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A Mathematical Model for Etching of Silicon Using CF4 in a 
Radial Flow Plasma Reactor 
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Department of Chemical Engineering, University of Houston, Houston, Texas 77204-4792 

ABSTRACT 

A mathematical model for plasma etching of silicon using tetrafluoromethane in a radial flow reactor was developed. 
Finite element methods were employed to calculate the two-dimensional flow, temperature, and species concentration 
fields. Etching rate and uniformity were studied as a function of reactor operating conditions, including the effect of flow 
direction. For the parameter values examined, the etching rate increased monotonically with flow rate. For low substrate 
temperature (298 K), inward flow resulted in higher etching rate as compared to outward flow, but  the trend reversed at 
higher temperature. For flow rates greater than 200 sccm, outward flow with a uniform electron density distribution gave 
the best uniformity results. A one-dimensional radial dispersion approximation was used to study the effect of square- 
wave power modulation (pulsed-plasma reactor). The etching rate increased with decreasing pu]ise period and with in- 
creasing duty cycle. Under  conditions which would result in high depletion of the precursor gas in a continuous-wave re- 
actor (e.g., for low flow rates), the pulsed-plasma reactor can offer substantial improvement in uniformity without sacrific- 
ing the etching rate. 

Plasma etching and deposition of thin solid films is used 
extensively in microelectronic device fabrication (1, 2). In  
plasma processing, a feedstock gas is decomposed in a 
glow discharge to form highly reactive atoms and radicals. 
The reactive species interact with the substrate to form 
volatile products, thereby etching the substrate, or adsorb 
and react on the substrate to deposit a film. One of the 
main advantages of plasma processes as compared to ther- 
mally driven processes (e.g., CVD) is low-temperature op- 
eration. Low-temperature processing becomes increas- 
ingly important  as microelectronic devices continue to 
shrink. In  addition, for the case of plasma etching, the 
achievable etch anisotropy is crucial for advanced VLSI 
and ULSI devices. 

Parallel-plate plasma reactors are commonly used in the 
microelectronics industry. One can distinguish between 
single-wafer reactors, which can process one wafer at a 
time, and batch reactors, which can process many wafers 
simultaneously. A common type of batch reactor is the ra- 
dial flow reactor of the kind invented by Reinberg (3). De- 
spite the inherently high throughput,  the radial flow reac- 
tor usually yields much poorer uniformity when compared 
to the single-wafer reactor. Hence, the search for reactor 
operating conditions and methods of operation to improve 
uniformity continues. 

Transport and reaction in radial flow reactors has been 
studied for plasma etching (4-8), as well as plasma deposi- 
tion (3, 9). In  these studies, the effect of operating condi- 
tions on the etching (or deposition) rate and uniformity 
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was examined. Typical values for the electron density and 
energy were assumed, and the glow discharge was not 
treated. Despite the simplifying assumptions, the above 
and other works provided some insight into the intricate 
coupling between transport phenomena and reaction ki- 
netics. 

Recently we proposed a pulsed-plasma mode of opera- 
tion in order to improve the reaction uniformity in both 
etching and deposition reactors (10, 11). In this mode of op- 
eration, power to the plasma is modulated at frequencies 
(e.g., 100 Hz) much lower than the usual radio frequencies 
used to excite the discharge. During the power-on fraction 
of the cycle, the usual RF frequency of 13.56 MHz may be 
used in order to achieve more efficient gas dissociation 
and to avoid intense ion bombardment  and charging of di- 
electric surfaces. The improvement  in reaction uniformity 
was most noticeable in cases of appreciable depletion of 
the feedstock gas as the gas flows and decomposes in the 
plasma (11). In  essence, the pulsed-plasma mode of opera- 
tion allows for replenishment  of the precursor gas during 
the power-off fraction of the cycle. ~Tnis alleviates the reac- 
tant  concentrat ion gradients along the active surface with 
concomitant  improvement  in the uniformity. Further- 
more, since reaction can take place even during the power- 
off fraction of the cycle, the time-averaged pulsed-plasma 
reaction rate, prorated by the duty cycle, may be higher 
than that of the continuous-wave reactor, under  otherwise 
identical conditions (e.g., equal power level when the 
plasma is on). 

In  the present study, etching of silicon using a tetrafluo- 
romethane plasma in a radial flow reactor was investi- 
gated. Only chemical etching was considered as was done 
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in previous works (4-9). Both a continuous-wave (cw) and a 
pulsed-plasma reactor were studied. For the cw reactor, a 
two-dimensional model for gas flow, temperature, and ac- 
tive species concentration distributions was employed. 
The effect of flow rate, flow direction, power, and electrode 
temperature on the etching rate and uniformity was exam- 
ined. For the pulsed-plasma reactor, a one-dimensional 
t ime-dependent  radial dispersion model was found ade- 
quate. The effect of pulse period and duty cycle was 
studied. 

M o d e l  Formula t ion  
A schematic of the reactor studied is shown in Fig 1. The 

Reinberg-type (3) axisymmetric reactor has two parallel- 
plate electrodes, and provisions for gas input  and exhaust. 
The plasma is created in the interelectrode space, and the 
substrates (wafers) to be etched rest on the lower elec- 
trode. In  practice, only discrete areas of the lower elec- 
trode are covered by substrates. In  order to preserve the 
axisymmetric nature of the problem (no azimuthal de- 
pendence), it was assumed that the lower electrode is com- 
pletely covered with etchable material, except for two 
ring-shaped areas near the center and the periphery of the 
lower electrode (see Fig. 1). Two gas flow configurations 
were examined. In  the outward flow configuration, fresh 
gas entered from the reactor center and flowed radially 
outward. In  the inward flow configuration, the gas flow di- 
rection was reversed. 

The present study focuses on the effect of reactor operat- 
ing conditions on the etching rate and uniformity. Empha- 
sis was placed on systems for which chemical etching 
dominates ion-assisted etching. Therefore, the effect of ion 
bombardment  was neglected. The CF4 plasma etching of 
silicon was chosen as a model system for analysis since the 
plasma chemistry is known to a reasonable extent, and 
chemical etching dominates under  the relatively high- 
pressure (p >- 0.5 torr) conditions examined. The following 
approach was used. The gas velocity and temperature dis- 
t r ibutions were first obtained by solving the momen tum 
balance, continuity, and energy balance equations. The ve- 
locity and temperature fields were then substituted into 
the mass balance equations to calculate the reactive spe- 
cies concentrat ion distribution in the reactor. The etching 
rate and uniformity were then found. The full two-dimen- 
sional model was employed to describe the time-invariant 
operation of the continuous-wave reactor. However, a one- 
dimensional  approximation (radial dispersion model) was 
found adequate for describing the t ime-dependent  opera- 
t ion of the pulsed-plasma reactor. 

Gas  ve loc i ty  a n d  t e m p e r a t u r e  d i s t r i b u t i o n . - - U n d e r  the 
conditions of interest, the cont inuum approximation is 
valid, and the gas flow is laminar and axisymmetric. As- 
suming a Newtonian fluid, the velocity field was obtained 
by solving the Navier-Stokes equations 

pay- Vv = V �9 �9 - pog[~(T - To) [1] 

along with the continuity equation 

V . v = 0  [2] 

Here the tensor ~ is given by 

T = - p I  + ~[Vv + (Vv) T] [3] 

T 

'~I~R Rt Ro 
i 
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L 

t 
H 

1 

Fig. 1. Schematic of the parallel-plate radial flow reactor studied. 
Due to symmetry, only half of the reactor is shown. Reactor dimensions 
are given in Table II. 

I is the identity matrix, v is the fluid velocity vector, p and 
are the fluid density and viscosity, respectively, p is pres- 

sure, T is temperature, g is the gravitational acceleration 
vector, subscript o denotes a reference state, and ~ is the 
thermal expansion coefficient which is given by 

V \ o T / p  [4] 

V being the gas volume. The standard Boussinesq approxi- 
mation was used, whereby the density was treated as a 
constant in all terms of the governing equations except for 
the buoyancy term (last term in Eq. [1]). This approxima- 
tion seems appropriate for the present system, since the 
temperature variations in the reactor are relatively small. 
Density Po was evaluated at a reference temperature To. 

The gas temperature distribution was obtained by 
solving 

pcp(v �9 VT) = V- (KVT) + G [5] 

where Cp is the constant-pressure heat capacity, K is the gas 
thermal conductivity, and G is the energy generated per 
uni t  volume of gas. The latter can account for the heat re- 
leased by volume reactions (e.g., volume recombination) 
and by gas heating from the plasma. In  the present work G 
was assumed negligible, and was set equal to zero. The mo- 
mentum,  continuity, and energy balance equations are 
coupled through the temperature dependence of gas vis- 
cosity, and through the buoyancy term. The higher the 
temperature variations in the reactor, the stronger the 
coupling. 

The boundary  conditions used for Eq. [1], [2], and [5] are 
listed below, where the boundary condition number  (BC#) 
refers to the corresponding surface as shown in Fig. 2 

Outflow I v r = 0 '  v z=2vavg 1 -  [6] 

BC1 / T = Tf [7] 

Inflow vr = 0, ~ = 0, --=OT 0 [8] 
Oz Oz 

BC2,4,6,7 v r = 0 ,  v~=0,  T = T w  [9] 

BC3 v r = 0 ,  vz=0,  T = T ~  [10] 

BC5 

Outflow vr =0,  _ _  O, _ _  0 [11] Oz Oz 

T 
In - -  

2V*av, 

Inflow k 

~k T =  Tf 

[12] 

[13] 
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Fig. 2. The finite element mesh used for calculations. BC# shows the 
surface over which the corresponding boundary condition was applied. 

Table I. Rote constants and diffusion coefficients. 

~ 1 = 6 10 -1~ cm3/s 
2 = 14 10 -~~ cm3/s 
1 = 2.53 10~cm3/mol-s 

k~2 = 7.83 10 TM cm3/mol-s 
k~3 = 4.82 10 TM cma/mol-s 
k,1 = 4.29 (%)0.5, T, in K, k~l in cm/s 
k,2 = 0.438 (T,) ~ T~ in K, k,2 in cm/s 
k,3 = 0.876 (T,) ~ T~ in K, k,3 in cm/s 
k~ = 97 (%)0.5 exp ( -  1250/T~), T s in K, k~ in cm/s 
DF.CF4 = 3.46 lO-2T"5/p, T in K, p in torr, D in cm2/s 
DCF2.CF4 = 1.57 10 -2 T15/p, T in K, p in torr, D in cm2/s 
DcF3.c~ = 1.07 10 -2 T~5/p, T in K, p in torr, D in cm2/s 
DCF4,CF4 = 9.46 10 3 T1.5/p, T in K, p in torr, D in cm2/s 

BC8 v~ = 0, Ov--A~ = 0, --0T = 0 [14] 
Or Or 

Here  k = Ro/Rt, Vavg and V*vg are the  average  gas veloci t ies  
in the  reac tor  in le t  duc t  co r re spond ing  to outf low and in- 
flow, r e spec t ive ly  (see Eq.  [15] and [16] below), vz and Vr are 
the  axial  and radial  ve loc i ty  componen t s ,  and  z and r are 
the  axial  and radial  coord ina tes  respect ively .  Tf is the  feed 
gas t empera tu re ,  T~ is the  subs t ra te  t empera tu re ,  and T~ is 
the  reac tor  wal l  t empera tu re .  Radi i  Ri, Ro, and Rt are shown  
in Fig. 1. The  average  gas veloci t ies  are g iven  by 

V~vg = Q/~R[ [15] 

V*~g = Q/~(R2t - R2o) [16] 

Q = Qo 760 T~/(60 p 273) [17] 

where  Q is the  gas f low rate  (in cma/s) at the  reactor  pres- 
sure  and in le t  t e m p e r a t u r e  condi t ions .  The  above  bound-  
ary condi t ions  i nc lude  the  nosl ip  condi t ion  on walls  and a 
cons tan t  wal l  t e m p e r a t u r e  (BC 2, 3, 4, 6, 7), a ful ly de- 
ve loped  l aminar  f low and  a cons tan t  gas t empe ra tu r e  in 
t he  in le t  duc t  (BC1/outf low and BC5/inflow), s y m m e t r y  
condi t ions  a long the  reac tor  axis (BC8), and fully de- 
ve loped  ve loc i ty  and t e m p e r a t u r e  profiles at the  reactor  
ex i t  (BC1/inflow and  BC5/outflow). 

A s s u m i n g  that  the  gas is p r imar i ly  CF4, the  gas viscosi ty,  
t he rma l  conduct iv i ty ,  and  hea t  capaci ty  were  expres sed  as 
a func t ion  of  t e m p e r a t u r e  us ing  pub l i shed  data  (12). The  
above  equa t ions  p rov ided  the  gas ve loc i ty  and tempera-  
ture  d is t r ibut ions  in the  reactor.  S u c h  d is t r ibut ions  were  
then  used  in the  convec t ive  di f fus ion equa t ions  to deter-  
m i n e  the  ac t ive  species  concen t ra t ion  profi les as desc r ibed  
below. 

R e a c t i v e  species  c o n c e n t r a t i o n  d i s t r i b u t i o n . - - I n  si l icon 
e t ch ing  us ing  a t e t r a f luo romethane  plasma,  f luorine a toms 
are t hough t  to be  t he  ma in  e t chan t  species.  In  addit ion,  
u n d e r  the  re la t ive ly  h igh-pressure  condi t ions  studied,  
chemica l  e t ch ing  appears  to domina t e  ion-assis ted etch- 
ing. Hence ,  emphas i s  was p laced  on the  neut ra l  species  
chemis t ry .  The  chemica l  reac t ion  m o d e l  used  in the  pres- 
ent  s tudy  was a subse t  of  the  react ion set p roposed  by 
Ryan  and P l u m b  (13, 14). The  fo l lowing  h o m o g e n e o u s  (gas 
phase) react ions  were  inc luded  

kpl 
e + CF4 --> CF3 + F + e [R1] 

kp2 
e + CF4 --> CF2 + 2F + e [R2] 

kvl 
F + CF2 --> CF3 [R3] 

F + CF3 --> CF4 [R4] 

CF3 + CF3 ---> C2F6 [R5] 

Ryan  and  P l u m b  (14) s h o w e d  that  t he  above  subse t  yields 
a lmos t  ident ica l  resul ts  w i th  t he  m o r e  comple t e  set  l is ted 

in thei r  work.  Reac t ions  [R1] and [R2] accoun t  for e tchan t  
(fluorine atom) p roduc t ion  by e lec t ron- impac t  d issocia t ion 
of  the  paren t  gas molecules .  The  overal l  p roduc t ion  rate is 
g iven  by (kpl + 2kp2)neCcF4. React ions  [R3]-[R5] accoun t  for 
v o l u m e  r ecombina t i on  of  the  reac t ive  a toms and radicals.  
The  rate  cons tan ts  for these  react ions  were  t aken  f rom Ref. 
(14) and  are  l is ted in Table  I. 

Mass ba lance  equa t ions  were  wr i t ten  for each  of  the  spe- 
cies F, CFi (i = 2, 3, 4), neg lec t ing  m u l t i c o m p o n e n t  diffu- 
s ion effects  and us ing  a p seudob inv ry  dif fus ion coeff icient  

oCi 
- -  + V"  VC i = V .  (Di,cF4CVxi) + G i [18] 
ot 

Here  C is the  total  gas concent ra t ion ,  and Ci, Di,CF4, and xi 
are the  concent ra t ion ,  b inary  diffusivi ty  in CF4, and mole  
f ract ion of  species  i, respect ively .  The  ne t  genera t ion  t e rms  
Gi are  g iven  as fol lows 

GF = (kplne + 2kp2ne)ecF4 - -  kvl(•FCcF 2 - k v 2 C F C c F  3 [19] 

GcF2 = kp2neCcF4 - k-~ICFCcF2 [20] 

Gcr3 = kplneCcf4 + kvlCFCcr2 - kv3C~r3 - kv2CFCcr3 [21] 

GCF4 = -(kp~ + kpDneCcF~ + k~2CrCcv3 [22] 

whe re  t he  rate  cons tan ts  kj are  no ted  over  the  correspond-  
ing  reac t ion  (Eq. [R1]-[R5]). He te rogeneous  (surface) reac- 
t ions en ter  in the  mater ia l  ba lance  th rough  the  bounda ry  
condi t ions .  Fo l lowing  Ede l son  and F l a m m  (21) and Dalvie  
et al. (4), the  he t e rogeneous  reac t ion  set inc luded  si l icon 
e t ch ing  (Eq. [R6]), sur face  r ecombina t i on  of  f luorine a toms 
[R7], sur face  r e c o m b i n a t i o n  of  CF3 [R8], and adsorp t ion  of  
CF3 on the  s i l icon surface  [R9] 

k~ 
4 F(g) + Si(s) ---> SiF4(g) [R6] 

ksl 
F(g) + CF3(s) ~ CF4(g) [R7] 

ks2 
CF3(g) + CF3(s) ---> C2F6(g) [R8] 

ks3 
CF3(g) + Si(s) --> CF3(s) [R9] 

whe re  the  des igna t ion  (s) impl ies  adsorbed  species  and (g) 
impl ies  gaseous-phase  species.  

Then,  the  b o u n d a r y  condi t ions  for Eq.  [18] are as fol lows 

BC1 

Outf low -D i ' cF4C ~ z  = v:(Cif - C3 [23] 

Oxi 
Inf low - - =  0 [24] 

Oz 

(gXi 
BC2, 4, 6, 7, 8 - 0 [25] 

On 
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BC3 

BC5 

whe re  
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" _ _ OXF 
--DF.CF4(-:-~Z = k~lOCf + k,Cf(1 - 0) [26] 

-DcF3,cF~ C OXc~s = k~(1 - e)Cces + k~2Ccr30 [27] 
oz 

OXcF4 0CcF2 
DCF4,cF4C = kslOCF - 0 [28] 

~z Oz 

I Out f low Oxi _ 0 

oz 

Inf low -Di,cF4C ~z i = v z ( C i f  - Ci)  

[29] 

[30] 

Table II. Reactor dimensions and operating conditions held fixed. 

H = 6 cm, L = 4 cm, Wi = 1.75 cm, Wo = 1.5 cm 
Ri = 1.25 cm, Ro = 27.5 cm, R t = 30 cm 

p = 0.5 torr, Tf = T w = 298 K 

O - k~3CcF3 [31] 

(k~3 + ks2)CcF3+ksleF 

In  the  above  equa t ions  i = F, CF2, CF3, CF4. The  e tch ing  
ra te  was  ca lcu la ted  by  

1 
r~ = -7 k,CF(1 - O) [32] 

4 

Here  O is the  f rac t ion  of  the  s i l icon surface  covered  by 
CF3, and  n is a long  the  d i rec t ion  no rma l  to the  surface.  The  
e t ch ing  reac t ion  [R6] rate  cons tan t  as a func t ion  of  tem-  
pe ra tu re  was  t aken  f rom F l a m m  et  al. (15), and  is shown  in 
Tab le  I a long  wi th  t he  va lues  a s s u m e d  for t he  o ther  param- 
eters.  BC1 and  BC5 are  Dankwer t s - t ype  (16) bounda ry  con- 
di t ions  at  the  reac to r  inlet  and  exit .  BC3 is the  react ion 
b o u n d a r y  cond i t i on  on  the  s i l icon surface,  BC2, 4, 6, 7 are  
the  no- reac t ion  b o u n d a r y  cond i t ions  on the  res t  o f  t he  re- 
ac tor  walls,  and BC8 is a s y m m e t r y  condi t ion.  

In  Eq.  [19]-[22], t he  ef fec t ive  d issocia t ion  rate cons tants  
kplne and  kp2ne are  func t ions  of  t ime  in a pu l sed-p lasma  
m o d e  of  operat ion.  In  such  case, the  species  concen t ra t ion  
d is t r ibu t ions  are func t ions  of  t i m e  as well. In  the  case of  
con t inuous -wave  reac tor  operat ion,  the  t ime  der iva t ive  
t e rms  in Eq.  [18] were  set  equa l  to zero, and the  ef fec t ive  
d issoc ia t ion  ra te  cons tan ts  were  t aken  as t ime- invar iant .  

I n  t he  case  of  pu l sed -p la sma  reactor ,  in o rder  to save 
c o m p u t a t i o n  t ime,  t he  mass  ba lance  equa t ions  were  aver- 
aged  over  t he  axial  (z) di rect ion,  resu l t ing  in a one-d imen-  
s ional  t i m e - d e p e n d e n t  radial  d i spers ion  model .  In  this 
model ,  the  average  gas ve loc i ty  was used  as a func t ion  of  
radius,  and the  d i spers ion  coeff ic ient  was  t aken  equa l  to 
the  species  d i f fus iv i ty  due  to the  low pressure  (17). The  
surface  reac t ion  t e rms  were  incorpora ted  into the  mass  
ba lance  by mul t ip ly ing  the  surface  reac t ion  rate by  the  
su r face - to -vo lume rat io (1/L in this  case). The  one-d imen-  
s ional  a p p r o x i m a t i o n  is e x p e c t e d  to be  good for h igh  
aspec t  ratio reactors  (large Rt/L) and has been  used  before  
(5, 6). 

M e t h o d  of Solut ion 
The  Pe t rov -Ga le rk in  finite e l emen t  m e t h o d  was em- 

p loyed  to solve the  gove rn ing  equat ions .  D u e  to the  axi- 
s y m m e t r i c  na tu re  of  the  p rob lem,  only ha l f  of  the  reac tor  
d o m a i n  was  cons idered .  The  computa t iona l  d o m a i n  and 
the  finite e l e m e n t  grid used  are  shown in Fig. 2. The  solu- 
t ion p r o c e d u r e  was  s imilar  to that  desc r ibed  before  (10). 
The  m o m e n t u m  balance,  cont inui ty ,  and ene rgy  ba lance  
equa t ions  (Eq. [1], [2], and [5], respect ive ly)  were  solved 
first. The  resu l t ing  ve loc i ty  and t e m p e r a t u r e  d is t r ibut ions  
w e r e  t h e n  subs t i tu ted  into  t h e  mass  ba lance  equa t ion  (Eq. 
[18]) to ob ta in  the  species  concen t r a t ion  dis t r ibut ions.  E tch  
rate  and  un i fo rmi ty  were  t h e n  calculated.  

In  the  case of  pu l sed-p lasma  reactor,  the  m e t h o d  of  l ines 
was used  wi th  co l loca t ion  on  finite e l emen t s  for the  spat ial  
discret izat ion.  The  solut ion p rocedure  was desc r ibed  else- 
whe re  (11, 22). The  per iod ic  s teady-state  was de tec ted  
us ing  the  same  cri ter ia  as before  (11). 

Results and Discussion 
Resul t s  are  first p re sen ted  for t he  cw reactor,  opera t ing  

at s teady  state, fo l lowed by  the  pu l sed-p lasma reactor.  
Table  I shows  the  rate cons tants  and diffusion coeff icients  
used.  The  rate  cons tan ts  for e lec t ron- impac t  d issocia t ion  
of  the  paren t  molecu les  (reactions [R1] and [R2]) cor- 
r e spond  to a p ressu re  of  0.5 torr. Table  II shows the  reactor  
d imens ions  and  opera t ing  condi t ions  he ld  fixed. Table  I I I  
shows  the  basic  va lue  for each  of  the  paramete rs  va r ied  
and  the  range  of  va lues  examined .  The  basic  pa ramete r  
va lues  were  used  unless  s ta ted otherwise .  

C o n t i n u o u s - w a v e  (~w) r e a c t o r . - - F o r  the  cw reactor,  full  
two-d imens iona l  s imula t ions  of  gas f low veloci ty ,  tem- 
perature ,  and species  concen t ra t ion  p r o f i l e s  were  con- 
ducted .  The  compu ta t i ona l  d o m a i n  and the  finite e l emen t  
gr id used  for the  s imula t ions  are shown  in Fig. 2. A finer 
gr id was used  near  the  inlet  to the  p lasma region,  s ince 
s teeper  g rad ien ts  were  an t ic ipa ted  in that  region.  Owing to 
the  a x i s y m m e t r i c  na tu re  o f  the  problem,  only  ha l f  o f  the  
reac tor  was cons ide red  (BC8 is a long the  axis of  symme-  
try). The  f low s t reaml ines  were  paral le l  to the  e lec t rode  
surfaces  in the  ma in  body  of  the  reac tor  away f rom the  cor- 
ne r  regions.  However ,  rec i rcu la t ing  eddies  were  fo rmed  in 
the  c o m e r s  near  t he  in le t  to and exi t  f rom the  plasma.  

F igure  3 shows  the  f luor ine-a tom mole  fract ion dis tr ibu-  
t ion in the  reac tor  for the  basic  pa rame te r  values.  The  
p lasma  was a s s u m e d  to be  conf ined  b e t w e e n  the  elec- 
t rodes  (i.e., for z > 0 in Fig. 3), and the  e lec t ron  dens i ty  was  
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Fig. 3. Fluorine-atom mole fraction distribution in the reactor for the 
basic parameter values shown in Table Ill. The expanded scale (mole 
fractions 0.0371-0.0464) applies to the space given approximately by 
(r = 15-30 cm, z > 0 cm). 
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assumed to decay rapidly to a zero value outside the 
plasma. The electron impact  dissociation reactions [R1] 
and [R2] occurred only in the plasma region. Other gas 
phase reactions occurred in the entire reactor volume. 

One observes that the F mole fraction starts out low at 
the reactor inlet, increases rapidly as the gas enters the 
plasma region (around r = 0 cm, z = 0 cm), and then de- 
creases as volume recombination (reactions [R3] and [R4]) 
and etching (reaction [R6]) deplete F. After the gas exits 
the plasma region, the F mole fraction decreases even fur- 
ther since there is no more source of F. Under  the condi- 
tions of Fig. 3, the max imum F mole fraction is 6.5%, and 
this max imum is achieved around the stagnation point 
(r = 0 cm, z = 4 cm), where the gas is relatively stagnant, 
resulting in higher degree of  dissociation of  CF4. The F dis- 
tribution shown in Fig. 3 would result in an etching rate 
profile decreasing monotonically along the direction of gas 
flow, except  near the outer edge of the lower electrode, 
where the F mole fraction shows a slight upward trend. 
This is a result of local loading, as the bare electrode does 
not consume fluorine. Hence the excess fluorine diffuses 
toward the reactive surface serving to enhance the etching 
rate around the outer periphery of the reactive surface. 
This phenomenon is entirely similar to the local loading ef- 
fect observed in single-wafer etchers (18, 10) and in down- 
stream etching reactors (19). 

The electron density distribution in plasma reactors is 
often assumed to correspond to the case of a diffusion-con- 
trolled discharge. Then, for a cylindrical container, the fol- 
lowing distribution results 

ne(r,z)=neosin(L)Jo(2"405r~ [33] 
\ R t /  

where Jo is the Bessel function of the first kind of order 
zero. However,  in electronegative gases, negative ions 
partly neutralize the space charge fields, resulting in an in- 
crease of the effective electron diffusivity, and a flattening 
of the electron density profile. In the present work, two 
electron density distributions were examined: a uniform 
and a Bessel function distribution. Figure 4a shows the 
etching rate as a function of radial position, for different 
gas flow rates, and for a uniform electron density distribu- 
tion. For low flow rates, the depletion of CF4 is appreciable, 
resulting in a monotonic decrease of the etching rate along 
the direction of gas flow. The average etching rate in- 
creases and the etching uniformity improves with increas- 
ing gas flow rate. The slight increase in the etching rate at 
the outer periphery of the reactive surface (r = 25 cm) is 
due to the local loading effect as explained in connection 
with Fig. 3. The slight local max imum in the etching rate 
near the inner periphery of  the reactive surface, which is 
observed at high gas flow rates (>500 sccm), is associated 
with a clockwise eddy driven by the incoming flow. This 
eddy 'feeds' the region around r = 7.5 cm with gas taken 
from upstream positions in the plasma which are richer in 
F. Figure 4b shows the etching rate profile for the case of a 
Bessel function electron density distribution. The average 
electron density and other conditions were as in Fig. 4a. 
One observes much stronger radial etching rate nonuni- 
formities as compared to Fig. 4a. This is a result of higher 
gas dissociation at the upstream locations because of the 
higher electron density there. However,  the average etch- 
ing rate is comparable to that of Fig. 4a. 

Figure 5a shows the etching rate profile for inward gas 
flow and for a uniform electron density distribution. Other 
parameters were at their basic value (Table III). As in the 
corresponding case of Fig. 4a, gas depletion along the flow 
direction leads to nonuniform etching. The etching rate 
decreases along the flow direction, except  for a slight up- 
turn near the inner periphery of the reactive surface, 
which can be attributed to local loading. The case of in- 
ward flow with a Bessel electron density profile is illus- 
trated in Fig. 5b. The increasing electron density along the 
flow direction more than counterbalances the reactant de- 
pletion effect, resulting in an inverse etching rate profile 
when compared to Fig. 5a. The etching rate profile is espe- 
cially nonuniform at high gas flow rates. The average etch- 
ing rate was calculated by 
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Fig. 4. Etching rate as a function of radial position along the reactive 
surface, for different gas flow rates, and for outward flow. Electron den- 
sity distribution was (a) uniform, and (b) Bessel. Other parameters were 
at their basic value. 

f Ro-Wo 2 r~rdr 
JRi+Wi 

ravg = {(R0 - W0) 2 - (1% + Wi) 2} [34] 

with r ,  given by Eq. [32]. The average etching rate as a 
function of gas flow rate is shown in Fig. 6 for both out- 
ward and inward gas flow, and for uniform electron distri- 
bution. The etching rate increases sharply with flow rate at 
low flow rates and becomes insensitive to flow rate for Q > 
600 sccm. At low flow rates, the feed gas is depleted to a 
high degree, and etching is limited by reactant supply. It is 
expected that the etching rate would pass through a maxi- 
m u m  for high enough values of the flow rate, when con- 
vective removal of active species would become the main 
loss mechanism. Figure 6 suggests that the reactor should 
be operated at a relatively high flow rate and in the inward 
flow configuration. However, at high flow rates, a large 
fraction of the feed gas passes through the reactor uncon- 
verted, resulting in poor utilization of the gas and greater 
expense. For the case of Bessel function electron distribu- 
tion, the average etching rate as a function of flow rate 
showed behavior very similar to that of Fig. 6. 

Etching uniformity results as a function of flow rate are 
summarized in Fig. 7. The uniformity index was defined 
by 

Tmax -- Tmin 
uI  - - -  [ 3 5 ]  

2Tavg 
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Fig. 5. Etching rate as a function of radial position along the reactive 
surface, for different gas flow rates, and for inward flow. Electron den- 
sity distribution was (a) uniform, and (b) BesseL Other parameters were 
at their basic value. 

A lower UI implies better  etching uniformity. Uniformity 
improves with increasing flow rate except  for the case of 
inward gas flow with a Bessel electron density distribu- 
tion. For a given flow direction, uniformity becomes gener- 
ally worse as the electron density distribution turns from 
uniform to Bessel. If  the electron density distribution is a 
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Fig. 7. Uniformity index as a function of flow rate, for different flow 
directions, and electron density distributions. Other parameters were at 
their basic value, 

Bessel function, inward gas flow is preferable. One ob- 
serves that, for Q > 200 sccm, the case of outward gas flow 
with uniform electron density yields the best uniformity. 

The effective dissociation rate constants kplne and k,,2ne 
may be varied by varying the power input  to the discharge, 
which, at a constant pressure, mainly affects ne. The effect 
of power on the etching rate and its profile is shown in 
Fig. 8, for which parameters were at their basic value. A 
value of ne = 1 corresponds to an electron density of 
10 TM cm -3. As power to the discharge (n e) increases, so does 
the etching rate, albeit the etching rate profile becomes 
more nonuniform. The UI was found to decrease (im- 
proved uniformity) as ne increased up to a value of 0.25. 
Further  increase of n~ resulted in monotonically increasing 
UI. 

Results up to this point were for an isothermal reactor, in 
which both the reactive surface and the reactor walls were 
kept at the same temperature  (298 K). The effect of the re- 
active surface temperature is shown in Fig. 9 for outward 
(Fig. 9a) and inward (Fig. 9b) flow, respectively. As ex- 
pected, the etching rate increases with temperature. How- 
ever, as temperature increases, the etching nonuniformity 
becomes severe because of substantial etchant depletion 
along the flow direction. In addition, the local loading ef- 
fect at the downstream edge of the etching surface be- 
comes increasingly important  with increasing tempera- 
ture. This is because of the greater disparity in reactivity 
between the etching surface and the surrounding elec- 
trode (18). The uniformity index as a function of tempera- 
ture is shown in Fig. 10. The uniformity becomes worse as 
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Fig. 6. Average etching rate as o function of flow rate for inward and 
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(u) outward flow, and (b) inward flow. Other parameters were at their 
basic value. 

temperature increases, and the outward flow configuration 
results in better uniformity as compared to inward flow. 
As was seen in Fig. 6, at low substrate temperature (298 K), 
inward flow results in slightly higher average etching rate 
as compared to outward flow. However, for higher tem- 
perature the outward flow gives better etching rate (com- 
pare Fig. 9a and b). Combining the results of Fig. 7, 9, and 
10, one concludes that, for relatively high substrate tem- 
perature and gas flow rate, the outward flow configuration 
yields the best etching rate and uniformity results, under  
the conditions examined. 
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Fig. 10. Uniformity index as a function of the silicon surface tem- 
perature. Conditions were as in Fig. 9. 
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Fig. 11. Square-wave modulation of the power input to the plasma, 
and schematic of time response of the average etching rate. 

Pulsed-plasma reactor.--In the pulsed-plasma reactor, 
power to the plasma is modulated at a frequency much 
lower than the common radio frequencies used to excite 
the discharge. A schematic of the power modulation and 
the resulting etching rate are shown in Fig. 11. The pulse 
period is Tp and power is applied only for time TI during a 
period. During the plasma-on fraction of the cycle, the 
common frequency of 13.56 MHz may be used to affect ef- 
ficient gas dissociation and to avoid intense ion bombard- 
ment  or charging of dielectric surfaces. The duty cycle is 
defined as fd% = 100 T1/Tp. After a sufficient number  of cy- 
cles, a periodic steady state will be reached for which the 
values of the dependent  variables (e.g., etching rate) will be 
the same at t ime t and time (t + nTp) where n is a positive 
integer. It is this periodic steady state which is of interest 
in the present work. In  the pulsed-plasma reactor, and for 
the pulsing frequencies of interest, the rate coefficients for 
electron-neutral reactions can no longer be taken as time- 
independent.  In  the present work, it was assumed that the 
effective dissociation rate constant is completely modu- 
lated according to the applied power waveform. This ap- 
pears to be a good assumption for the CF4 plasma (20). The 
modulation of the etchant production rate constant intro- 
duces a temporal variation in the species concentrations, 
and in turn  in the etching rate. However, neglecting vol- 
ume expansion due to reaction and gas heating, the fluid 
velocity and temperature distributions may be assumed to 
be t ime-independent.  The problem is then to first solve for 
the t ime-independent  fluid velocity and temperature dis- 
tributions, and then substitute hlto the t ime-dependent 
mass balance equations to solve for the concentration and 
etching rate distributions. This approach was followed in 
analyzing a two-dimensional pulsed-plasma single-wafer 
etcher (10). 

In  order to save computation time, an approximation 
was used in the present case. This approximation is based 
on the fact that for relatively high aspect ratio (Rt/L) reac- 
tors, a one-dimensional radial dispersion model may be a 
good representation of the real two-dimensional reactor. 
The surface reaction terms were accommodated in the 
one-dimensional model by multiplying by the surface-to- 
volume ratio. Dankwerts-type boundary  conditions were 
applied in the radial direction. A one-dimensional axial 
dispersion model was used to describe a pulsed-plasma 
CVD reactor with recycle (11). A one-dimensional disper- 
sion model of a radial flow reactor of the type examined in 
the present work has also been reported (5, 6). A compari- 
son of the predictions of the full two-dimensional model 
with the one-dimensional radial dispersion approximation 
is shown in Fig. 12. Parameters were at their basic value. 
One observes generally good agreement except for edge 
effects. The disagreement around the edges of the reactive 
surface is understood, because the Dankwerts boundary 
conditions used for the one-dimensional model are not as 
good of an approximation when applied at the plasma 
edge. 

The spatial and temporal variation of the etching rate is 
shown in the three-dimensional plot of Fig. 13. Parameters 
were at their basic value. The pulse period was 0.01 s, and 
the duty cycle was 50%. The two graphs correspond to the 
same 3-D plot viewed from two different angles. The plot 
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Fig. 12. Comparison of the etching rate radial profile obtained by the 
two-dimensional model and the one-dimensional radial dispersion ap- 
proximation. Parameters were at their basic value. 

pictures the periodic steady state achieved after a number  
of cycles. As expected, the etching rate increases during 
the power-on fraction of the cycle, attains a maximum, and 
starts decreasing as soon as the power is turned off. One 
observes that etching continues even after extinction of 
the plasma. This is expected for values of the pulse period 
which are not much longer than the fluorine atom lifetime. 
The latter depends on the rate constants of the F loss reac- 
tions and on the gas flow rate. Under  the present condi- 
tions, the volume recombinat ion reactions [R3] and [R4] 
are the most significant loss mechanism for F. The time- 
and space-averaged etching rate under  the conditions of 
Fig. 13 is 385/~Jmin. When prorated by the duty cycle, the 
average etching rate becomes 385/0.5 = 770/~min. The 
average etching rate of the cw reactor under  otherwise the 
same conditions is 525 A/min. One observes that the etch- 
ing rate achieved with the pulsed-plasma reactor, when 
prorated by the duty cycle, is higher than the correspond- 
ing rate of the cw reactor. The pulsed-plasma reactor can 
also yield better uniformity as discussed below. 

In  order to better unders tand the origin of the uniform- 
ity improvement  in the pulsed-plasma reactor, it is instruc- 
tive to examine the parent gas (CF4) concentration profiles 
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Fig. 14. Radial concentration profiles of CF4 in a pulsed-plasma reac- 
tor for a duty cycle of S0%. The cw reactor profile (at z = O) is also 
shown. Other parameters were at their basic value. 

along the reactor radius, shown in Fig. 14. Other condi- 
tions were at their basic value, and the duty cycle was 50%. 
One observes that the depletion of the parent gas is sub- 
stantially reduced by pulsing the plasma. During the 
plasma-off fraction of the cycle, CF4 is replenished by fresh 
feed and especially by the vo lume recombination reac- 
tions [R3] and [R4] which regenerate CF4. The concentra- 
tion profile becomes smoother as the pulse period de- 
creases. Minimizing the depletion of the parent gas results 
in better etching uniformity. Another method to minimize 
the gas depletion is to increase the flow rate. However, this 
approach also results in poor gas utilization, since large 
quantities of the gas pass through the reactor unconverted. 
Figure 15 shows the time-averaged etching rate distribu- 
tion along the reactor radius. The cw profile is also shown. 
Conditions were as in Fig. 14. The etching rate profile be- 
comes much smoother in the pulsed-plasma reactor, in ac- 
cordance with the discussion of Fig. 14. The etching rate 
increases with decreasing pulse period. This is because, 
with short pulse periods, the fluorine atom concentration 
will have less chance to decay during the plasma-off frac- 
tion of the cycle. The etching rate appears to saturate for 
very short pulse periods. The saturation value depends on 
the duty cycle. 

For a given pulse period, the time- and space-averaged 
etching rate was found to increase with duty cycle, since 
etchant production occurs for a larger fraction of time as 
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Fig. 13. Spatial and temporal variation of the etching rate in a 
pulsed-plasma reactor. Pulse period was 0.01 s and duty cycle was 
50%. Other parameters were at their basic value. 
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Fig. 16. Uniformity index as a function of the pulse period for differ- 
ent duty cycles. Other parameters were at their basic value. 

the duty cycle increases. Further, for a given duty cycle, 
the etching rate attained limiting values for very long and 
very short values of the pulse period. Similar behavior was 
observed in the analysis of a pulsed-plasma CVD reactor 
(11). The uniformity .index (UI) as a function of pulse pe- 
riod for different values of the duty cycle is shown in 
Fig. 16. The points are calculated UI values.and the solid 
lines are drawn to guide the eye. The etching uniformity 
appears to improve (lower UI) with increasing pulse period 
for low duty cycles (20%). However, the opposite is true for 
high duty cycles (80%) and long periods. From the etching 
rate point of view, a high duty cycle and a short pulse pe- 
riod are desirable. These happen to be the conditions 
which  also result in improved etching uniformity. 

The uniformity index as a function of flow rate is shown 
in Fig. 17. One observes that pulsing of the plasma is most 
beneficial at low flow rates, which also correspond to high 
depletion of the precursor gas. For otherwise basic param- 
eter values, it was found that for flow rates less than 
100 sccm, the pulsed-plasma reactor etching rate was 
nearly the same as the cw reactor etching rate (without 
prorating by the duty cycle). In addition, at these low flow 
rates, the pulsed-plasma reactor offers an improvement  in 
uniformity of over 50%, as seen in Fig. 17. It appears that, 
at high flow rates, the pulsed-plasma reactor offers no ad- 
vantage from the etching rate and uniformity point of 
view. However, high flow rates result in low utilization of 
the parent gas. 
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Fig. 17. Uniformity index as a function of the flow rate in a cw reac- 
tor and a pulsed-plasma reactor. Other parameters were at their basic 
value. 

Table III. Operating conditions varied. 

Quantity Basic value Range examined 

Flow rate, Qo 200 sccm 50-1000 sccm 
Si temperature, Ts 298 K 298-573 K 
Flow direction Outward Inward 
Electron distribution Uniform Bessel 
Electron density 10 TM cm -3 109-2 101~ cm -3 
Pulse period 0.01 s 0.002-0.1 s 
Duty cycle 50% 20-80% 

Summary  and Conclusions 
A numerical  simulation of silicon etching using tetra- 

fluoromethane in a radial flow reactor was conducted. 
Finite element  methods were employed to solve for the 
two-dimensional fluid velocity, temperature, and species 
concentration distributions in a continuous-wave (cw) re- 
actor. The effect of gas flow rate, flow direction, electron 
density and its distribution, and temperature, on the etch- 
ing rate and uniformity was examined. The range of pa- 
rameter values studied is shown in 'Table III. In the range 
of flow rates examined (50-1000 sccm), the etching rate in- 
creased monotonically with flow rate. The etching uni- 
formity improved with increasing flow rate except  for in- 
ward flow with a Bessel electron density distribution. The 
etching rate increased by increasing the effective etchant 
production rate constant (power to the plasma). The uni- 
formity index passed through a min imum (optimum uni- 
formity) as power to the plasma varied. The etching rate in- 
creased, but the uniformity degraded by increasing the 
silicon surface temperature. At low substrate temperature 
(298 K), inward flow resulted in higher average etching 
rate when compared to outward flow. However, the trend 
reversed for higher substrate temperature. For flow rate 
higher than 200 sccm, outward flow with a uniform elec- 
tron density gave the best uniformity. 

A one-dimensional t ime-dependent  radial dispersion 
model  was also formulated and was used to study a 
pulsed-plasma reactor. The one-dimensional model  was 
found to yield etching rate results in reasonable agreement 
with the results of the full two-dimensional model. The ef- 
fect of pulse period and duty cycle on etching rate and uni- 
formity was studied. The etching rate of the pulsed-plasma 
reactor, when prorated by the duty cycle, was higher than 
that of the cw reactor. The etching rate increased with de- 
creasing pulse period and with increasing duty cycle. The 
etching rate saturated for very short and very long pulse 
periods. It was further found that, at high duty cycles, the 
etching uniformity improved by decreasing the pulse pe- 
riod. Under  conditions which would result in high de- 
pletion of the precursor gas in a continuous-wave reactor 
(i.e., for low flow rates), the pulsed-plasma reactor can 
offer substantial improvement  in uniformity without sacri- 
ficing the etching rate. 

The present model  is only an approximation of a real ra- 
dial flow reactor. For example, the lower electrode was as- 
sumed to be completely covered with silicon (except for 
the area around the edges). In practice, only discrete areas 
of the lower electrode are covered by wafers. Hence, the 
present model  yields information ,on the wafer-to-wafer 
uniformity, but  no information on the intrawafer uniform- 
ity. The latter was examined in Ref. (7). In addition, the 
gas-phase and especially the surface reaction kinetics is 
based on inexact knowledge. For example, the adsorption- 
reaction-desorption of CF= on the silicon surface is poorly 
understood. Nevertheless, the present model  may be used 
to draw at least qualitative information on the response of 
a radial flow reactor to variations in the operating condi- 
tions. Furthermore,  the pulsed-plasma reactor concept 
may be beneficial for radial flow reactors used for either 
etching or deposition. Clearly, the model  coupled with ex- 
perimental  observations can be a more useful tool for ana- 
lyzing plasma reactors. 
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Xi 
Z 

Greek 

0 
K 

p 
T 

mole fraction of species i 
axial  coordinate,  cm 

surface coverage by CF3 
gas thermal  conductivity,  cal/(cm-s-K) 
gas viscosity, g/(cm-s) 
gas density, g/cm 3 
stress tensor  (Eq. [3]) 

C 
Ci 
Ce 

~iCF 4 
fd, 
Gi 
Gh 
g 
H 
k~ 
kpl, kp2 

k~l, k~, k~ 

ksl, ks2, ks3 

L 
ne 
P 
Q 
Qo 
Ri 
Ro 
Rt 
r 
% 
ravg 
T 
T~ 
To 
Tf 
Tp 
UI 
V 
Vz 
Vr 
Vavg 
Va*vg 
Wi 

Wo 

LIST OF SYIVIBOLS 
total  gas concentration,  mo]/cm 3 
concentrat ion of species i, moYcm 3 
feed concentrat ion of species i, mol/cm 3 
heat  capaci ty  at constant  pressure,  cal/(g-K) 
diffusivity of species i in CF4, cm2/s 
duty  cycle, % 
net  generat ion rate of species i, mol/(s-cm 3) 
generat ion rate of heat, cal/(s-cm ~) 
gravitat ional  acceleration, cm/s 2 
length of central  por t  (see Fig. 1), cm 
etching rate constant  (reaction R6), cm/s 
e tchant  product ion rate constants  (reactions 
R1 and R2), cm3/s 
volume recombinat ion  rate constants  (reac- 
t ions R3-R5), cm3/(mol-s) 
surface recombinat ion rate constants (reac- 
tions R7-R9), cm/s 
interelectrode spacing, cm 
electron density, cm -3 
pressure,  dynes/cm 2, torr  
gas flow rate at reactor conditions,  cm3/s 
feed gas flow rate, sccm 
radius of  central  por t  (see Fig. i), cm 
radius of  lower electrode (see Fig. i), cm 
radius of  upper  electrode (see Fig. 1), cm 
radial  coordinate,  cm 
etching rate, A/min 
average etching rate, A/min 
gas temperature ,  K 
sil icon surface temperature,  K 
reference temperature ,  298 K 
feed gas temperature ,  K 
pulse period, s 
uniformity index (Eq. [35]) 
fluid veloci ty vector, cm/s 
axial  velocity component ,  'cm/s 
radial  velocity component ,  cm/s 
average gas velocity in central  port, cm/s 
average gas velocity in outer  port, cm/s 
width  of inner  r ing of lower electrode not 
covered by  silicon (see Fig. 1), cm 
width  of outer  r ing of lower electrode not  
covered by  silicon (see Fig. 1), cm 
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