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for single crystal silicon. The two principal  factors 
that cause the oxidation kinetics of polysilicon thin 
films to be different are the presence of grain bound-  
aries and the finite thickness of the film. Because e[ 
these two factors, several other mechanisms (such as 
dopant segregation to the grain boundaries  and rapid 
diffusion of the dopant along the grain boundary)  in-  
fluence the oxidation kinetics significantly. To accu- 
rately model the oxidation of polycrystal l ine silicon. 
these factors must  be taken into account. 
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Properties of Plasma-Enhanced CVD Silicon Films 
I: Undoped Films Deposited from 525 ~ to 725~ 

T. I. Kamins* and K. L. Chiang 
Hewlett-Packard Laboratories, Palo Alto, California 94304 

ABSTRACT 

Undoped silicon films deposited by plasmaqenhanced CVD from dichlorosilane in argon o~er the temperature range 
525~176 have been studied, and their properties have been compared with those of LPCVD silicon films deposited from 
silane. Significant compressive stresses of 6 • 109 dynes/cm 2 are seen in PECVD films. X-ray, TEM, and reflectance mea- 
surements show that the films deposited at 600~ and below are amorphous, while those deposited at 625~ are polycrystal- 
line with a poorly defined structure. A better developed polycrystalline structure is obtained at higher deposition tempera- 
tures, although the dominant  {110} texture does not develop as readily as in LPCVD films. A polycrystalline structure be- 
gins to form at temperatures about 25~176 higher in the PECVD films than in LPCVD films. After annealing at 1000~ all 
PECVD films are polycrystalline. The resistivities of films doped with phosphorus by ion implantation or from a gaseous 
POC13 source are lower for the initially polycrystalline films than for the initially amorphous films. PECVD films deposited 
at 625~ have higher resistivities than do LPCVD films deposited at the same temperature. 

For the last few years, most polycrystal l ine-si l icon 
films used for MOS integrated-circui t  gate electrodes 
have been deposited by thermal  decomposition of 
si lane in  low pressure CVD (LPCVD) ~eactors near  
625~ (1). However, the pyrolysis reaction is very 
temperature  sensitive so that undesired tempera ture  
variations in the reactor can cause significant thick- 
ness variations. In  addition, the deposition rate can- 
not be readi ly increased, and large quanti t ies of dopant 
atoms cannot easily be incorporated into the LPCVD 
films dur ing their  deposition. The gate-electrode dopant 
atoms are usual ly  added after deposition, possibly 
complicating the process sequence. 

For these reasons, the p lasma-enhanced CVD 
(PECVD) reactors developed to deposit dielectric films 
(2) are being studied for the deposition of polycrystal-  

* Electrochemical Society Active Member. 
Key words: CVD, crystallography, doping, reflectance. 

l ine silicon. Significant quanti t ies of dopant  atoms can 
be incorporated dur ing  the deposition, and the process 
is less sensitive to temperature  variations. However, 
little is known about the properties of the resul t ing 
silicon films. For  example, the presence of argon in 
the plasma may cause some unwanted  argon inclusion 
in the films, changing their properties. The plasma may 
also provide momen tum to the migra t ing species ad-  
sorbed on the wafer surface, in addit ion to providing 
the energy for the decomposition, so that the micro- 
s t ructure  may be altered. 

To learn more about the sui tabil i ty of the PECVD 
silicon films for use in integrated circuits, their prop- 
erties were evaluated in this study. The films were de-  
posited by ASM/America,  Phoenix, Arizona, in a 
sl ightly modified version of a reactor described pre-  
viously (2). Both undoped films deposited over the 
temperature  range 525~176 and doped films de- 
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posi ted  at  a constant  t e m p e r a t u r e  of 628~ were  
studied.  The PECVD films were  compared  to LPCVD 
films whenever  possible.  In  par t icu la r ,  the  proper t ies  
of the undoped  PECVD films were  compared  to those 
found in a s imi la r  inves t iga t ion  conducted whi le  the 
low pressure  CVD process was being deve loped  (3). 

This p a p e r  descr ibes  the proper t ies  of undoped  s i l i -  
con films deposi ted  by  PECVD at t empera tu res  f rom 
525 ~ to 725~ in 25~ increments .  A fol lowing paper  
(4) discusses t he  proper t ies  of films doped dur ing dep-  
osition at  a t empe ra tu r e  of 628~ and subsequent ly  an-  
nea led  at  va ry ing  tempera tures .  

Film Deposi t ion 

In the PECVD reac to r  used (2), the wafers  are held  
ad jacen t  to closely spaced ver t ica l  electrodes,  wi th  
ad jacent  electrodes connected to opposi te  te rmina ls  of 
an r f  genera to r  (Fig. 1). The ent i re  e lect rode assembly  
is conta ined in an evacua ted  chamber  wi thin  a res is t -  
ance -hea t ed  furnace.  In  this way, app rox ima te ly  100 
wafers  can be processed s imul taneous ly  while  r e t a in -  
ing the des i red  p a r a l l e l - p l a t e  e lectrode geometry .  

The gas flows of dichlorosi lane and argon were  279 
and 840 cm3/min, respect ive ly ,  and  the ta rge t  film 
thickness  was 500 rim. A n  a t t empt  was made  to ad jus t  
the  deposi t ion t imes to produce  the des i red  thickness at  
the different  t empera tures .  The deposi t ion rates  cal-  
cula ted  f rom the film thicknesses and deposi t ion t imes 
var ied  by  less than  25% be tween  525 ~ and 725~C, wi th  
the m a x i m u m  ra te  near  650~ This slow var ia t ion  wi th  
' t empera tu re  can be contras ted  to the r ap id  changes in 
deposi t ion ra te  wi th  t empe ra tu r e  in an LPCVD reactor ,  
where  the  thickness  a lmost  doubles  when the t em-  
pe ra tu re  is changed by  25~ 

The eight  wafers  included in each deposi t ion were  
p laced  in  one row, which  was located s l ight ly  more  
than  h a l f w a y  back f rom the gas in le t  ( row E in Fig. 
l a ) . '  These e ight  wafers  included five wafers  covered 
wi th  app rox ima te ly  100 nm of t he rma l ly  grown sil icon 
dioxide  (two <111>  CZ and three  <100>  CZ) and 
three  unoxidized wafers  (one <111> CZ, one <100> 
CZ, and one <100>  FZ) .  The d i f ferent ly  oriented,  oxi-  
dized wafers  a l lowed e l iminat ion  of subs t ra te  effects 
dur ing  x - r a y  measurements .  The unoxidized CZ wafers  
pe rmi t t ed  the  influence of the  under ly ing  subs t ra te  on 
the crys ta l  deve lopment  to be studied.  The FZ wafer  
was used for  in f ra red  absorpt ion  measurements  to de-  
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Fig. 1. (a) Schematic diagram of PECVD reactor indicating 8 
rows of wafers. (b) Position of wafers within one row (2). 

tect  l a rge  quant i t ies  of hydrogen  or  oxygen  in the  
deposztect films. 

Crysta l  S t ructure  
To lea rn  more  about  the s t ruc ture  of the PECVD 

silicon trims and to compare  them with  LPCVD films, 
thei r  p r e fe r r ed  or ienta t ion  or  t ex ture  was de te rmined  
by  x - r a y  di~zraction. One set of Nuns was measured  
af te r  deposi t ion,  while  another  set was annealed  at 
1000~ in n i t rogen be iore  the x - r a y  analysis  to in-  
vest igate  the staDili ty of the s t ructure .  S t anda rd  
LPCVD sil icon films deposi ted a t  625~ were included 
for comparison.  

A Genera l  Electr ic  x - r a y  dif~ractometer was used, 
wi th  expe r imen ta l  condit ions s imi lar  to those in a 
previous  inves t iga t ion  of LPCVD silicon films (3). 
The peak  heights  were  normal ized  to indicate  the 
propor t ion  of {111}, {110}, {311}, {100}, {331}, and {211} 
or iented  crys ta l l i tes  in the films. F i lm- th ickness  cor-  
rections, as wel l  as the  s t anda rd  p o w d e r - p a t t e r n  in-  
tensities,  were  used to normal ize  the data. Most of 
the films examined  were  depos i ted  on t he rma l ly  oxi-  
dized, < 1 0 0 > - o r i e n t e d  silicon wafers,  bu t  some films 
deposi ted on < l l l > - o r i e n t e d  subst ra tes  a l lowed more  
deta i led  observa t ion  of possible {100} texture .  

The p re fe r r ed  or ien ta t ion  of the  PECVD films is 
shown in Fig. 2 as a funct ion of the deposi t ion t em-  
pera ture .  No crys ta l l ine  peaks  are  observed  in films 
deposi ted at  600~ or  below, indica t ing  that  these films 
are  amorphous.  Above 600~ the {110} t ex tu re  domi-  
nates, wi th  only  smal l  amounts  of {111}, {311}, and 
{331} or ientat ions  presen t  in some films. The max i -  
mum in the {110} tex tu re  occurs at  700~ and mea -  
surable  {111} tex tu re  appears  only  above 700~ For  
comparison,  {110}, {311}, and {111} t ex tu re  is seen in 
an LPCVD polysi l icon film recen t ly  deposi ted near  
625oC. 

These resul ts  m a y  be compared  wi th  those p re -  
viously obta ined  on LPCVD silicon films deposi ted over  
the  same t empera tu re  range (Fig. 3) (3). As in the 
PECVD films, significant t ex tu re  begins appear ing  in 
the LPCVD films above 600~ However ,  the dominant  
{110} t ex tu re  in the LPCVD films reaches  a m a x i m u m  
at 625~ and then decreases,  whi le  the  m a x i m u m  in 
the PECVD films does not  occur unt i l  700~ In both 
cases, the {111} t ex tu re  begins increas ing only at  t em-  
pe ra tu res  above this {110} maximum.  No {100} t ex td re  
is seen in the PECVD films, consistent  wi th  the ab-  
sence of  a m i n i m u m  in the (110} texture .  Such a min i -  
m u m  m a y  occur at  h igher  t empera tu re s  than  those in-  
vest igated,  poss ibly  wi th  a correspondin~g increase  in 
the {100} texture.  

F igure  4 shows the p re fe r r ed  or ienta t ion  of the 
PECVD films a f te r  an 80 min, n i t rogen anneal  at 
1000~ Significant t ex tu re  is seen in the in i t i a l ly  
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Fig. 2, X-ray texture of PECVD films as a function of deposition 
temperature before additional heat-treatment. 
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Fig. 3. X-roy texture of LPCVD films as a function of deposition 
temperature. 

amorphous  films deposi ted below 625~ However ,  the  
degree of c rys ta l l in i ty  in these films is, perhaps,  less 
than expected since in i t ia l ly  amorphous  LPCVD films 
read i ly  crysta l l ize  on anneal ing  to give fa i r ly  large 
gra in  si l icon films wi th  a dominan t  {311} or ienta t ion  
(5). The amount  of minor  or ientat ions in the in i -  
t ia l ly  polycrys ta l l ine  PECVD films deposi ted at h igher  
t empera tu res  increases somewhat  on annealing,  but  
the dominant  {110} tex ture  does not change great ly ,  
consistent wi th  previous studies of LPCVD films (5). 

These x - r a y  measurements  suggest  tha t  the s t ruc-  
ture of the PECVD sil icon films does not  develop as 
r ead i ly  as does tha t  in LPCVD films deposi ted  at  the 
same t empera tu re  and that  the PECVD films change 
less than  do the LPCVD films with  fu r the r  h e a t - t r e a t -  
ment,  observat ions  consistent  wi th  the other  film 
proper t ies  discussed below. 

Transmission e lect ron microscopy shows that  the 
films deposi ted at 600~ and below are  amorphous  with  
some smal l  c rys ta l l ine  inclusions ( <  1%),  while  those 
deposi ted at 625~ are polycrys ta l l ine  wi th  a poor ly  
developed s t ruc ture  and smal l  gra ins  (,~30 rim). The 
gra in  s t ruc ture  in films deposi ted at 650~ is much 
be t te r  defined, and the gra in  size approaches  100 nm. 
For  comparison,  LPCVD films deposi ted at  575~ and 
be low are  amorphous,  while  films deposi ted at  600~ 
are  fine gra in  po lycrys ta l l ine  (~55 nm) and those de-  
posi ted at 625~ and above are  po lycrys ta l l ine  wi th  
wellLdefined grains about  70-80 nm across (3). 

Al l  PECVD films are  polycrys ta l l ine  af ter  anneal ing,  
but  the gra in  size in the in i t ia l ly  amorphous  films 
(,~30 nm)  remains  much smal le r  than that  in the i n i -  
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Fig. 4. X-ray texture of PECVD films as a function of deposition 
temperature after onneollng at ]000~ in nitrogen, 

t ia l ly  po lycrys ta l l ine  f i lms.  This behavior  is different  
f rom that  of amorphous  LPCVD films, which read i ly  
crysta l l ize  into large gra in  ma te r i a l  on anneal ing  (5).  
The grai~ size in the in i t ia l ly  po lycrys ta l l ine  films in-  
creases only s l igh t ly  on anneal ing;  the major  effect 
is an increase in the perfec t ion  of the indiv idual  crys-  
tall i tes.  

Optical Properties 
To obta in  addi t ional  in fo rmat ion  about  the film 

s t ruc ture  and its change on annealing,  the optical  r e -  
flectance of undoped films deposi ted at  each t empera -  
ture was measured  as a function of  wave length  both 
before  and af ter  anneal ing.  These measurements  a l low 
a rap id  assessment  of the film s t ructure  once a cor-  
re la t ion has been made with  the micros t ruc ture  de te r -  
mined by  t ransmiss ion e lec t ron  microscopy.  The value  
of this  technique in eva lua t ing  the film s t ruc ture  
dur ing  processing wil l  become apparen t  in the fol low- 
ing discussion. An  HP8540 U.V.-Visible spect ropho-  
tometer ,  which samples  all  wavelengths  s imul tane-  
ously, was used wi th  a single .crystal silicon wafer  as 
the reference  sample.  Reflectance measurements  were  
made  in both  the 200-400 and 400-800 nm wavelength  
ranges.  

After deposition.--In the 400-800 nm wave leng th  
range  (Fig. 5), PECVD films deposi ted at  600~ and 
be low and not fur ther  he a t - t r e a t e d  exh ib i t  m a r k e d l y  
different  behavior  f rom films deposi ted at  625~ and 
above. The in i t ia l ly  amorphous,  low t empera tu re  films 
are  s t rongly  absorbing be low 570 nm, so tha t  opt ical  
in te r fe rence  of l ight  reflected f rom the top and bot tom 
of the  film is not  visible. A l imi ted  number  of in te r -  
ference peaks  are  seen at h igher  wavelengths .  The 
film deposi ted at  625~ is s t rongly  absorbing below 
480 rim, while  the absorpt ion  edge decreases  to about  
450 nm in films deposi ted at  725~ The absorpt ion  
edge decreases signif icantly be tween  films deposi ted 
at  625 ~ and 650~ and more s lowly above  650~ con- 
sistent  wi th  the poor ly  deve loped  polycrys ta l l ine  s t ruc-  
ture  at 625~ de te rmined  by  the x - r a y  and TEM 
measurements .  The absorpt ion  edge decreases at dep -  
osition t empera tu res  about  25~176 lower  in the 
LPCVD films than in the PECVD films, consistent  wi th  
the  x - r a y  and TEM observat ions  of a be t te r  developed 
s t ructure  in the  LPCVD films at  a given deposi t ion 
tempera ture .  

Reflectance measurement s  in the 200-400 nm wave-  
length range on amorphous  PECVD films deposi ted  at  
600~ and below and not  fu r the r  hea t - t r ea t ed  show 
minima at  275 and 370 nm superposed on a uni form 
background  (Fig. 6). [These min ima  indicate  the ab-  
sence in the PECVD films of e n e r g y - b a n d  s t ructure  
tha t  is p resen t  in the single crys ta l  reference  wafer  
(6)1. At  the shortest  wavelengths  the  in i t ia l ly  po ly -  
c rys ta l l ine  films have a much reduced  reflectance (R 
20% Rsi), which increases more  or  less monotonica l ly  
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Fig. 5. Reflectance of PECVD silicon films as a function of wave- 
length from 400 to 800 nm for amorphous film deposited at 600~ 
(dashed curve) and polycrystalline film deposited at 650~ (solid 
curve). 
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Fig. 6. Reflectance of PECVD silicon films as a function of 
wavelength from 200 to 400 nm for amorphous film deposited at 
600~ (dashed curve) and polycrystalline film deposited at 650~ 
(solid carve). 

with increasing wavelength,  indicat ing significant sur-  
face roughness. Above 300 nm the reflectance remains  
relat ively constant  with only small  minima,  consistent 
with the bet ter  developed crystal l ine structure.  How- 
ever, the magni tude  of the reflectance remains lower 
than for the films deposited at lower temperatures,  
suggesting a lower index of refraction in the polycrys-  
tal l ine films. 

In  the LPCVD films, the min ima  at 275 and 370 nm 
are visible in  amorphous films, but  are almost un -  
noticeable in films deposited at the higher tempera-  
ture. In the PECVD films, min ima are always visible 
(al though they are less pronounced in the films de- 
posited at 650~ and above),  showing that the energy-  
band s t ructure  of the LPCVD films is closer to that of 
crystal l ine silicon than is that  of the PECVD films. The 
x - r ay  and TEM measurements  also indicate that  the 
s t ructure  in  the PECVD films does not develop as 
readi ly as in the LPCVD films. 

Although a higher temperature  is needed to obtain 
the same structure  in the PECVD films as in the 
LPCVD films, the pressure dur ing the PECVD dep- 
ositions was 2 Torr, about 10 times as great as that 
used for LPCVD deposition of silicon at 625~ A 
greater  n u m b e r  of adsorbed species at this higher 
pressure might impede surface migrat ion of the de- 
positing atoms or molecules and thus reduce the hy-  
pothesized, beneficial effects of the plasma in aiding 
surface migrat ion (7, 8). A subsidiary exper iment  in 
the LPCVD reactor with the silane diluted by ni trogen 
to produce a total deposition pressure of 2 Torr showed 
that  the s t ructural  differences are not related to the 
higher pressure. Other differences in deposition con- 
ditions that may  have changed the surface migration, 
and hence the s t ructural  development,  are the pres- 
ence of a chlorine by-product  and a deposition rate 
twice as high in the PECVD system as in the LPCVD 
reactor. 

Alter annealing.--After anneal ing  the PECVD films 
at 1000~ in dry ni t rogen for 80 min, the general  shape 
of the reflectance curves in the 400-800 nm range 
changes markedly.  Significant interference is seen 
above 440 nm for all films, indicat ing the development  
of a polycrystal l ine structure,  as seen in the x - r ay  
and TEM measurements .  Even for the ini t ia l ly  poly-  
crystall ine films, the interference is greater after an-  
neal ing than  before annealing,  suggesting an improve-  
ment  in  the crystal structure. 

In  the 200-400 nm wavelength  range, however, no 
significant reflectance changes occur on annealing.  
The uni form background of the low tempera ture  films 
is still observed, al though the magni tudes  of the min-  
ima diminish. The absence of significant change in 
the 200-400 nm spectrum, while marked changes occur 

in the 400-800 nm range, may be related to the differ- 
ent depths of the film sampled in  each wavelength 
range. The shorter  wavelengths sample only the top 
atomic layers in  the film while the longer wavelengths 
penetrate  the entire thickness. This reasoning suggests 
that the surface of a film may not  be able to change 
on annealing,  even though the bulk of the film is 
converted from an amorphous to a polycrystal l ine 
structure.  It is l ikely that  a th in  oxidized layer on 
the surface or some oxygen penet ra t ion  into the sur-  
face layers stabilizes the surface topology or the crys- 
tal s t ructure  near  the surface. 

Comparison of the wavelengths of the interference 
extrema before and after anneal ing  indicates that 
nei ther  the index of refraction nor  the thickness of 
films deposited above 625~ changes on anneal ing 
(within 2%). A decrease of about 4% is observed in 
films deposited at 625~ consistent with the behavior  
of PECVD films doped dur ing  .deposition (4). The 
large decrease seen in the index of refraction of the 
ini t ia l ly  amorphous films on anneal ing is expected from 
similar exper iments  with LPCVD silicon films (3). 

Stress 
Measurements  of the wafer flatness after deposi- 

t ion indicate the stress in the films. A Canon Model 
LSF-500 laser-scanning flatness tester was used to 
determine the sense and ma x i mum deflection of the 
wafer surface compared to positions 3 mm from the 
edges. In  all cases the wafer is concave downward,  
indicat ing compressive stress in the films. The curva-  
ture appears to have its ma x i mum value of approxi-  
mately 20 ~m at deposition temperatures  of 625 ~ 
650~ and to decrease for both higher and lower dep- 
osition temperatures,  al though considerable scatter 
appears in the data. The corresponding stress is in 
these 3 in. diameter wafers 6 X 109 dynes/crn 2. 

Resistivity 

To learn  more about the s tructure and usefulness of 
PECVD silicon films, the films deposited at varying 
temperatures  were doped with phosphorus by ion im-  
p lanta t ion  or from a gaseous POC18 source. The ex- 
per imenta l  conditions chosen allowed comparison with 
experiments  performed on LPCVD silicon films de- 
posited over the same temperature  range (3). The dop- 
ant  concentrat ions were selected to accentuate differ- 
ences between the films, ra ther  than to be opt imum for 
silicon-gate, MOS IC applications, and consequently 
may overstate the differences expected in practical 
applications. 

POCI3 doping.--A temperature  of 900~ was used, 
along with a low concentrat ion of POCI~ in order to 
l imit  the amount  of phosphorus en te r ing  the silicon 
and to introduce approximately the same amount  into 
each film. The gas flow consis ted-of  3800 cm3/min 
nitrogen, 1000 cm~/min oxygen, and 200 cm3/min of 
source (ni t rogen bubbled  through l iquid POC18 at 
20~ After  the phosphorus glass was removed with 
dilute HF, the sheet resistance was measured with a 
four-point  probe. The resist ivi ty depends strongly on 
the deposition tempera ture  of the silicon film (Fig. 7). 
It  increases slightly with increasing deposition tem- 
perature from 525 ~ to 575~ and then abrupt ly  in-  
creases at 600~ The resist ivity is markedly  lower 
at 625~ and then decreases to a constant  value for 
films deposited in the 650~176 tempera ture  range. 
The abrupt  decrease between 600 ~ and 625~ corre- 
sponds to the temperature  at which significant crys- 
ta l l in i ty  appears in the as-deposited films. 

The PECVD films were subsequent ly  annealed at 
1000~ for 80 min  in  dry nitrogen. Since the film 
surfaces were not covered dur ing annealing,  some 
phosphorus may have escaped, but  this loss is expected 
to be small. As Fig. 7 shows, the resistivities of the 
init ia!lv amorphous films remain  higher than those of 
the ini t ia l ly  polycrystal l ine films. The resistivities of 
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Fig. 7. Resistivity as a function of deposition temperature after 
doping from a gaseous source and after a subsequent 1000~ 
nitrogen anneal. 

films depos i ted  be tween  650 ~ and 725~ decrease  by  
more than  a factor of two on annealing.  In  this range,  
the res is t iv i ty  appears  to decrease s l igh t ly  as the 
deposi t ion t empe ra tu r e  increases,  wi th  the res is t ivi ty  
of the 725~ sample  about  the  same as that  of a 625~ 
LPCVD film inc luded in this  exper imen t  for  compar i -  
son. The h igher  res is t iv i ty  of the (J25~ PECVD film 
compared  to tha t  of the LPCVD film deposi ted at  the 
same t empera tu re  is consistent  wi th  the less we l l -  
deve loped  s t ruc ture  in  the PECVD mater ia l .  

The res is t iv i ty  of LPCVD films deposi ted over  a 
s imi lar  t empe ra tu r e  range is also m a x i m u m  near  600~ 
af te r  anneal ing  (3). However ,  the res is t iv i ty  of in i -  
t i a l ly  amorphous  LPCVD films approaches  that  of films 
deposi ted  at  high tempera tures .  In contrast ,  the re-  
s is t ivi ty  of the in i t i a l ly  amorphous  PECVD films re-  
mains much h igher  than  that  of h igh  t empera tu re  
PECVD films, aga in  showing tha t  the amorphous  
PECVD films do not  crys ta l l ize  as eas i ly  as do LPCVD 
films. 

Reflectance measurements  of the PECVD films in the 
400-800 nm wave leng th  range af ter  the 900~ POCI3 
doping indicate  tha t  al l  films are  polycrys ta l l ine .  The 
magni tude  of the opt ical  in ter ference  in the in i t ia l ly  
po lycrys ta l l ine  films increases somewhat  af ter  doping 
at  900~ and again af ter  anneal ing  at 1000~ especia l ly  
in films deposi ted jus t  above the a m o r p h o u s - t o - p o l y -  
c rys ta l l ine  t ransi t ion t empera tu re ,  indica t ing  an in-  
crease in s t ruc tura l  order.  

Phosphorus implantation.--Other samples  were  im-  
p lan ted  with  5 X 101~ am -2, 50 keV phosphorus  ions 
and subsequent ly  annea led  in d ry  ni trogen,  first at  
550~ and then at 1000~ Af te r  the  550~ anneal  
(Fig. 8), the res is t iv i ty  is too high to measure  r ead i ly  
in the in i t ia l ly  amorphous  films deposi ted below 625~ 
( res is t iv i ty  > >  100 12-cm). I t  is 16 ~ - c m  in the film 
deposi ted at  625~ and is nea r ly  constant  wi th  values  
of 0.14-0.17 a - c m  for h igher  deposi t ion tempera tures .  
The res is t iv i ty  in a 470 nm thick LPCVD fi lm deposi ted 
at  625~ and doped and annea led  wi th  the PECVD 
films is 0.012 ~ - c m  after  the 550~ anneal.  

The films were  then covered with  600 nm of PECVD 
oxide at 380~ to protect  the surface and annealed  
at  1000~ in d ry  ni trogen.  Af te r  removing the oxide, 
the res is t iv i ty  of the lower  t empera tu re  films averages  
0.015 12-cm, whi le  tha t  of the h igher  t empera tu re  films 
is about  0.0068 a - c m .  As in the case of POClz doping, 
the res is t iv i ty  of the PECVD film deposi ted at  625~ is 
in termedia te ,  wi th  a value  of 0.0077 ~-cm.  The r e -  
s is t ivi ty  of the 625~ LPCVD film is 0.0039 ~-cm.  

The m a r k e d l y  lower  res is t iv i ty  in the 625~ LPCVD 
film than  in any  of  the PECVD films af ter  the 550~ 
annea l  is again  consistent  wi th  a be t te r  developed 
s t ruc ture  in the LPCVD film. The difference in r e -  
s i s t iv i ty  decreases m a r k e d l y  af ter  anneal ing  at 1000~ 
indica t ing  tha t  the s t ruc ture  is domina ted  by  gra in  
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Fig. 8. Resistivity as o function of deposition temperature after 
ion implantation of 5 X 101~ cm -2,  50 keV phosphorus ions, and 
annealing at 550 ~ and 1000~ 

growth  occurr ing dur ing the h igh  t empe ra tu r e  anneal  
of these h igh ly  doped films. 

Reflectance measurements  f rom 400 to 800 nm indi-  
cate an in i t ia l ly  po lycrys ta l l ine  s t ruc ture  in the 
PECVD films deposi ted  at  625~ and above, a change 
to a less we l l -deve loped  s t ruc ture  af ter  implan ta t ion  
and the 550~ anneal ,  and a r e tu rn  to a po lyc rys -  
ta l l ine  s t ruc ture  af ter  the subsequent  1000~ anneal.  
The in i t ia l ly  amorlJhous films deposi ted at  lower  t em-  
pera tu res  r emain  amorphous  af ter  the implan ta t ion  
and 550~ anneal  and become polycrys ta l l ine  af ter  the 
1000~ anneal.  

Summary 
Undoped si l icon films deposi ted f rom dichlorosi lane 

in argon by p la sma-enhanced  CVD over  the t empera -  
ture  range  525~176 have been studied, and their  
proper t ies  have been compared  wi th  those of LPCVD 
films deposi ted from silane. 

Significant compressive stresses of 6 • 109 d y n e s /  
eme were  observed.  X- ray ,  TEM, and reflectance mea -  
surements  indicate  that  the films deposi ted at 600~ 
and be low were  amorphous,  whi le  those deposi ted at 
625~ were  po lycrys ta l l ine  wi th  a poor ly  defined 
s t ructure .  A be t te r  developed polycrys ta l l ine  s t ruc ture  
was obta ined  at  higher  deposi t ion tempera tures ,  al-  
though the dominan t  {110} tex tu re  did not develop as 
r ead i ly  in the PECVD films as in LPCVD films. The 
polycrys ta l l ine  s t ruc tu re  began  to form at t empera-  
tures  about  25~176 h igher  in the PECVD films than  
in LPCVD films. Af te r  anneal ing  at  1000~ al l  PECVD 
films w e re po lyc ry s t a l l i ne .  

The resis t ivi t ies  of films doped with  phosphorus  by 
ion implan ta t ion  or  f rom a gaseous POC13 source were  
lower  for the in i t ia l ly  po lycrys ta l l ine  films deposi ted 
above 625~ than  for the in i t ia l ly  amorphous  films 
PECVD films deposi ted at  625~ had higher  resist ivi t ies  
than  did LPCVD films deposi ted at the same tempera-  
ture.  The resis t ivi t ies  of al l  PECVD films decreased on 
fu r the r  anneal ing.  
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Properties of Plasma-Enhanced CVD Silicon Films 
II. Films Doped During Deposition 

T. I. Kamins* and K. L. Chiang 
Hewlett-Packard Laboratories, Palo Alto, California 94304 

ABSTRACT 

Doped polycrystalline silicon films were deposited by plasma-enhanced CVD from a mixture of dichlorosilane and 
phosphine in argon at 628~ and a pressure of approximately 2 Tort. The films were annealed at temperatures varying from 
450 ~ to 1050~ and their properties were compared to those of conventional LPCVD polysilicon films deposited from silane at 
0.2 Torr. The doped PECVD films are polycrystalline as deposited, with a less well-developed structure than that of un- 
doped LPCVD films. The phosphorus concentration in the PECVD films is approximately (4-5) • 1020 cm -3. The chlorine 
concentration of about 3 • 10 ~~ cm -3 seen after deposition decreases near the film surface after annealing at high tempera- 
tures. The films have a fine-grain, polycrystalline structure after deposition; the grain size increases from about 10 nm to 
about 500 nm on annealing. A small amount  of {111} preferred orientation is observed after deposition, but strong { ] 00} tex- 
ture develops after annealing above 750~ The other properties of the films also improve when the films are annealed 
above 750~ The optical properties become more like those of crystalline silicon, and the compressive stress decreases from 
its initial value of about 10 TM dynes/cm 2. The sheet resistance decreases from about 1500 to about 13 ~}/sq on annealing, al- 
though more phosphorus is needed in the PECVD films to obtain this sheet resistance than is needed in LPCVD films. The 
ftatband voltage of MOS capacitors fabricated using PECVD silicon films for the gate electrodes decreases in magnitude 
on annealing above 750~ approaching that of capacitors with LPCVD polysilicon. The fixed charge density also decreases 
on annealing. The properties of the PECVD films are suitable for use in MOS integrated circuits after annealing at tempera- 
tures above 750~ 

A previous paper  (1) has discussed the properties 
of undoped, polycrystal l ine-si l icon films formed by 
p lasma-enhanced  CVD (PECVD). Often, however, the 
deposition of heavi ly  doped films is desired for use as 
gate electrodes or interconnect ions in integrated cir- 
cuits' (2) or as dopant  sources for the formation of 
shallow junct ions in  the under ly ing  single crystal sili- 
con (3). In  CVD systems where the energy is supplied 
only thermally,  the addition of large quanti t ies of 
n - type  dopant  dur ing  the deposition greatly decreases 
the deposition rate (4). In addition, differences in the 
decomposition rates of the s i l icon-containing gas and 
the dopant  gas make uni formi ty  control difficult (5). 

Using a plasma to aid the decomposition of the re- 
actant gases removes many  of the l imitat ions previ-  
ously encotmtered. However, the dopant atoms may 
not reach subst i tu t ional  sites in a well-developed poly- 
crystal l ine s t ructure  dur ing  the low tempera ture  depo- 
sition. In  addition, the presence of the dopant gas may  
change the s tructure of the deposited film. These un-  
certainties suggested a s tudy of the properties of 
PECVD films doped dur ing  deposition and an inves-  
t igation of the effect of subseqent  hea t - t rea tment  on 
the properties. This paper  summarizes the results of 
this s tudy and, especially, shows that the properties 
improve great ly after annea l ing  at temperatures  above 
750~ 

Experimental Procedure 
In  this experiment,  dopant  was added dur ing  the 

deposition of polycrystal l ine silicon films in the same 

* Electrochemical Society Active Member. 
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large-capacity reactor described in Ref. (1) and (5). 
The films were deposited at 628~ by the decomposi- 
tion of a mixture  of dichlorosilane and phosphine, with 
argon as a diluent. Dur ing  the 19 rain deposition, the 
gas flows were 279 cm3/min of dichlorosilane, 89 cmS/ 
min  of 1% phosphine in argon, and 240 cm~/min of 
argon; the total pressure was 2 Tort.  The target thick- 
ness of the films was 0.5 ~m. The 23 3-in. wafers were 
located in the first two rows near  the gas-inlet  end of 
the reactor [rows A and B in Fig. 1 of Ref. ( 1 ) ] .  
Twenty  of the wafers were covered with 100 nm of 
thermal ly  grown silicon dioxide, and three were bare, 
<100>-or iented,  float-zone wafers. The la t ter  were to 
be used for infrared absorption measurements ,  which 
would allow observation of large quanti t ies of hydro-  
gen or oxygen in the films. 

After  the films were ini t ia l ly  characterized, they 
were annealed in dry  ni t rogen for 80 rain at temper-  
atures varying  from 450 ~ to 1050~ in 100~ incre-  
ments. Different wafers were used at each anneal ing  
temperature.  The wafer surfaces were not protected 
dur ing the heat cycles. 

For  comparison, s tandard LPCVD polysiIicon films 
were processed and measured along with the PECVD 
films whenever  practical. The LPCVD films were de-  
posited from 100% silane at the typically used deposi- 
tion tempera ture  of 628~176 and  a total deposition 
pressure of approximately 0.2 Torr. 

Film Composition 
Auger  analysis, Rutherford backscat ter ing spectros- 
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