
AI Coverage of Surface Steps at SiO  Insulated 
Polycrystalline Si Boundaries: AI Evaporation in 

Vacuum and Low Pressure Ar 
V. J. Silvestri,* V. L. Rideout,* and V. Maniscalco 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

In in t eg ra ted  circui t  technology, a po ten t ia l  r e l i ab i l i ty  p rob lem arises due to 
voids tha t  form in a luminum interconnect ion l ines where  they  cross the  
SiO~-insulated po lycrys ta l l ine  sil icon (polysi l icon)  regions. Not only do these 
voids cause th inning  of the  A1 lines which m a y  then  burn  out  at  h igh cu r ren t  
densit ies,  but  the  voids a re  also potent ia l  sites for accumula t ion  of chemical  
res idues  which  could lead to a long te rm de te r iora t ion  of the in t eg ra ted  c i r -  
cuit. This s tudy  examined  the fo rmat ion  and s t ruc ture  of step profiles at  SiO2- 
insu la ted  polysi l icon boundar ies  and voids in A1 lines crossing the  boundaries .  
The format ion  and s t ruc ture  were  s tudied as a funct ion of process var iables  
inc luding  de l inea t ion  of the polysi l icon boundary ,  chemical  vapor  deposi t ion 
or  the rmal  g rowth  of the  SiO2 insulat ion,  evapora t ion  of the  A1 layer ,  and de-  
l ineat ion  of the  A1 l ine pat tern .  The addi t ion of A r  gas at  a pressure  of 0.1 to 10 
mi l l iTor r  to the  A1 evapora t ion  chamber  resul ted  in excel len t  s tep coverage 
and e l imina ted  the  A1 void formation,  even in  the case of ve ry  s teep step 
profiles. 

In field effect t rans i s tor  (FET) in t eg ra ted  circui t  
technology a potent ia l  r e l i ab i l i ty  p rob lem arises due 
to voids tha t  form in the  A1 in terconnect ion  lines 
where  they  cross the  boundar ies  of po lycrys ta l l ine  si l i -  
con (polysi l icon)  regions. Not only do these voids 
cause th inning  of the A1 lines which m a y  then burn  
out  at  h igh cur ren t  densities,  but  the voids are  also 
potent ia l  sites for accumula t ion  of chemical  residues 
which  could l ead  to a long t e rm de te r iora t ion  of the  
in tegra ted  circuit.  Chemical  vapor  deposi ted (CVD) 
polysi l icon is commonly  used for  gate  regions and in-  
terconnect ion lines. Addi t iona l  in terconnect ion  cap-  
ab i l i ty  is p rov ided  by  vacuum evapora ted  A1 lines 
which must  cross over  and be insula ted  f rom the po ly -  
sil icon regions. Typical ly ,  the  polysi l icon l ines a re  cov- 
e red  wi th  an insula t ing  l aye r  of t h e r m a l l y  grown or  
CVD SiO2. Chemical  e tching is commonly  used to de-  
fine the  A1 lines, and l a rge  voids in the A1 lines m a y  
occur  at  the  polysi l icon boundary .  Dur ing  chemical  
etching, any  smal l  opening  be tween  the A1 and SiO2 
layers  is enhanced at  the crossing point, fo rming  a 
void and th inning  the l ine which  can affect in t eg ra ted  
circui t  r e l i ab i l i t y  (1). The scanning e lect ron micro-  
scope (SEM) pho tograph  in Fig. 1 shows a cross- 
sect ional  v iew of such an enhanced void in an A1 line. 

Severa l  au thors  (1-8) have  considered the re l i ab i l -  
i ty  p rob lem of A1 l ine coverage over  SiO2 steps in in te -  
g ra ted  circuits  and  the means  to a l lev ia te  it. For  ex-  
ample,  one technique uti l izes high t e m p e r a t u r e  (e.g. 
1000~ reflow of a deposi ted phosphorous- r ich  glass 
Layer (4, 5), whi le  another  uses ion implan ta t ion  to 
loca l ly  a l t e r  the  etching ra te  of an insula t ing  SiO2 
l aye r  (6). Both techniques use addi t ional  processing to 
smooth the  s tep profile. Addi t iona l  t he rma l  t r ea tmen t s  
or  ion implanta t ions ,  however ,  a re  not  a lways  prac t ica l  
or  desirable .  To the contrary ,  of ten the  reduct ion  of 
the rmal  t r ea tmen t s  to reduce spread ing  of impur i t y  
profiles, and  reduct ion  in the  n u m b e r  of implan ta t ion  
s teps to s impl i fy  fabr ica t ion  are  impor t an t  concerns, 
pa r t i cu l a r l y  in  ve ry  high dens i ty  in tegra ted  circuits  
(10). Therefore,  one objec t ive  of this s tudy  was to t ry  
to de te rmine  the re la t ionship  of processing procedures  
to s tep profile fo rmat ion  and to subsequent  A1 void 
formation.  The format ion  of the  s tep profile and  the 
void s t ruc ture  was moni to red  th roughout  the  process-  
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ing sequence in o rde r  to iden t i fy  procedures  tha t  
would  minimize A1 void formation.  Ear ly  in the  work,  
i t  was observed  that  voids often occurred only on one 
side of a l ine s t ructure .  This phenomena  of p re fe ren -  
t ia l  locat ion suggested tha t  gas d i rec t iona l i ty  dur ing  
SiO2 deposit ion,  a n d / o r  the  A1 evapora t ion  geometry,  
might  be cont r ibu t ing  to void formation.  Consequently,  
a second objec t ive  was to a t t empt  to iden t i fy  a solu-  
t ion to the void p rob lem by  a l te r ing  the l aye r  deposi-  
t ion process itself. 

Experimental Conditions 
A photol i thographic  masking  pa t t e rn  consist ing of 

va ry ing  l ine widths  and spaces (1-25 #m wide)  was 

Fig. 1. Void formed in an AI line crossing an oxide-covered poly- 
silicon step. 
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Fig. 2. Processing sequence 

used in this  s tudy.  St r ipes  were  de l inea ted  in a 3500A 
CVD polysi l icon film deposi ted on a 3O0A t h e r m a l l y  
g rown SiO~ on a si l icon substrate .  The processing se-  
quence for fabr ica t ing  the polysi l icon s tr ipes is shown 
in Fig. 2. The CVD polysi l icon was deposi ted in a 
Ni t rox  reac tor  by  decomposing Sill4, 10% in N2 (by  
vo lume) ;  flowing at  0.67 l i t e r s / ra in  in an  N2 car r ie r  
gas flow of 33.5 l i t e r s /min .  The  subs t ra te  t empe ra tu r e  
dur ing  deposi t ion was 650~ The ca lcula ted  l inear  gas 
s t ream veloci ty  was 7.3 cm/sec  at  room tempera ture .  
Af te r  del ineat ion,  the  polysi l icon s tr ipes were  covered 
wi th  an insula t ing  l aye r  of t he rma l ly  grown or  CVD 
SIO2, or  a hybr id  of the  two oxide layers  (9), as shown 
in Fig. 2D and  2E. The the rma l  oxida t ion  process w a s  
car r ied  out  at  1000~ and employed  d ry  o x y g e n - w a t e r  
v a p o r - d r y  oxygen  gases sequent ia l ly  which  is re fe r red  
to here  as a d r y - w e t - d r y  (DWD) sequence. The CVD 
SiO2 deposi t ion condit ions were:  subs t ra te  t e m p e r a -  
ture, 800~ Sill4 flow rate,  0.77 l i t e r s /min  of 1% Sill4 
in N20 (by  vo lume) ;  N20 flow rate,  0.53 l i t e r s /min ;  
and  N2 ca r r i e r  gas flow ra te  51.5 l i t e rs /min .  The  po ly -  
sil icon s t r ipes  were  or iented  e i ther  pa ra l l e l  or  pe r -  
pend icu la r  to the  gas flow dur ing  the CVD SiO~ depo-  
sition. 

A l u m i n u m  layers  (500-8000A) were  evapora ted  on 
top of the  oxide. The  A1 was evapora t ed  e i ther  in high 
vacuum or  in an A r  background  pressure  of 0.1 to 10.0 
mi l l iTor r  using a res is t ive  hea ted  crucible.  The A1 
lines were  de l inea ted  wi th  wet  chemica l  e tching using 
a l ine mask  pa t t e rn  or ien ted  at  90 ~ to the  under ly ing  
polysi l icon stripes.  The A1 source was or ien ted  at  an  
angle  of 13 ~ to the  no rma l  to the  subs t ra te  surface,  and  
the polysi l icon s t r ipes  were  or ien ted  e i ther  para l l e l  
or  pe rpend icu la r  to the  A1 flux. 

Dur ing  the processing, wafers  were  cul led fol lowing 
al l  ma jo r  fabr ica t ion  steps. Samples  were  c leaved 
across the  polysi l icon s t r ipes  to examine  etch angles 
and CVD step profiles. Extens ive  use was made  of 
the  scanning e lec t ron microscope in examining  cross 
sections and surface topography.  To detect  voids at  
the  A1 crossover  points, the surface topography  was 
examined  at  shal low SEM angles of 20~ ~ 

Step profiles.--The ver t ica l  t opography  or  s tep p ro -  
file a t  the  bounda ry  of an ox ide -covered  polysi l icon 
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line, if steep, is conducive to the fo rmat ion  of voids in 
A1 interconnect ion lines. Four  s tep profiles which  can 
lead to void format ion  are  shown in Fig. 3. An  oxide  
pa t t e rn  is used to de l inea te  the polysi l icon line, and 
the oxide  is undercu t  dur ing  polysi l icon etching as 
shown in Fig. 3A (X) .  If  re ta ined,  this undercu t  oxide 
l aye r  leads to a nega t ive ly  s loped insula t ion oxide  
profile, even when  CVD SiO2 is used. Fur the rmore ,  
any  res idue  f rom the  etching step m a y  be t r apped  
under  the  oxide  ledge as shown in Fig. 3A (X),  possi-  
b ly  leading  to a long t e rm  contamina t ion  p rob lem (3). 
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.,,m[-- 
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- -  SiO 2 

(b) . /  CVD Si 02 

POLY-Si 

SILICON SUBSTRATE 

SiO 2 

# 
(c) / DWD SiO 2 

. , /  

POLY-Si 

/ 
() SILICON SUBSTRATE 

...,,,- _ _  SiO 2 

# 
(d) / CVD SiO 2 

J /  DWD Si02 

_ _  _ / / /  POLY-Si 

SILICON SUBSTRATE 

I 
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Fig. 3. Step profiles at the boundary of an oxide-covered poly- 
silicon stripe: (A) CVD SiO2, defining oxide retained, (B) CVD SiO~, 
defining oxide removed, (C) DWD SiO2, defining oxide removed. (D) 
DWD-CVD Hybrid SiO2, defining oxide removed. The location of 
possible trapped contamination in A and B is noted by X. 
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As shown in Fig. 3B, if  the undercu t  oxide  defining 
l aye r  is removed  by  dissolving in HF, then  the th in  
SiO2 gate insula tor  is etched away  under  the  polys i l i -  
con stripe. A l though  CVD SiO2 can give a favorab le  
s tep profile for  A1 l ine coverage, in this case a th in  
oxide  b r e a k d o w n  p rob lem can occur at  the  edge of the  
polysi l icon (X) due to the undercu t  gate  oxide. Re-  
p lac ing the CVD insula t ion oxide  wi th  a th ick the r -  
m a l l y  grown SiO2 layer ,  as shown in Fig. 3C, ove r -  
comes the gate oxide  b r eakdown  p rob lem but  leads  
to a much s teeper  s tep profile. In  addit ion,  the  long 
the rma l  cycle r equ i red  to g row the DWD SiO2 at  h igh 
t e m p e r a t u r e  is less a t t r ac t ive  in te rms of i m p u r i t y  p ro -  
file control  and processing time. 

A hybr id  insula t ion  l aye r  consist ing of the rmal  
oxide  to p reven t  edge b reakdown and CVD SiO2 to 
improve  the s tep profile and reduce processing t ime is 
shown in Fig. 3D (9). Compared  to the  t he rma l  oxide  
profile of Fig. 3C, the hybr id  oxide  approach  reduces  
but  does not  necessar i ly  e l imina te  the negat ive  oxide  
slope. In our  work  wi th  500A gate oxides, we have  
examined  a va r i e ty  of l aye r  thicknesses for the  t he r -  
mal  CVD hybr id  case, and  p re fe r  to use a 1000A 
DWD SiO2 l aye r  fol lowed by  a 3000A CVD oxide film. 

Of the four  insulat ion approaches  i l lus t ra ted  in Fig. 
3, only  those of C and D which use t he rma l  oxide to 
avoid gate edge b r eakdown  are  e lec t r ica l ly  acceptable.  
However ,  the  s t ructures  shown in Fig. 3C and 3D 
have  ab rup t  oxide  profiles and a smal l  opening  can 
develop under  an A1 l aye r  when it is subsequent ly  
deposi ted  on the ox ide -cove red  s t ructure .  Dur ing  deft- 
ni t ion of the  A1 in terconnect ion  l ine by  chemical  e tch-  
ing, any  smal l  opening be tween  the  A1 and SiO9 
layers  is enhanced at  the  crossing point,  fo rming  a 
void in the  A1 line. This thins the  l ine and can affect 
the  in t eg ra t ed  circui t  re l iabi l i ty .  

Voids.--Very often, voids in the  A1 lines were  ob-  
se rved  to form only on one side of the  polysi l icon 
str ipe.  This phenomena  is shown in Fig. 4A. This p re f -  
e ren t ia l  void format ion  could not  be ascr ibed to s tep 
profiles a lone because no p rocess - re la ted  asymmetr ies  
were  observed,  for example ,  in the  polysi l icon etching 
and doping procedures,  or  wi th  the gas flow direct ion 
dur ing  CVD SiO2 deposition. Even when ex t reme  step 
profiles were  in ten t iona l ly  produced,  voids st i l l  fo rmed 
preferent ia l ly .  Thus i t  became appa ren t  that  the  s tep 
profile was not the  p r ime  cont r ibu tor  to void fo rma-  
tion. Subsequent ly ,  it  was expe r imen ta l l y  verified that  
the  A1 source posi t ion re la t ive  to the s t r ipe  posi t ion 
was responsible  for the p re fe ren t i a l  void formation.  

Al evaporation in vacuum.--Figures 4A and 4B 
show the locat ion of voids for  the A1 flux pe rpend icu -  
l a r  to and pa ra l l e l  to the  polysi l icon str ipes,  respec-  
t ively.  The A1 flux direct ion is indica ted  by  a r rows  
in  the  photographs.  F igure  4A shows voids occurr ing  
on the downs t r eam side of the  polysi l icon stripes.  
This was a consis tent  observa t ion  for the  vacuum 
evapora t ion  case when  A1 flux l ines w e r e  essent ia l ly  
pe rpend icu la r  to the  stripes.  The pe rpend icu la r  flux 
case shown in Fig. 4A gave voids tha t  were  large,  
more  uni form in size, and p re fe ren t i a l ly  loca ted  on one 
side of the  stripes.  In  comparison,  the  pa ra l l e l  flux 
case shown in Fig. 4B gave voids tha t  were  smaller ,  
more  var iab le  in size, and located r andomly  on e i ther  
side of the  polysi l icon stripes.  These observat ions  were  
consis tent  i r respec t ive  of A1 film thickness.  

I t  is proposed  that  in both  cases the  void location, 
re la t ive  size, and size un i fo rmi ty  are  re la ted  to the  
degree  of shadowing  produced by  e i ther  the  s t r ipe  
itself, o r  by  prot rus ions  along the i r r egu l a r  edge of 
the  stripe. Consistent  w i th  this hypothesis  is the  ob-  
se rva t ion  that  gross shadowing  effects by  the  l ine i tself  
p roduce  large,  uniform, and p re fe ren t i a l ly  or ien ted  
voids, whi le  more  r andom shadowing  effects due to 
l in e edge i r regu la r i t i e s  produce  voids of va r iab le  size 
and uniformity ,  at  nonpre fe ren t ia l  locations. The SEM 
photographs  of Fig. 5A and  5B show cross-sect ional  

Fig. 4. Location of voids in AI lines for AI flux perpendicular 
(A, top) and parallel (B, bottom) to the polysilicen stripes. 

views of voids corresponding to pe rpend icu la r  a n d  
para l le l  A1 fluxes, respect ively .  

Al evaporation in argon.--In an effort to obta in  void-  
free A1 step coverage even over  severe ly  recessed step 
profiles, A1 evaporat ions  were  pe r fo rmed  in A r  wi th  
background  pressures  of 0.1 to 10.0 mil l iTorr .  The use 
of the  A r  a tmosphere  gave excel lent  s tep coverage 
even wi th  severe  step profiles. A possible mechanism 
for the  improved  coverage might  be tha t  th rough  mo-  
lecu la r  collisions the  A r  atoms reduce  the  m e a n - f r e e  
pa th  and provide  a more  r andom direct ion to the de -  
posi t ing A1 atoms. F igure  6 shows a 3500A polysi l icon 
step covered with  4000A of CVD SiO2 and crossed by  a 
1500A th ick  A1 l ine  evapora ted  in a 6 mi l l iTor r  A r  
atmosphere.  S imi la r  vo id - f ree  coverage was obta ined  
for  A1 films up to 8000A. In addit ion,  a va r i e ty  of com- 
binat ions of A1 thicknesses and gtep profiles were  ex -  
amined and in a l l  cases the  A1 coverage over  the  s tep 
exac t ly  fol lowed the s tep profile wi thout  exhib i t ing  
a n y  of the  void fo rmat ion  observed  wi th  vacuum evap-  
orations. 

Lis ted  in Table I a re  the  deposi t ion ra te  and res is -  
t iv i ty  for the  A1 films deposi ted in Ar. Increas ing 
the A r  pressure  decreases  the  A1 deposi t ion ra te  and  

Table I 

Ar pressure Deposition rate Resistivity 
(milliTorr) (A/min) (p~-em) 

0.5 3100 8.1 
2 2000 0.0 
4 900 5.4 
6 400 3.5 
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Fig. 5. SEM photographs of cross-sectional views of voids for AI 
flux perpendicular (A, top) and parallel (B, bottom) to polysilicon 
stripes. 

the  res is t iv i ty  of the  A1 film. An acceptable  ba lance  
of these factors was achieved at  an A r  background  
pressure  of about  4 to 6 mil l iTorr .  For  this pressure  
range, the  A1 res is t iv i ty  is close to tha t  repor ted  for  
bulk  a luminum at room t empera tu r e  which is 2.82 
~a-cm.  The ~esist ivity values obtained at  lower  argon 
pressures  (0.5-2 mi l l iTorr )  a re  higher.  The cause of 
this is not ye t  understood.  

Summary 
In  this study, the  format ion  and s t ruc ture  of voids in 

A1 in terconnect ion lines crossing ox ide -covered  po ly -  
sil icon steps were  examined  as functions of the deposi-  
t ion or  g rowth  of the  insula t ing SiO2 l aye r  be tween  
the A1 and polysi l icon layers ,  and  the deposi t ion and 
del ineat ion of the  A1 interconnect ion pat tern .  The size, 
uniformity ,  and locat ion of voids is s t rongly  dependent  
on the re la t ive  a l ignment  be tween  the incident  A1 
flux and the polysi l icon stripes. The edge profile was a 
lesser  factor, whi le  the  CVD SiO2 gas flow direct ion 
was insignificant to void formation.  The addi t ion of 
A r  gas at a pressure  of about  4-6 mi l l iTorr  to the  A1 
evapora t ion  chamber  resul ted  in excel lent  step cover-  
age and e l imina ted  the  A1 void formation,  even in 
the  case of severe ly  undercu t  step profiles, wi thout  
serious degrada t ion  of the  A1 resis t ivi ty .  
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