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JiiZich, 0-5170 JiiZich, F.R.G. 

Abstract . -  The r e s u l t s  o f  a  sys temat ic  s tudy o f  hydrogen e v o l u t i o n  from glow- 
discharge a-Si:H f i l m s  are presented. The i n f l u e n c e  o f  doping,  f i l m  t h i c k n e s s  
and subs t ra te  temperature i s  d i scussed .  Two e v o l u t i o n  processes can be d i s -  
cerned: A low temperature e f f u s i o n  a t t r i b u t e d  t o  the  re lease  o f  Hz through 
vo ids  or cracks  from po lys i lane - l i ke  i n t e r g r a i n  mater ial  and an e v o l u t i o n  a t  
h igh  temperatures from compact a-Si:H materia1,dominated by atomic d i f f u s i o n  
o f  hydrogen. Addi t ion o f  diborane leads  t o  a  pronounced s h i f t  o f  the  e v o l u t i o n  
peaks o f  both processes t o  lower temperatures and t o  a  change o f  t h e  hydrogen 
con ten t .  

Introduction.- For a  charac ter i za t ion  o f  a-Si:H f i l m s  t h e  knowledge o f  the  hydrogen 
content  and o f  t h e  bonding s t a t e s  o f  hydrogen i s  h i g h l y  d e s i r a b l e .  In format ion on 
both  can be obtained from hydrogen e v o l u t i o n  experiments  ( 1 , 2 ) .  By comparison w i t h  
in f rared  absorpt ion ( 2 )  and nuclear reac t ion  ( 2 , 3 )  measurements it i s  known t h a t  
heat ing s i l i c o n  f i l m s  t o  T > 800°C leads  t o  a  ra ther  q u a n t i t a t i v e  removal o f  hydro- 
gen. There fore ,  evo lu t ion  measurements can be used f o r  t h e  determinat ion o f  
the absolute  hydrogen con ten t .  Furthermore, such measurements y i e ld  spectra o f  t h e  
hydrogen e v o l u t i o n  r a t e  as a  func t ion  o f  temperature ,  g iv ing in format ion  on the  S i - H  
bonding s t a t e s ,  modi f ied poss ib ly  by hydrogen d i f f u s i o n  e f f e c t s  ( 4 ) .  

In t h i s  work, hydrogen evo lu t ion  measurements are  used t o  s tudy the  i n f l u e n c e  
o f  subs t ra te  temperature, f i l m  t h i c k n e s s  and o f  doping by phosphine and diborane on 
hydrogen content  and hydrogen bonding i n  glow-discharge a-Si:H f i l m s .  

Experimental.- The f i l m s  were grown i n  an i n d u c t i v e l y  coupled r f  glow-discharge sys- 
tem using pure s i l a n e ,  silane-phosphine and silane-diborane mix tures .  -The depos i t ion  
parameters were: pressure: 0.4 mbar, f l ow  r a t e :  6  sccm, r f  power: < 5,W, growth r a t e :  

1.5 A / s .  As subs t ra tes  we used sapphire ,  c r y s t a l l i n e  s i l i c o n  and fused s i l i c a  
p l a t e l e t s .  The r e s u l t s  presented i n  t h i s  paper were obtained e n t i r e l y  on sapphire and 
c r y s t a l l i n e  s i l i c o n  subs t ra tes  s ince  it was found t h a t  fused s i l i c a  a c t s  as  a  hydro- 
gen sink between 500 and 650°C and, consequent ly ,  a s  a  hydrogen source a t  tempera- 
t u r e s  above 700°C, thus  changing the  e v o l u t i o n  spectra considerably .  Minor modi f ica-  
t i o n s  o f  t h e  e v o l u t i o n  curves  near 450°C were a l s o  observed i n  case  o f  sapphire and 
c r y s t a l l i n e  s i l i c o n  subs t ra tes  due t o  b l i s t e r i n g  e f f e c t s  as  described by Shanks and 
Ley ( 5 ) .  For t h e  hydrogen evo lu t ion , the  f i l m s  were inser ted  i n t o  a  quartz  tube evacu- 
ated by a  turbomolecular pump and heated t o  1000°C a t  a  r a t e  o f  20K/min. The base 
pressure prior t o  hydrogen e v o l u t i o n  was l e s s  than lo-' mbar. The hydrogen par t ia l  
pressure ( H 2 )  was monitored by  means o f  a  quadrupole mass ana lyzer .  At a  constant  
pumping speed it i s  d i r e c t l y  proportional t o  t h e  hydrogen e v o l u t i o n  r a t e .  The appa- 
ra tus  was ca l ibra ted  by  admit t ing a  w e l l  known f low o f  H 2  through a  ca l ibra ted  l e a k .  

Resu l t s  and Discussion.- Typical  e v o l u t i o n  spectra are  shown i n  F igs - la  and lb  f o r  
f i l m s  prepared a t  subs t ra te  temperatures T = 25°C and Ts= 300aC, r e s p e c t i v e l y .  
Plot ted i s  the  hydrogen e v o l u t i o n  r a t e  dN 7 d t ,  i . e .  t h e  number o f  hydrogen atoms re -  
leased per u n i t  f i l m  volume and u n i t  time: as  a  f u n c t i o n  o f  temperature. In Fig. la ,  
t he  evo lu t ion  r a t e  i s  given on a  logar i thmic ,  i n  Fig.lb on a  l i n e a r  s c a l e .  The re- 
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Fig .  1 : Hydrogen e v o l u t i o n  r a t e  a s  a f u n c t i o n  of tempera ture  f o r  
undoped and doped a-Si:H f i l m s  prepared a t  t h e  s u b s t r a t e  tempera tures  
( a )  Ts= 25'C ( f i l m  th i ckness  d % 0.6 um) and (b)  T = 300°C (d % 0.8 pm). 

s u l t s  f o r  undoped f i l m s  (curve  1) ag ree  we l l  w i th  pub l i shed  d a t a  from o t h e r  l abo ra to -  
r i e s  (1-4): I n  ca se  of T = 25OC two e v o l u t i o n  peaks a r e  observed,  one a t  370°C (LT) 
and ano the r  between 550 i n d  600°C (HT). At T = 300°C, on ly  t h e  HT peak n e a r  550°C 
remains .  Curves 2 and 3 show t h e  r e s u l t s  forSdoping by a d d i t i o n  of phosphine and d i -  
borane ,  r e s p e c t i v e l y .  While t h e  i n f l u e n c e  of phosphorus doping i s  found t o  be weak, 
boron doping l e a d s  t o  r a t h e r  d r a s t i c  changes o f  t h e  e v o l u t i o n  s p e c t r a .  Both t h e  LT 
and HT peaks a r e  s h i f t e d  by approximate ly  150°C t o  lower t empera tu re s .  The hydrogen 
c o n c e n t r a t i o n  i s  a l s o  in f luenced .  

Changes i n  t h e  hydrogen e v o l u t i o n  peaks a r e  p r e s e n t  down t o  d ibo rane  concen- 
t r a t i o n s  a s  low a s  10 ppm a s  demonstrated i n  F ig .2  f o r  T = 300°C f i l m s  ( f i l m  th i ck -  

nes s  0.4 - 0.55 pm).   or' 10 ppm B2H6 a s h i f t  of 30 - 
le,n,l 40°C i s  observed (curve  2) - compared t o  undoped 

m a t e r i a l .  I n  t h e  doping range lo2- l o 4  ppm, the  evo- 
l u t i o n  maximum l i e s  c l o s e  t o  400°C. The hydrogen con- 
t e n t  CH which i s  o b t a i n e d  from t h e  a r e a  under t h e  
c u r v e s  r i s e s  from 14 a t . %  f o r  t h e  undoped sample t o  
20 a t . %  f o r  l i g h t l y  doped f i l m s  (10 - 100 ppm) and 
d e c r e a s e s  t o  below 10 a t . %  f o r  1% BzH6.  

Gene ra l ly ,  t h r e e  p roces ses  may determine  t h e  
r a t e  of t h e  hydrogen e v o l u t i o n :  ( a )  t h e  Si-H d i s s o c i -  
a t i o n  l e a d i n g  t o  a r e l e a s e  of a tomic  o r  molecular  

300 500 fLQ '@ hydrogen, (b) t h e  d i f f u s i o n  of hydrogen t o  t h e  su r -  TPC) - f a c e  and ( c )  t h e  s u r f a c e  recombinat ion  of atomic 
F ig .  2 : Hydrogen e v o l u t i o n  hydrogen. An ea sy  d i s c r i m i n a t i o n  whether t h e  evolu-  
r a t e  a s  a f u n c t i o n  of tern- t i o n  r a t e  i s  d i f f u s i o n - l i m i t e d  o r  n o t  i s  t h e  measure- 
p e r a t u r e  f o r  a-Si:H f i l m s  ment of t h e  t h i c k n e s s  dependence ( 4 ) .  R e s u l t s  a r e  
(Ts' 300DC) doped wi th  dibo- shown i n  F ig .  3. For a s e r i e s  o f  undoped and boron- 
r ane  a t  v a r i o u s  c o n c e n t r a t i o n s .  doped a-Si:H f i l m s ,  t he  peak p o s i t i o n  T (Fig .3a)  

and t h e  atomic r a t i o  NH/NSi (Fig.3b) ofYnydrogen t o  
s i l i c o n  atoms i n  t h e  f i l m  (assuming t h e  c r y s t a l l i n e  S i  d e n s i t y  o f  5 ~ 1 0 * ~ / c m ' )  a r e  
p l o t t e d  a s  a f u n c t i o n  of f i l m  t h i c k n e s s  d .  C l e a r l y ,  f o r  t h e  h igh  tempera ture  peaks of 
undoped a-Si:H f i l m s  ( cu rves  l(HT) and 2(HT)) t h e  e v o l u t i o n  i s  found t o  be  d i f f u s i o n -  
l i m i t e d ,  i n  agreement w i th  o t h e r s  (4 ) .  The same was found t o  be  t r u e  f o r  phosphorus 
doping and, i n  ca se  of boron doping, f o r  t h e  s u b s t r a t e  t empera tu re s  T = 25OC (curve  
3(HT)) and T = 100°C (curve  41HT)). We n o t e ,  however, t h a t  t h e r e  is  n6 unequivocal  
c o r r e l a t i o n  se tween f i l m  t h i c k n e s s  and TM. A dec reas ing  s u b s t r a t e  tempera ture  l e a d s  
t o  a h i g h e r  TM, a d d i t i o n  o f  B2H6 on t h e  o t h e r  hand t o  a lower TM a t  t h e  same f i l m  
th i ckness .  These r e s u l t s  p o i n t  a g a i n s t  a unique d i f f u s i o n  c o n s t a n t  of hydrogen i n  
amorphous s i l i c o n .  Apparent ly ,  hydrogen d i f f u s i o n  i s  enhanced by boron doping. 
For boron-doped f i l m s  prepared a t  T = 300°C (curve  S(HT)),only a weak t h i c k n e s s  de- 
pendence of TM i s  observed.  ~ r a c t i c g l l ~  no t h i c k n e s s  dependence i s  found f o r  t he  LT 
peaks of undoped f i l m s  (curve  I(LT)), boron-doped samples (curve  3(LT)) and phospho- 
rus-doped f i l m s .  I n s p e c t i o n  of t h e  hydrogen con ten t  (Fig.3b) shows t h a t  a p a r t  from 
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pendence o f  TM, points 
t o  the presence o f  in -  

- - - ,  
hydrogen d i f f u s e s  t o  Fig. 3 : ( a )  Posi t ion o f  the evolut ion peak T M  and ( b )  
these surfaces and hydrogen content as a funct ion o f  f i l m  thickness  f o r  
leaves the f i l m  through d i f f e r e n t l y  prepared a-Si:H f i l m s .  Curve ( 1 ) :  undoped 
a network o f  voids or T = 2SoC, ( 2 ) :  undoped T = 300°C, ( 3 ) :  1% B 2 H 6  TS= 25 
through cracks. The d i f -  "e, ( 4 ) :  1 %  B 2 H 6  TS= 100'~ and (5 ) :  1 %  B 2 H 6  T = 300°C. 
fus ion  leng th ,  t h e r e f o r e ,  HT and LT r e f e r  t o  high and low temperature eGolution 
w i l l  be shorter than f o r  peaks, respec t ive ly .  
compact a-Si f i l m s  and 
the evolut ion peak w i l l  l i e  a t  lower temperature. The thickness  dependence o f  the hy- 
drogen concentration i s  explained by e f f u s i o n  o f  hydrogen during the deposi t ion 
process. Indeed, we observed tha t  a boron-doped f i l m  o f  d % 0.25 pm, deposited at T = 
300°C, l o s t  almost h a l f  o f  i t s  hydrogen content o f  %20 at .% when annealed f o r  one 
hour a t  300°C whereas l i t t l e  was changed by the same treatment o f  undoped f i l m s .  
Clearly ,  the hydrogen e f f u s i o n  during deposi t ion at T = 300°C f o r  boron-doped 
f i l m s ,  the presence o f  voids i n  t h i s  material and the enhaEced hydrogen d i f f u s i o n  are 
interconnected, the enhanced hydrogen d i f f u s i o n  due t o  boron-doping, most l i k e l y ,  
being the primary e f f e c t .  

6oo/,fg 
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According t o  these r e s u l t s ,  the HT evolut ion process i n  a-Si:H f i l m s  appar- 
e n t l y  involves  rather generally hydrogen d i f f u s i o n .  The d i f f u s i n g  species i s  atomic 
hydrogen. Confirmation f o r  t h i s  assignment comes from an experiment (using sputtered 
f i l m s )  where the deuterium and hydrogen evolut ion from a sandwich s tructure o f  two 
a-Si:H f i l m s  embedding a a-Si:D f i l m  was monitored (W.Beyer, H.Wagner, t o  be pub- 
l i s h e d ) :  Deuterium was found t o  evolve t o  a high degree as H D  as i s  expected f o r  
atomic d i f f u s i o n  o f  deuterium. This  r e s u l t  points against the p o s s i b i l i t y  o f  a 
volume d i f f u s i o n  o f  molecular hydrogen (deuterium) with a higher d i f f u s i o n  constant 
than f o r  atomic H ( D )  d i f f u s i o n ,  as has been proposed by Oguz and Paesler ( 6 ) .  

In agreement wi th  others  (2,4,6,7)  we a t t r i b u t e  the LT e f f u s i o n  peak t o  the re- 
lease o f  molecular hydrogen. This i s  supported by energet ic  considerations: The ener- 
gy required f o r  a rupture o f  S i - H  bonds can par t ia l ly  be regained i n  case o f  H Z  re- 
lease by a concomitant formation o f  S i - S i  and H-H bonds. For the release o f  atomic 
hydrogen, on the other hand, only an energy gain from S i - S i  reconstruct ion i s  possi- 
b le  whereas the  H z  formation i s  delayed and takes place a t  the f i l m  sur face .  This  ex- 
plains why the l a t t e r  evolut ion process proceeds a t  r e l a t i v e l y  high temperatures only .  
The in f luence  o f  doping on the LT peak, presumably, i s  connected with these energy 
gain mechanisms since infrared absorption measurements do not show any d i f f e r e n c e  i n  
the  spectra up t o  doping l e v e l s  o f  1 %  compared t o  undoped f i l m s .  Apparently, the 
presence o f  diborane leads t o  a s t ruc tura l ly  d i f f e r e n t  material where the S i - S i  bond 
reconstruct ion i s  eased. We be l ieve  tha t  the hydrogen se t  f r e e  i n  the LT evolut ion 
leaves the  f i l m  not b y  volume d i f f u s i o n  but through the way o f  internal  sur faces  
( v o i d s )  or cracks which are e i t h e r  present i n  the f i l m s  from the deposi t ion process 
or which are formed during hydrogen evo lu t ion .  Therefore,  no thickness  dependence o f  
the LT evo lu t ion  peak i s  expected. The r e s u l t  tha t  f i lms  showing a LT evolut ion peak 
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1.0 T a l s o  h a v e  a  HT peak which i s  t h i c k n e s s  dependent  p o i n t s  
t o  a  two-phase m a t e r i a l  (8): From a  compact phase  hy- 

\ 2.1% PH 3:,%B,i, d r o g e n  e v o l v e s  by a t o m i c  d i f f u s i o n  l e a d i n g  t o  t h e  HT 
peak  whereas  a n  i n t e r g r a i n  p h a s e  r e l e a s e s  hydrogen  a s  

0.5. H Z  r e s u l t i n g  i n  t h e  LT peak .  Presumably ,  t h e  g r a i n  s i z e  
o f  t h e  compact p h a s e  grows s u b s e q u e n t l y  t o  t h e  LT evo- 
l u t i o n  due  t o  c o l l a p s i n g  v o i d s .  The p r e s e n c e  of  a  
t h i c k n e s s  dependence o f  TM r e q u i r e s  a  g r a i n  s i z e  l a r g e r  
t h a n  t h e  f i l m  t h i c k n e s s .  

T h i s  c o n c e p t  o f  a  two-phase m a t e r i a l  is a l s o  sup- 
p o r t e d  by t h e  r e s u l t s  o f  F i g . 4 .  Here ,  t h e  amount o f  hy- 
d r o g e n  e v o l v e d  u n d e r  t h e  HT and LT peaks  i s  shown a s  a  

\ \  ', f u n c t i o n  of  s u b s t r a t e  t e m p e r a t u r e  T  f o r  undoped ( c u r v e  
0.1 - ' 11,  phosphorus-doped ( c u r v e  2) and goron-doped ( c u r v e  3) 

samples .  The hydrogen  c o n t e n t  r e l a t e d  t o  t h e  LT maximum .- 
0 XM 2W 3@l (dashed  c u r v e s )  is found t o  d e c r e a s e  r a t h e r  s h a r p l y  

T,("C) -- w i t h  i n c r e a s i n g  T  s o  t h a t  f o r  T  % 200°C no  LT maximum 
3 4 : Hydrogen c o n t e n t  c o u l d  be d i s t i n g u f s h e d .  The amougt of  hydrogen  e v o l v i n g  
a s  a  f u n c t i o n  of s u b s t r a t e  u n d e r  t h e  HT peak ( f u l l  l i n e s ) ,  on t h e  o t h e r  h a n d ,  
t e m p e r a t u r e  (d % 0.5  ~ m ) .  shows a  much weaker dependence on  s u b s t r a t e  t e m p e r a t u r e ,  

i n  p a r t i c u l a r  f o r  undoped and  P-doped samples .  These 
r e s u l t s  p o i n t  t o  t h e  f o r m a t i o n  of  t h e  compact  p h a s e  a t  any  s u b s t r a t e  t e m p e r a t u r e  
whereas  t h e  i n t e r g r a i n  m a t e r i a l  grows a t  low T o n l y .  S t i l l ,  b o t h  p h a s e s  seem t o  re- 
l a t e  t o  t h e  same Si-H s p e c i e s  i n ' t h e  p lasma.  p ? e l i m i n a r y  r e s u l t s  from t h e  i n v e s t i g a -  
t i o n  of  f i l m s  p r e p a r e d  f rom SiHr-Dz m i x t u r e s  show a l m o s t  t h e  same r a t i o  of  D/H f o r  
b o t h  LT and  HT peaks .  C o n c e i v a b l y ,  t h e  h i g h  hydrogen  c o n t e n t  i n  t h e  i n t e r g r a i n  p h a s e  
i s  due e i t h e r  t o  p o l y m e r i z a t i o n  e f f e c t s  l e a d i n g  t o  hydrogen- r ich  p o l y s i l a n e s  o r  due 
t o  a  s p o n g e - l i k e  s t r u c t u r e ,  r i c h l y  c o v e r e d  w i t h  hydrogen .  The i n f l u e n c e  of b o r o n  
d o p i n g ,  however,  is n o t  f u l l y  u n d e r s t o o d .  The r e s u l t  t h a t  f o r  T = 25OC t h e  hy- 
drogen  c o n t e n t  i n  boron-doped f i l m s  is h i g h e r  t h a n  i n  undoped f f l m s  shows t h a t  e i t h e r  
t h e  p r e s e n c e  of  d i b o r a n e  promotes  t h e  f o r m a t i o n  of  h y d r o g e n - r i c h  Si-H s p e c i e s  i n  t h e  
plasma o r  t h a t  boron  a c t s  a s  a  n u c l e a t i o n  o r  p o l y m e r i z a t i o n  c e n t e r  l e a d i n g  t o  a n  in -  
c o r p o r a t i o n  o f  such  s p e c i e s  i n  t h e  f i l m s .  On t h e  o t h e r  hand ,  t h e s e  Si-H g r o u p s  a r e  
r a t h e r  u n s t a b l e  s i n c e  an i n c r e a s e  of  T  l e a d s  t o  a  more r a p i d  d e c r e a s e  of  t h e  hydro- 
gen  c o n t e n t  i n  c a s e  o f  boron  d o p i n g  t h z n  f o r  undoped samples .  

U n q u e s t i o n a b l y ,  t h e s e  e f f e c t s  w i l l  have  c o n s i d e r a b l e  impact  on  t h e  e l e c t r o n i c  
p r o p e r t i e s  o f  a-Si:H f i l m s .  Aiming f o r  a low-defect  m a t e r i a l  s u i t a b l e  e . g .  f o r  s o l a r  
e n e r g y  c o n v e r s i o n ,  p o l y s i l a n e - l i k e  i n t e r g r a i n  a r e a s  a s  w e l l  as v o i d s  a r e  c e r t a i n l y  
u n d e s i r a b l e .  I n  a g r e e m e n t ,  we o b s e r v e d  f o r  f i l m s  w i t h  a  pronounced LT hydrogen  evo- 
l u t i o n  peak  a  v e r y  low p h o t o c o n d u c t i v i t y  o n l y  and  p r a c t i c a l l y  n o  i n f l u e n c e  o f  phos- 
phorus  and boron  i n c o r p o r a t i o n  on t h e  e l e c t r i c a l  c o n d u c t i v i t y .  F o r  t h e  f i l m s  shown i n  
F i g . 4 ,  t h e  h i g h e s t  p h o t o c o n d u c t i v i t y  i n d i c a t i v e  of  a  low d e n s i t y  o f  r e c o m b i n a t i o n  
c e n t e r s  was found f o r  undoped and phosphorus-doped m a t e r i a l  p r e p a r e d  a t  T =ZOO-300°C. 
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