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ABSTRACT 

Reactive ion etching of silicon in an RF parallel plate system, using SF6/O2/CHF3, plasmas has been studied. Etching 
behavior was found to be a function of loading, the cathode material, and the mask material. Good results with respect to 
reproducibility and uniformity have been obtained by using silicon as the cathode material and silicon dioxide as the 
masking material for mask designs where most of the surface is etched. Etch rate, selectivity, anisotropy, and self-bias 
voltage have been examined as a function of SF6 flow, 02 flow, CHF3 flow, pressure, and the RF power, using response 
surface methodology, in order to optimize anisotropic etching conditions. The effects of the variables on the measured 
responses are discussed. The anisotropic etch mechanism is based on ion-enhanced inhibitor etching. SF6 provides the 
reactive neutral etching species, 02 supplies the inhibitor film forming species, and SF6 and CHF3 generate ion species that 
suppress the formation of the inhibitor film at horizontal surfaces. Anisotropic etching of high aspect ratio structures with 
smooth etch surfaces has been achieved. The technique is applied to the fabrication of three-dimensional micromechanieal 
structures. 

Introduction 
Dry anisotropic etching of silicon is an important tech- 

nology for the fabrication of micromechanical devices. Dry 
etch characteristics are not constrained by crystal planes as 
in the case of wet anisotropic etching, e.g., by KOH solu- 
tions. This has the advantage that not only single-crys- 
talline silicon but also polycrystalline silicon and amor- 
phous silicon can be used for the fabrication of three- 
dimensional micromechanical structures. Dry etching 
techniques can be utilized to etch arbitrarily shaped mask 
designs. This is especially useful for the fabrication of 
electrostatically driven microaetuators that often exhibit 
complex shapes and require small gap sizes with high as- 
pect ratios. 

Dry anisotropic etching of silicon has been achieved with 
C1 and Br containing gas mixtures like SF6-CBrF3, i SF6- 
C2C13F3, 2 and SF6-C2CIF~. 3.4 Also etching of silicon with 
SF6 at very low temperatures 5 or at very low pressures 6 can 
be used to produce anisotropie etch profiles. Furthermore 
SF6/O2 gas mixtures 7-14 were found to anisotropically etch 
silicon. The last technique has the advantage of being a 
fluorine based etch chemistry that can be used in common 
reactive ion etch systems. However, generally rough etch 
surfaces are produced that make the process less useful. 

In this study the goal was to optimize the anisotropie 
etching of silicon by SF6-O2 plasmas and produce smooth 
etch surfaces by response surface methodology, using the 
etch system described below. This was accomplished by the 
addition of CHF3 to the SFJO2 plasma. The process is ap- 
plied in the fabrication of micromeehanical structures with 
high aspect ratios. 

Experimental 
Equipment--Etching experiments were performed in an 

Electrotech, Plasmafab 310-340 twin deposition/etch sys- 
tem. The RIE part  consists of a parallel-plate system with 
an RF generator operating at 13.56 MHz and an automatic 
RF matching network. The pumping system consists of a 
turbopump in series with a rotary pump. The spacing be- 
tween the electrodes is fixed at 8.0 cm. The chamber walls 
consist of aluminum and the powered electrode has a di- 
ameter of 19 cm and is covered with a t i tanium dioxide 
coated aluminum (styros) plate. The temperature of the 
lower electrode can be controlled from 10-60~ by back- 
side heating or cooling, using a temperature controlled oil- 
bath system. The flow rates of the gases were maintained 
with standard mass flow controllers. The pressure during 
processing is monitored with a capacitive manometer  and 
controlled automatically with a throttle valve. 

Initial experiments.--Loading.-- Initial experiments 
showed that  the etch behavior of silicon in SFJO~ gas mix- 
tures is loading dependent with regard to macroloading 
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(i.e., the amount of wafers) and with regard to microloading 
(i.e., with regard to the pattern density on the wafers). This 
effect has been investigated by several researchers. 15'16 For 
our purpose we are interested in positive mask pattern de- 
signs that are equally distributed over the wafer, and where 
most of the wafer surface will be etched. The loading was 
kept constant at one 3 in. wafer per run in our experiments. 

Cathode materiaL--The etching behavior is also depend- 
ing on the cathode material. 15 Three cathode materials; sty- 
ros, graphite, and silicon have been examined. The graphite 
and silicon electrode cover the styros electrode that is nor- 
mally present in the reactor. Styros is a noneonsumable 
material, in contrast to graphite and silicon, which are 
etched in fluorine based plasmas. With the styros cathode, 
the etch rate at the wafer edge was twice as high compared 
to the etch rate at the center of the wafer. This nonunifor- 
mity is a result of gradients in local reactant concentrations 
and is controlled by the relative etch rates of the wafer vs. 
the cathode material. ~5 The uniformity of the etch rate in 
case of the graphite cathode was measured to be about 
20 %. The use of the consumable silicon cathode resulted in 
a uniformity of a few percent across the wafer. In this case 
the silicon etching rate as well as the selectivity to silicon 
dioxide were found to be lower than in case of the other 
cathode materials. Because of the good uniformity, the sili- 
con cathode was used for further experiments. 

Mask material.-- During initial experiments, it was ob- 
served that etching is also affected by the mask material. It 
has been suggested that the mask material may act as a 
catalyst for SF6 to generate fluorine 19'2~ thereby affecting 
the process conditions. For this reason a noncatalytic mask 
material is preferred. In our experiments silicon dioxide 
has been used as the etch mask material. 

CHF 3 addition.--Anisotropie etching with SF6/O2 plasmas 
normally produces rough etch surfaces. The silicon etch 
surfaces sometimes showed a black color as a result of large 
surface roughness (black silicon). This phenomenon has 
also been reported by other investigators. 7'~'I~ It was found 
that the addition of CHF3 to the SF6/O2 plasma produced 
smooth etch surfaces. Therefore this gas mixture has been 
used in our experiments. 

Sample preparation.--In all of the experiments, the sam- 
ples prepared were 3 in. diam, <100> oriented, p-type (5- 
10 ~ cm) si l icon wafers. A 3000 A thick SiO2 layer was 
grown by wet oxidation at 1000~ This layer was pat-  
terned by li thography and RIE using CHF~ gas with a flow 
of 10 sccm, a process pressure of 20 mTorr, and an RF power 
of 50 W. The temperature of the oil bath, that  controls the 
temperature of the lower electrode, was set at 25~ After 
the etching of the S i Q  layer the resist was stripped by 
oxygen ashing. Before the etching experiments the etching 
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Table I. Nonrandomized experimental design for 
five normalized parameters. 

R u n  
no. SF~ 02 CHF3 p P 

1 -i -i -I -i +i 
2 +i -i -I -i -I 
3 -i +1 -i -I -i 
4 +i +i -i -I +i 
5 - 1  - 1  +1 - 1  - 1  
6 +1 - 1  +1 - 1  +1 
7 - 1  +1 +1 - 1  +1 
8 +1 +1 +1 - 1  - 1  
9 - 1  - 1  -1  +1 - 1  

10 +1 - 1  -1  +1 +1 
II -i +I -i +i +1 
12 +l +i -I +I -I 
13 -I 1 +I +I +i 
14 +i -i +i +I -l 
15 - 1  +1 +1 +1 - 1  
16 +1 +1 +1 +1 +1 
17 - 2  0 0 0 0 
18 +2 0 0 0 0 
19 0 - 2  0 0 0 
20 0 +2 0 0 0 
21 0 0 - 2  0 0 
22 0 0 +2 0 0 
23 0 0 0 - 2  0 
24 0 0 0 +2 0 
25 0 0 0 0 - 2  
26 0 0 0 0 +2 
27 0 0 0 0 0 
28 0 0 0 0 0 
29 0 0 0 0 0 
30 0 0 0 0 0 
31 0 0 0 0 0 
32 0 0 0 0 0 

chamber was manually cleaned with ethanol and by an 
oxygen plasma cleaning step. Before each experiment the 
wafer was given an HF dip (HF:H~O = i:I00) for 1 min to 
remove the native oxide layer. The gas flows and process 
pressure were allowed to stabilize for 5 min before etching 
was performed. 

Experimental design.--The characteristics of the etch 
process are explored .using a statistical experimental de- 
sign 21'22 and are modeled empirically by response surface 
methodology. In general a design should be chosen that will 
support a full quadratic model, which includes linear 
terms, two factor interactions, and quadratic terms for cur- 
vature. The general form of the full quadratic mode] is 

f f f -1  f 

V = bo + E biXl + E bliX2 + E E bljXiXl [1] 
i=1 z=l i=1 )=2 

w h e r e  the  Xi r e p r e s e n t  the  i n d e p e n d e n t  i n p u t  v a r i a b l e s  
(i.e., process  pa r ame te r s ) ,  t h e  b~ are  the  coeff ic ients  for  t h e  
l i n e a r  t e rms ,  t he  b~i a re  the  coeff ic ients  for  the  q u a d r a t i c  
t e rms ,  a n d  the  bi~ are  t he  coeff ic ients  for  the  cross terms.  

For  t he  o p t i m i z a t i o n  of t he  RIE process  t he  SF6 flow, t h e  
O2 flow, the  CHF3 flow, the  pressure ,  a n d  the  RF p o w e r  h a v e  
b e e n  chosen  as the  p rocess  va r iab les .  These  process  v a r i -  
ab les  h a v e  b e e n  v a r i e d  w i t h i n  t he  l imi t s  of our  e t ch ing  sys- 
tem.  The  t e m p e r a t u r e  of t he  oil b a t h  t h a t  con t ro l s  the  
c a t h o d e  t e m p e r a t u r e  was  set  a t  25~ No spec ia l  c l amping ,  
or  t e m p e r a t u r e  con t ro l  of t he  w a f e r  was  used.  The  l oad i n g  
was  c o n s t a n t  a t  one 3 in. wafer.  A c e n t r a l  compos i t e  r o t a t -  
ab le  second  o rde r  des ign  was  used  for  the  expe r imen t .  The  
m o n i t o r e d  r e sponses  are  the  se l f -b ias  vol tage ,  t he  s i l icon 
e tch  ra te ,  t he  un i formi ty ,  the  e t ch  su r face  roughness ,  t h e  
selectivi ty,  a n d  the  anlsotropy.  The  n o r m a l i z e d  e x p e r i m e n -  
t a l  des ign  i n f o r m a t i o n  is g iven  in  Table  I w h e r e a s  Table  II 

Table II. Variable settings used for the experimental design. 

Variable - 2 - 1 0 1 2 

SF 6 flow [sccm] 10 20 30 40 50 
O~ flow [sccm] 2 6 10 14 18 
CHF3 flow [sccm] 2 7 12 17 22 
Pressure [mTorr] 20 60 100 140 180 
Power [Watt] 20 60 100 140 180 

Fig. 1. Definition of anisotropy. 

shows the actual parameter settings. The order of perform- 
ing the experimental trials was randomized to minimize 
the effect of any systematic error. 

Data acquisition.--The thickness of the SiQ layer was 
measured by ellipsometry before and after the etching pro- 
cess to determine the etch rate of this layer. A correction 
was made for the HF dip which was measured to remove 
about 50 A of the oxide layer before the experiments. After 
etching, the etch depth of the silicon was measured with a 
Dektak surface profiler. The result was corrected for the 
remaining thickness of the oxide layer. The etch depth was 
measured at the center and at four points at about 1 cm 
from the edge of the wafer to obtain an indication of the 
uniformity of the etch process. The seleetivity was found 
from the ratio of the silicon etch depth and the difference in 
the SiO2 thickness before and after the experiment. To de- 
termine the anisotropy, the samples were broken and their 
cross-section was examined by SEM. Several different etch 
profiles have been obtained. Depending on the process con- 
ditions not only mask undercut, but also outward sloped 
profiles have been observed. The anisotropy is defined by 

V 
A = 1 - ~ [2] 

w h e r e  H is the  e t ch  d e p t h  a n d  V is t h e  m a x i m a l  u n d e r c u t  of 
the  m a s k  or, in  case of o u t w a r d  s loped  profi les ,  t h e  l a t e r a l  
e x t e n s i o n  of the  s idewal l  as s h o w n  in  Fig. 1. This  de f in i t i on  
of the  a n i s o t r o p y  does n o t  give i n f o r m a t i o n  w h e t h e r  t he  
a n i s o t r o p y  is due  to m a s k  u n d e r c u t  or  to  o u t w a r d  s loped  
profi les .  H o w e v e r  the  exp re s s ion  in  Eq. 2 is gene ra l ly  u sed  
a n d  t he r e fo re  p r e f e r r e d  for  a c o m p a r i s o n  w i t h  resu l t s  f rom 
o t h e r  workers .  A va lue  of 1 r e p r e s e n t s  a pe r f ec t  ve r t i ca l  
s idewal l  w i t h  no  m a s k  unde rcu t .  

The  r o u g h n e s s  of the  e t ch  su r face  was  on ly  r e g a r d e d  
q u a l i t a t i v e l y  by  m e a n s  of the  v i sua l  r e i l ec t i v i t y  of the  si l i-  
con  sur face  a f t e r  e tch ing ,  a n d  by  e x a m i n i n g  t h e  e tch  sur-  
face  f rom the  c ross - sec t iona l  SE M p h o t o g r a p h s .  

In our  e x p e r i m e n t s  pos t  s t r u c t u r e s  a n d  l ines  a n d  spac-  
ings  of 1, 2, a n d  5 ~ m  h a v e  b e e n  u sed  to d e t e r m i n e  the  e t ch  
r a t e  a n d  a n i s o t r o p y  for  e tch  d e p t h  of a b o u t  2 txm. At  these  
d i m e n s i o n s  no  f ea tu re  size d e p e n d e n t  e t ch  effects h a v e  
b e e n  not iced .  However ,  effects l ike  RIE lag a n d  charg ing ,  
m a y  affect  e t ch  r e sn l t s  a t  l a rge r  e t ch  dep ths ,  iv 

Results and Discussion 
The  responses  of t h e  f ac to r i a l  des ign  are  s h o w n  in  

Table  III. The  i n d e p e n d e n t  i n p u t  v a r i a b l e s  in  Eq. I h a v e  
b e e n  n o r m a l i z e d  as fol lows 

X~ = (r - r [3] 

w h e r e  Xi is the  n o r m a l i z e d  va lue  for  the  v a r i a b l e  se t t ing,  d~i, 
~b, is the  c e n t e r p o i n t  va lue  of t h a t  va r i ab le ,  a n d  r i is t he  s tep 
of t h e  v a r i a b l e  t h a t  h a s  b e e n  used  in  the  f ac to r i a l  de s ign  
(see Table  II). 

The  re sponses  of the  se l f -b ias  vol tage ,  t h e  s i l icon e t ch  
ra te ,  t h e  selectivi ty,  a n d  the  a n i s o t r o p y  are  f i t t ed  by  t he  
q u a d r a t i c  mode l  (Eq. 1). The  reg ress ion  coeff ic ients  b ,  b,i, 
blj, a n d  the  f i t  coeff ic ient  R 2 for  the  q u a d r a t i c  mode l  are  
s h o w n  in  Table  IV. G r a p h i c a l  r e p r e s e n t a t i o n  of t h e  re-  
sponses  a n d  SE M p h o t o g r a p h s  of s a m p l e  cross sec t ions  are 
s h o w n  in  Fig. 2-8. In  the  g r a p h s  a l l  p a r a m e t e r s  excep t  for  
t h e  specif ic  p a r a m e t e r s  b e i n g  v a r i e d  are  f ixed  a t  the  c e n t e r  
p o i n t  of the  design.  
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Table III. Responses of the factorial design. In case of outward sloped etch profiles the anisotropy is marked by an asterisk. 

Run Bias Voltage Rate Uniformity 
no. [V] [~m/min] Selectivity Anisotropy [%] Surface 

1 477 0.430 5.9 0.590 1.0 smooth 
2 47 0.320 13 0.690 2.4 smooth 
3 232 0.200 4.7 0.940* 2.8 rough 
4 339 0.670 10 0.380 3.9 smooth 
5 224 0.200 5.2 0.810 2.0 smooth 
6 343 0.460 5.1 0.620 3.9 smooth 
7 517 0.420 6.3 0.980 5.8 smooth 
8 72 0.310 10 0.960 1.2 smooth 
9 31 0.120 14 0.886* 1.9 rough 

10 50 0.550- 11 0.560 4.2 smooth 
11 224 0.400 6.0 0.810" 1.3 rough 
12 27 0.055 13 0.700 2.7 smooth 
13 154 0.350 5.6 0.640 8.1 smooth 
14 28 0.130 30 0.460 1.9 smooth 
15 42 0.190 12 0.886* 2.7 rough 
16 64 0.580 10 0.940 4.9 smooth 
17 366 0.240 5.1 0.881" 3.6 rough 
18 47 0.490 12 0.690 2.3 smooth 
19 62 0.360 6.4 0.940 7.6 smooth 
20 108 0.350 11 0.970* 1.2 rough 
21 58 0_360 9.3 0.938* 2.2 rough 
22 135 0.360 7.7 0.830 5.2 smooth 
23 448 0.360 5.9 0.730 3.8 smooth 
24 35 0.270 20 0.844* 3.7 rough 
25 23 0.007 6.8 0.900 3.3 smooth 
26 356 0.600 7.2 0.660 3.5 smooth 
27 88 0.450 9.7 0.970 5.5 smooth 
28 85 0.440 10 0.940 6.3 smooth 
29 86 0.430 9.2 0.950 3.8 smooth 
30 84 0.450 10 0.970 2.3 smooth 
31 87 0.430 8.9 0.970 3.7 smooth 
32 85 0.430 9.4 0.960 3.9 smooth 

Etch rate.--In Fig. 2 t he  effect  of the  SF6 a n d  02 flow, a n d  
the  effect  of t h e  p r e s s u r e  a n d  RF  power,  on t he  e t ch  r a t e  of 
s i l icon  are  sh o wn .  The  s i l icon e t ch  r a t e  s h o w s  a q u a d r a t i c  
d e p e n d e n c y  on  t h e  SF6 flow, t he  02 flow, t he  p rocess  p r e s -  
sure,  a n d  t h e  RF power.  The  r a t e  is i n d e p e n d e n t  of t he  CHF3 
flow. Th e  a c c u r a c y  of t he  m o d e l  is i n d i c a t e d  by  t he  s q u a r e d  
m u l t i p l e  R 2 w h i c h  is 0.99 a n d  r e p r e s e n t s  a good  fit. 

To u n d e r s t a n d  t h e  e t ch  behavior ,  s o m e  b a c k g r o u n d  of t he  
e t ch  m e c h a n i s m  is needed .  It  is wel l  k n o w n  t h a t  p l a s m a  
e t c h i n g  of s i l icon  w i t h  f l u o r i n a t e d  c o m p o u n d s  is p r i m a r i l y  
due  to f ree  f luor ine .  23 The  d i s s o c i a t i o n  of SF6 is a s s u m e d  to 
invo lve  e l ec t ron  i m p a c t  d i s soc i a t i on  r e a c t i o n s  of t he  f o r m  

e+SFxg- - ->SFx  l g + F g + e ( x = 3 -  6) [4] 

The  e t c h i n g  of s i l icon  occurs  by  a r e ac t i on  w i t h  F a toms .  
The  overa l l  s t o i c h i o m e t r y  of e t c h i n g  by  a tomic  F is 24 

Table IV. Fitted coefficients of the quadratic model for the responses. 
The s value at the bottom of each column is an estimate of 

the standard deviation for that response. The R 2 index indicates 
the agreement between model and data. 

A value of 1.00 denotes an ideal fit. 

Coef. Rate Selectivity Anisotropy DCB 

b0 0.434 9.34 0.969 87 
b l  0.052 2.34 -0.066 -65  
b2 0.010 -0.36 0.079 11 
b3 0.004 0.14 0.004 7 
b4 -0.043 2.90 0.008 -102 
b5 0.147 -1.72 -0.043 89 
b l l  -0.014 -0.05 -0.040 29 
b22 -0.017 0.01 -0.013 -1  
b33 -0.016 -0.06 0.023 2 
b44 -0.027 1.05 -0.035 38 
b55 -0.030 -0.44 -0.056 25 
b12 0.003 -0.90 0.029 - 6  
b13 -0.008 0.60 0.004 4 
b14 0.016 0.65 -0.039 23 
b15 0.035 -1.11 0.058 -14  
b23 0.028 0.16 0.054 -17  
b24 -0.007 1.34 -0.016 2 
b25 0.018 1.70 0.035 5 
b34 0.022 1.29 -0.019 7 
b35 0.023 ~1.15 0.028 - 3  
b45 0.027 -1.93 0.008 -46  
s 0.01 0.5 0.01 1.5 
R 2 0.99 0.90 0.95 0.99 

Si + 4F --~ SiF4 [5] 

The  e t ch  r a t e  Rsl c a n  be  w r i t t e n  as  

Rsi = k ~slnF [6] 

w h e r e  k is a p r o p o r t i o n a l i t y  c ons t a n t ,  ~sl is t he  r e a c t i on  
p r o b a b i l i t y  of f l uo r ine  a t  the  su r f a c e  a n d  nF is the  d e n s i t y  of 

Fig. 2. Surface plots showing the silicon etch rate as a function of 
the SF6 and 0~ flow, and as a function of the process pressure and the 
RF power. All parameters except for the specific parameters being 
varied are fixed at the center point of the design. 
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fluorine atoms. Higher SF6 flows will increase the fluorine 
concentration in the gas mixture, resulting in higher etch 
rates. At high flows, the fluorine concentration can de- 
crease due to higher convective losses (see section on total 
flow rate) and the etch rate will start to decrease. 

The influence of oxygen addition to SF6 plasmas has been 
investigated by several authors, u~4'2~-27 With an SF~-O2 
mixture in the absence of silicon, the final reaction prod- 
uets are F2, SOF4, and SO2F2. When Si is etched, SiF, is the 
only stable silicon-containing etch product and SOF2 is 
formed in oxygen-poor mixtures. It was found that  oxygen 
additions drastically increase the conversion of the feed 
gas, evidently by reacting with fluorosulfur radicals and 
thus preventing their recombination with fluorine to re- 
form SF6 12 

SF= + F ---> SF=+I (x = 5 - 1) [7] 

This leads to a net increase of F atoms. As the feed is 
made more 02 rich, SO2F2 increases with respect to SOF 4 
while the F-atom concentration first increases, reaches a 
maximum, and then decreases. These results closely paral- 
lel analogous trends in the carbon-based CF4-O~ system. 25 

When silicon is exposed to the discharge, a significant 
change in the product composition is observed. SOF2 is 
formed in oxygen-poor mixtures, SiF4 appears, and the 
concentration of molecular fluorine is depressed. 13 As the 
quantity of oxygen is increased, the etch rate goes through 
a maximum and subsequently decreases. 

In the presence of oxygen, oxygen species compete with F 
for active surface sites. This has been explained by a quan- 
titative model which takes oxygen adsorption into account 
to relate the etch rate to the fluorine concentration for sili- 
con and SiO2 etching in CF4-O2 plasmas. 2. The decrease of 
the reaction probabili ty is found to be 

P [8] 
•'= 1 + Cno/n~ 

where ~' is the reaction probability in the presence of oxy- 
gen, no is the density of oxygen atoms, and C is a constant. 
Maneschijn 28 showed that this model also represents the 
data for SF6-Q gas mixtures quite well. 

Thus at higher 02 flows the etch rate will be depressed as 
a result of the competition of oxygen atoms with fluorine 
atoms for chemisorption on the silicon surface. 

As was pointed out by Tzeng u increasing the RF power 
leads to a significant increase of the atomic fluorine con- 
centration while the oxygen concentration increases only 
slightly. This explains the increased silicon etching rate 
with increasing RF power. 

At lowRF power the etch rate decreases with increasing 
pressure, while at high RF power the etch rate first in- 
creases, reaches a maximum, and finally decreases with 
increasing pressure. These results agree with the experi- 
ments of Kopalidis. 12 By measuring the effect ol pressure on 
the discharge composition of SF6-O2 plasmas they found 
that the main effect of increasing pressure is to enhance the 
oxyfluoride production rates, thus reducing the recombi- 
nation reactions. In accordance with our results, the self- 
bias was found to decrease strongly with increasing pres- 
sure. Assuming that ion bombardment contributes sig- 
nificantly to the overall etching rate (the synergistic effect 
of ion bombardment and chemical etching), the decrease in 
the etch rate with increasing pressure can be explained by 
the decrease in ion bombardment at higher pressures. 

At high RF power the initial increase of the etch rate with 
increasing pressure may be the result of an increasing F 
concentration and ion density that leads to a larger ion flux 
toward the substrate. 

SeIectivity.--The selectivity is linearly increasing with 
the SF6 flow, and linearly decreases with the 02 flow and 
the RF power and only slightly decreases with increasing 
CHF3 flow. It shows a quadratic dependency on the pies- 
sure. Surface plots showing the selectivity as a function of 
the SF6 and the 02 flow, and as a function of the process 

Fig. 3. Surface plots showing the selectivity as a function of the SF~ 
and the 02 flow, and as a function of the process pressure and the RF 
power. 

pressure and the RF power are shown in Fig. 3. The R 2 
index indicates a good model fit. 

The selectivity is the quotient of the etch rates of silicon 
and silicon dioxide. The effect of the process parameters on 
the silicon etch rate have been discussed. The etch rate of 

Fig. 4. Surfaceplots showing the anisotropy as a function of the SF6 
and 02 flow, ancl as a function of the process pressure and the RF 
power. 

Downloaded 30 Oct 2008 to 130.89.6.84. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



2024 J. Electrochem. Soc., Vol. 142, No. 6, June 1995 �9 The Electrochemical Society, Inc. 

Fig. 5. Sidewall profiles ob- 
tained under different process 
conditions. The parameter set- 
tings are shown in Tables I and II 
for: (a, top left) fact. nr. 24, (b, top 
right) fact. nr. 27, (c, bottom left) 
fact. nr. 13, and (d, bottom right) 
fact. nr. 6. 

SiQ is to a large extent due to direct etching by reactive 
ions. It was reported that the etch rate of SiQ in a CHF~-O2 
plasma was found to follow the ion density and to be fairly 
independent of the plasma chemistry under most experi- 
mental conditions. 2~ Ion bombardment increases with in- 
creasing RF power and with decreasing pressure.. This re- 
sults in a decrease of the SiO2 etch rate with increasing RF 
power and an increase of the SiQ etch rate with increasing 
pressure. Assuming that the SiO2 etch rate in this process is 
also fairly independent of the plasma chemistry, this leads 
to an increase of the selectivity with increasing SF6 flow 
and increasing pressure (more chemical etching) and a de- 
crease of the selectivity with increasing RF power and 02 
flow and CHF3 flow (more physical etching). 

Anisotropy.--Responses of the anisotropy are shown in 
Fig. 4. The anisotropy shows a linear increase with the O2 
flow. It is quadratically dependent on the. process pressure, 
the RF power, and the SF~ flow. Furthermore, the an- 
isotropy shows a weak quadratic dependency on the CHF3 
flow. Again the fit between the data and the model is good. 

In Fig. 5 a selection of the sidewall profiles, that have 
been obtained in our experiments, is shown. These photo- 
graphs clearly demonstrate that it is difficult to obtain a 
straightforward definition of the anisotropy. Depending on 
process conditions profiles may vary from isotropie to out- 
ward sloped profiles. Note that at high pressures and high 
O2 flows the value 0f the anisotropy, as defined before, may 
be lower because of outward sloped etch profiles. 

Auger electron spectroscopy (AES) data, taken within 
15 rain after the etch process, from the sidewall and bottom 
etch surfaces of a center point run is shown in Fig. 6. On 
both surfaces about equal amounts of sulfur and carbon 
were detected. Sulfur most likely is a product of the SF 6 gas 
and carbon may result from the CHF3 gas or from organic 
contamination. The presence of fluorine was not observed. 
However, this may be due to electron stimulated desorption 
of fluorine atoms as a result of the measurement. On both 
surfaces oxygen is present. The amount of oxygen on the 
sidewall surface is much higher than the amount of oxygen 
on the bottom surface. This clearly indicates a sidewall 
passivation effect by oxygen species, as proposed by 
Zhang. 14 On the horizontal silicon surfaces, adsorption of 
oxygen residue can be readily attacked through the physi- 
cal bombardment of active ion species like SF~ and CF~. 

While on the vertical Si surfaces (sidewalls), the removal of 
sidewall material is not significant because of the less di- 
rectional kinetic energy in this orientation. These results 
are in agreement with other investigations. 7'~~ 

Surface and interracial residue films formed on poly- 
crystalline silicon and silicon dioxide by reactive ion etch- 
ing with SF6-I0% 02 at i00 mTorr have been investigated 
using x-ray photoemission spectroscopy, s~ Composition 
and chemistry at the surface were found to be variations of 
SiO~Fy. The thickness varied from 7-13/k with decreasing 
etch rate. 

Silicon surfaces etched in CF4-O2 plasma have been char- 
acterized with the use of in situ x-ray photoemission spec- 
troscopy? l An SiF~ Oy layer on elemental silicon was found 
to be formed under all conditions. For oxygen percentages 
greater than 5% in the feed gas, the oxygen content of the 
film and the film thickness increased, whereas the fluorine 
content of the film decreased. 

These observations may explain the increase of the an- 
isotropy with increasing 02 flow and the decrease of the 
anisotropy with increasing SF6 flow by affecting the forma- 
tion of the sidewall passivation layer. At high 02 flows and 
low SF6 flows, profiles are positively tapered (outward 
sloped) and the anisotropy shows an initial increase with 
the SF6 flow. In this region, the formation of the passivation 
layer is very pronounced and outward sloped etch profiles 
are obtained that may be the result of an orientation 
dependent etch rate on the passivation layer. Increasing the 
SF6 flow at high 02 flow, increases the F concentration, 
thereby reducing the formation of the passivation layer on 
outward sloped profiles which leads to a more vertical etch 
profile that has a higher anisotropy. 

Increasing the pressure has been found to increase the 
atomic fluorine concentration and decrease the ion bom- 
bardment. 12 Both effects lead to a reduction of the an- 
isotropy, in agreement with our results at high pressures. 
However, at low pressures the anisotropy increases with 
increasing pressure till it reaches a maximum. This may be 
explained by a low silicon surface coverage by oxygen 
atoms. The surface coverage is a function of the pressure 
and increases with increasing pressure. Apparently the 
oxygen concentration at low pressures is too small to result 
in a surface coverage that is high enough to form a stable 
passivation layer. The RF power gives an initial increase, 
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reaches a maximum, and then results in a decrease of the 
anisotropy with increasing RF power. Increasing the RF 
power increases the F concentration as well as the ion bom- 
bardment on the horizontal surface. At low RF power it 
seems that the effect of the increase in ion bombardment is 
stronger than the effect of the increasing F concentration, 
giving a net increase in the anisotropy. At higher RF power 
the increase in the F concentration probably becomes dom- 
inant and reduces the formation of the passivation layer. 
This leads to a decrease in the anisotropy with increasing 
RF power. 

Adding CHF3 to the SF6-O 2 plasma may influence the 0 
to F concentration. In CHF3-O2 plasmas the major reaction 
products are CFx species, CO, CQ,  and COF2.29 These reac- 
tions will lower the O atom concentration. Since the selec- 
tivity (i.e., the S i Q  etch rate) is only slightly affected by the 
CHF~ addition it is suggested that the formation of the pas- 
sivation layer is suppressed by an additional competition of 
oxygen with CF~ species on the surface. This effect is as- 
sumed to be more pronounced at the horizontal surfaces 
because the etch mechanism of silicon oxide, by CF~ spe- 
cies, is ion enhanced where ions are the main reactants in 
the etch reaction. 29 For high CHF3 flows the reduction of 
the O atom concentration and passivation layer formation 
eventually results in more isotropic etching profiles (see 
Fig. 8). 

Total gas flow.--It should be noted that the total gas flow 
in the experiments is not constant and changes, depending 
on the SF6, Q,  and CHF~ gas flow settings, from a minimum 
value of 32 sccm to a maximum value of 72 sccm. As a 
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Fig. 6. AES data of the sidewall and bottom etch surface after 
etching of a center point run. 

Fig. 7. Surface plots showing the bias voltage as a function of the 
SF6 and the 02 flow, and as a function of the process pressure and the 
RF power. 

result, the residence time of the gases is not constant. 
Longer residence times will lead to a higher conversion of 
the etch gases into lower molecular weight products. The 
etch rate dependency as a function of the total flow rate for 
SF6/O2 gas mixtures has been studied by Tandon and Ko- 
palidisY 2 At low pressures, an increase in total flow rate is 
accompanied by an increase in the dissociation of SF~ 
molecules and radicals and the etch rate is limited by the 
supply of fluorine atoms while at high flow rate the etch 
rate decreases due to convective losses. At high pressure 
and low flow rate, etchant production is at its maximum 
and increasing flow rates causes the fluorine concentra- 
tion to decrease due to higher conyective losses (active 
species are pumped away before they have an opportu- 
nity to react). 

Uniformity.-- As shown in Table IV the uniformity does 
not show a large variation when the parameter settings are 
changed. Only a few points per wafer have been used to 
determine the uniformity leading to a relatively large stan- 
dard error. The average uniformity ol the etch rate is 3.5% 
with a standard deviation of 1.4%. A small increase is ob- 
served for high SF6 flows and high pressures. The unifor- 
mity is mainly a function of loading and cathode material 
as discussed in the section on initial experiments. 

Self-bias voItage.--The bias voltage is quadratically de- 
pendent on the SF6 flow, the RF power and the pressure. It 
increases linearly with the 02 flow and the CHF3 flow. The 
model fit of the experimental  values is very good as indi- 
cated by the R 2 index which equals 0.99. The results are 
presented graphically in Fig. 7. 

SF6 is used as a gaseous insulator because of its elec- 
tronegativity. Increasing the SF~ flow makes the discharge 
more electronegative due to a lower ratio of electrons to 
positive ions and the self-bias voltage decreases. 

The decrease of the dc bias voltage with pressure is a 
result of a decrease in the electron energy as the pressure is 
increased. I2 The increase of the dc bias with increasing 02 
flow and CHF3 flow, is a consequence of a shift of the elec- 
tron energy distribution to higher values. 12 

Etch surface roughness.--It was observed that the etch 
surface roughness showed a correlation to wafer cleanli- 
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ness. A cleaning step, followed by an HF dip, was sufficient 
to reduce the etch surface roughness in this case, indicating 
that etch residue from previous steps or native oxide could 
be responsible for this effect. In spite of these precautions 
rough etch surfaces have been observed after the etching 
process and were found to be a function of the etch parame- 
ters. This indicates that rough etch surfaces are also gener- 
ated by the etching process itself. At high pressures and 
high 02 flows, in the anisotropic etching regime, the etch 
surface roughness increases. The addition of CHF3 to an 
SF6/Q gas mixture improves the etch surface quality, as 
shown in Fig. 8. When no CHF3 is added, the etch surface 
roughness, in the anisotropic etch regime, is high as a result 

Fig. 9. Schematic view of the SF6, O2, CHF3 etch process. 

Fig. 8. SEM photographs showing the influence of the CHF3 addi- 
tion with respect to the surface roughness and etch profile. All 
parameter settings except for the CHF3 flow are set at the center 
point, (a, top) 2 sccm CHF3; (b, middle) 12 sccm CHF3; (c, bottom) 
22 sccm CHF3. 

of "mierograss." The addition of CHF3 results in smooth 
surfaces, only slightly affecting the anisotropy. At high 
CHF3 flows, the anisotropy will be low and more isotropic 
etching is obtained. 

It is suggested that surface roughness is the result of sili- 
con oxide micromasking. It has been shown that during 
etching in SF 6 plasmas, large amounts of Si particles are 
generated. 33 When oxygen is added to SF6 plasmas these 
particles may also contain silicon oxide. Redeposition of 
these particles on the etch surfaces results in micromasking 
leading to the development of surface roughness (micro- 
grass) in case of anisotropic etching. Another possibility is 
that the surface roughness results from variations in thick- 
ness of the oxyiluoride layer on the horizontal silicon 
surfaces. The presence of CF~. species in the plasma may 
suppress the formation and/or oxidation of the particles 
that are generated by the plasma or reduce their masking 
effect and suppresses the formation of the passivation layer 
on the horizontal surface by chemical and physical attack. 
Note that CFx species may not only be produced by the etch 
gas but also by phoioresist or reactor components like a 
graphite cathode. 

In summary it can be concluded that the anisotropie etch 
mechanism is based upon an ion-enhanced inhibitor etch- 
ing process. This mechanism requires three ingredients: l-- 
reactive neutral species, 2~inhibitor film forming species, 
and 3--vertical ion flux to the substrate to prevent growth 
or etch the inhibitor film at the horizontal surfaces. These 
mechanisms can be more or less controlled independently 
by the three etch gases. SF~ produces the F radicals for the 
chemical etching of the silicon. 02 creates the O radicals to 
passivate the silicon surface by silicon oxide species. CHF3 
produces CF= ions that, in addition to SF= ions, suppress the 
formation of the passivation layer at horizontal surfaces. 
The etch process is schematically shown in Fig. 9. 

Applications and Other Mask Materials 
The process parameters optimized for high anisotropy 

are very useful for th~ fabrication of deep trenches and 
mieromechanical structures. The optimized process para- 
meter settings result in an anisotropy of 0.98, an etch rate 
of 0.5 ~m/min, a selectivity with SiQ of i0, and a smooth 
etch surface. Not only monoerystalline silicon but also 
LPCVD polysilicon and sputtered silicon films have been 
used to fabricate micromechanieal structures. In Fig. i0 
and ii SEM photographs are shown that clearly demon- 
strate the usefulness of the RIE process for high aspect 
ratio structures. The selectivity of the silicon dioxide mask 
limits the etch depth. This problem can be solved by using 
metal etch masks. For instance with a chromium etch mask 
very high selectivities (>500) have been obtained, whereas 
etch characteristics are only slightly affected. Applications 
of this etch process, with respect to deep trench etching and 
other mask materials, have been presented elsewhere. 3~'35 
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Fig. 10. SEM photograph showing 1, 2, and 5 ~m lines and spac- 
ings etched to a depth of about 10 ~m. For the 1 and 2 ~m structures 
the effect of RIE lag is clearly visible. 

Conclusions 
Reactive ion etching using SF~, 02, and CHF3 gas mix- 

tures for the anisotropic etching of silicon has been investi- 
gated. The etching behavior was found to be affected by 
loading, the mask material, and the cathode material. Re- 
producible and uniform results have been obtained using a 
silicon cathode and a silicon dioxide mask. Surface re- 
sponse methodology was used to characterize etch rate, 
mask selectivity, bias voltage, and anisotropy as a function 
of the RF power, the process pressure, the SF6 flow, the O2 
flow, and the CHF3 flow in order to optimize anisotropic 
etching conditions. The effect of several variables on the 
measured responses has been discussed. The addition of 
CHF3 can be used to produce smooth etch surfaces in the 

Fig. 11. SEM photograph of a stator-rotar structure of an electro- 
static micromotar. Diameter of the rotor is 100 ~m, etch depth is 
13 ~m, and the rotor-stator gap spacing is 2 ~m. 

anisotropic regime and is useful for a fine tuning of the 
anisotropy. 

AES measurements indicate that anisotropic etching re- 
sults from sidewall passivation by silicon oxide species. 
The anisotropic etch mechanism in SF6, 02, CHF3 plasmas 
is based on ion-enhanced inhibitor etching. SF 6 provides 
the reactive neutral etching species in the form of F atoms. 
02 supplies the inhibitor film forming species that passi- 
vate the surface with an SiO~.Fy layer. SF6 and CHF3 gener- 
ate ion species, SF~ and CF~, respectively, that suppress the 
formation the inhibitor film at horizontal surfaces. 

The fabrication of structures with aspect ratios of about 
19 has been demonstrated. The process is applied to deep 
trench etching and fabrication of high aspect ratio struc- 
tures used in micromachining. 
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ABSTRACT 

In-line observation and classification of water marks after the drying process was investigated with regard to the 
wettability of wafers and the drying methods applied. The formation of water marks was observed with a KLA wafer 
inspection system and a particle scanner on different hydrophilic and hydrophobic wafers with and without patterns. The 
wafers were spun and IPA vapor dried as a function of the air exposure time. The hydrophilic wafers did not create any 
water marks with either spin or vapor dries. The air exposure time and dry method are much more sensitive with the 
hydrophobic surlaces in creating water marks. The spin dry of hydrophobie wafers created a large quantity of water marks 
independent of the air exposure time. Homogeneously hydrophilic or hydrophobic wafers with and without patterns did 
not create any water marks following the vapor drying of wafers. However, the patterned wafers with both hydrophobic 
and hydrophilic sites created water marks even in IPA vapor dry. This indicates that the wettability and drying method of 
the wafer play an important role in creating water marks in semiconductor wet processes. 

Introduction 
Contamination such as particles, heavy metals, and or- 

ganic residues have been well recognized during semicon- 
ductor processing. For the removal of these contaminants, 
wet processes are still dominant during semiconductor fab- 
rication. In the aqueous processing of silicon wafers, drying 
after rinsing is a critical step and must be accomplished by 
the physical removal of water from wafer surfaces. The 
most commonly practiced drying process is spin rinse 
(SRD) or spin dry (SD). It has been suggested that this 
method recontaminates the wafer surface with particles 
and aerosols caused by the mechanical motion of dryer it- 
self. I Another drying method is solvent vapor dry (VD), 
typically using IPA (isopropyl alcohol). This method uses 
the lower boiling temperature and surface tension of IPA, 
compared to water, in a closed chamber. Mishima et al. 2 
found that the water content in IPA, the temperature distri- 
bution of IPA in the vapor dryer, and the velocity of IPA 
affect the cleanliness of surfaces after IPA drying. They 
determined such optimum conditions for IPA vapor drying 
to be water content in IPA of less than 10O0 ppm, IPA tem- 
perature at the wafers of 82~ and an IPA velocity of 
5.0 cm/s. These conditions resulted in the cleanest surfaces 
during IPA drying. 

Hydrophobicity/hydrophilicity of a silicon wafer surface 
is one of the most important parameters in understanding 
the source of microcontamination. Oxide-coated and RCA 
cleaned wafer surfaces are hydrophilic and HF etched sur- 
faces are hydrophobic due to the passivation by hydrogen 
termination, s Hydrophobic surfaces are characterized by 
large contact angles of water, often in the range 40-110 ~ and 
low heats of immersion in water, 6-90 dyn/cm. ~ Static con- 
tact angles have been measured on I-IF etched silicon 
wafers. 5'6 Using methanol/water solutions, Gould and 
Irene ~ determined a value of critical surface tension (~c), of 
27 dyn/cm for Si from static contact angle measurements. 
This low value of ~o was attributed to the presence of hy- 
drogen and fluorine species on the HF etched Si surface. 

* Electrochemical Society Active Member. 

William and Goodman 6 measured the contact angle of wa- 
ter on silicon surfaces covered with oxide layers of different 
thicknesses. They found HF-etehed silicon to be hydropho- 
bic (0 = 90 ~ and oxides thicker than 30 A to be hydrophilie 
(0 = 0~ Contact angles were a function of the oxide thick- 
ness. The contact angle measurement method is inexpen- 
sive and rapid in characterizing the solid surface even 
though the surface chemistry information is ambiguous. 

The HF-last process is most attractive in terms of gate 
oxide integrity (GOI) and minority carrier lifetime (MCLT) 
in prefurnace wet processes. The presence of metallic im- 
purities in wet chemicals such as hydrogen peroxide de- 
grades GOI and MCLT when the last cleanup process in- 
volves RCA cleaning chemicals. However, HF-last process 
introduces a highly hydrophobic and reactive surface cre- 
ated by HF etching of oxide on the wafer. This HF-etched 
surface leaves defects called "water marks" after the dry- 
ing process. 7 Water marks created before the gate oxidation 
can cause electrical failure due to locally thicker oxide for- 
mation. In this paper, in-line observation and classification 
of water marks after drying is presented with the experi- 
mental understanding of causes of these water marks in 
terms of wettability of wafer and drying methods. 

Experimental 
The samples used were 6 in. (150 ram) p(1O0) wafers with 

0.8 ~ �9 cm resistivities with and without patterns on them. 
Patterns were made on bare silicon and oxide-coated 
wafers to have hydrophilic and hydrophobic surfaces. 
Wafers were cleaned with ozonated piranha (H2SO~ + Os) at 
130~ for 20 rain and followed by SC1 (1:2:10, 
NH4OH!H~Q:H20) cleanup at 8O~ for 10 rain. Then wafers 
with and without pat tern were etched in 0.5 weight percent 
(w/o) HF for 75-1100 s to obtain surfaces with different 
wettabilities, i.e., hydrophilic, hydrophobic, or mixture of 
both surfaces. Hydrophilic wafers were prepared both by 
thermal oxidation and RCA wet chemical processes. The 
heterogeneous wafers having both hydrophobic and -philie 
sites were prepared by growing two different thicknesses of 
oxide film and etching them in HF to strip off the thin oxide 
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