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ABSTRACT 

A new process for etching trenches in bulk silicon for the generation of trench capacitors in highly integrated DRAM's 
is reported. Trenches, 1 ~m wide and up to 2 ~m deep, were etched in RIE mode with CBrF3 using a single wafer etcher. 
The trenches have very smooth sidewalls. The slope of the sidewall can easily be controlled by the RF power. The possibil- 
ity of tapering the trench in bulk silicon is attributed to the low selectivities of the process with regard to the oxide mask, 
leading to enhanced sputter etch of the mask. 

Anisotropic  dry etching processes for the generat ion of 
t r enches  in bulk  si l icon are in tens ive ly  deve loped  for 
h ighly  in tegra ted  DRAM's .  Deep t renches  are used in 
these devices for t rench capacitors to replace planar ca- 
pacitors; thereby higher  integrat ion wi thout  capacitance 
loss can be ach ieved  (1, 2). To obtain  un i fo rm th ickness  
and qua l i ty  of  the  dielectr ic ,  the t rench  mus t  have  very  
smoo th  s idewal ls  and a rounded  bot tom.  Therefore ,  the 
etching process must  not  lead to enhanced etch attack at 
the  r im of the t rench  bot tom,  a p h e n o m e n o n  cal led 
" t r e n c h i n g "  (3). F u r t h e r m o r e  the s idewalls  mus t  be 
s l ight ly  t apered  to al low for comple t e  subsequen t  re- 
fil l ing of the t rench  wi thou t  voids.  In this  paper,  a new 
dry e tching process for bulk silicon that meets  all of the 
requi rements  is reported.  

Experimental 
For the exper iments ,  a single wafer etcher, Alcatel  GIR 

200, was used. The etching chamber  was loaded with wa- 
fers via a v a c u u m  loadlock.  The  c h a mb e r  i t se l f  and the 
e lec t rodes  consis t  of anodized a l u m i n u m .  The wafers  
were put  one after another  on the powered electrode and 
thus processed in RIE mode. 

The process gas comes into the chamber  through holes 
in the grounded top electrode acting as a gas shower. The 
e lec t rode  spacing was adjus ted  to 150 m m  for o p t i m u m  
etch rate uniformity.  

We chose CBrF3 as the process gas for it forms polymer  
s idewal l  films that  are main ly  respons ib le  for e tch ani- 
sotropy. The chamber  walls had to be kept  at a tempera-  
ture of 40~ to obtain best reproducibi l i ty  of the process. 

Fig. 1. Trench profile for RF = 250W 
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Fig. 2. Trench profile for RF = 200W 
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The wafers  were  of  p- type si l icon with  a res is t iv i ty  of 
20 ~-cm;  they are 4 in. in d iamete r  and had (100) 
orientation. 

Results 
O p t i m u m  t rench  profiles were  ob ta ined  with  a CBrF3 

gas flow of 30 standard cm3/min and a pressure of 2 Pa (15 
mtorr) at RF power levels ranging from 75 to 250W (Fig. 
1-4). All these  profiles have  in c o m m o n  the requ i red  
smoo th  s idewalls  and rounded  bot toms.  They differ ap- 
preciably,  however ,  in the slope of  the t rench  sidewall.  
The  profile obta ined  at the h ighes t  appl ied RF power,  
which  was sys tem-l imi ted ,  has s t rongly  t apered  side- 
walls. The slope of  the s idewal l  increases  con t inuous ly  
with decreasing RF power. The profiles obtained at 75W 
have  near ly  ver t ica l  sidewalls.  Trenches  e tched  at even  
lower RF power levels are not  suited for capacitor  cells; 
due  to small  bias vol tages  and low di rec t ional i ty  of the 
ions, the s idewalls  of  these  t renches  show apprec iab le  
bowing (Fig. 5). 

The exper iments  were done at the lowest  gas pressure 
tha t  could  be ach ieved  with the equ ipmen t .  At h igher  
gas pressures the t rench sidewalls showed irregularit ies 
like steps, surface roughness,  and bowing. The gas flow 
had only minor  inf luence on the profiles; the  etch rates 
increased slowly with increasing flow; a flow of 30 sccm 
of CBrF3 was chosen  to obtain  o p t i m u m  etch rate uni- 
formity.  The e tch rate un i fo rmi ty  of  all processes  re- 
ported here was less than 10% with regard to both t rench 
depth  and oxide erosion. 

For  the e tch ing  mask,  700 nm of CVD oxide  (TEOS) 
was used. The oxide  mask was s t ruc tured  in an AME 
8111 batch etcher  (Applied Materials). Photoresis t  had to 
be s t r ipped pr ior  to the t rench  e tch ing  process  to avoid 
photores is t  ret iculat ion.  Dur ing the t rench e tching pro- 
cess, the eros ion of the oxide  mask  was mon i to red  by a 
laser interferometer .  The process was s topped when the 
th ickness  of the remaining oxide mask was 50-100 nm. 

Discussion 
For  the unde r s t and ing  of  the process  that  leads to ta- 

pering of the trenches,  it is useful to consider  the depen- 
dence of both the silicon etch rate and the selectivity to 
SiO2 on the  appl ied RF power  (Fig. 6). The  e tch rate for 
bu lk  si l icon increases  s t rongly  with  increas ing  RF 
power,  whereas  the se lec t iv i ty  to the oxide  mask  de- 
creases  wi th  RF power  due to enhanced  nonse lec t ive  
phys ica l  spu t te r ing  by ions. The se lec t iv i ty  is ra ther  
small  over  the whole range of applied RF power. 

Fig. 5. Typical trench profile obtained at very low RF power levels 
Fig. 4. Trench profile for RF = 75W (~SOW). 
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Fig. 6. Dependence of selectivi~ and silicon e~h rate on RF power 

Since  the  ox ide  mask  has nonver t i ca l  s idewal ls  pr ior  
to t r ench  e tch ing  the  low se lec t iv i ty  to SiO~ has d i rec t  
inf luence  on the t rench  profile ob ta ined  at d i f ferent  RF 
power  levels .  The  smal les t  angle  of s lope is ob ta ined  at 
the highest  applied RF power. 

It increases cont inuously  with decreasing RF power  or 
wha t  is equ iva l en t  wi th  increas ing  se lec t iv i ty  to SiO2. 
Thus, t rench sidewall  tapering may be adjusted by oxide 
mask  erosion via physical  sputtering. In our case, the an- 
gle  o f  s idewal l  s lope  ranges  f rom near ly  90 ~ to 76 ~ w h e n  
the RF power  is varied from 75 to 250W (Fig. 7). The taper 

% 
tl) 

v 

,--t 

, . - t  
, - 4  

e~ 

90 - 

80 - 

70 

0 

! I 

! ! 
1 O0 2 0 0  300  

RF Power (W) 

Fig. 7. Dependence of the sidewall slope on RF power 

Fig. 8. Memory field with 2 I~m deep trenches etched with RF = 
125W and 1.5 I~m oxide mask. 

mechan i sm of this low selectivity silicon t rench e tching 
process  is s imi lar  to low se lec t iv i ty  ox ide  e tch ing  pro- 
cesses (4) where  enhanced photoresis t  erosion is used to 
taper  the sidewalls of the under lying oxide layer. 

For  pre-e tch  oxide  angles ranging f rom 84 ~ to 86 ~ we 
observed no change of  the e tched profiles; at appreciably 
smal le r  pre-e tch  oxide  angles  an increased  t aper ing  of  
the t rench profiles must, however,  be expected.  

St i l l  deeper  t r enches  could  be ach ieved  by us ing 
th icke r  oxide  masks.  A m e m o r y  field wi th  2 ~m deep 
trenches,  which were  e tched with the same set of process 
parameters  as the profile shown in Fig. 3, is presented in 
Fig. 8. The shown trenches are isolated from each other  
by the standard LOCOS technique.  

We th ink  that  the smooth  s idewalls  of  the observed  
t rench profiles must  be at t r ibuted to both the process gas 
and the  appl ied  RF power  regime.  CBrF3 is wel l  known  
for bu i ldup  of  p lasma- induced  po lymer  films that  pro- 
tect  the s idewalls  f rom lateral  e tch  a t tack  leading to a 
very  anisotropic etch. At the applied RF power  levels the 
a t tack  of  the reac t ive  ions is s t rongly  d i rec ted  perpen-  
d icular ly  to the wafer  surface wi thou t  leading to the 
" t rench ing"  that  is observed with chlorine-based chem- 
istries (3). 

Us ing  CC14 we obta ined  m u c h  less r ep roduc ib l e  pro- 
cesses all of which exhibi ted  a tendency  to bowing of the 
t r ench  sidewalls.  Changes  in process  pa ramete rs  had 
only a minor  influence on the profiles. Due to these rea- 
sons and because of its carcinogenic by-products  we re- 
placed the CC14 process by a CBrFa process. 

Summary 
It  has been  demons t r a t ed  that  the new CBrF3 process  

is a very  p romis ing  process  for e tch ing  t rench  cells for 
h ighly  in tegra ted  DRAM's.  The obta ined  profiles are 
well  sui ted for this appl icat ion;  they  have  s t ra ight  and 
slightly tapered sidewalls and a rounded bottom. Due to 
the  specia l  low se lec t iv i ty  e tch ing  process  wi th  CBrF3 
chemistry,  the slope of the sidewall  can be varied easily 
by the applied RF power. The CBrF~ process subst i tutes 
a formerly used CC14 process which may lead to carcino- 
genic by-products.  
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Variable Profile Contact Etching Using Bilayer Planarized 
Photoresist 

Don Jillie, Phil Freiberger, Theresa Blaisdell, and Jagir Multani* 
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ABSTRACT 

Contacts have been etched in 1 ~m thick 10% phosphorus-doped pyroglass masked with bilayer planarized photore- 
sist with slopes controllably varied from about 60 ~ to 80 ~ The slope is controlled by varying the power, reactant chemistry, 
etch time, and etcher coolant temperature, and is independent  of feature size. The relative dependence of the slope, the 
contact size, and the etch rate on the above parameters is presented. Test structures have been used to compare sloped 
contacts to control contacts with vertical profiles, and the metal step coverage, punch-through, and gate dielectric integ- 
rity data correlate to the measured profiles. 

One of the most  important  steps in a silicon integrated 
circui t  fabr icat ion t echno logy  is the format ion  of  con- 
tacts be tween  the first meta l  level  and the si l icon junc-  
tions. Typically, these contacts are made by dry etching 
through a dielectric, typically silicon dioxide ei ther with 
or wi thou t  phosphorus  and/or  o ther  dopants .  Single  
layer posi t ive  photores i s t  normal ly  serves to mask  the 
contact  openings during etching, but contacts approach- 
ing 1 ~m and smaller  may require  a mult i level  planarized 
photoresis t  system to improve  the quality of the lithogra- 
phy. 

Contact  etching must  satisfy a variety of requirements ,  
many of  which have conflicting solutions. First, contacts 
mus t  p rov ide  a low electr ical  res is tance  path be tween  
the metall ization and the silicon. This generally requires 
large area contacts  e tched  deeply  into the silicon. Etch- 
ing too deeply results i n junc t ion  shorting due to electro- 
migrat ion of a luminum into and through the junct ion  (1). 
This is c o m m o n l y  known as contac t  e lec t romigra t ion .  
Among  other effects, making contacts too large results in 
reduced isolation voltage if the contact  edge encroaches  
too closely into the isolation region; or in shorting of the 
metal  to the polysil icon gate, if too much  dielectric is re- 
moved adjacent  to the gate. 

In addit ion,  ser ious rel iabi l i ty  p rob lems  arise if  the 
profile of the contact  is too steep. In this case, the alumi- 
num is thinned where it crosses this step, and electromi- 
gration results in a metal  open and premature  failure of 
the part  (2). Various planar izat ion schemes  have been  
proposed  and i m p l e m e n t e d  to solve the step coverage  
problem. Such schemes as metal  pillars and metal-filled 
contacts  are complex ,  not  wide ly  used, and are not  the 
subject  of this work. 

The s imples t  approach  for obta in ing  good step cover- 
age is to slope the walls of the contact. One widely used 
t echn ique  is to use a heavy phosphorus  or boron/phos-  
phorus  doping  in the die lect r ic  over  the contacts .  Fol- 
lowing  contac t  e tch ing  an annea] cycle is used that  
causes  the die lect r ic  to flow slightly,  thus round ing  the 
corners of the etched contact  and providing a partial pla- 
narization (3). This is a widely used approach and can be 
well  control led,  but  by i tself  may not  p rov ide  enough  
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p lanar iza t ion  to assure the des i red a luminum step cov- 
erage. 

Ano the r  popular  approach for ach iev ing  good step 
coverage  is to use a part ial  wet  etch, which  is isotropic,  
fol lowed by an anisotropic dry etch. This typically slopes 
the  top edge of the contact ,  while  the bo t tom por t ion is 
vertical.  This can give very good step coverage, but  diffi- 
culty may be encountered in controll ing the wet etch and 
in ge t t ing  good wet t ing,  especia l ly  with very  small  con- 
tacts. In addition, a number  of other techniques  for pro- 
duc ing  sloped profiles us ing dry etch processes  have 
been  deve loped  (4-6). Typical ly,  these  processes  seek to 
slope the photoresist  and then use controlled erosion of  
the photoresis t  to induce a controlled slope in the etched 
contact .  Some t imes  the var ious t echn iques  descr ibed  
above are combined to achieve the desired result. 

A major problem with sloped profile contact  etching is 
ensur ing a uniform resist slope, especially for varied fea- 
ture  sizes (6). A fur ther  p rob lem with  s loped resist  pro- 
cesses is that cont inued etching of  the contact  results in 
a con t inued  growth in the contac t  d iameter ,  a l though 
this can be alleviated somewhat  by using a two-step etch 
process (5). 

In this paper, we repor t  the d e v e l o p m e n t  of  a s loped 
e tch process  using mul t i l eve l  photoresis t .  S loped e tch 
processes  us ing mul t i l eve l  resist  have prev ious ly  been  
repor ted  (7, 8). These techniques  are known as cantilev- 
ered mask  techniques .  In these  instances,  a none rod ing  
mask is spaced above the substrate by an undercut  poly- 
mer  layer. The result ing profile after the oxide etch tends 
to be sloped.  The s lope depends  to first order  on the 
thickness  of the spacer layer and to second order on the 
etch recipe. In addition, the preparat ion of the cantelever  
mask requires two etch steps in addition to the actual ox- 
ide etch: e tching the nonerodable  mask anisotropically,  
and etching the spacer layer isotropically. The technique  
repor ted  in this paper  does not  requ i re  addi t ional  dry 
e tch steps. Al though  the m e c h a n i s m  of s loping is resist  
erosion, the resist begins with a vertical  profile. The ero- 
sion can be cont ro l led  by varying the paramete rs  of  the 
etch process itself, result ing in contact  profiles that con- 
t rol lably  vary f rom about  60 ~ to 80 ~ (measured from the 
horizontal) depending upon the recipe chosen. We dem- 
onst ra te  the re la t ive  dependence  of the slope, contac t  
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