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I
E -m a il ; c r p c 2 ^ in u h e n ^ a  la c s  r e s .in

Ab.stract . C o m p u te r  s im u la t io n  o f  e x p e r im e n ta l current ■ v o lta g e  and s p fc tr a l r e sp o n se  c h a r a c ter is tic s  o f an in c o m p le te  c e l l  stru ctu re  - 

II has b een  u se d  to  u n d ersta n d  th e  h o le  transport m e c h a n is m s  at th e  n - p  ju n c tio n  T w o  ty p e s  o f  p - la y er  at the ju n c tio n  h a v e  b een  s tu d ied  ■ (i)  
liydiogcniitcd m ic r o c ry s ia llin c  .silicon  (p c - S i  H> and ( i i )  h y d ro g en a ted  am orphcnis s i l ic o n  carb ide (a S iC .H ) C a se  ( i)  s h o w s  a fa ir ly  h ig h  fill factor (FT-) 

dill) conversion  e f f ic ie n c y  ( f f ), a s a g a in st a  v ery  lo w  F F  and 7̂ in  c a se  (ii) . M o d e llin g  r ev ea ls  that th is d if fe r e n c e  is d u e  to  the m u ch  lo w e r  activ a tio n  

oncigv, hen ce, larger fr e e  h o le  p o p u la tio n  in p -p c -S i  H W e a lso  learn that both  tu n n e llin g  and d if fu s io n  h e lp  p u sh  h o le s  p rod u ced  in p, by  the incid en t 
tow ards the r ec o m b in a tio n  la y er  at the ju n c tio n  T h u s, to  en su re  h igh  rate o f  d iffu s io n  of h o le s , p ,  sh o u ld  h a v e  a h igh  free h o le  d en sity , w h ic h  in 

unn, leads to im p ro v e d  p e r fo r m a n c e  P re lim in a ry  .studies on  d o u b le  ju n c tio n  so la r  c e l ls  le v e a l  that a p c -S i .H  p - la y er  at th e  ju n c tio n  resu lts  in an 
hiiptiivernciu m  F F

k c v w o r d s  P r * i '” r P i  s tr u c tu r e , s im u la t io n , tran sp ort m e c h a n is m s  

r v ( ’S N o s .  8 5  3 0  I )c ,  8 4  6 0  Jt

1. Intnxiuction
1 h e  ju n c l io n  b e tw e e n  th e  in d iv id u a l  s u b c d l s  in  a  ta n d e m  

cell s t ru c tu re ,  is c h a ra c te r i s e d  by  a  h ig h  re v e rse  e le c tr ic  
'i J d .  w h ich  le n d s  to  d r iv e  th e  c a r r ie r s  a p p ro a c h in g  it, in  a 

lifeclton o p p o s ite  to  th e  f lo w  o f  c a r r ie r s  in s id e  e a c h  su b c c ll. 
Micsc c a rr ie rs  b e in g  h in d e r e d  to  re a c h  th e  ju n c t io n  fro m  th e ir  

^spcctivc su h c e lls ,  m a y  p ile -u p  a t th e  ju n c tio n  re g io n  a n d  re su lt 
in a re d u c tio n  o f  th e  e le c tr ic  f ie ld  in  th e  in d iv id u a l su h c c lls ,  
yidiling lo w  o p e n -c i r c u i t  v o lta g e  ( )  a n d  fill fa c to r  (F F ) . It is 
Uicrciorc o f  u tm o s t  im p o r ta n c e  to  e n s u r e  th a t e le c tro n s  fro m  
tlic subccll o n  th e  s id e , a n d  h o le s  I ro m  th e  su b c c ll  o n  th e  

can  e a s i ly  a p p ro a c h  th is  ju n c t io n  a n d  r e c o m b in e  w ith  e a c h  
t>ihcr. F o r  t h i s  p u r p o s e ,  a  p r o p i T  u n d e r s t a n d i n g  o f  th e  
nicchanism s o f  c a r r ie r  t r a n s p o r t  n e a r  th is  ju n c l io n  is  e s s e n tia l .

H ou ctal [ 1 ] s u g g e s te d  th a t a  h ig h - rc c o m b in a tio n  la y e r  (R L ) 
'‘hould be in c o r p o ra te d  a t  th e  c o n ta c t  to  e n s u re  e f f ic ie n t 
fcc o n ib in a iio n . A l le r n a t iv c iy ,  th e  s a m e  o b je c t iv e  c o u ld  b e  

a t:h icv ed  b y  m a k i n g  a t  l e a s t  o n e  o f  t h e  w'*’, p* l a y e r s  
in ic ro cry sta llin c  [2 ] . I t  h a s  a ls o  b e e n  s u g g e s te d  th a t  e le c tro n s  

the s id e  a n d  h o le s  f ro m  th e  s id e  p a r t ly  ‘’tu n n e l"  
i^^wards th is  ju n c t io n  a g a in s t  th e  h ig h  o p p o s in g  nVp"  ̂ f ie ld . 

^"<^niputer s im u la t io n  o f  s u c h  ta n d e m  c e ll  s t ru c tu re s  1 1 ,3 ]  h a s  
^hown tha t, to  s im u la te  th e  re a l tu n n e l in g  o f  e le c tro n s  a n d  h o le s

^ r̂responding Author

re s p e c tiv e ly  to  th e  ju n c t io n  r e g io n , it is e s s e n tia l  to  g ra d e  th e  
c o n d u c tio n  h a n d  e d g e  o n  th e  s id e  a n d  v a le n c e  b a n d  e d g e  on  

th e  p"*̂ s id e  n ea r th e  ju n c lio n , to  m a tc h  th e  e x p e rim e n ta lly  o b ta in ed  
h ig h  a n d  F F  o f  ta n d e m  so la r  c e lls . In  th is  a r t ic le , m o d e llin g  

o f  e x p e r i m e n t a l  c u r r e n t - v o l t a g e  a n d  q u a n tu m  e f f i c i e n c y  
c h a ra c te r is t ic s  o l th in  film  P IN P  s t ru c tu re s  h a s  b e e n  u se d  to  

u n d e rs ta n d  th e  h o le  t r a n s p o r t  m e c h a n is m s  a t th e  ju n c l io n  
b e tw e e n  tw o  su b c e lls  o f  a ta n d e m  s tru c tu re , to  re a lise  th e  re la tiv e  

im p o r ta n c e  o f  a p a r t ic u la r  c a r r ie r  tr a n s p o r t  m e c h a n is m  at th e  
ju n c t io n , w h e n  th e  p - la y e r  h e re  is (a )  a -S iC :H  a n d  (b )  p c -S i .H , 

a n d , to  d is c u s s  h o w  th e  u n d e rs ta n d in g  o f  th is  m e c h a n is m  m a y  
h e lp  u s to  im p ro v e  th e  p c r f o n n a n c e  o f  ta n d e m  s o la r  c e lls . F o r  

th is  s tu d y  w e h a v e  c o n s id e re d  a  P IN P  s tru c tu re  w ith  tw o  d if fe re n t 
ty p e s  o f  p - l a y e r  a t th e  ju n c l io n  : ( i )  p - ty p e  h y d r o g e n a te d  

m i c r o c r y s i a l l i n c  s i l i c o n  ( p c - S i : H )  a n d  ( i i )  h y d r o g e n a te d  
a m o rp h o u s  s ilic o n  c a rb id e  (p -a -S iC :H ) .

2. S im u la t io n  m o d e l

O u r  o n e -d im e n s io n a l  e le c tr ic a l-o p t ic a l  m o d e l [3 , 4 ] so lv e s  th e  
P o is s o n ’s e q u a tio n  a n d  th e  tw o  c a r r ie r  c o n t in u i ty  e q u a tio n s  

u n d e r  s t e a d y - s ta te  c o n d i t io n s  fo r  th e  g iv e n  .s e m ic o n d u c to r  
d e v ic e  s t r u c t u r e  a n d  y i e l d s  th e  c u r r e n t  d e n s i t y - v o l t a g e  

c h a ra c te r is tic  an d  th e  q u a n tu m  c o lle c t io n  e ff ic ie n c y . T h e  d e ta i ls  
o f  th e  e le c tr ic a l m o d e l l in g  p a r t  a rc  g iv e n  e ls e w h e r e  [5 .6 ] . T h e  

g a p  s ta te  m o d e l u se d  in  o u r  c a lc u la t io n  c o n s is ts  o f  th e  ta il s ta te s
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a n d  tw o  G a u s s ia n  d is tr ib u tio n  fu n c t io n s  to  s im u la te  th e  d e e p  

d a n g lin g  b o n d  s ta te s . T h e  ju n c t io n  b e tw e e n  th e  p - i-n  s u b c c l ls  
o f  th e  s ta c k e d  s tru c tu re  h a s  b e e n  m o d e lle d  b y  a h e a v ily  d e fe c tiv e  

re c o m b in a tio n  la y e r  w ith  a  re d u c e d  m o b ili ty  g a p . T h e  tu n n e llin g  
o f  c a r r ie r s  to w a rd s  th is  re g io n  h a s  b e e n  s im u la te d  b y  b a n d  e d g e  

g ra d in g . T h e  g e n e ra t io n  te rm  in  th e  c o n tin u ity  e q u a tio n s  h a s  

b e e n  c a lc u la te d  u s in g  a n  o r ig in a l s e m i-e m p ir ic a l  m o d e l [7,8]» 
th a t h a s  b e e n  in te g ra te d  in to  th e  m o d e l in g  p ro g ra m  [ 3 ,4 ] .  B o th  
s p e c u la r  in te r f e r e n c e  e f f e c ts ;  a n d  d iffu .se d  r e f le c ta n c e s  a n d  

t r a n s m i t t a n c c s  d u e  to  i n t e r f a c e  r o u g h n e s s  a re  ta k e n  in to  
a c c o u n t. T h e  p ro g r a m m e  re q u ir e s  a s  in p u t th e  v a lu e s  o f  th e  

c o m p le x  r e f r a c t iv e  in d ic e s  o f  e a c h  la y e r  o f  th e  d e v ic e . I 'h e s e  
h a v e  b e e n  m e a s u r e d  b y  s p e c t r o s c o p ic  e l l ip s o m e t r y  a t th e  

L a b o ra to ir e  d e  P h y s iq u e  d c s  In te r f a c e s  e l  d e s  C o u c h e s  M in c e s  
(L P IC M )»  E c o le  P o ly te c h n iq u e , P a la is e a u , F ra n c e .

3. Experimental
T h e  s t ru c tu r e  d e v ic e s  w e re

d e p o s i te d  o n to  tr a n s p a re n t  c o n d u c t in g  o x id e ( T C O )  -  c o a te d  
g la s s  s u b s tra te s  in  a  c o n v e n tio n a l  fo u r  c h a m b e r  r a d io  f re q u e n c y  
( 1 3 .5 6  M H z )  p la s m a  e n h a n c e d  c h e m ic a l  v a p o r  d e p o s i t io n  
(P E C V D )  s y s te m  (G la s s tc c h  S o la r  In c ., U S A ) p ro v id e d  w ith  a  

lo a d  lo c k . T h e  b a c k  c o n ta c t  m e ta l is  a lu m in iu m . T h e  n - la y c r  a t 
th e  ju n c t io n  is m ic ro c r y s ta l l in c ,  w h ile  th e  p - la y c r  h e re  is  e i th e r  
p -a -S iC :H  o r  p -p c -S i:H . H ie  w in d o w  p -Ia y e r is p -a -S iC :H  a n d  a ll 

o t h e r  l a y e r s  a r c  a m o r p h o u s .  T h e  l i g h t  i n s o l a t e d  J - V  

c h a r a c te r i s t i c s  o f  th e s e  d e v ic e s  w e re  ta k e n  u n d e r  A M 1 .5 G  

r a d ia t io n  fro m  a  s o la r  s im u la to r  (W A C O M , U S A ). Q u a n tu m  
e f f ic ie n c y  h a s  b e e n  m e a s u re d  u s in g  a  c h o p p e d  m o n o c h r o m a tic  
p ro b e  lig h t (A S T M  d e s ig n a tio n  E 1 021 -8 4 , 1985).

4. Experimental results and simulation
F ig u re  1 c o m p a r e s  th e  e x p e r im e n ta l ly  o b ta in e d  J -V  a n d  Q E  
c h a ra c te r is t ic s  o f  a n  in c o m p le te  c e l l  s t ru c tu re  -~ P j- t  -  to

th e  re s u lts  o f  o u r  c o m p u te r  s im u la tio n  ; (a ) , ( b ) : w h e n  p^ is  p - |ic -  
S i:H  a n d  (c )  w h e n  it is p -a - S iC :H . T h e  in p u t  p a ra m e te r s  u s e d  in  

o u r  s im u la tio n  m o d e l a rc  d e s c r ib e d  in  T a b le  1. T h e  m a jo r  p a r t  o f  
th e  p -a - S iC :H /i- a -S i :H  b a n d  o f f s e t  h a s  b e e n  a s s u m e d  [9 ] to  lie  

o n  th e  c o n d u c tio n  b a n d  s id e . O n  th e  o th e r  h a n d  e x p e r im e n ta l is ts  
h a v e  s h o w n  [1 0 , 1 1 | th a t  th e  m a jo r  p a r t  o f  th e  m o b i li ty  g a p

V  (volts) W a ve le n g th  (gm)

o f f s e t  b e tw e e n  p - |i c - S i :H  lie s  o n  th e  v a le n c e  b a n d  sid e . In ihi  ̂

s tu d y  w e  h a v e  a s s u m e d  f o r  s im p l ic i ty  AÊ , = 0 ,  AE^ =::/\p 
E x c e p t  fo r  th e  p ^ - la y e r , a ll o th e r  la y e r s  a re  id e n tic a l fo r  the two 

cases. T h e  re a s o n  fo r  c h o o s in g  s u c h  a  s t ru c tu re  fo r  o u r study 
is  th e  s t r ik in g  d if f e re n c e  b e tw e e n  th e  J -V  c h a ra c te r is tic s  m the 
tw o  c a s e s ,  w ith  th e  s t r u c tu r e  c o n ta i n in g  ai tin*
ju n c t io n  s h o w in g  fa i r ly  g o o d  J -V  c h a ra c te r i s t ic s  (F ig u re  la) as 

a g a in s t an  e x tre m e ly  lo w  F F  a n d  c o n v e rs io n  e f f ic ie n c y  (q )  when 
p^ is p -a -S iC :H  (F ig u re  1 c ). T h e  Q E  c u rv e  w h en  P j  is amorphous, 
c o u ld  n o t b e  o b ta in e d  e x p e r im e n ta l ly  o n  a c c o u n t o f  the very 
lo w  c o n v e r s io n  e f f ic ie n c y  o f  th e  d e v ic e .  F o r  th e  

c a s e s ,  th e  h o le s  a r r iv in g  a t  th e  j u n c t io n  a re  m a in ly  ihost 
p ro d u c e d  in  p.,, w h ic h  d if f e r  in  n a tu re . T h e  ju n c tio n  has

b e e n  m o d e lle d  b y  a  h ig h ly  d e fe c t iv e  R L  w ith  h ig h  c ap tu re  cross 
s e c t io n s  a n d  a  re d u c e d  b a n d  g a p . T h e  re c o m b in a t io n  between 
e le c tro n s  fro m  th e  to p  s u b c c l l  a n d  th e  h o le s  f ro m  (in  the />,- 
/ j - / i j - P 2 s t ru c tu r e s )  h a s  b e e n  fo u n d  f ro m  o u r  c a lc u la tio n s  to ho 
h ig h e s t  o v e r  th e  R L  a t th e  ju n c t io n .

T a b le  1 . Input p a r a m e te r s  fo r  th e  .s im u la tio n  m o d e l .  T h e  abbreviations 

arc a.s fo l lo w s  : L len g th  o f  th e  layer  , X e lec tro n  a ff in ity  , ‘ n n> b iln \

ban d gap  , * a c t iv a tio n  e n e r g y  ; Ê  ̂ (E^) : c h a ra cter is tic  en ergy  oi tin
d o n o r  (a ccep to r ) lik e  tail s ta tes  ; N  ; m id g a p  d e n s ity  o f  s ta tes Tlic wjIu.. 
o f  th e  n e u tra l ( c h a r g e d )  c a p tu r e  c r o s s - s e c t io n s  h a v e  b e e n  tak en  lo hi' 
10 ( 1 0  an d  e le c t r o n  ( h o le )  m o b il i ty  2 0 ( 4 )  in  a ll th e layers Wlun
p -a -S iC .H  is  u sed  a fter  th e  r e c o m b in a t io n  la y e r  {i.e in p , a-.SiC H) 
th ic k n e ss  is  3 0  n m

P a r a m e te r p ,-p c -

Si:H

p ,-a -

S iC H

i-U '

SiC :H

b u ffe r

i-a -S i n n |.u 

.Si H

L (n m ) 3 0 1 0 5 3 6 0 V]

X (c V ) 4 . 0 3 .8 9 3 .9 2 4 . 0 A 0

^ p ( e V ) 1 .5 4 2 . 0 1 9 6 1 8 6 ! h

(c V ) 0  12 0  5 4 0  9 2 0  8 7 0 0^

E ,/E ^ (m e V ) 3 0 / 2 0 1 3 0 /7 0 9 0 / 5 5 5 0 / 3 0 30/2

N (c m  ’) I x lO '” 5 x 1 0 '" .5x10'^ 2 x 1 0 * ' 1x10

5. Discussion
F ig u r e  2 in d ic a te s  th a t th e  b a n d  d ia g r a m s  fo r  th e  tw o  cases ol 

s t ru c tu r e  a re  p ra c t ic a l ly  id e n tic a l o v e r  th e  intnnsu;

.05 1.0 1.5

V  (volts)

00>

^ - 1

Fijpirc 1. Experimentally obtained illuminated J-V and QE characteri.stics 
of thin film structure devices (open circles) compared to the
results from our model (solid lines) for two types of p^Aaycr : (a) and (b) 
p-pc-Si:H, (c) p-a-StC:H.

Figure 2. The band diagrams for devices having two type'
Pj-layer : p-pc-Si-H and p-a-SiC:H, indicating that these are identical 
the i-layer in thermodynamic equilibrium, but differ widely in the prcscn‘''f 
of light.
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(,) layers , in  ih e im o d y n a m ic  e q u i l ib r iu m . B u t, th e y  c h a n g e  

niaikedly u n d e r  i l lu m in a t io n . F o r  th e  d e v ic e  h a v in g  /^ j-a -S iC iH , 
the bands b e c o m e  a lm o s t  f la t ,  w h ile  th e  f ie ld  o v e r  th e  i- la y e r  

remains high  fo r  th e  d e v ic e  w ith  /?2“lAc-’S i:H . C o m p u te r  m o d e llin g  
indicates th a t th e  m a in  d if f e r e n c e  in  th e  tw o  c a s e s  is (he  m u c h  

hiiihcr free  h o le  p o p u la t io n  (b y  -  7 o rd e r s  o f  m a g n i tu d e )  in  
when n is m ic ro c ry s ta l l in e  (F ig u re  3 a ) ; w h ic h  in  tu rn , is  a  d ir e c t 

jm scq u cn ce  o f  th e  lo w  b u lk  a c t iv a t io n  e n e rg y  (E^^ =  0 .1 2  e V )  
this c a se  a s  c o m p a r e d  to  =  0 .5 4  e V  fo r  p ^ -a -S iC iH , 

measured e x p e r im e n ta lly . T h e  F ig u re  3 c  in d ic a te s  th a t th e  h o le s  
pioduccd o v e r  th e  p ^ - la y e r  b y  i l lu m in a t io n , m o v e  to w a rd s  th e  

lU. at the ju n c t io n  (7^  ̂ is  n e g a t iv e )  a n d  a ls o  th a t m o re  h o le s  c a n  
in ivc at th e  ju n c t io n  re g io n  m o re  n e g a tiv e ) ,  w h e n  p^ is  p c -  

Si H, th a n  w h e n  it is  a m o r p h o u s .  T h i s  r e s u l t s  in  h ig h e r  
rcam ib ina tion  o v e r  th e  R L  (F ig u re  3 b )  in  th e  fo r m e r  c a se . W e 

have found f ro m  o u r  m o d e l l in g  th a t th e  R L  a t  th e  ju n c t io n  m u s t

10’\ ’ (a)

« 10'̂V£.
I; 10'̂ ^

10'

! /

/  —  p/mc-Si H
j  p,-a-SiCH

Wr
-V'

39 0.40 0.41
Position (tifn)

0 42

!
■ (b)
1

/ I  i / •:
10“ |

1

/■■'I ;
( 1 i

i n 2 2 ‘ I -. i ■
0 .3 9 0 .4 0

Position (pm)

—  p̂ -HC-Si H, .
- P,-a-SiC H, ;
™  p, Mc-si H. ;

P,-a SiCH, j  .

l iKurc Compiiier generated plots of (a) the free hole density as a 
imiLiion of position over the RL and the ^,-Iayer ; d>) the recombination 
\ci ihc RL and (c) the computer generated plots of the electron and hole 

densities {Ĵ  and respectively), as a function of position in 
" Mriicfurc devices under AM1..5G light, having two different types of 
; laver p-pc Si:H and p-a-SiC*H.

have a narro w  m o b ili ty  g a p  ( E ^ ) (in  o u r  ca.se it is 1.0  eV ) in  o rd e r  

match the  e x p e r im e n ta l ly  o b ta in e d  a n d  FF. S u c h  a  n a rro w  

red u ces th e  p o te n t ia l  b a r r ie r s  fa c e d  b y  c a r r ie r s  m o v in g  

h)wards th e  ju n c t io n  a n d  s im u la te s  th e  re a l c a s e  tu n n e llin g  

>f carriers to w a rd s  it, a s  h a s  a ls o  b e e n  o b s e rv e d  e ls e w h e re  ( 1,3 ].

ad d itiona l g ra d in g  o f  th e  3 0  n m  P 2> laycr (a g a in , to  s im u la te  
^^nncling o f  h o le s  to w a rd s  th e  fC/p* ju n c t io n )  w a s  n e c e s s a ry  

m a tc h  t h e  J - V  a n d  Q E  c h a r a c t e r i s t i c s  w h e n  P 2 i s  

m icrocrysla lline , w h ic h , w a s  h o w e v e r  fo u n d  e s s e n tia l  to  m a tc h  

ou tput c h a r a c te r i s t ic s  w h e n  P 2 is  a -S iC :H . T h e  re a s o n  fo r  

IS tha t p c - S i :H  h a s  a  s m a l le r  b a n d  g a p  ~  ^*54 c V

t̂ ompared to  E A p i ) =  2 .0  eV f o r  p -a - S iC :H . T h e  p o te n t ia l  

'^iirricrs fo r  h o le s  m o v in g  to w a r d s  th e  ju n c t io n  a rc  th e r e fo re  

^^luniaiically r e d u c e d  in  th e  fo r m e r  c a s e ,  w ith o u t  th e  n e e d  fo r 
additional tu n n e llin g  ( a d d i t io n a l  v a le n c e  b a n d  g ra d in g )  to  m a tc h  

experimental results. H o w e v e r ,  th e  la rg e  e le c tro n  -  h o le  

*^ccombination in  th is  re g io n  (F ig u re  3 b ) , d e s p i te  th e  h ig h  re v e rse

e le c t r i c  f ie ld  a t  th e  ju n c t io n ,  i n d i c a te s  th a t  s o m e  c o u n te r  

m e c h a n is m  m u s t b e  th e re , w h ic h  fo rc e s  th e  h o le s  to w a rd s  th e  

ju n c t io n . A s s u m in g  th a t s u c h  a  m e c h a n is m  is th e  tu n n e llin g  o f  

h o le s  to w a rd s  th e  ju n c tio n  a lo n e , w c  w o u ld  e x p e c t a p p ro x im a te ly  
th e  s a m e  n e g a tiv e  h o le  c u rre n t d e n s i ty  o v e r  P 2 in  b o th  th e  c a se s , 

s in c e , ( i)  th e  R L  h a s  b e e n  a s s u m e d  to  h a v e  th e  s a m e  n a rro w  

b a n d  g a p  o f  1 .0  c V  in  b o th  c a s e s  to  s im u la te  th e  tu n n e l l in g  o f  

c a r r ie rs  to w a rd s  it, ( ii)  w h e n  p^ is a -S iC :H , a d d it io n a l g ra d in g  o f  

th e  v a le n c e  b a n d  e d g e  o f  p^ w a s  p e rfo rm e d , a g a in  to  s im u la te  

th e  tu n n e l l in g  o f  h o le s  to w a rd s  th e  R L , w h ile  in  p ^ - |ic -S i:H , th e  

v a lq n c e  b a n d  o ffse t a u to m a tic a l ly  re d u c e s  th e  p o te n tia l  b a r r ie rs  

fo r  llo le s  m o v in g  to w a rd s  th e  R L , w ith  a p p ro x im a te ly  th e  sa m e  

e f f ^ t  a s  th e  a d d it io n a l tu n n e l in g  d e s c r ib e d  a b o v e  fo r  th e  p^-a- 

S iC |H  c a se . B u t th e  la rg e  d if fe re n c e  in to r  th e  tw o  c a se s  im p ly  

th a t | th e re  m u s t be  s o m e  o th e r  m e c h a n is m  o f  h o le  tra n sp o r t  

to w iird s  th e  ju n c t io n ,  a n d  o u r  m o d e l l in g  c a lc u la t io n s  c le a r ly  

in d ic a te  th a t th is  is d if fu s io n , d u e  to  c o n c e n tra t io n  g ra d ie n t, 

f ro m  a  re g io n  o f  h ig h  fre e  h o le  d e n s i ty  (/?^) to  a  re g io n  o f  lo w  

h o le  d e n s i ty  ( / ij) . T h is  d iffu .s jo n  is  c o n s id e ra b ly  h ig h e r  w h e n  p^ 
is m ic ro c ry s ta l l in c  d u e  to  its  la rg e r  fre e  h o le  p o p u la t io n  (F ig u re  

3 a). T h u s  w h en  /?, is p c -S i :H , a la rg e r  n u m b e r  o f  h o le s  c o m p a re d  

to  th e  c a se  w h e n  p^ is a * S iC :H , a re  a v a ila b le  fo r  re c o m b in a tio n  

w ith  e le c tro n s  a r r iv in g  a t th e  R L  fro m  th e re  is n o  e le c tro n  

p ile -u p  (F ig u re  4 b ), r e s u ltin g  in  a  h ig h e r  e le c tr ic  f ie ld  an d  lo w e r 

re c o m b in a t io n  o v e r  th e  i d a y c r  (F ig u re s  4 c , 4 a ) , a n d  h e n c e  g o o d  
J -V  c h a r a c te r i s t i c s  (F ig u r e  l a ) .  T h e  e n e r g y  b a n d  d ia g r a m , 

th e re fo re , r e ta in s  a  g o o d  s lo p e  o v e r  th e  i- la y c r  u n d e r  lig h t, fo r  

th is  c a se  (F ig u re  2 ). W c m a y  th e r e fo re  c o n c lu d e  th a t in 

P2 s t ru c tu re , d if fu s io n  p la y s  a  v e ry  im p o r ta n t  ro le  in fo rc in g  
h o le s  to w a rd s  th e  ju n c t io n .  T h is  m e c h a n is m  o f  h o le  tra n sp o r t  

m a y  b e  a u g m e n te d  by  c h o o s in g  a  p .,- la y e r w ith  a  h ig h  free  h o le  

d e n s i ty .

- p2 -  p-pc-SiiH 
-Pj == p-aSIC H
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Figure 4. Computer generated plot.s of (a) the recombination and (b) the 
trapped electron population over the devices ; (c) the electric field over 

under AMI.5G light. forp,-i,-/i,-p, structure devices having two different 
types of /?3 layer : p-pc-Si:H and p-a-SiC:H.
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P re l im in a ry  w o rk  h a s  b e e n  s ta r te d  to  s tu d y  th e  e f f e c t o f  th e  

tw o  ty p e s  o f  p - la y e r  a t  th e  j u n c t i o n : p c -S i :H  an d  a -S iC :H , w h e n  

a p p lie d  in  d o u b le  ju n c t io n  s o la r  c e lls .

6. Conclusions

T u n n e l l in g  a n d  d i f f u s io n  a rc  th e  tw o  m e c h a n is m s  o f  h o le  

t r a n s p o r t  to w a rd s  th e  ju n c t io n  o f  d o u b le  ju n c t io n  s o la r  

c e lls .  T u n n e l in g  a s  t r a n s p o r t  m e c h a n is m  fo r  h o le s  to w a rd s  th e  

ju n c t io n  is  m o r e  im p o r ta n t  w h e n  th e  p - la y c r  a t th e  ju n c t io n  is  a- 

S iC :H  th a n  w h e n  it is  m ic ro c r y s ta l l in e ,  w h ile  d if fu s io n  p la y  a  

m o re  p ro m in e n t  ro le  in  th e  la t te r  c a s e . A  p - la y e r  a t th e  ju n c t io n  

w ith  a  h ig h  fitec h o le  d e n s i ty  ( lo w  a c tiv a tio n  e n e rg y  in  th e  d e v ic e )  

w h ic h  g iv e s  r is e  to  a  h ig h  ra te  o f  d if fu s io n  o f  h o le s , h a s  b e e n  

s h o w n  to  p r o d u c e  an  a l l - r o u n d  im p ro v e m e n t in  th e  c a s e  o f

S' -2.5

I -s.
^  -7.5 

-lo .a ,

p,-a-SiC:H

« 7.89 mA env  ̂
''^*1.81 V,
‘EF = 0.697 
T] s 9.94%

_2.a 0.5 0 6 0 7 0 8
S im u la ti o n

•  experiment Wavelength (pm)

0.5 1 0  1 ^

V(volti)

P/mc-Si.H
(T' -2 5 ^
b ■ 1.77 V,I -so F̂  = 0 753,
I  h *  10.17%

^  -7.5

- 10.0
0.5 1 0  1.5 2.0

V (volts) Wavelength (pm)

Figure 5. Experimentally obtained illuminated J-V und red- and blue- 
color light biased QE characicn.stics for »̂*ructurc thin
film double junction cells (open circles) compared lo the results calculated 
on the basis of our model (solid lines) : (a) and (b) when the /̂ -layer at the 
junction (/>,) is a-SiC:H; and (c) and (d) when it is pc-Si;H. The calculated 
values of 7 , . FF and r] under AM 1 5G light are shown on the J-V plots
for the two types of /i,-layer

p-i-n-p s t ru c tu re  d e v ic e s .  P re l im in a ry  e x p e r im e n ta l  re su lts  ami 

th e ir  s im u la tio n  (F ig u re  5 )  in d ic a te  th a t  in  d o u b le  ju n c tio n  cd u  
a  p - la y c r  a t th e  ju n c t io n  w ith  a  h ig h  f re e  h o le  d e n s i ty  (p -p c  Si H, 

p ro d u c e s  a  s ig n if ic a n t im p ro v e m e n t in  th e  fill fa c to r  o f  the device
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