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A B S T R A C T  
The effect  of  film th ickness  on the  electr ical  proper t ies  of  boron-doped  L P C V D  polys i l icon films wi th  dop ing  con- 

cent ra t ion  ranging  f rom 1 x 1017 to 1 x 10 TM cm -3 has  been  character ized f rom 1.2 ~ m  down  to 0.1 ~m. The  resis t ivi ty  in- 
creases  exponen t i a l ly  as the  film th ickness  decreases ,  ra ther  than  remain ing  constant ,  and the  rate of  increase is a 
s t rong func t ion  of  dop ing  concentra t ion.  After  a quant i ta t ive  s tudy  on the  physical  m e c h a n i s m s  which  can affect the  re- 
sist ivity as film th ickness  decreases,  the  carr ier  t r app ing  effect  due to grain-size var ia t ion  at d i f ferent  film th icknesses  
is shown to be  the  dominan t  factor. A t r app ing  mode l  wi thou t  assuming  the  dep le t ion  app rox ima t ion  can exp la in  well  
the  expe r imen ta l  data  and enhances  unde r s t and ing  of  the resis t ivi ty behavior  as the  polys i l icon film th ickness  de- 
creases. 

Polycrys ta l l ine-s i l icon (polysilicon) mater ia l  is com- 
posed  of  aggregates  of  single crystal  grains wi th  a grain 
boundary  b e t w e e n  adjacent  grains. The  grain bounda ry  is 
a t ransi t ional  reg ion  be tween  dif ferent  or ientat ions  of  
ne ighbor ing  crystall i tes.  Polys i l icon films have  been  
wide ly  used  in in tegra ted  circuits  such as s i l icon gates, in- 
te rconnect ions ,  pass ivat ion or isolat ion layers,  diffusion 
sources,  resistors,  monol i th ic  d is t r ibuted  RC filters, di- 
odes, act ive  devices ,  and r edundancy  p r o g r a m m i n g  ele- 
ments .  Its inc reas ing  range of  appl icat ions  ensures  the  
impor tance  of  this mater ia l  in the  coming  era of VLSI.  

S ince  the  d e m a n d  for be t ter  pe r fo rmance  and h igher  
pack ing  dens i ty  of  V L S I  circuits  requi res  the dev ice  size 
to be scaled not  only in the  hor izontal  bu t  also in the  
ver t ical  direct ion,  the  th ickness  of  polys i l icon films used  
in mos t  in tegra ted-c i rcui t  appl icat ions  has  been  scaled 
f rom several  mic rome te r s  (1, 2) d o w n  to ten th  of  a mi- 
c rome te r  (3). In  addit ion,  the film depos i t ion  general ly  
has changed  f rom a tmospher ic -pressure  chemica l  vapor  
depos i t ion  (APCVD) (1, 2) to low-pressure  chemica l  vapor  
depos i t ion  (LPCVD) (4) for be t ter  film qual i ty  and h igher  
th roughput .  As a result ,  unde r s t and ing  of  the  th ickness  
scaling effect  on the  electr ical  proper t ies  of  L P C V D  
polysi l icon films in the  s u b m i c r o m e t e r  range is impor-  
tant  for dev ice  des ign in V L S I  circuits.  

Kamins  (1) s tud ied  the  th ickness  d e p e n d e n c e  of  Hall  
mobi l i ty  and resis t ivi ty  in A P C V D  polys i l icon films, 
which  had th ickness  ranging f rom 3 to 24 ~ m  and were  
doped  by diffusion with  concent ra t ions  rang ing  f rom 10 '8 
to 1019 cm -3. Resis t iv i ty  of  these  polys i l icon films de- 
creases  wi th  increas ing  film thickness .  Kamins  showed  
that  this decrease  in resis t ivi ty is due  main ly  to the  in- 
crease of  mobil i ty .  Because  an A P C V D  polysi l icon film 
wi th  th ickness  larger  than several  m ic rome te r s  is com- 
posed  of  a few layers of  grains s tacked  in the  th ickness  di- 
rection,  the  m e a s u r e d  mobi l i ty  is actual ly  an average  mo- 
bil i ty over  the  film thickness .  The  mobi l i ty  near  the top  
surface is larger  in a th icker  film because  the  grain size 
becomes  larger. Mei et al. (5) s tudied  the  resist ivi t ies of  
A P C V D  polys i l icon films which  had th ickness  d o w n  to 
0.25 ~m and were  doped  by phosphorus  ion  implan ta t ion  
wi th  a concen t ra t ion  of 1.2 x 1019 cm -3. The  resis t ivi ty  
also decreases  wi th  increas ing  film thickness .  It  was rea- 
soned that  this res is t ivi ty  increase is due  main ly  to 
dopant  segrega t ion  to the  in terface  be tween  polysi l icon 
film and its unde r ly ing  oxide  layer. Recent ly ,  Col inge et 
al. (6) p roposed  a theoret ica l  equa t ion  [Eq. [5] in (6)] for 
the  mobi l i ty  in polysi l icon films, wh ich  cons iders  the  ef- 

fect  of  film th ickness  by including--the polys i l icon/oxide  
interface scat ter ing mechanism.  They used  1.95 ~m as the  
m e a n  free pa th  of  e lectrons in silicon, wh ich  impl ies  that  
i f  a polysi l icon film th ickness  is r educed  to the  r a n g e  of  
1.95 ~m, the  effect  due  to coll is ions of  e lect rons  to the  
polys i l icon/oxide  interface can b e c o m e  a dominan t  factor 
to cause  the  resis t ivi ty increase.  

The  above  rev iew shows that  the  effect  Of film thick- 
ness on the  electr ical  proper t ies  of  L P C V D  polysi l icon 
films at d i f ferent  doping  concent ra t ions  has not  been  
fully under s tood  and that, in fact, d i f ferent  v iewpoin t s  ex- 
ist on the  dominan t  m e c h a n i s m  for the  resis t ivi ty changes  
as the  film th ickness  decreases.  In  this  work, therefore,  
we  first charac ter ized  the  electr ical  proper t ies  of  boron- 
doped  L P C V D  polysi l icon films which  had th ickness  
ranging f rom 1.2 down  to 0.1 ~m and dop ing  concentra-  
t ion ranging f rom 1 • 10 '7 to 1 x 1019 cm -~. It  will  be  
shown that  as the  film th ickness  decreases,  the  resis t ivi ty 
increases  exponent ia l ly ,  ra ther  than  remain ing  cons tan t  
as in conven t iona l  resis tor  materials ,  and the  rate of  in- 
crease is a s t rong func t ion  of  doping  concentra t ion.  There  
are several  poss ible  physical  m e c h a n i s m s  to cause this in- 
crease, such  as polys i l icon/oxide  interface  scattering,  
dopan t  segregat ion  to the  grain boundar ies ,  dopan t  
leaching  or loss, dopant  segregat ion to the  polysili- 
con /ox ide  interface,  and changes  of the  n u m b e r  of  carri- 
ers t r apped  into grain boundar ies  because  of  grain-size 
variat ions.  A detai led quant i ta t ive  analysis  will  show that  
the dominan t  m e c h a n i s m  causing the  resis t ivi ty  increase 
is the  carrier  t r app ing  effect  due  to grain-size reduct ion.  

Experimental Results 
Sample preparation and measurements .--Undoped 

polysi l icon films 0.1-1.2 ~tm thick were  depos i ted  onto 
0.80 ~m th ick  SiO2 layers the rmal ly  g rown  on si l icon wa- 
fers. T h e  depos i t ion  was done  in an L P C V D  reactor  at 
620~C by H2 ambien t  pyrolysis  of sflane wi th  a depos i t ion  
rate of 80 A/min.  The  implan ted  boron  doses  were  se- 
lected to give calcula ted doping  concen t ra t ions  at three  
different  levels: 1 x 1017, 2 • 10 '8, and 1 x 10 TM cm -3. The  
calculat ions  a s sumed  a un i fo rm dopan t  profile and no 
dopant  loss. The  implan ta t ion  energies  were  selected to 
yield a m a x i m u m  implan ta t ion  dose near  the  center  of  the  
polysi l icon films. After  the  devices  were  pa t t e rned  by 
p lasma etching,  a 0.80 ~tm-thick CVD oxide  layer was de- 
posi ted  at 430~ Contact  w indows  were  opened,  and the  
wafers were  d iv ided  into two groups.  One group  had the  
contac t  w indows  implan ted  heavi ly  wi th  boron  to give p+ 
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contac t s ;  t he  o the r  g roup  d id  no t  h a v e  th i s  i m p l a n t a t i o n .  
All t he  wafe rs  were  t h e n  a n n e a l e d  at  900~ for 420 ra in  in  
N2 to r e m o v e  t he  i m p l a n t a t i o n  d a m a g e  a n d  to e n s u r e  uni -  
f o rm  d o p a n t  d i s t r ibu t ion .  A 1 .0 /~m-th ick  a l u m i n u m  layer  
was  d e p o s i t e d  a n d  def ined  over  t he  c o n t a c t  areas.  T h e  
con t ac t s  were  a l loyed at 450~ for 20 m i n  in  N2. T h e  de- 
v ices  i n c l u d e d  d i f fe ren t  s h a p e s  of  res is tors ,  v a n  de r  P a u w  
s t r u c t u r e s  (8), a n d  c ross -b r idge  s t r u c t u r e s  (8). 

The  t h i c k n e s s  of  po lys i l i con  film was  m e a s u r e d  by  an  
a-s tep  profiler.  The  gra in  s t r u c t u r e  a n d  g ra in  size were  
s tud ied  u s i n g  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  (TEM) 
t e chn iques .  F i g u r e  1 shows  the  typ ica l  c ross - sec t iona l  
TEM m i c r o g r a p h s .  I t  was  f o u n d  t h a t  all t h e  g ra in  s t ruc-  
tu res  of  u n d o p e d  a n d  d o p e d  s amp le s  were  conical ,  a n d  no  
s ign i f ican t  rec rys ta l l i za t ion  was  obse rved ,  in  c o n t r a s t  to 
the  r e p o r t e d  gra in  g r o w t h  in p h o s p h o r u s - d o p e d  s a m p l e s  
in  Ref. (9). F r o m  t h i n  to t h i c k  po lys i l i con  films, the  sur- 
face r o u g h n e s s  b e c o m e s  worse,  a n d  t he  g ra in  size at  t h e  
top  of  the  surface,  w h i c h  c o r r e s p o n d s  a p p r o x i m a t e l y  to 
t he  d i s t ance  b e t w e e n  t he  h i l locks  (9), inc reases .  A quan t i -  
t a t ive  m e a s u r e m e n t  of the  grain, size was  p e r f o r m e d  u s i n g  
top -v iewed  TEM m i c r o g r a p h s  s h o w n  in  Fig. 2. Two m e t h -  
ods  were  used ,  a n d  the  resu l t s  ag reed  well. One  m e t h o d  
was to m e a s u r e  t he  area  of a ce r t a in  r eg ion  a n d  to c o u n t  
the  n u m b e r  of  g ra ins  w i t h i n  t h a t  area. The  ave rage  gra in  
size L is ca lcu la ted  f rom the  fo l lowing  e q u a t i o n  

L = ( a r e a / n u m b e r  of  grains)~ [1] 

w h e r e  m is t he  m i c r o g r a p h  magn i f i ca t ion  factor.  The  
o the r  m e t h o d  (10) was  to d r a w  a l ine  a n d  to c o u n t  t h e  
n u m b e r  of  g ra ins  across  t he  l ine.  The  ave rage  g ra in  size is 

L --. (line l e n g t h / n u m b e r  of gra ins) /m [2] 

The  m e a s u r e d  gra in  size dec rea se s  as t he  film t h i c k n e s s  
d e c r e a s e s  (Fig. 3). 

By  u s i n g  t he  s e c o n d a r y  ion  mass  s p e c t r o s c o p y  (SIMS) 
t e c h n i q u e  (11), d o p a n t  prof i les  were  p r o v e n  un i fo rm,  a n d  
no  s ign i f ican t  d o p a n t  loss was  obse rved .  The  S I M S  anal-  
ysis  was  d o n e  w i th  a 12 keV 02 + b e a m  ra s t e r  s c a n n e d  a n d  
ga t ed  to a c c e p t  20% of t he  cen t r a l  por t ion .  C h a r g i n g  prob-  
l ems  were  m i n i m i z e d  b y  u s i n g  t he  e l ec t ron  flood g u n  
a n d  i n t e g r a t i o n  of t he  s e c o n d a r y  ion  e n e r g y  d i s t r ibu t ion .  
We u s e d  a 50 keV  b o r o n  i m p l a n t a t i o n  w i th  dose  of 5 x 
1014 c m  -2 as a s t anda rd .  The  m e a s u r e d  d o p i n g  concen t r a -  
t ions  were  w i t h i n  20% of  t he  p ro jec t ed  values .  F igu re  4 
shows  typ ica l  S IMS profi les  of  s amp le s  w h i c h  h a v e  pro- 
j e c t e d  d o p i n g  levels  of  2 • 10 TM cm -3 'and t h i c k n e s s  of  ei- 
t h e r  0.2 or 1.0 ~m.  

Elec t r ica l  m e a s u r e m e n t s  i n c l u d e d  the  I-V charac te r i s -  
tics, res is t iv i ty ,  a n d  Hal l  vol tages .  Res i s t iv i ty  was  a lways  
m e a s u r e d  over  t he  l inear  I-V r a n g e  w i t h  smal l  app l i ed  
bias.  S h e e t  r e s i s t a n c e s  for some  h i g h - v a l u e  res i s to r s  were  
diff icul t  to o b t a i n  f rom the  Hal l  s e tup  a n d  were  calcula-  
ted,  there fore ,  f r om m e a s u r e d  r e s i s t a n c e  a n d  dev ice  
geomet ry .  

Results.--The m e a s u r e d  shee t  r e s i s t a n c e  vs. film th ick-  
ness  at  r o o m  t e m p e r a t u r e  is s h o w n  in  Fig. 5a for  a d o p i n g  

Fig. 1. Cross-sectional TEM micrographs. A, top: t = 1950A, N = 
1 • 1017 cm -3. B, bottom: t = 9800A,  N = 2 x 10 '8 cm -~. t - film 
thickness, N = doping concentration. 

c o n c e n t r a t i o n  of  1 • 1017 c m  -~, a n d  in  Fig. 5b for 2 x 1018 
cm -3. T h e  con t ac t s  b e t w e e n  a l u m i n u m  a n d  po lys i l i con  in  
s amp l e s  w i t h o u t  p+ co n t ac t  d o p a n t s  are  o h m i c  at  sma l l  
app l i ed  vol tage.  I n c l u s i o n  of  the  p+ co n t ac t  d o p a n t s  does  
no t  s ign i f ican t ly  af fec t  t h e  shee t  res i s tance .  F igure  5a 
a n d  5b s h o w s  t h a t  w h e n  t h e  film t h i c k n e s s  decreases ,  t he  
shee t  r e s i s t a n c e  inc reases  exponen t i a l l y .  T h e  t h i c k n e s s  
d e p e n d a n c e  of  t h e  r e s i s t ance  is c o n s i d e r a b l y  la rger  at  a 
d o p i n g  c o n c e n t r a t i o n  of  2 x 10 TM c m  -3 t h a n  at  1 x 10 '7 
c m  -3. T h e  res is t iv i ty ,  w h i c h  can  be  ca l cu la t ed  b y  mul t i -  
p ly ing  the  s h e e t  r e s i s t ance  b y  the  film t h i c k n e s s ,  is also 

I-ig. 2. Top view TEM micrographs of the samples in Fig. 1 
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shown in Fig. 5a and 5b as a funct ion  of  film thickness .  A 
rapid  increase  of  the  resist ivi ty wi th  decreas ing  film 
th ickness  occurs,  especial ly  at th ickness  less than  0.8/~m. 
This  behav ior  is different  f rom ohmic  resis tors  of  o ther  
materials ,  the  resis t ivi ty  of  which  is general ly  indepen-  
dent  of  thickness .  

T h e o r e t i c a l  In te rpre ta t ion  
Two theor ies  have  been  proposed  to m o d e l  the  trans- 

por t  proper t ies  of  doped-polys i l icon  films. The  first is a 
dopant -segrega t ion  model ,  where  the  grain bounda ry  
serves  as a s ink to cause preferent ia l  segregat ion  of 
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dopant  a toms that  b e c o m e  inact ive at the  boundary  (12, 
13). This  model ,  however ,  cannot  exp la in  the  mobi l i ty  
m i n i m u m  at a cri t ical  doping concentra t ion,  the  tempera-  
ture  d e p e n d e n c e  of  the  resistivity,  and the  hyperbol ic-  
sine I-V behav ior  of  polysi l icon resistors at h igh electric 
field. The  second theory  is a carr ier  t r app ing  mode l  
(1, 2, 7, 14-16), where  the t rapp ing  states inside the grain 
boundary ,  due  to defects  and incomple te  a tomic  bond-  
ings, can trap free carriers f rom the  ionized dopants .  This  
process  not  only reduces  the  n u m b e r  of  free carriers, bu t  
also creates  a potent ia l  barr ier  su r round ing  the  grain 
boundary ,  wh ich  impedes  the  mot ion  of  carr iers  f rom one 
crystall i te to another.  This  mode l  be t ter  expla ins  the  
sharp changes  of  resis t ivi ty wi th  doping  concentra t ion,  
the  mobi l i ty  m i n i m u m ,  the  t empera tu re  d e p e n d e n c e  of 
resist ivity,  and the  hyperbol ic-s ine  I-V behav ior  at h igh  
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electric field. Even if the dopants do segregate, the 
trapping model can still be applied, based on an active 
dopant concentration that can be obtained by sub- 
tracting the inactive dopant concentration from the actual 
doping concentration (15, 17). 

For thin-film polysilicon resistors, several physical 
mechanisms may cause the observed resistivity increase 
when film thickness decreases. The effect of these mech- 
anisms will be considered individually below. 

Scatterings at horizontal grain boundaries and poly- 
silicon/oxide interface.--TEM results on LPCVD films 
show that the grain structures in all samples having dif- 
ferent film thicknesses are conical. In such conical struc- 
tures, grain boundaries rarely occur in the direction paral- 
lel to the polysilicon/oxide interface, in contrast to  the 
randomly stacked grain structures usually observed in 
APCVD polysilicon films. If the structure had many 
stacked layers of such horizontal grain boundaries, the re- 
sistances of the samples with p+ contact dopants could 
not be the same as those without the contact dopants be- 
cause the grain boundary is a high resistance region. 
However, it is found that the resistances of samples with 
p+ contact dopants are approximately equal to those with- 
out p+ contact dopants. This demonstrates that, even 
though horizontal grain boundaries may exist occasion- 
ally, they do not seriously disturb the current flow, and 
the possibility of carriers colliding with the horizontal 
grain boundaries is low. Since the mean free path of carri- 
ers in the intrinsic silicon is approximately 200A, 1 which 
is much smaller than the thinnest film thickness in our 
samples, the carriers should have had several collisions 
before scattering at the polysilicon/oxide interface. As a 
result, the scattering effects due to both polysilicon/oxide 
interface and horizontal grain-boundaries should not be 
the dominant factor responsible for the resistivity in- 
crease (18) in LPCVD polysilicon films with thickness 
down to 0.1 ~m. Another piece of indirect evidence to 
support the conclusion is that when the oxide layer above 
polysilicon film is removed, the measured resistance 
does not change too much from the resistance of samples 
with the top oxide layer present, and the rate of resistivity 
increase as the films become thinner is almost the same. 
In addition, that different rates of the resistivity increase 
at different doping concentrations is difficult to explain 
based on scattering effect. 

Dopant segregation to grain boundaries.--Although the 
amount of dopant segregation to grain boundaries can be 
a function of film thickness, Mandurah et al. (19) showed 
that no significant segregation effect occurs in boron- 
doped polysilicon films. In our boron-doped samples, the 
grain-boundary segregation should not be the dominant  
factor for the resistivity increase. 

Dopant leaching or loss.--After inplantation and before 
annealing, the samples were coated with a thin layer of 
low temperature deposited oxide to protect their surfaces 
from furnace ambient and to prevent loss of dopants dur- 
ing the high temperature process. The SIMS results (Fig. 
4) p roved  that the actual doping concentration in the 
polysilicon film is close to the projected value within 20% 
variation, and no significant loss was found even in the 
thinnest samples. 

Segregation to polysilicon/oxide interface.--From the 
SIMS results as shown in Fig. 4, no significant pileup of 
the dopants was found at the polysilicon/oxide interface 
in the samples with doping concentration up to 2 x I0 ~8 
cm -3. It should be noted that an electron flood gun for 
charge compensation was employed. While not shown in 
Fig. 4, the silicon signal remained constant when sput- 
tering through the Si/SiO2 interface. It has been shown 
(20) that at normal incidence 02 + bombardment, silicon is 
completely oxidized to SiO2. At a doping level of 1 • 1019 
cm -~, a small pileup of the dopants has been observed; 
however, its amount is not so significant as to affect the 
absolute doping level in the film. This effect can become 
important at higher doping concentration. 

The mean free path k is Vth(m*~t/q), where vth is thermal veloc- 
ity of the carriers, vth = (3kT/m*) ~ and ~ is mobility. In intrinsic 
silicon, X ~ 237A for holes and ~204A for electrons at room tem- 
perature. In a doped silicon crystallite, k is even smaller. For ex- 

2O 3 ample, k ~ 130A at a doping concentration of around i0 cm- . 
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Carrier trapping.--Before a quanti tat ive calculation 
of the carrier t rapping effect on the resistivity change 
due to reduct ion of film thickness, general features of 
the carrier t rapping model  are briefly reviewed here. 
Several assumptions were made in the previous 
trapping models (2, 15) to simplify the calculation. The 
polysilicon film is assumed to be composed of identical 
crystallites having a grain size L, and the grain boundary 
is assumed to contain Qv cm -~ of traps located at an en- 
ergy level of eT with respect to the intrinsic Fermi level 
at the grain boundary (Fig. 6). The traps are assumed to 
Re initially neutral  and become charged by trapping car- 
hers.  When dopants are added into polysilicon films, 
some of the mobile  carriers around the grain boundary 
are t rapped by the trapping states in the grain boundary, 
resulting in a deplet ion region. Using these assump- 
tions, an abrupt  depletion approximat ion was used to 
calculate the energy band in the crystallites. For a given 
grain size, since the effective trapping states in the grain 
boundary are finite, there exist two possible conditions, 
depending on the doping level. If  the doping concentra- 
t ion is high, the crystallite can only be partially depleted 
and a neutral  region remains (Fig. 6b). If  the doping 
level is decreased to a critical doping concentrat ion N*, 
the crystallite is totally depleted (Fig. 6c). Because the 
crystallite becomes totally depleted, the number  of free 
carriers remaining in the crystallite drastically de- 
creases, thus causing a sharp resistivity increase. As the 
doping level further decreases, the crystallites remain in 
the condit ion of total depletion, and resistivity increases 
at a rather gradual rate. This explains why the resistivity 
vs. doping concentrat ion curve of polysilicon films has 
a sharp change in slope near the critical doping level N*. 
Similarly, at a given doping concentration, there exists a 
critical grain size L* below which the grains are totally 
depleted. For a grain size around the value of L*, as the 
grain goes from partial to total depletion, the resistivity 
change due to grain size variation is drastic. 

As ment ioned above, TEM results showed that when 
polysilicon film thickness is reduced, the grain size de- 
creases. The effect of such grain-size change on the re- 
sistivity of polysilicon films will be examined based on 
the carrier t rapping model  below. 

The previous trapping models (2, 14, 15) using the de- 
pletion approximat ion can clearly describe the transport  
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Fig. 6. The polysilicon trapping model, a: One-dimensional grain 
structure, b: Energy-band diagram of partially depleted grains for 
p-type dopants, c: Energy-band diagram of totally depleted grains for 
p-type dopants. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 140.113.38.11Downloaded on 2014-04-28 to IP 

http://ecsdl.org/site/terms_use


Vol .  131, No .  4 LPCVD POLYSILICON FILMS 901 

p r o p e r t i e s  of  p o l y s i l i c o n  films. H o w e v e r ,  t h e  d e p l e t i o n  
a p p r o x i m a t i o n  c a u s e s  a b r u p t  c h a n g e s  in  t h e  r e s i s t i v i t y  
w i t h  r e s p e c t  to g ra in - s i ze  v a r i a t i o n s  n e a r  t h e  t r a n s i t i o n  
b e t w e e n  t h e  pa r t i a l  d e p l e t i o n  a n d  t h e  to ta l  d e p l e t i o n  
c o n d i t i o n  (21). ~ T h e s e  a b r u p t  c h a n g e s  can  b e  s m o o t h e d  
b y  u s i n g  a m o r e  a c c u r a t e  s o l u t i o n  of  P o i s s o n ' s  e q u a t i o n  
w i t h o u t  a s s u m i n g  t h e  d e p l e t i o n  a p p r o x i m a t i o n  (21). Re- 
cen t ly ,  a n  e x a c t  s o l u t i o n  for  p o l y s i l i c o n  r e s i s t i v i t y  was  
de r ived ,  w h i c h  c a n  avo id  s u c h  a b r u p t  c h a n g e s  a n d  is 
va l id  ove r  a w i d e  r a n g e  of  d o p i n g  c o n c e n t r a t i o n s ,  t em-  
p e r a t u r e s ,  a n d  g r a i n  sizes (22). I n  t h i s  work ,  b e c a u s e  
s a m p l e s  are  n o t  v e r y  heav i l y  d o p e d  a n d  da t a  we re  mea-  
s u r e d  at  r o o m  t e m p e r a t u r e ,  t h e  e x a c t  F e r m i - D i r a c  s ta t is -  
t ics  of  f r ee -ca r r i e r  d i s t r i b u t i o n  c a n  b e  a p p r o x i m a t e d  b y  
B o l t z m a n n  s ta t i s t i cs ,  t h u s  r e l a x i n g  o u r  e x a c t  a n a l y s i s  
(22) to  s imi l a r  e q u a t i o n s  d e r i v e d  b y  B o a r d  a n d  D a r w i s h  
(21), e x c e p t  t h a t  a m o r e  p r ec i s e  f o r m u l a t i o s  of  t he  F e r m i  
leve l  s h o u l d  b e  used .  By  d e f i n i n g  t h e  i n t r i n s i c  F e r m i  
leve l  in  t h e  b u l k  s i l i con  Elo as zero e n e r g y  a n d  a s s u m i n g  
t h e  e l e c t r o n  (hole)  e n e r g y  pos i t i ve  (nega t ive )  for  u p w a r d  
a n d  n e g a t i v e  (pos i t ive)  for  d o w n w a r d  d i r e c t i o n  (Fig. 6), 
t h e  F e r m i  l eve l  is 

E ~ = k T l n { ~ e x p ( E A / k T )  

[k / l  + 8(NA/ni) exp  ( -EA/kT)  - 1]} [3] 

w h e r e  NA is t h e  d o p i n g  c o n c e n t r a t i o n ,  ni is t h e  i n t r i n s i c  
ca r r i e r  c o n c e n t r a t i o n ,  a n d  i m p u r i t y  l eve l  EA, is (15) 

EA= ( ~ E g - 0 . 0 8 + 4 . 3 •  I O - S N A ' I 3 ) + E i ( O ) [ 4 ]  

By so lv ing  P o i s s o n ' s  e q u a t i o n  a n d  u s i n g  s u i t a b l e  b o u n d -  
a ry  c o n d i t i o n s  (21), t h e  r e l a t i o n s h i p  of  i n t r i n s i c  F e r m i  
leve l  a t  g r a in  b o u n d a r y  Ei(L/2) w i t h  r e s p e c t  to t h e  i n t r i n -  
sic F e r m i  leve l  a t  t h e  c e n t e r  of  g r a in  Ei(0) c an  b e  ca lcu la -  
t ed  f r o m  

2--LDqNA" = ( u ,  --Uo) + / 3 ( e " ' - e  "o) + (e . . . .  e -"~ 

[5] 

w h e r e  LD = (2kTe/q~NA) ~ fl = kT/q, u, a n d  u0 are  de f ined  
as Ei(L/2)/kT a n d  E~(O)/kT, r e spec t ive ly ,  a n d  t h e  i on ized  
t r ap  d e n s i t y  in  t h e  g ra in  b o u n d a r y  QT + is r e l a t e d  to t he  
n u m b e r  of  m e t a l l u r g i c a l  t r a p s  QT as fo l lows  (2, 15) 

Q~ 
QT + = [6] 

1 + 2 exp  [u~ + (eT - Er)/kT] 

w h e r e  ev is t he  t r a p p i n g - s t a t e  e n e r g y  level  w i t h  r e s p e c t  
to  t h e  i n t r i n s i c  F e r m i  leve l  a t  t h e  g ra in  b o u n d a r y .  The  
c o r r e s p o n d i n g  g ra in  size L is g i v e n  b y  

L = LD [(u -- u0) + fl (e" - e "~ + (e-" - e-"~ -~/= du 
0 [7] 

B y  v a r y i n g  u0, t h e r e f o r e ,  t he  c o r r e s p b n d i n g  u, a n d  L c a n  
b e  c a l c u l a t e d  u s i n g  Eq.  [5] a n d  [7]2 T h e  r e s i s t i v i t y  is 
t h e n  o b t a i n e d  f r o m  (15) 

(2rrm*kT) 'l~ 
e x p  (qVB/kT) [8] 

p - Lq2p(O) 

w h e r e  qVB = k T  (u, - uo) a n d  p(0) = NA e x p  (-u0).  Fo r  
s impl i c i ty ,  c rys ta l l i t e  b u l k  r e s i s t i v i t y  is n o t  i n c l u d e d .  

To c o m p a r e  t h e o r y  to t h e  e x p e r i m e n t a l  resu l t s ,  i t  is 
n e c e s s a r y  to d e t e r m i n e  m*, p e r m i t t i v i t y  e, n~, Eg, L, QT, 
a n d  eT. T h e  v a l u e s  of  s ing le -c rys t a l  s i l i con  we re  u s e d  for 
t h e  f irst  five p a r a m e t e r s  (15) a n d  L was  m e a s u r e d  f r o m  
T E M  m i c r o g r a p h s  (Fig. 3). QT a n d  e~ w e r e  o b t a i n e d  ex- 
p e r i m e n t a l l y  f rom t he  p vs.  1/kT c u r v e s  of  p o l y s i l i c o n  re- 
s i s to r s  b y  u s i n g  s imi l a r  p r o c e d u r e s  d e s c r i b e d  in  Ref. 
(15). T h e  m e t h o d  is va l id  b e c a u s e  t h e  s a m p l e s  u s e d  for  
p a r a m e t e r  e x t r a c t i o n  h a v e  d o p i n g  c o n c e n t r a t i o n s  a w a y  
f r o m  N*, a n d  t h u s  t he  d e p l e t i o n  a p p r o x i m a t i o n  is va l id .  

This can be interpreted in terms of film thickness as follows: 
at a given doping concentration, when film thickness changes 
such that  its grain size is close to L*, the abrupt depletion ap- 
proximation becomes invalid. 

3 The contents of Eq. [5], [6], and [7] are different from their 
corresponding expressions in Ref. (21) by including the neces- 
sary corrections. 
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Fig. 7. Measured and theoretical resistivity vs .  average grain size of 
different thickness films. 

Also,  s i nce  Qr c o u l d  be  p r e c i s e l y  d e t e r m i n e d ,  t h e  v a l u e  
of  eT was  a d j u s t e d  w i t h i n  a r e a s o n a b l e  d e g r e e  to p r o d u c e  
t he  b e s t  r e s u l t s  of  t he  p vs.  L curves .  F i g u r e  7 s h o w s  t h e  
m e a s u r e d  r e s i s t i v i t i e s  of  d i f f e r e n t  t h i c k n e s s  f i lms vs.  
t h e  m e a s u r e d  a v e r a g e  g ra in  sizes. T h e  t h e o r e t i c a l  c u r v e s  
ag ree  wel l  w i t h  t he  e x p e r i m e n t a l  da t a  a n d  e x p l a i n  t h e  
drastic increase of resistivity with decreasing film 
thickness. Because decrease of film thickness causes re- 
duction of grain size, when the grain size reaches around 
210A at doping concentration of 2 • i0 is cm -3, most of 
the grains go from partial depletion into total depletion, 
and the number of free carriers available for conduction 
drastically decreases, thus causing a sharp increase of 
res i s t iv i ty .  In  con t ras t ,  a t  d o p i n g  c o n c e n t r a t i o n  of  2 • 
101~ c m  3 for  t he  r a n g e  of  fi lm t h i c k n e s s  s t u d i e d  in th i s  
work ,  m o s t  of t h e  g ra ins  h a v e  b e e n  to ta l ly  d e p l e t e d ,  a n d  
t h e r e f o r e ,  t h e  c h a n g e s  of  r e s i s t i v i t y  are  no t  so d r a s t i c  as 
in  t h o s e  s a m p l e s  w i t h  d o p i n g  c o n c e n t r a t i o n  of  2 • 10 TM 

c m  3. As  a resu l t ,  t h e  ca r r i e r  t r a p p i n g  ef fec t  due  to gra in-  
size v a r i a t i o n  at  d i f f e r en t  f i lm t h i c k n e s s e s  is a d o m i n a n t  
f ac to r  for  the  r e s i s t i v i t y  i n c r e a s e  in  b o r o n - d o p e d  
L P C V D  po ly s i l i con  f i lms as t h e  fi lm t h i c k n e s s  de-  
c r eases  (>-1000A). 

Conclusions 
The  effect  of  film t h i c k n e s s  on  t he  e lec t r ica l  p r o p e r t i e s  

of  b o r o n - d o p e d  L P C V D  polys i l i con  f i lms ha s  b e e n  s tud-  
ied  d o w n  to film t h i c k n e s s  of  0.1 /zm. I t  h a s  b e e n  f o u n d  
t h a t  t he  res i s t iv i ty  inc reases  e x p o n e n t i a l l y  as t he  film 
t h i c k n e s s  decreases ,  r a t h e r  t h a n  r e m a i n i n g  cons t an t ,  a n d  
the  i n c r e a s i n g  ra te  is a s t rong  f u n c t i o n  of  d o p i n g  concen-  
t ra t ion.  Af ter  a q u a n t i t a t i v e  s t u d y  of t h e  phys i ca l  mecha -  
n i s m s  w h i c h  m a y  affec t  t h e  r e s i s t iv i ty  as fi lm t h i c k n e s s  
decreases ,  t he  ca r r ie r  t r a p p i n g  effect  due  to gra in-s ize  var- 
i a t ion  at  d i f f e ren t  film t h i c k n e s s e s  was  s h o w n  to b e  t he  
d o m i n a n t  factor.  A t r a p p i n g  m o d e l  w i t h o u t  a s s u m i n g  t he  
dep l e t i on  a p p r o x i m a t i o n  can  exp l a in  t he  e x p e r i m e n t a l  
o b s e r v a t i o n s  wel l  a n d  e n h a n c e s  u n d e r s t a n d i n g  of  t h e  re- 
s i s t iv i ty  b e h a v i o r  as po lys i l i con  film t h i c k n e s s  decreases .  
I t  also s h o w s  t h a t  w h e n  the  po lys i l i con  fi lms are em- 
p loyed  in  V L S I  circui ts ,  t h e  sens i t iv i ty  of  t he  res i s t iv i ty  to 
t he  film t h i c k n e s s  m u s t  b e  c o n s i d e r e d  in  t h e  dev ice  de- 
s ign (23). 
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Polycrystalline Silicon Recrystallization by Combined CW Laser 
and Furnace Heating 

J. Shappir* and R. Adar 
School of Applied Science and Technology, The Hebrew University of Jerusalem, Jerusalem, Israel 

A B S T R A C T  
A modif ied  CW argon laser - induced lateral  recrystal l izat ion of  polycrysta l l ine  si l icon is descr ibed.  Hold ing  the 

sample  in a furnace  at e levated t empera tu re  of  about  1000~ resul ted  in s ignif icantly r educed  the rmal  gradients  and 
stresses. A wider  range of  power  is a l lowed for p roper  recrystal l izat ion both  on oxide  and substrate  areas simulta- 
neously.  P re fe r red  the rmal  profiles enab led  larger  lateral  ep i taxy  of  - 5 0  ~m per  single scan. The  h igher  substra te  tem- 
pera ture  resul ted  also in wider  mel ted  areas and high scan rates of  80 cm/s enabl ing  m u c h  shorter  p rocess ing  time. 

In  recent  years~ in tens ive  effort  has been  m a d e  in differ- 
en t  t echn iques  to obtain large area si l icon on insula tor  
(SOI) as an a l ternat ive  substrate  for in tegra ted  circuits.  
Besides  the obvious  advantages  of  r educed  junc t ion  ca- 
paci tance,  no dev ice  coupling,  and no contac t  spiking, it 
can even tua l ly  lead to th ree -d imens iona l  in tegra t ion of  
e lectronic  devices  (1, 2). Gat  et al. obse rved  (3) that  the  
recrystal l izat ion of  po]ysil icon layers on an insula t ing 
substrate  by a CW laser beam resul ts  in grains hav ing  di- 
mens ions  up to 2 • 25 tLm 2. 

In  order  to fabricate  larger-area SOI  s t ructures  wi thou t  
grain boundar ies  and with  comple te  control  of  the  crys- 
ta l lographic orientat ion,  seeded  lateral  ep i taxy  t echn ique  
has recent ly  been  s tudied  (4, 5). In this technique ,  a re- 
gion where  the polysi l icon is in di rect  contac t  wi th  the  sil- 
icon subst ra te  serves  as a seed for lateral  crystal  g rowth  
to the  area where  the  polysi l icon is over  an insula t ing 
layer. 

With s tandard  isoplanar  technology,  lateral  ep i taxy  of  
20-30 t~m was obtained.  Modified coplanar  s t ruc ture  wi th  
no step be tween  the  polysi l icon on si l icon (PS) and poly- 
si l icon on ox ide  (PO) or the uti l ization of  th in  under ly ing  
insulators  (< 1500A) resul ted  in fur ther  increase  of  the lat- 
eral ep i t axy  to 70-80 t~m (5, 6). 

In  the  s tandard  laser recrystal l izat ion configurat ions,  
the  sil icon wafer  is a t tached to a meta l  chuck  that  can be 
hea ted  up to 700~ (6) and the  laser b e a m  raises the  layer 
t empera tu re  to above  its mel t ing  poin t  of 1415~ Such  an 
a r r angemen t  suffers f rom two major  drawbacks:  (i) It is 
difficult  to find opt imal  recrystal l izat ion condi t ions  for 
both the  PS  and PO areas due  to the  di f ference in the  ver- 
t ical hea t  conduc t ion  in the  two regions,  and (ii) the  high 
lateral  the rmal  gradients  are bound  to reduce  the crystal- 
l ine qual i ty  of  the  recrystal l ized layer. 
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To ove rcome  these  two problems,  the  approach  of  this 
work  was to raise the  substra te  t empera tu re  to about  
1000~ by p lac ing  it in a diffusion furnace and use  lower  
laser power  to raise locally the  polysi l icon t empera tu re  to 
its me l t ing  point. In this setup, the wafer  loses mos t  heat  
by b l ackbody  radiat ion ra ther  than  by the rmal  conduct -  
ance to the  meta l  chuck.  

In  the  following, certain resul ts  of  this combined  laser 
and furnace  recrystal l izat ion t echn ique  are reported.  

Experimental 
The expe r imen ta l  setup consis ted  of  the  laser, the  op- 

tics, the  scanners ,  and the  furnace, where  the wafer  was 
held  dur ing  the  recrystal l izat ion process.  The  laser was a 
Coheren t  18W Ar ion laser, opera ted  in the  mul t i l ine  
m o d e  wi th  wave leng ths  near  0.5 tLm. The optical  sys tem 
consis ted  of  two lenses  in a b e a m  e x p a n d i n g  s t ructure  
that  served both  as beam expande r  and focus ing  e l emen t  
to obtain an 80 t~m diam spot  size, at a focal d is tance  of  
700 ram. The beam was scanned  across the  wafer  by 
means  of two ga lvanomete r -d r iven  mirrors.  The  si l icon 
wafer  was v a c u u m  held by an ad jus tab le  quar tz  tube  
which  en te red  the  furnace f rom its back  side. The  sys tem 
also inc luded  a convent iona l  meta l  v a c u u m  chuck  for 
compar i son  purposes .  The expe r imen ta l  se tup is illus- 
t rated schemat ica l ly  in Fig. 1. 

The 0.5 tLm-thick polycrysta l l ine  si l icon layer  was de- 
posi ted  on a s tandard  isoplanar  s tructure,  obta ined  by lo- 
cal ox ida t ion  of  the  p-type <100> si l icon substra te  to 0.7 
and 1.1 tLm oxide  thicknesses .  As a s tabil izing capping  
layer, use was m a d e  of CVD-depos i ted  Si3N4 or the rmal ly  
g rown  SiO~ layers of  var ious  thicknesses .  Af ter  the  recrys- 
tal l ization step, the  capping layers were  r e m o v e d  and 
Secco e tch (7) was used  to reveal  the grain boundar ies .  

Results 
Effects of recrystallization at elevated substrate 

temperatures.--The main  advan tage  of  the  recrystall iza- 
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