e m o bilit y e n h a n c e m e nt eff e ct. Fi g ur e 5. 1 1( b)  s h o ws t h e e q ui v al e nt cir c uit of 

irra di at e d N M O S F E T, i n cl u d es t hr e e tr a nsist ors ( C e ntr al a n d E d g e d e vi c es) i n p ar all el. 

W h e n t h e e d g e d e vi c es b e c o m e d o mi n a nt wit h t h e str ess a n d r a di ati o n, t h e o b vi o us 

e n h a n c e m e nt is o bs er v e d o n t h e el e ctri c al c h ar a ct eristi cs.  D y c us et al . r e p ort e d t h at 

t h e B a-i n c or p or ati o n r e d u c e d t h e i nt erf a ci al m e c h a ni c al str ess, a n d t h e n t his str ai n 

r e d u cti o n at t h e Si O2 / Si C i nt erf a c e i m pr o v e d t h e fi el d eff e ct m o bilit y o n 4 H- Si C 

M O S F E T [ 3 8]. B as e d o n t h eir pr o p os e d i d e a, t h e str ai n e d B a-sili c at e l a y er is 

tr a nsf or m e d i nt o a m or e r el a x e d str u ct ur e b y g a m m a-r a y irr a di ati o n. As a r es ult, t h e 

m o bilit y is m or e i m pr o v e d.  

Aft er irr a di ati o n, t h e m o bilit y at W  = 5 0 μ m d e cr e as e d, a n d its Δ N eff  b e c a m e t h e 

l o wer v al u e. B as e d o n t h e p ost ul ati o n m e nti o n e d a b o v e, t h e r e as o n c a n b e e x pl ai n e d as 

b el o w: t h e wi d er c h a n n el w e a k e ns t h e str ess str e n gt h. M or e o v er, t h e str ai n e d l a y er is 

l o c ali z e d ar o u n d t h e g at e- m et al’s e d g e. As a r es ult, t h e cr e at e d o x y g e n v a c a n c y a n d t h e 

m o difi e d l a y er ar e als o l o c ali z e d; t h e d e gr a d ati o n of t h e m o bilit y b e c o m es d o mi n a nt 
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r at h er t h a n t h e m o bilit y e n h a n c e m e nt eff e ct. 

 

  

Fi g. 5. 1 1.  ( a) S c h e m ati c di a gr a m of distri b uti o n of t h e m o difi e d l a y er f or 
B a-i n c or p or at e d M O S F E T. ( b) T h e e q ui v al e nt cir c uit f or t h e irr a di at e d M O S F E T. 
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5. 3  C o n cl usi o ns 

In t his c h a pt er, t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct is c h ar a ct eri z e d b y 

s o m e el e ctri c al c h ar a ct eri sti cs. 

T h e N a- c o nt a mi n at e d Si C M O S F E T w as r e p ort e d t o s h o w e xtr e m el y hi g h 

m o bilit y o wi n g t o t h e pr es e n c e of N a i o n. It w as c o nsi d er e d t h at t h e irr a di at e d Si C 

M O S F E T als o i n cl u d e d B a i o ns at t h e g at e di el e ctri c/ Si C i nt erf a c e, a n d t h e n B T S t est 

p erf or m e d t o d et e ct t h e B a i o ns. U nli k e t h e N a- c o nt a mi n at e d M O S F E T, t h e irr a di at e d 

M O S F E Ts h a v e n o m o bil e i o n. T h us, t h e m o bilit y e n h a n c e m e nt eff e ct is n ot c a us e d b y 

i nt erf a ci al m o bil e i o ns. 

T h e e n h a n c e d m o bilit y a n d t hr es h ol d v olt a g e s hift d e p e n d o n c h a n n el wi dt h. It is 

f o u n d t h at t h e wi d e c h a n n el M O S F E T d o es n ot e x hi bit t h e r a di ati o n-i n d u c e d m o bilit y 

e n h a n c e m e nt eff e ct. T his wi d e d e vi c e h as l ess t h e o xi d e-tr a p p e d c h ar g es a n d e x hi bit e d 

t h e s h all o w tr a p st at e at e n er g y l e v el n e ar E c . Aft er el e ctr o n i nj e cti o n at a hi g h 

te m p er at ur e, t h e n arr o w c h a n n el M O S F E T als o e x hi bit e d r e d u cti o n of o xi d e-tr a p p e d 

c h ar g es a n d t h e s h all o w tr a ps. It is s p e c ul at e d t h at t h e s h all o w tr a p c a n c els o ut t h e 

r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct. T h at is, s h all o w tr a ps pl a y a k e y r ol e i n 

o c c urr e n c e of t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct. S h all o w tr a ps w er e 

o bs er v e d i n s a m pl es wit h l ess o xi d e-tr a p p e d c h ar g e d e nsit y. 

T h e f oll o wi n g m e c h a nis m is pr o p os e d; r a di ati o n a n d el e ctr o d e-i n d u c e d 

m e c h a ni c al str ess i n d u c e m u c h o xi d e-tr a p p e d c h ar g es i n t h e g at e- di el e ctri c ar o u n d t h e 

e d g es of g at e el e ctr o d e. T h es e o xi d e-tr a p p e d c h ar g es m o dif y t h e i nt erf a ci al B a-sili c at e 

l a y er a n d f or m hi g h m o bilit y tr a nsist ors at t h e e d g es. 

Alt h o u g h t h e m e c h a ni s m i s i ns uffi ci e ntl y u n d erst o o d, t h e r es ults of t h e b ot h 

RI N C E a n d t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt ar e us ef ul f or d esi g ni n g 

d e vi c es  wit h r a di ati o n h ar d n ess. B e c a us e t h e l o gi c cir c uits ar e d esi g n e d wit h v ar yi n g 

c h a n n el wi dt h t o o pti mi z e cir c uit d esi g n. A d esi g n er is a bl e t o c o ntr ol r a di ati o n 

s e nsiti vit y wit h n ot o nl y g at e- o xi d e t hi c k n ess, b ut als o t h e c h a n n el wi dt h. M ost 

M O S F E Ts ar e d e gr a d e d b y r a di ati o n, t h e m o bilit y d e gr a d ati o n pr o vi d es l o w er 

dri v e- c urr e nt. T h e m o bilit y e n h a n c e m e nt eff e ct m a y b e a bl e t o c o m p e ns at e f or t his 

r e d u cti o n, l e a di n g t o m or e st a bl e o p er ati o n. 

. 
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Ki k k a w a, T. M a ki n o, T. O hs hi m a, M. Östli n g, a n d C.- M. Z ett eri n g, M at er. S ci. F or u m 

8 5 8, 8 6 4 ( 2 0 1 6). 

[ 7] K. K. L e e, T. O hs hi m a, H. It o h, I E E E Tr a ns. N u cl. S ci. 5 0, 1 9 4 ( 2 0 0 3). 

[ 8] T. O hs hi m a, H. It o h, M. Y os hi k a w a, J. A p pl. P h ys. 9 0, 3 0 3 8 ( 2 0 0 1). 

[ 9] R. H. Ki k u c hi, K. Kit a, A p pl. P h ys. L ett. 1 0 5, 0 3 2 1 0 6 ( 2 0 1 4). 

[ 1 0] B. R. T uttl e, S. D h ar, S.- H. R y u, X. Z h u, J. R. Willi a ms, L. C. F el d m a n, a n d S. T. 

P a nt eli d es, J. A p pl. P h ys. 1 0 9, 0 2 3 7 0 2 ( 2 0 1 1). 

[ 1 1] E. H. S n o w, A. S. Gr o v e, B. E. D e al, a n d C. T. S a h, J. A p pl. P h ys. 3 6, 1 6 6 4 ( 1 9 6 5). 

[ 1 2] T. R. Ol d h a m, F. B. M c L e a n, I E E E Tr a ns. N u cl. S ci. 5 0, 4 8 3 ( 2 0 0 3). 

[ 1 3] T. P. M a a n d P a ul. V. Dr ess e n d orf er, I O NI ZI N G R A DI A TI O N E F F E C T S I N M O S 

D E VI C E S A N D CI R C U TI S  ( Wil e y, C a n a d a, 1 9 8 9). 

[ 1 4] D. K. S c hr o d er, S E MI C O N D U C T O R M A T E RI A L A N D D E VI C E 

C H A R A C T E RI Z A TI O N ( Wil e y, N e w J ers e y, 2 0 0 6) t hir d e diti o n. 

[ 1 5] C. Str e n g er, V. U h n e vi o n a k, V. M ort et, G. Orti z, T. Erl b a c h er, A. B ur e n k o v, A.J. 

B a u er, F. Cristi a n o, E. B.- P er eir a, P. Pi c hl er, H. R yss el, a n d L. Fr e y, M at er. S ci. F or u m 

7 7 8- 8 8 0, 5 8 3 ( 2 0 1 4). 

[ 1 6] J. C h e n, R. S ol o m o n, T.- Y. C h a n, P. K. K o, a n d C. H u, I E E E Tr a ns. El e c. D e v. 3 9, 

2 3 4 6 ( 1 9 9 2). 

[ 1 7] P. S. Wi n o k ur, J. R. S c h w a n k, P. J. M c W h ort er, P. V. Dr ess e n d orf er, D. C. T ur pi n, 

I E E E Tr a ns. N u cl. S ci. N S- 3 1, 1 4 5 3 ( 1 9 8 4). 

[ 1 8] K. K ut s u ki, S. K a w aji, Y. Wat a n a b e, S. Mi y a h ar a, a n d J S ait o, M at er. S ci. F or u m 
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8 2 1- 8 2 3, 7 5 7 ( 2 0 1 5).  

[1 9]  S. M. S z e a n d K w o k K. N g, P h ysi cs of S e mi c o n d u ct or D e vi c es  ( Wil e y, N e w J ers e y, 

2 0 0 7) 3r d e d. 

[ 2 0] W. A. Hill a n d C. C. C ol e m a n, S oli d- St at e El e ctr o ni cs 2 3, 9 8 7 ( 1 9 7 9). 

[ 2 1] W. C h e n, A. B al asi ns ki, a n d T.- P. M a, I E E E Tr a ns. N u cl. S ci. 3 8, 1 1 2 4 ( 1 9 9 1). 

[ 2 2] M. G aill ar di n, V. G oiff o n, S. Gir ar d, M. M arti n e z, P. M a g n a n, a n d P. P aill et, I E E E 

Tr a ns. N u cl. S ci. 5 8, 2 8 0 7 ( 2 0 1 1). 

[ 2 3] N. R e z z a k, R. D. S c hri m pf, M. L. All es, E. X. Z h a n g, D. M. Fl e et w o o d, a n d Y. A. 

Li, I E E E Tr a ns. N u cl. S ci. 5 7, 3 2 8 8 ( 2 0 1 0). 

[ 2 4] M. R. C hi n, a n d T. P. M a, A p pl. P h ys. L ett. 4 2, 8 8 3 ( 1 9 8 3). 

[ 2 5] B. C. W o nsi e wi c z, a n d D. V. M c C a u g h a n, J. A p pl. P h ys. 4 4, 5 4 7 6 ( 1 9 7 3). 

[ 2 6] V. Z e k eri y a, a n d T- P. M a, A p pl. P h ys. L ett. 4 5, 2 4 9 ( 1 9 8 4). 

[ 2 7] B. Dj e z z ar, A. S m atti, A. A mr o u c h e, a n d M. K a c h o u a n e, I E E E Tr a ns. N u cl. S ci. 4 7, 

1 8 7 2 ( 2 0 0 0). 

[ 2 8] M. R. S h a n e yf elt, D. M. Fl e et w o o d, P. S. Wi n o k ur, J. R. S c h w a n k, a n d T. L. 

M eis e n h ei m er, I E E E Tr a ns. N u cl. S ci. 4 0, 1 6 7 8 ( 1 9 9 3). 

[ 2 9] F. J. Gr u nt h a n er, P. J. Gr u nt h a n er, a n d J. M as erji a n, I E E E Tr a ns. N u cl. S ci. N S- 2 9, 

1 4 6 2 ( 1 9 8 2). 

[ 3 0] W. L. Warr e n, M. R. S h a n e yf elt, D. M. Fl e et w o o d, J. R. S c h w a n k, a n d P. S. 

Wi n o k ur, I E E E Tr a ns. N u cl. S ci. 4 1, 1 8 1 7 ( 1 9 9 4). 

[ 3 1] P. M. L e n a h a n a n d P. V. Dr ess e n d orf er, J. A p pl. P h ys. 5 5, 3 4 9 5 ( 1 9 8 4). 

[ 3 2] E. F. d a Sil v a, Jr., Y. Ni s hi o k a, a n d T.- P. M a, I E E E Tr a ns. N u cl. S ci. N S- 3 4, 1 1 9 0 

( 1 9 8 7). 

[ 3 3] W. L. Warr e n, M. R. S h a n e yf elt, D. M. Fl e et w o o d, J. R. S c h w a n k, a n d P. S. 

Wi n o k ur, I E E E Tr a ns. N u cl. S ci. 4 1, 1 8 1 7 ( 1 9 9 4). 

[ 3 4] P. M. L e n a h a n a n d P. V. Dr ess e n d orf er, J. A p pl. P h ys. 5 5, 3 4 9 5 ( 1 9 8 4). 

[ 3 5] F. J. F ei gl, W. B. F o wl er a n d K. L. Yi p, S oli d St at e C o m m u n. 1 4, 2 2 5 ( 1 9 7 4). 

[ 3 6] F. J. Gr u nt h a n er, B. F. L e wi s, N. Z a mi ni, J. M as erji a n, a n d A. M a d h u k ar I E E E 

Tr a ns. N u cl. S ci. N S- 2 7, 1 6 4 0 ( 1 9 8 0). 

[ 3 7] S. K a y a, A. J a ksi c, a n d E. Yil m a z, R a di at. P h ys, C h e m. 1 4 9, 7 ( 2 0 1 8). 

[ 3 8] J. H. D y c us, W. X u, D. J. Li c ht e n w al n er, B. H ull, J. W. P al m o ur, a n d J. M. L e B e a u, 

A p pl. P h ys. L ett. 1 0 8, 2 0 1 6 0 7 ( 2 0 1 6). 
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C h a pt e r 6  

C o n cl usi o ns  

  
T h e o bj e cti v e of t hi s st u d y is t h e d e v el o p m e nt of Si C  M O S F E Ts wit h hi g h -m o bilit y a n d 

h ar d n ess i n t h e h ars h e n vir o n m e nts.  O bt ai n e d r es ult s ar e s u m m ari z e d f or e a c h c h a pt er.  

 C h a pt er 1 s h o ws r es e ar c h b a c k gr o u n d a n d p ur p o s e. Hi g h eff e cti v e n ess  of 4 H -Si C 

as s e mi c o n d u ct or s u bstr at e is d es cri b e d  i n or d er t o a c hi e v e t h e d e c o m mi ssi o ni n g of 

n u cl e ar p o w er pl a nts.  

 I n C h a pt er 2, it is s h o w n t h at t h e i m p a cts of diff er e nt t hi c k n ess of c a p -Si O 2 / B a O2  

l a y ers o n str u ct ur al a n d i nt erf a ci al pr o p erti es of l a y er e d g at e -di el e ctri cs.  Si O 2  c a p l a y er 

pl a ys t w o i m p ort a nt r ol es i n t h e f or m ati o n of B a -sili c at e; o n e is t o e ns ur e t h at 

B a -sili c at e r e m ai ns i nt a ct at t h e M O S i nt erf a c e e v e n aft er o xi d ati o n. Si O 2  c a p pi n g h el ps 

l o c ali z e B a-sili c at e at t h e M O S i nt erf a c e. A n ot h er  r ol e is t o c o ntr ol t h e st oi c hi o m etr y of 

i nt erf a ci al sili c at e. A t hi c k er c a p-Si O 2  l a y er r es ult e d i n a m or e B a O-ri c h sili c at e 

str u ct ur e a n d r e d u cti o n of t h e i nt erf a c e tr a p d e nsit y.  

 F or t h e B a O 2  l a y er, a t hi c k B a O2  l a y er o v er 6 n m i n d u c es p ol y-cr yst alli z ati o n of 

B a -sili c at e.  T h e p ol y -cr yst alli z e d B a -sili c at e l os es t h e a bilit y t o i m pr o v e t h e M O S 

i nt erf a c e. T h e n o n -cr yst alli z e d B a O -ri c h sili c at e l a y er is c o n d u ct e d t o b e n e c ess ar y f or 

i m pr o vi n g t h e 4 H-Si C M O S i nt erf a c e pr o p erti es.  

 I n C h a pt er 3, hi g h -t e m p er at ur e c h ar a ct eristi cs of Si C M O S F E Ts wit h t h e 

i nt erf a ci al B a-sili c at e l a y er ar e  s h o w n.  T h e B a -i n c or p or at e d M O S F E T o p er at ed  e v e n at 

hi g h -t e m p er at ur es u p t o 5 0 0 ° C. A n d t h e c h a n n el m o bilit y is i n d e p e n d e nt of 

m e as ur e m e nt t e m p er at ur e t h a n ks t o l o w i nt erf a c e tr a p d e nsit y o wi n g t o B a . 

 C h a pt er 4 s h o ws t h e r a di ati o n r es p o ns es of B a-i n c or p or at e d M O S F E T. 

R a di ati o n -i n d u c e d i nt erf a c e tr a ps a n d o xi d e-tr a p p e d c h ar g es w er e  hi g h er t h a n t h os e 

o bt ai n e d f or t h e Dr y Si O2 . T his r es ult i n di c at es t h e B a-i n c or p or at e d Si O2  wit h a t hi c k 

g at e -di el e ctri c l a y er h as l ess t h e T I D h ar d n ess t h a n t h e t hi n Dr y Si O 2 . H o w e v er, t hi s 

r es ult is str o n gl y aff e ct e d b y g at e -o xi d e t hi c k n es s. Aft er c orr e cti n g t h e c o ntri b uti o n of 

g at e o xi d e t hi c k n ess, f or t h e B a -i n c or p or at e d Si O2 , t h e i nt erf a c e tr a p g e n er ati o n 

effi ci e n c y a n d t h e o xi d e c h ar g e tr a p pi n g ef fi ci e n c y w er e sli g htl y s m all er t h a n t h os e of 

t h e Dr y Si O2 . T h at i s, t h e i nt erf a ci al B a-sili c at e l a y er is r o b ust t o r a di ati o n. 

 M or e o v er, t h e o ut p ut c h ar a ct eristi cs of t h e irr a di at e d M O S F E T ar e  dis c uss e d. T h e 

irr a di at e d M O S F E T e x hi bit e d t h e dr ai n c h ar a ct eristi cs wit h t h e s u d d e n ris e of ID  o n t h e 
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s at ur ati o n r e gi o n. T h e s u d d e n ris e of ID  is c o n cl u d e d t o r es ult fr o m t h e el e ctr o n-h ol e 

p airs cr e at e d b y el e ctr o n t u n n eli n g vi a d ef e cts at t h e dr ai n -s u bstr at e j u n cti o n. T h e 

d ef e cts ar e e x p e ct e d t o b e i n d u c e d b y t h e dis pl a c e m e nt d a m a g e d u e t o g a m m a -r a y 

irr a di ati o n. 

 I n C h a pt er 5, t h e r a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt eff e ct is dis c uss e d. F or  

t h e B a-i n c or p or at e d M O S F E T, g a m m a-r a y irr a di ati o n a b o v e 6 0 0 k G y ( Si O 2 ) i n d u ce s a n 

a n o m al o us m o bilit y e n h a n c e m e nt, w hi c h is a c c o m p a ni e d b y a n i n cr e as e i n i nt erf a c e tr a p 

d e nsit y. B as e d o n s o m e el e ctri c al c h ar a ct eri z ati o ns, t h e f oll o wi n g m e c h a nis m is 

pr o p os e d; r a di ati o n a n d el e ctr o d e -i n d u c e d m e c h a ni c al str ess i n d u c e m u c h o xi d e-tr a p p e d 

c h ar g es i n t h e g at e -di el e ctri c l a y er ar o u n d t h e e d g es of g at e el e ctr o d e. T h es e 

o xi d e -tr a p p e d c h ar g es m o dif y t h e i nt erf a ci al B a-sili c at e l a y er a n d f or m hi g h m o bilit y 

tr a nsist ors at t h e e d g es. 

In s u m m ar y, t h e B a -i n c or p or ate d M O S F E T o p er at e d aft er str essi n g b y t w o 

e xtr e m e e n vir o n m e nts, hi g h -t e m p er at ur e u p t o 5 0 0 ° C a n d hi g h r a di ati o n of 8 5 0 k G y 

( Si O2 ). T her ef or e , t h e B a-i n c or p or at e d g at e-di el e ctri c  s h o ws hi g h p ot e nti al as a g at e 

i ns ul at or f or t h e h ars h e n vir o n m e nt el e ctr o ni cs. 
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A c k n o wl e d g m e nt  

F irstl y, I w o ul d li k e t o s h o w m y gr e at est a p pr e ci ati o n t o m y s u p er vis or, Pr of ess or S hi n -
Ic hir o K ur o ki , f or his att e nti v e g ui d a n c e, c o nti n u o us e n c o ur a g e m e nt, a n d ki n d s u p p ort.  
H e w ar ml y w el c o m e d m e i nt o his l a b or at or y fi v e y e ars a g o. H e di d n ot o nl y g ui d e m y 
r es e ar c h b ut als o s h o w a w a y t o b e a n e x c ell e nt h u m a n b ei n g. I a m h o n or e d t o a c q uir e a 
P h. D i n his l a b or at or y.  

 I w o ul d li k e t o e x pr ess t h e d e e p est a p pr e ci ati o n t o m y s u b -s u p er vis ors, Pr of ess or 
S eii c hir o Hi g as hi a n d Pr of ess or A ki n o b u T er a m ot o  f or r e vi e wi n g m y diss ert ati o n  a n d 
a d visi n g m y r es e ar c h. A n d I a m d e e pl y gr at ef ul t o Pr of ess or T a k a m ar o Ki k k a w a a n d 
Pr of ess or S hi n Y o k o y a m a f or m a n y a d vi c es a n d dis c ussi o ns o n m y r es e ar c h. 

 I w o ul d li k e t o of f er m y s p e ci al t h a n ks t o Mr. Hi d e ki T a ni, Mr. Hir o y u ki Is hii, 
Mr. S e z a ki Hir os hi, Mr. S eiji Is hi k a w a, a n d Mr. T o m o n ori M a e d a fr o m P H E NI T E C 
S E MI C O N D U C T O R C or p.  If t h er e w er e n ot t h eir v al u a bl e  c o m m e nts a n d s u p p orts, I 
c o ul d n ot fi nis h a n d c o m pl et e m y d o ct oral t h esis.  

 I w o ul d li k e t o e x pr ess m y gr atit u d e t o Dr. T a k es hi O hs hi m a, Dr. T a k a hir o 
M a ki n o, a n d Dr. A ki n ori T a k e y a m a of N ati o n al I nstit ut e f or Q u a nt u m a n d R a di ol o gi c al 
S ci e n c e a n d T e c h n ol o g y , f or off eri n g a n e x c ell e nt o p p ort u nit y f or g a m m a -r a y irr a di ati o n. 

 I w o ul d li k e t o t h a n k t o Dr. T o m o y u ki K o g a n e z a w a a n d Dr. S at os hi Y as u n o of 
J a p a n S y n c hr otr o n R a di ati o n R es e ar c h I nstit ut e f or t h eir ki n d s u p p ort a n d dis c ussi o ns i n 
2 D -X R D a n d H A X P E S m e as ur e m e nts.  

 I w o ul d li k e t o t h a n k all t h e m e m b ers of R es e ar c h I nstit ut e f or N a n o d e vi c e a n d 
Bi o s yst e ms, Hir os hi m a U ni v ersit y . T his diss ert ati o n w o ul d n ot h a v e b e e n  writt e n 
wit h o ut t h eir  s u bst a nti al s u p p ort s a n d e n c o ur a g e m e nt . 

 I a m e xtr e m el y gr at ef ul t o m y p ar e nts, T a k a n ori  M ur a o k a a n d K ei k o M ur a o k a , 
f or w ar m e n c o ur a g e m e nt a n d fi n a n ci al s u p p ort. I c o ul d r e a c h o n e of t h e d esti n ati o ns i n 
m y lif e  o wi n g t o t h e m . 

 T h e s y n c hr otr o n r a di ati o n e x p eri m e nts w er e p erf or m e d at B L 4 6 X U of S Pri n g -8 
wit h t h e a p pr o v al of t h e J a p a n S y n c hr otr o n r a di ati o n R es e ar c h I nstit ut e (J A S RI) 
( Pr o p os al N os. 2 0 1 6 A 1 5 3 8, 2 0 1 6 B 1 7 8 0, 2 0 1 7 B 1 6 1 7). 

 

K os u k e M ur a o k a  

M ar c h  6 t h, 2 02 0  

 



9 4  

 

A p p e n di x es  

  

A  List of s y m b ols  

S y m b ol  D es c ri pti o n  

C  C a p a cit a n c e  

C F B  F l at-b a n d c a p a cit a n c e  

C G D  G at e -t o-dr ai n c a p a cit a n c e  

C it Int erf a c e tr a p c a p a cit a n c e  

C m  M e as ur e d c a p a cit a n c e  

C m c C a p a cit a n c e c orr es p o n di n g t o G m, m a x  

C o x  G at e -o xi d e c a p a cit a n c e  

C p  E q ui v al e nt p ar all el c a p a cit a n c e  

C s S e mi c o n d u ct or c a p a cit a n c e  

d c a p -Si O 2  T hi c k n ess of c a p -Si O 2  l a y er 

d sili c at e T hi c k n ess of i nt erf a ci al sili c at e l a y er  

D  A ds or b e d d os e  

D it Int erf a c e tr a p d e nsit y  

E  E n er g y  

E c  E n er g y l e v el of c o n d u cti o n b a n d b ott o m  

E d  T hr es h ol d dis pl a c e m e nt e n er g y  

E e -h  E l e ctr o n-h ol e p air cr e ati o n e n er g y  

E g  B a n d g a p of s e mi c o n d u ct or or o xi d e  

E i Intri nsi c F er mi l e v el  

 
E k  K i n eti c e n er g y 

E o x  O xi d e el e ctri c fi el d  
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S y m b ol  D es c ri pti o n  

E t E n er g y l e v el of i nt erf a c e tr a ps  

fd e  D os e e n h a n c e m e nt f a ct or  

fit Int erf a c e tr a p g e n er ati o n effi ci e n c y d u e t o r a di ati o n  

fo x  O xi d e c h ar g e tr a p pi n g effi ci e n c y d u e t o r a di ati o n  

fy P r o b a bilit y t h at el e ctr o n -h ol e p airs es c a pi n g i niti al 
r e c o m bi n ati o n 

g d  D r ai n c o n d u ct a n c e 

G G C  G at e -t o-c h a n n el c o n d u ct a n c e  

G m  M e as ur e d c o n d u ct a n c e  

G m, m a x  M a xi m u m m e as ur e d c o n d u ct a n c e  

G p  E q ui v al e nt p ar all el c o n d u ct a n c e  

ID  D r ai n c urr e nt 

IG  G at e (l e a k a g e) c urr e nt  

Im g  M i d g a p c urr e nt 

Is u b S u bstr at e c urr e nt  

k  Di el e ctri c c o nst a nt  

 k  B olt z m a n n c o nst a nt  

L  C h a n n el l e n gt h  

L B  D e b y e l e n gt h  

n  C arri er d e nsit y  

n i Intri nsi c c arri er d e nsit y  

N A  A c c e pt or i m p urit y c o n c e ntr ati o n  

N c  E ff e cti v e d e nsit y of st at es i n c o n d u cti o n b a n d  

N D  D o n or i m p urit y c o n c e ntr ati o n  

N eff E ff e cti v e p ositi v e-c h ar g e d e nsit y  

N p  Initi al n u m b er of el e ctr o n -h ol e p air s o wi n g t o i n ci d e nt p arti cl e  

N v  E ff e cti v e d e nsit y of st at es i n v al e n c e b a n d 
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S y m b ol  D es c ri pti o n  

q  E l e m e nt ar y c h ar g e, = 1. 6 × 1 0 − 1 9  C  

q x y H ori z o nt al s c att eri n g v e ct or  

q y  V erti c al s c att eri n g v e ct or  

Q n  M o bil e c h ar g e d e nsit y  

T  T e m p er at ur e  

T i nt ri n si c T e m p er at ur e at s wit c hi n g fr o m t h e s at ur ati o n r e gi o n t o t h e 
i ntri nsi c r e gi o n 

T j Ju n cti o n t e m p er at ur e  

V  V olt a g e  

V D G  D r ai n-t o-g at e v olt a g e  

V D S  D r ai n-s o ur c e v olt a g e  

V i n v G at e v olt a g e c orr es p o n di n g t o t h e s urf a c e p ot e nti al of 2 Ψ B  

V m g  Mi d g a p v olt a g e  

V s N or m ali z e d s urf a c e p ot e nti al t o  k T/ q  

V s o S tr et c h-o ut v olt a g e  

V t h T hr es h ol d v olt a g e  

W  C h a n n el wi dt h  

x j S o ur c e/ dr ai n j u n cti o n d e pt h  

β  R e ci pr o c al t h er m al e n er g y t o  q/ k T  

Δ N it R a di ati o n -i n d u c e d i nt erf a c e tr a p d e nsit y 

Δ N o x  R a di ati o n -i n d u c e d o xi d e-tr a p p e d c h ar g e d e nsit y 

Δ N t e T r a p p e d-el e ctr o n d e nsit y i n o xi d e  

Δ V it T hr es h ol d v olt a g e s hift d u e t o i nt erf a c e tr a ps 

Δ V m g  S hift i n mi d g a p v olt a g e  

Δ V o x  T hr es h ol d v olt a g e s hift d u e t o o xi d e -tr a p p e d c h ar g es 

Δ V s o S hift i n str et c h -o ut v olt a g e  

Δ V t h T hr es h ol d v olt a g e s hift  
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S y m b ol  D es c ri pti o n  

ε 0  P er mitti vit y of v a c u u m  

ε i R el ati v e p er mitti vit y of i ns ul at or 

ε Si C  P er mitti vit y of sili c o n c ar bi d e  

θ  A n gl e  

κ g  N u m b er of el e ctr o n -h ol e p airs g e n er at e d i n o xi d e  

μ  C h a n n el m o bilit y  

μ 0  N or m ali z e d c h a n n el m o bilit y  

μ eff  Eff e cti v e m o bilit y  

μ F E  Fi el d eff e ct m o bilit y  

ρ sili c at e E l e ctr o n d e nsit y of i nt erf a ci al sili c at e l a y er 

σ s S urf a c e p ot e nti al fl u ct u ati o n  

τn  T i m e c o nst a nt f or el e ctr o n 

ψ bi  B uilt -i n p ot e nti al at e q uili bri u m  

ψ B  F er mi l e v el fr o m i ntri nsi c F er mi l e v el, | EF − E i|/ q 

ψ s S urf a c e p ot e nti al  wit h r e s p e ct t o b ul k  

 
ω  A n g ul ar fr e q u e n c y 
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B  L ist of a c r o n y ms /a b b r e vi ati o ns  

A c r o n y m/ A b b r e vi ati o n  D es c ri pti o n  

2 D -X R D  T w o -di m e nsi o n al X -r a y diffr a cti o n 

A P C V D  A t m os p h eri c pr ess ur e c h e mi c al v a p or d e p ositi o n 

B S G m o d el  B o n d str ai n gr a di e nt m o d el  

B T S t est  B i as-t e m p er at ur e str ess t est 

D D D eff e ct  D i s pl a c e m e nt d a m a g e d os e eff e ct 

GI D L c urr e nt  G at e -i n d u c e d dr ai n l e a k a g e c urr e nt 

H A X P E S  H ar d X -r a y p h ot o el e ctr o n s p e ctr os c o p y 

J F E T J u n cti o n fi el d -eff e ct tr a nsi st or  

M O S F E T  M et al -o xi d e -s e mi c o n d u ct or fi el d -eff e ct tr a nsist or  

N A S A  N ati o n al a er o n a uti cs a n d s p a c e a d mi nistr ati o n  

NI Ts  N e ar -i nt erf a c e tr a ps 

N S G  N o n -d o p e d sili c at e gl ass  

Q S T  N ati o n al I nstit ut es f or Q u a nt u m a n d R a di ol o gi c al S ci e n c e 
a n d T e c h n ol o g y  

RI N C E  R a di ati o n -i n d u c e d n arr o w c h a n n el eff e ct 

S / D r e gi o ns S o ur c e/ dr ai n r e gi o ns  

S E Es  S i n gl e e v e nt eff e ct s 

Si C  Sili c o n C ar bi d e  

SI M S  S e c o n d ar y i o n m ass s p e ctr o m etr y  

TI D eff e ct  T ot al i o ni zi n g d os e eff e ct  

T M R  T ri pl e m o d ul ar r e d u n d a n c y 

T O A  T a k e -off a n gl e of p h ot o el e ctr o ns  

X R R  X -r a y r efl e cti vit y 
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C  L ist of p u bli c ati o ns 

P a p ers a n d p r es e nt ati o ns r el at e d t o t his d o ct or al  di ss ert ati o n  ar e s h o w n as f oll o ws:  

 

-P u bli s h e d p a p ers  

F irst a ut h o r  

1.  E n h a n c e d -O xi d ati o n a n d I nt erf a c e M o difi c ati o n o n 4 H -Si C( 0 0 0 1) S u bstr at e Usi n g 

Al k ali n e E art h M et al  

K os u k e M ur a o k a, Hir os hi S e z a ki, S eiji Is hi k a w a, T o m o n ori M a e d a,  T a d as hi S at o, 

T a k a m ar o Ki k k a w a , a n d S hi n -I c hir o K ur o ki 

M at eri als S ci e n c e F or u m 8 9 7 , 3 4 8 -3 5 1  (2 0 1 7 ). 

 

2.  C orr el ati o n b et w e e n Fi el d Eff e ct M o bilit y a n d A c c u m ul ati o n C o n d u ct a n c e at 4 H -

Si C M O S I nt erf a c e wit h B ari u m 

K os u k e M ur a o k a, S eiji Is hi k a w a, Hir os hi S e z a ki,  T o m o n ori M a e d a , a n d S hi n -

I c hir o K ur o ki 

M at eri als S ci e n c e F or u m 9 2 4 , 4 7 7 -4 8 1  ( 2 0 18 ). 

 

3.  C h ar a ct eri z ati o n of B a -I ntr o d u c e d T hi n G at e O xi d e o n 4 H-Si C  

K os u k e M ur a o k a, S eiji Is hi k a w a, Hir os hi S e z a ki,  T o m o n ori M a e d a , a n d S hi n -

I c hir o K ur o ki 

M at eri als S ci e n c e F or u m 9 6 3 , 4 5 1 -4 5 5  ( 2 01 9 ). 

 

4.  G a m m a -r a y irr a di ati o n-i n d u c e d m o bilit y e n h a n c e m e nt of 4 H-Si C N M O S F E Ts 

wit h a B a -sili c at e i nt erf a c e l a y er                                                                    

K os u k e M ur a o k a, Hir os hi S e z a ki, S eiji Is hi k a w a, T o m o n ori M a e d a, T a k a hir o 

M a ki n o, A ki n ori T a k e y a m a, T a k es hi O hs hi m a , a n d S hi n -I c hir o K ur o ki 

J a p a n es e J o ur n al of A p pli e d P h ysi cs, 5 8( 8) , 0 8 1 0 0 7-7  ( 2 0 1 9). 
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C o -a ut h o r  

1.  Eff e cts of C F 4  S urf a c e Et c hi n g o n 4 H -Si C M O S C a p a cit ors  

K. K o b a y a k a w a, K. M ur a o k a, H. S e z a ki, S. Is hi k a w a, T. M a e d a , a n d S .-I. K ur o ki  

M at eri als S ci e n c e F or u m 9 2 4 , 4 6 5 -4 6 8  ( 2 01 8 ). 

 

2.  O xi d ati o n at Cs Pr e -A ds or b e d Si/ 6 H -Si C( 0 0 0 1) -( 3× 3) R e c o nstr u ct e d S urf a c es  

St u di e d Usi n g M et ast a bl e -I n d u c e d El e ctr o n S p e ctr os c o p y 

T o m o n ori I k ari, T a k ut o N a k a m ur a, K a e d e Hir a y a m a, K os u k e M ur a o k a, J u n k o Is hii , 

a n d M as a mi c hi N ait o h , 

e -J o ur n al of S urf a c e S ci e n c e a n d N a n ot e c h n ol o g y  1 4 , 1 0 3 -1 0 6  ( 2 0 1 6). 

 

-I nt er n ati o n al c o nf er e n c es 
Fi rst a ut h o r  

1.  E n h a n c e d -O xi d ati o n a n d I nt erf a c e M o difi c ati o n o n 4 H -Si C( 0 0 0 1) S u bstr at e Usi n g 

Al k ali n e E art h M et al , K os u k e M ur a o k a, Hir os hi S e z a ki, S eiji Is hi k a w a, T o m o n ori 

M a e d a, T a d as hi S at o, T a k a m ar o Ki k k a w a a n d S hi n -I c hir o K ur o ki, 1 1t h E ur o p e a n 

C o nf er e n c e o n Sili c o n C ar bi d e a n d R el at e d M at eri als ( E C S C R M 2 0 1 6), W e P. 3 7, 

H al ki di ki, Gr e e c e, S e pt e m b er  2 0 1 6:  P ost er Pr es e n t ati o n 

 

2.  E n h a n c e d -o xi d ati o n a n d i m pr o v e m e nt of Si C M O S i nt erf a c e usi n g B a O 2 , 

K os u k e M ur a o k a, Hir os hi S e z a ki, S eiji Is hi k a w a, T o m o n ori M a e d a, T a d as hi S at o, 

T a k a m ar o Ki k k a w a a n d S hi n -I c hir o K ur o ki, Int er n ati o n al W or ks h o p o n N a n o d e vi c e 

T e c h n ol o gi es 2 0 1 7 (I W N T 2 0 1 7), P -2 7, Hir os hi m a, J a p a n, M ar c h 2 0 1 7: P ost er 

Pr es e nt ati o n  

 

3.  C orr el ati o n b et w e e n Fi el d Eff e ct M o bilit y a n d A c c u m ul ati o n C o n d u ct a n c e at 4 H -Si C 

M O S I nt erf a c e wit h B ari u m , K os u k e M ur a o k a, S eiji Is h i k a w a, Hir os hi S e z a ki, 

T o m o n ori M a e d a a n d S hi n -I c hir o K ur o ki, I nt er n ati o n al C o nf er e n c e o n Sili c o n 

C ar bi d e a n d R el at e d M at eri als (I C S C R M 2 0 1 7) , T H. C P. 2, W as hi n gt o n, D C,  U nit e d 

St at es of A m eri c a, S e pt e m b er  2 0 1 7 : P ost er Pr es e nt ati o n 
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4.  T hr es h ol d v olt a g e i nst a b ilit y of 4 H-Si C n M O S F E Ts wit h b ari u m  

K . M ur a o k a, S. Is hi k a w a, H. S e z a ki, a n d S.-I. K ur o ki, T h e 2 n d I nt er n ati o n al 

S y m p osi u m o n Bi o m e di c al E n gi n e eri n g (I S B E 2 0 1 7), B -1 3 1, T o k y o, J a p a n, 

N o v e m b er 2 0 1 7: P ost er Pr es e nt ati o n  

 

5.  C orr el ati o n b et w e e n Fi el d Eff e ct M o bil it y a n d A c c u m ul ati o n C o n d u ct a n c e at 4 H-Si C 

M O S I nt erf a c e wit h B a O 2 , K . M ur a o k a, S. Is hi k a w a, H. S e z a ki, T. M a e d a, a n d S.-I. 

K ur o ki,  Int er n ati o n al W or ks h o p o n N a n o d e vi c e T e c h n ol o gi es 2 0 1 8 (I W N T 2 0 1 8), P -

2 0, Hir os hi m a, J a p a n, M ar c h 2 0 1 8: P ost er Pr es e nt ati o n  

 

6.  C h ar a ct eri z ati o n of B a -I ntr o d u c e d T hi n G at e O xi d e o n 4 H-Si C , 

K os u k e M ur a o k a, S eiji Is hi k a w a, Hir os hi S e z a ki, T o m o n ori M a e d a a n d S hi n -I c hir o 

K ur o ki,  1 2t h E ur o p e a n C o nf er e n c e o n Sili c o n C ar bi d e a n d R el at e d M at eri als 

( E C S C R M 2 0 1 8), T U. P. S O 6, Bir mi n g h a m , E n gl a n d, S e pt e m b er 2 0 1 8 : P ost er 

Pr es e nt ati o n  

 

7.  C h ar a ct eri z ati o n of B a -e n h a n c e d o xi d ati o n o n 4 H -Si C( 0 0 0 1) b y H ar d X -r a y 

p h ot o el e ctr o n s p e ctr o s c o p y , K . M ur a o k a, T. S at o, S. Is hi k a w a, H. S e z a ki, T. M a e d a, 

S. Y as u n o a n d S. -I. K ur o ki, T h e 1 4 t h I nt er n ati o n al C o nf er e n c e o n At o mi c all y 

C o ntr oll e d S urf a c es, I nt erf a c es a n d N a n ostr u ct ur es & T h e 2 6 t h I nt er n ati o n al 

C oll o q ui u m o n S c a n ni n g Pr o b e Mi cr os c o p y ( A C SI N -1 4 &I C S P M 2 6), 2 2 E 1 6, S e n d ai, 

J a p a n, O ct o b er 2 0 1 8: Or al Pr es e nt ati o n  

 

8.  R a di ati o n H ar d e n e d Sili c o n  C ar bi d e El e ctr o ni cs , 

K . M ur a o k a, S. Is hi k a w a, H. S e z a ki, T. M a e d a, T. M a ki n o, T. O hs hi m a, S.-I. K ur o ki, 

F u k us hi m a R es e ar c h C o nf er e n c e “ R a di ati o n H ar d n ess a n d S m art n ess i n R e m ot o 

T e c h n ol o g y f or N u cl e ar D e c o m missi o ni n g ” ( F R C 2 0 1 8),  P -2 2, F u k us hi m a, J a p a n, 

N o v e m b er 2 0 1 8: P ost er Pr es e nt ati o n  

 

9.  C o ntr ol of t h e g at e o xi d e t hi c k n ess a n d i nt erf a c e st at es i n Si C -M O S i nt erf a c e usi n g 

b ari u m i nt erf a c e p assi v ati o n , K. M ur a o k a, S. Is hi k a w a, H. S e z a ki, T. M a e d a, S. -I. 

K ur o ki,  T h e 3r d I nt er n ati o n al S y m p osi u m o n Bi o m e di c al E n gi n e eri n g (I S B E 2 0 1 8), 

N o, 1 -5 2, Hir os hi m a, J a p a n, N o v e m b er 2 0 1 8: P ost er Pr es e nt ati o n  
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1 0.  T hi c k n ess D e p e n d e n c es o n I nt erf a ci al Pr o p erti es of Si O 2 / B a O2  l a y ers o n 4 H-Si C 

( 0 0 0 1), K os u k e M ur a o k a, Hir os hi S e z a ki, S eiji Is hi k a w a, T o m o n ori M a e d a a n d S hi n -

I c hir o K ur o ki, 8 t h I nt er n ati o n al S y m p osi u m o n C o ntr ol of S e mi c o n d u ct or I nt erf a c es 

(I S C SI-VIII), S e n d ai, J a p a n, N o v e m b er 2 0 1 9: P ost er Pr es e nt ati o n  

 

C o -a ut h o r  
1.  Eff e cts of C F 4  S urf a c e Et c hi n g o n 4 H -Si C M O S C a p a cit ors , 

K. K o b a y a k a w a, K. M ur a o k a, H. S e z a ki, S. Is hi k a w a, T. M a e d a a n d S. -I. K ur o ki, 

I nt er n ati o n al C o nf er e n c e o n Sili c o n C ar bi d e a n d R el at e d M at eri als (I C S C R M 2 0 1 7) , 

W E. C P. 9, W as hi n gt o n, D C,  U nit e d St at es of A m eri c a, S e pt e m b er  2 0 1 7 : P ost er 

Pr es e nt ati o n  

 

2.  I niti al O xi d ati o n Pr o c ess of t h e Al k ari M et als A d s or b e d 4 H -Si C S urf a c e St u di e d b y 

M et ast a bl e At o m I n d u c e d El e ctr o n S p e ctr os c o p y , R. Ii d a, M. T a n a k a, K. Hir a y a m a, 

K. M ur a o k a, S. K ur o ki, S. T a n a k a, M. N ait o h, T. I k ari,  T h e 1 4 t h I nt er n ati o n al 

C o nf er e n c e o n At o mi c all y C o ntr oll e d S urf a c es, I nt erf a c es a n d N a n ostr u ct ur es & T h e 

2 6 t h I nt er n ati o n al C oll o q ui u m o n S c a n ni n g Pr o b e Mi cr os c o p y ( A C SIN -

1 4 &I C S P M 2 6), 2 2 P 1 3 9, S e n d ai, J a p a n, O ct o b er 2 0 1 8: P ost er Pr es e nt ati o n  

 

3.  H i g h T e m p er at ur e R eli a bilit y of 4 H-Si C D e vi c es a n d Si n gl e St a g e 4 H -Si C M O S F E T 

A m plifi er at 4 0 0 ° C , C u o n g V a n V u o n g, S eiji Is hi k a w a, T o m o n ori M a e d a, Hir os hi 

S e z a ki, K os u k e M ur a o k a, T ets u y a M e g ur o, S hi n -I c hir o K ur o ki, I nt er n ati o n al 

C o nf er e n c e o n Sili c o n C ar bi d e a n d R el at e d M at eri als (I C S C R M 2 0 1 9) , We -P -5 5 L N, 

K y ot o, J a p a n , S e pt e m b er 2 0 1 9 : P ost er Pr es e nt ati o n 
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-D o m esti c c o nf er e n c es  

Fi rst a ut h o r  
1.  村 岡 幸 輔 、 瀬 崎 洋 、 石 川 誠 治 、 前 田 智 徳 、 吉 川 公 麿 、 黒 木 伸 一 郎 、 “ ア ル カ リ

土 類 金 属 に よ る Si お よ び 4 H -Si C の 増 殖 酸 化 ” 、 公 益 社 団 法 人  第 6 3 回  応 用 物

理 学 会 春 季 学 術 講 演 会 、 2 1 p -P 1 0 -1 5 、 東 京 工 業 大 学 、 2 0 1 7 年 3 月 ： ポ ス タ ー 講

演  

 
2.  村 岡 幸 輔 、 瀬 崎 洋 、 石 川 誠 治 、 前 田 智 徳 、 吉 川 公 麿 、 黒 木 伸 一 郎 、  “ B a 導 入

に よ る 4 H -Si C M O S 界 面 の 改 善 ” 、 公 益 社 団 法 人  第 6 4 回  応 用 物 理 学 会 春 季

学 術 講 演 会 、 1 6 a -P 5 -6 、 パ シ フ ィ コ 横 浜 、 2 0 1 8 年 3 月 ： ポ ス タ ー 講 演  

 

3.  村 岡 幸 輔 、 瀬 崎 洋 、 石 川 誠 治 、 前 田 智 徳 、 吉 川 公 麿 、 黒 木 伸 一 郎 、 “ B a 導 入

n M O S F E Ts に 対 す る B T S 試 験 お よ び ガ ン マ 線 照 射 ” 、 公 益 社 団 法 人 応 用 物 理

学 会  先 進 パ ワ ー 半 導 体 分 科 会  第 4 回 講 演 会 、 I A-7 、 名 古 屋 国 際 会 議 場 、

2 0 1 7 年 1 1 月 ： ポ ス タ ー 講 演  

 

4.  村 岡 幸 輔 、 瀬 崎 洋 、 石 川 誠 治 、 前 田 智 徳 、 牧 野 高 紘 、 大 島 武 、 黒 木 伸 一

郎 、 “ B a 導 入 4 H -Si C n M O S F E T s に 対 す る ス ト レ ス 印 加 ” 、 公 益 社 団 法

人 応 用 物 理 学 会  2 0 1 8 年 度 応 用 物 理 ・ 物 理 系 学 会 中 国 四 国 支 部 合 同 学 術 講

演 会 、 A a -2 、 広 島 大 学 、 2 0 1 8 年 8 月 ： 口 頭 講 演  

 
5.  村 岡 幸 輔 、 瀬 崎 洋 、 石 川 誠 治 、 前 田 知 徳 、 牧 野 高 紘 、 大 島 武 、 黒 木 伸 一

郎 、 “ Si C -N M O S F E Ts に お け る ガ ン マ 線 誘 起 移 動 度 増 加 現 象 と そ の 増 加 機

構 ” 、 公 益 社 団 法 人 応 用 物 理 学 会  先 進 パ ワ ー 半 導 体 分 科 会  第 6 回 講 演

会 、 広 島 国 際 会 議 場 、 2 0 1 9 年 1 2 月 ： ポ ス タ ー 講 演  

 

C o -a ut h o r  

1.  小 早 川  貴 一 、 村 岡  幸 輔 、 瀬 崎  洋 、 石 川  誠 治 、 前 田  知 徳 、 吉 川  公 麿 、

黒 木  伸 一 郎 、  

“ 4 H -Si C M O S キ ャ パ シ タ に お け る Si C 表 面 の C F 4 エ ッ チ ン グ の 効 果 ” 、  

公 益 社 団 法 人  第 6 4 回  応 用 物 理 学 会 春 季 学 術 講 演 会 、 1 6 a -P 5 -7 、 パ シ フ

ィ コ 横 浜 、 2 0 1 8 年 3 月 ： ポ ス タ ー 講 演  
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D  L ist of a w a r ds 

1.  平 成 2 8 年 度 広 島 大 学 先 端 物 質 科 学 研 究 科 半 導 体 集 積 科 学 専 攻 エ ク セ レ ン

ト ・ ス チ ュ ー デ ン ト ・ ス カ ラ シ ッ プ  

 

2.  平 成 2 9 年 度 広 島 大 学 先 端 物 質 科 学 研 究 科 半 導 体 集 積 科 学 専 攻 エ ク セ レ ン

ト ・ ス チ ュ ー デ ン ト ・ ス カ ラ シ ッ プ  

 

3.  平 成 3 0 年 度 広 島 大 学 先 端 物 質 科 学 研 究 科 半 導 体 集 積 科 学 専 攻 エ ク セ レ ン

ト ・ ス チ ュ ー デ ン ト ・ ス カ ラ シ ッ プ  

 

4.  日 本 原 子 力 研 究 開 発 機 構  St u d e nt P ost er A w ar d （ 2 0 1 8 年 1 1 月 2 7 日 ）  

 

5.  T h e 3r d I nt er n ati o n al S y m p osi u m o n Bi o m e di c al E n gi n e eri n g, Y o u n g R es e ar c h ers 

P ost er A w ar d （ 2 0 1 8 年 1 1 月 9 日 ）  

 

6.  応 用 物 理 学 会 中 国 四 国 支 部 学 術 講 演 会  発 表 奨 励 賞  (2 0 1 8 年 1 1 月 4 日 ）    

 


