
MAJORITY AND MINORITY CARRIER TRANSPORT I N  POLYSILICON 
EMITTER CONTACTS 

E.  Crab&, S. Swirhun, J. d e l  Alamo, R.  F. w. Pease, 
and R. M. Swanson 

Sol id  State Elec t ronics   Labora tor ies  
S tan fo rd   Un ive r s i ty ,   S t an fo rd ,   Ca l i fo rn ia ,  94305 

ABSTRACT 

The minor i ty   ho le   t r anspor t   i n   po lys i l i con  
emit ter   contacts   has  been s tudied  with a novel 
pnp test t rans is tor .   Segrega ted   a rsen ic   a t   the  
p o l y s i l i c o n / s i l i c o n   i n t e r f a c e  is  mostly  respon- 
s i b l e   f o r   t h e   b a s e   c u r r e n t   r e d u c t i o n   i n  
polysi l icon-contacted npn t r ans i s to r s .   Th i s  i m -  
provement comes at a p r i c e  of a h ighe r   emi t t e r  
res i s tance .   This   res i s tance  was measured with a 
K e l v i n   r e s i s t o r   s t r u c t u r e  and the   base   cur ren t /  
emi t te r   res i s tance   t rade-of f  i s  q u a n t i f i e d .  

INTRODUCTION 

Po lys i l i con   emi t t e r   con tac t s   p l ay  an  in- 
creasingly  important   role   in   high-speed npn 
b i p o l a r   t r a n s i s t o r s  and as ver t ica l   d imens ions  
are scaled down, they become c r u c i a l   f o r  emitter 
thicknesses  of 0.1 pm o r  less [l]. The decrease 
in   base   cur ren t  of such  devices  has  been  exten- 
s ive ly   repor ted  and s e v e r a l  models t o   e x p l a i n  it  
have  been  proposed. The i n t e r f a c e  between t h e  
s i l i c o n  and the   po lys i l icon   contac t  i s  now 
recognized t o  play  the dominant r o l e  when t h e  
annea l   condi t ions   do   no t   de te r iora te   the   in te r -  
fac ia l   ox ide   p resent   [2  ]. De Graaff and de  Groot 
[3 ]   have   p roposed   t ha t   t he   t h in   i n t e r f ac i a l   ox ide  
a c t s  as a tunne l ing   ba r r i e r   aga ins t   ho le   i n -  
j ec t ion   i n to   t he   po lys i l i con .  More r e c e n t l y ,  
Neugroschel e t  a l .  [ 4 ]  have shown the  importance 
of a r sen ic   s eg rega t ion   a t   t h i s   i n t e r f ace   fo r  
reducing  the  base  current .  It i s  d i f f i c u l t   t o  
d i s t inguish  between t h e s e  two mechanism by 
measuring  only  the  base  current of s tandard npn 
t r a n s i s t o r s .  We have  devised a test t r a n s i s t o r  
which i s  much more s e n s i t i v e   t o   t h e   i n t e r f a c e   i n  
order   to   s tudy   the   t ranspor t  of minori ty   holes  
across  i t .  

The improvement in   base   cur ren t   reduct ion  
comes however  with a h ighe r   emi t t e r   r e s i s t ance .  
Th i s   pa ra s i t i c   r e s i s t ance   deg rades   t he   t r ans -  
conductance of the   device  and i t s  switching pe r -  
formance [SI. The trade-off  between  base  current 
reduct ion and i n c r e a s e   i n   e m i t t e r   r e s i s t a n c e  i s  
inves t iga ted   here  as a func t ion  of i n t e r f a c e  
t reatments  and anneal  conditions.  The e m i t t e r  
r e s i s t a n c e  measurements were obtained  with a 
cross-br idge  Kelvin  s t ructure .  

HOLE INTERFACE TRANSPORT 

The e m i t t e r   s a t u r a t i o n   c u r r e n t   d e n s i t y  which 
can  be  obtained  from  the  ideal component of t h e  

base  current when negligible  base  recombination 
occurs ,  i s  a measure of t h e   t o t a l   h o l e   i n j e c t i o n  
i n t o   t h e  emitter. This   hole   current   has   three 
components:  recombination i n   t h e   s i n g l e - c r y s t a l  
p a r t  of t h e  emitter, recombinat ion  a t   the   inter-  
f a c e  and i n j e c t i o n   i n t o   t h e   p o l y s i l i c o n .  I n  
o r d e r   t o   d i s t i n g u i s h  between the   pas s iva t ing  and 
the   bar r ie r   behavior  of t h e   i n t e r f a c e ,  i t  i s  
d e s i r a b l e   t o  measure the   ho le   cur ren t   tha t   has  
c ros sed   t he   i n t e r f ace .  A pnp t r a n s i s t o r   w i t h   t h e  
c r i t i c a l   i n t e r f a c e   l o c a t e d   i n   t h e   b a s e  w i l l  allow 
such a measurement  (Fig. 1 ) .  The device i s  
operated i n   t h e   i n v e r t e d  mode w i t h   t h e   s u b s t r a t e  
ac t ing  as t he   emi t t e r .  The base   p ro f i l e  i s  
i d e n t i c a l   t o   t h e  npn s ingle-crys ta l   emi t te r   p ro-  
f i l e .   P l ac ing   t he   base -co l l ec to r   r a the r   t han   t he  
emi t te r -base   junc t ion   in   the   po lys i l icon   e l imi-  
nates  the  problems  associated  with  biased  poly- 
s i l i c o n  p-n junc t ions .  The e f f e c t  of the  bulk 
p o l y s i l i c o n  on minori ty   hole   t ransport  i s  
minimized by loca t ing   the   base-col lec tor   junc t ion  
i n   c l o s e   p r o x i m i t y   t o   t h e   i n t e r f a c e .  The col- 
l e c t o r   c u r r e n t  is  hence a d i r e c t  measure of t h e  
number of ho le s   t ha t   t r ave r se   t he   i n t e r f ace .  

Experimental   Details  

Two types  of pnp t r ans i s to r s   were   f ab r i ca t ed  
t o   v a r y   t h e   s e g r e g a t i o n  of a r s e n i c   a t   t h e   i n t e r -  
face .  I n  the   f i r s t   t ype   ( s ing le -po ly   dev ices ) ,  
a rsen ic   d i f fuses   f rom  the   implanted   base   in to   the  
undoped polys i l icon   dur ing   the   annea l   a t  900°C. 
A t  th is   temperature ,   the   grain-boundary  diffusion 
c o e f f i c i e n t  of a r s e n i c  i s  almost   three  orders  of 
magni tude   l a rger   than   tha t   in   s ing le-crys ta l  [ 6 ] .  
Thus, t h e   p o l y s i l i c o n  i s  a s ink   fo r   a r sen ic  and 
l i t t l e   p i l e - u p   o c c u r s   a t   t h e   i n t e r f a c e  as v e r i -  
f i e d  by SIMS ana lys i s .  The purpose of t h e  second 
s e t  of t ransis tors   (double-poly  devices)  was t o  
ensu re   a r sen ic   s eg rega t ion   a t   t he   i n t e r f ace  by 
implant ing  the  polysi l icon  with  arsenic .   Fol-  
lowing a 900°C anneal ,   the   polysi l icon was 
th inned   to  25-30 nm  by plasma  etching and a 
second  po lys i l icon   f i lm was deposi ted.  Both sets 
of t r ans i s to r s   r ece ived  a heavy  boron  implant and 
rapid  thermal   anneal   a t  75OoC t o   a c t i v a t e   t h e  
dopant  atoms. SIMS analysis   confirmed  that   th is  
short  anneal  minimizes  boron  diffusion  to  the 
i n t e r f a c e .  The a rsenic   sur face   concent ra t ion  
(1x1OZo ~ m - ~ )  and anneal  conditions were  chosen 
t o   p r e s e r v e   t h e   i n t e g r i t y  of t h e   t h i n   n a t i v e  
i n t e r f a c i a l   o x i d e  [ 2 1. 

2.3 
28-IEDM 86 CH2381-2/86/0000-0028 $1.00 0 1986 IEEE 



N PN 

single-crystal Si * -poly-Si - 

4 . .  

Fig. 1 Cross s e c t i o n s  and band diagrams of npn po lys i l i con-emi t t e r   t r ans i s to r  and  of pnp test s t r u c t u r e  
wi th   t he   po lys i l i con- s ing le   c rys t a l   i n t e r f ace   i n   t he   base .  

Resul ts  and Discussion 

Figure 2 shows t y p i c a l  I-V c h a r a c t e r i s t i c s  
f o r  a double-poly pnp t r a n s i s t o r .  The base 
current  i s  idea l   over  many orders  of magnitude 
and is  dominated by i n j e c t i o n  of h o l e s   i n   t h e  
s u b s t r a t e .  The c o l l e c t o r   c h a r a c t e r i s t i c   h a s   t h e  
idea l   exponent ia l   charac te r i s t ic   over  a small  
range  between  the \low-bias region  dominated by 
the  high  leakage  current  of the  base-col lector  
junc t ion  and the  high-bias  region  dominated by 
t h e  emitter se r i e s   r e s i s t ance   caused  by t h e  low 
doping  of  the  substrate.  

The co l l ec to r   s a tu ra t ion   cu r ren t   dens i i z  
J f o r  a double-poly  device at 300K i s  3 .5~10-  
A9:rn2 compared t o  4x10-12 Afcm2 f o r  a single-poly 
device. As they   bo th   rece ived   ident ica l   in te r face  
t reatments ,   the  two order  of magnitude  decrease 
i n  Joe can  only be a t t r i b u t e d   t o   t h e   p r e s e n c e  of 
a r s e n i c  at t h e   i n t e r f a c e  of the  double-poly 
device.  This i s  a confirmation  of   the  resul ts  of 
Neugroschel e t   a l .   [4 ]   demonst ra t ing   the  impor- 
tance  of a rsen ic   segrega t ion  at t h e   i n t e r f a c e   t o  
r educe   ho le   i n j ec t ion   i n to   t he   po lys i l i con .  The 
presence of a r s e n i c  at t h e   i n t e r f a c e   h a s  a much 
s t ronge r   e f f ec t  on Joe t h a n   t h e   i n t e r f a c i a l  
oxide.   Nonetheless   this   thin  nat ive  oxide is  
necessary  to   prevent   epi taxial   real ignment ,  and i t  
may act   as a s i n k   f o r   a r s e n i c   f a c i l i t a t i n g   t h e  
electrical a c t i v a t i o n  of t he   s eg rega ted   a r sen ic  
atoms at t h e   i n t e r f a c e .  

In orde r   t o   ga in  some understanding  about 
ho le   t r anspor t   ac ross   t he   i n t e r f ace ,  we i n v e s t i -  
gated  the  temperature  dependence of t h e   c o l l e c t o r  
s a t u r a t i o n   c u r r e n t  of t hese   dev ices   i n   t he  
range 280 K t o  419 K. To remove t h e  dominant 

temperature  dependence of n i 2 ,  t h e   c o l l e c t o r  
cur ren t  was divided by the  base  current .   This  
base  current is idea l   over  a la rger   range  of 
b iases  and does  not  have a bandgap  narrowing 
temperature  dependence as t h e   s u b s t r a t e   ( e m i t t e r )  
i s  lowly  doped. The cur ren t   ga in   in   the   double-  
poly  devices  has a posit ive  temperature  coef- 
f i c i e n t   w i t h  an ac t iva t ion   energy  of 13OmeV. It 
i s  i m p o r t a n t   t o   r e a l i z e   t h a t   t h e  bandgap  narrow- 
i n g   i n   t h e   b a s e  which i s  heavi ly  doped  should 
l e a d   t o  a negat ive  temperature   coeff ic ient .  A 
second  double-poly  device  with  an  arsenic 
chemical  concentration of 5x10-19 exhib i ted  
a s imi1a . r  temperature  dependence  with  an  acti- 
vat ion  energy of l2OmeV. By c o n t r a s t ,   t h e  tem- 
perature  dependence of the  single-poly  device 
with no a r s e n i c  is much lower  with  an  activation 
energy of 32meV. These  prel iminary  resul ts  
suggest   that  a thermionic  emission  process 
governs  the  hole   t ransport   through  the  arsenic  
segrega ted   in te r face ,  and t h a t   t h e   h e i g h t  of t h e  
b a r r i e r  set up by the  segregated  arsenic  i s  on 
the   o rde r  of lOOmeV. 

EMITTER RESISTANCE 

Majority carrier t ranspor t  was charac te r ized  
wi th  a nove l   Ke lv in   r e s i s to r   s t ruc tu re  where t h e  
h igh   shee t   res i s tance  of t h e   t h i n   p o l y s i l i c o n  
l a y e r  was shunted by the  top-layer  metal   (Fig.  
3 ) .  A t  t he   con tac t ,   t he   po ten t i a l   d rop  between 
the  metal  and t h e   s i l i c o n   s u b s t r a t e  i s  probed. 
This   contac t   res i s tance   s t ruc ture   permi ts  a much 
more accura t e   ex t r ac t ion  of t h e  emitter s e r i e s  
res i s tance   than   the   convent iona l  Gummel p l o t  
ana lys i s   a t   h igh   b ias .  The cont r ibu t ion  of the 
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Fig. 2 I-V c h a r a c t e r i s t i c s  of a pnp t e s t   t r a n -  
s i s t o r .  

metal- to-polysi l icon  contact   res is tance was 
obtained  with a s i m i l a r   s t r u c t u r e .  

The emi t t e r   r e s i s t ance  was co r re l a t ed   w i th  
the  base  current  of  npn b i p o l a r   t r a n s i s t o r s   w i t h  
t h e  same pre-implanted emitters. Since  base re- 
combination is neg l ig ib l e   i n   t hese   dev ices ,   t he  
i d e a l  component of the  base  current  i s  a d i r e c t  
measure of t h e  emitter s a t u r a t i o n   c u r r e n t   d e n s i t y  
Joe. Large  devices were used i n   o r d e r   t o  minimize 
the  per imeter  component  of Joe. The d a t a  was 
normalized t o  300'K t o   e l i m i n a t e   t h e   e x p o n e n t i a l  
temperature  dependence of Joe. 

Fig. 3 Kelvin   res i s tor   s t ruc ture .   Curren t  d i -  
rec t ion  i s  shown by arrows;  voltage i s  
probed  normal to   current   f low.  
measurements, the  shaded  region i s  For t h e  R1 n 
emi t te r ,  and t h e   t o p   l a y e r  i s  p o l y s i l i c o n  
covered by metal. For   the measurement of 
R,tal-poly, the   bot tom  layer  is  poly- 
s i l i c o n  and t h e   t o p   l a y e r  i s  metal. 

The e f f e c t  of two sur face   t rea tments   p r ior  
t o   t h e   p o l y s i l i c o n   d e p o s i t i o n  were inves t iga ted .  
Af te r   an  RCA clean,  most of the  wafers  received 
an HF d i p   e t c h   t o  minimize t h e   i n t e r f a c i a l   o x i d e  
and some o t h e r s  were chemically  oxidized i n  a 
s o l u t i o n  of  ammonium hydroxide.  Various  anneal 
cycles  were  performed and the   po lys i l icon   doping  
l e v e l  w a s  var ied   in   the   range  of i n t e r e s t   f o r  
VLSI transistors.   Sputtered  t i tanium/aluminum- 
s i l icon   contac ted   the   devices   to   reduce   the  metal 
t o   p o l y s i l i c o n  component  of Re. 

Experimental   Results 

For  both  chemical  oxide and native  oxide 
i n t e r f a c e s ,   t h e   t r a n s p o r t  of e l ec t rons   d i sp l ays  a 
non-ohmic behavior when the  anneal  temperature is  
900°C (Fig. 4 ) .  As the  anneal  temperature is 

- 
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Fig. 4 I-V c h a r a c t e r i s t i c s  of contacts  chemical 
ox ide   i n t e r f ace  and na t ive   ox ide   i n t e r -  
f a c e   f o r  a 1.75x1.75 pm2 contact .  

i n c r e a s e d   t o  1000°C, t h e   i n t e g r i t y  of t h e  
i n t e r f a c i a l   n a t i v e   o x i d e  i s  des t royed ,   ep i t ax ia l  
realignment  occurs  [7], and the   e lec t ron   t rans-  
por t  becomes ohmic. The spec i f i c   con tac t  
r e s i s t i v i t y  at low cu r ren t   dens i t i e s  of these  
e m i t t e r s  i s  obtained by measuring Re for  Kelvin 
s t ruc tures   wi th   d i f fe ren t   a reas   (F ig .   5 ) .  The 
metal t o   p o l y s i l i c o n  component does  not  dominate 
as it varies   f rom 1x10-6 n.cm2 a t   9 0 0 " ~   t o  
2 ~ l O - ~  Ll.cm2 f o r  a 1000°C  anneal.  Figure 6 
summarizes t h e  Joe and Re r e s u l t s .  The i d e a l  
region  of  operation on t h a t   f i g u r e  is the  lower 
left-hand  corner.  The chemical  oxide  devices  are 
loca ted  at  the   uppe r   l e f t  of t h e   f i g u r e :   t h e i r  
Joe are the   l owes t ,   bu t   t he   emi t t e r   r e s i s t ance  i s  
very  large.   Native  oxide  devices  are  located on 
the  bot tom  r ight  of t h e   f i g u r e :  Re is improved 
but Joe has  increased.   Higher   polysi l icon  doping 
l e v e l s  and higher  anneal  temperatures  decrease Re 
but i n c r e a s e  Joe. For  high  speed  transistors,  
t h e   d e s i r a b l e   r e g i o n  of operat ion is  a t   t h e  
lower  r ight  of t h e   f i g u r e  but fo r   app l i ca t ions  
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Fig. 5. Normalized emitter res i s tance   vs   contac t  
area. The e m i t t e r   s p e c i f i c   c o n t a c t  re- 
s i s t i v i t y   d r o p s  from 8 ~ 1 0 - ~  Q.cm2 f o r  a 
chemica l   ox ide   in te r face   to  3 ~ 1 0 - ~  Q.cm2 
f o r  a na t ive   ox ide   in te r face  (900°C 
anneal) .  

such   a s   so l a r   ce l l s ,  a low Joe i s  highly   des i r -  
ab le  and the   i nc rease  in emi t t e r   r e s i s t ance  i s  
not of c r i t i c a l   c o n c e r n .  

CONCLUSIONS 

By measuring  the  minority  hole  current  tans- 
po r t   ac ross   t he   po lys i l i con / s i l i con   i n t e r f ace  
with a pnp t e s t   t r a n s i s t o r  we  have  demonstrated 
tha t   a r sen ic   s eg rega t ion   a t   t he   i n t e r f ace   has  a 
much more pronounced e f f e c t  on t r anspor t   t han   t he  
in te r fac ia l   na t ive   ox ide   p resent .  The t r a n s p o r t  
mechanism for  holes  appears  to  be  dominated by a 
thermionic  emission  process  over a p o t e n t i a l  
ba r r i e r   c r ea t ed  by the   a rsen ic .  The majori ty  
c a r r i e r   c u r r e n t  is a l so   a f f ec t ed  by t h e   i n t e r f a c e  
which is  respons ib le   for  a l a r g e   e m i t t e r  series 
resistance.   This  resistance  can be traded  off 
f o r  an increase   in   based   cur ren t  by modifying  the 
anneal  conditions.  
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cycles .  
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