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Theoretical and Experimental Investigations of Chlorine RF 
Glow Discharges 

II. Experimental 

Eray S. Aydil 1 and Demetre J. Economou 

Department of Chemical Engineering, University of Houston, Houston, Texas 77204-4792 

ABSTRACT 

Key plasma propert ies  of a 13.56 MHz chlorine glow discharge were measured using several p lasma diagnostic tech- 
niques. Electron densi ty  and energy, self-sustained electric field, RF  current  flowing through the plasma, ion bombard-  
ment  energy, and atomic chlorine concentrat ion were measured as a func t ionof  reactor operat ing conditions.  The experi-  
mental  data were compared to the predict ions of a p lasma reactor model  which included details of the bulk  plasma. Good 
agreement  between the measured and predicted values of all the above plasma propert ies  was obtained over a range of 
pressure,  power, and electrode spacing without  adjust ing any reaction rate coefficients. 

In  the preceding paper  (hereafter to be referred to as 
Par t  I), a comprehensive  p lasma reactor  model  for a chlo- 
rine discharge was developed including details of the bulk 
plasma (1). The model  was used to predict  key internal 
propert ies  of the p lasma such as the electron energy distri- 
but ion function, electron density, self-sustained electric 
field, peak  RF current,  ion bombardmen t  energy, and 
atomic chlorine concentrat ion profiles. These internal 
p lasma propert ies  directly affect the p lasma etching pro- 
cess outcome, namely,  the etch rate, uniformity, and ani- 
sotropy. In  order  to test  the model  predictions,  measure- 
ment  of the key  internal  p lasma propert ies  is necessary. 

Recent  advances  in in situ plasma diagnostic techniques 
have contr ibuted to basic unders tanding of  the p lasma 
etching process (2). Optical emission spectroscopy and 
laser induced fluorescence (3-6), Langmuir  probe measure- 

1 Present address: AT&T Bell Laboratories, Murray Hill, NJ 
07974-2070. 

ments  (7-9), mass spect rometry  (10, 11), ion bombardmen t  
flux and energy analysis (12, 13), p lasma impedance analy- 
sis (14, 15), and laser interferometry (16) have all proven 
most  useful. Each of the  above plasma diagnostic tech- 
niques has its own advantages and limitations. Thus, more 
than one diagnost ic  needs to be used to obtain comple- 
mentary  information. In  this study, a variety of p lasma di- 
agnostics were used to moni tor  in situ key internal plasma 
properties,  and to relate observed reactor performance to 
changes in easily controllable and measurable  external  
variables such as power, pressure,  flow rate, and reactor 
geometry.  

There are a number  of  exper imental  studies of  the  chlo- 
rine plasma. Richards et at. (17) measured the atomic chlo- 
rine concentrat ion in a parallel  plate reactor using optical 
emission act inometry and infrared absorpt ion spectros- 
copy. The authors found that  the atomic chlorine mole 
fraction var ied between 0 and 0.1. Rogoff et al. (18) inferred 
the atomic chlorine concentrat ion in a similar-type reactor 
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from measurements  of the molecular chlorine density 
using laser absorption. They reported that the atomic chlo- 
rine mole fraction varied between 0.4 and 0.6. Donnelly 
et al. (19) used laser induced fluorescence to measure the 
density of molecular chlorine ions in a chlorine discharge. 
Other investigators studied the negative ion density (20). 
Donnelly et al. (5), F lamm and Donnelly (21), and Flamm 
(22) studied the optical emission, electrical, and etching 
characteristics of the chlorine plasma, with emphasis on 
the effects of frequency. Bruce and Reinberg (23) studied 
the effect of dc bias on the ion bombardment  energy distri- 
but ion and on the etch profiles. 

The information and insight gained from the above and 
other works were used in Part I to construct a comprehen- 
sive plasma reactor model of the chlorine discharge. In  
this paper, the model predictions are compared with ex- 
perimental  measurements  in an empty reactor (no wafer 
present) in order to demonstrate the  validity of the model. 

Experimental System 
The plasma reactor used in this study consisted of three 

chambers: an etching chamber, a sampling chamber, and a 
load lock-chamber. The reactor design is similar to that of 
Allen et al. (14). The etching chamber and the sampling 
chamber are shown in Fig. 1. The plasma was sustained 
between two equal-area, 20.3 cm diam parallel plate elec- 
trodes in the etching chamber. The spacing between the 
hard anodized a luminum showerhead upper electrode and 
stainless steel grounded lower electrode was adjustable 
and varied between 1.27 and 5 cm in this study. The lower 
electrode could be replaced by a hard anodized a luminum 
electrode to study the effects of different electrode mate- 
rial. The upper  powered electrode was surrounded by a 
5.08 cm wide Teflon ring, and the lower electrode was sur- 
rounded by a 7.62 cm wide floating alumina shield to aid in 
plasma confinement. The temperature of both electrodes 
was controlled by a chiller/heater (Bay Voltex, Tempryte, 
HS-3500-WC-DC-SX). The chamber pressure was con- 
trolled by a closed-loop system consisting of a pressure 
t ransducer (MKS 222B), an exhaust throttle valve 
(MKS 253), and a controller (MKS 252A). Gas flow rate was 
regulated by mass flow controllers (Unit Instruments  
UFC-1100). Gases used were ultra pure chlorine, and pre- 
purified argon, the latter used for actinometry. The total 
gas flow rate was set at 25 sccm unless noted otherwise. 
The etching chamber was pumped by a two-stage rotary 
vane mechanical pump (Edwards E2M40) with Fomblin  oil 
service and an external oil filtration unit. A 600 I/s diffu- 
sion pump with a LN2 trap (Edwards Diffstak CR160) was 
used to remove residual water vapor and achieve a back- 
ground pressure of less than 10 -5 Torr. Power was applied 
to the upper  showerhead electrode by a 500 W, 13.56 MI-Iz 
generator (RF Plasma Products RF5S) and was coupled to 
the plasma through an impedance matching network. The 
forward and reflected power were monitored by a direc- 
tional wattmeter (Bird 4410A). The applied power was very 
stable and the reflected power was typically less than 0.5% 
of the forward power. The actual power dissipated in the 
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Fig. 1. Schematic of the experimental system and plasma diagnostics. 
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discharge was measured with a digitizing oscilloscope (see 
below). 

The sampling chamber was differentially pumped with a 
50 Ys turbomolecular pump (Balzers TPU050) and could 
communicate with the etching chamber through a 100 ~m 
diam pinhole on the lower electrode. Plasma species inci- 
dent  onto the lower electrode were sampled through this 
pinhole and analyzed with a mass spectrometer (UTI 100C 
with HP data acquisition) situated directly under  the pin- 
hole. The mass spectrometer was encased in a liquid nitro- 
gen trap to lower the background pressure of condensible 
gases. The base pressure in the lower chamber was typi- 
cally less than 10 -8 Torr. A retarding grid energy analyzer/ 
Faraday cup assembly placed between the pinhole and the 
mass spectrometer (Fig. 1) was used to measure the ion 
bombardment  flux and energy distribution function 
(12, 13). 

The optical emission collection system (Fig. 2) was simi- 
lar to the one described by Economou et al. (24). Plasma 
emission was collected through a quartz side window, and 
passed through five iris diaphragms in  order to attain spa- 
tial resolution and reduce reflections. A filter was used to 
block plasma emission at wavelengths less than 500 nm in 
order to avoid second-order interference in the spectrum. 
The light was focused onto the end of an optical fiber with 
the aid of a lens, and was transmitted to the entrance slit of 
a monochromator (Thermo Jarrell Ash Monospec 27). A 
diode-array detector (Princeton Inst ruments  RY-1024 with 
ST-120 controller and PC data acquisition) was used to de- 
tect and  record spectra. The optical train was mounted on 
a movable stage which could be translated on a plane par- 
allel to the electrodes by a stepping motor. Thus, spectra 
were obtained as a function of the side-on observation co- 
ordinate. The data were processed using principles of opti- 
cal emission actinometry (3) and the Abel transformation 
(24) to obtain the radial emission and in turn  the concentra- 
tion profiles of atomic chlorine. 

Application of actinometry to monitor the atomic chlo- 
rine concentration in  a chlorine discharge requires care. 
Actinometry can be used when the excited state whose 
emission is being monitored is created only by electron 
impact excitation from the ground state. The contribution 
to production of excited atomic chlorine of other path- 
ways, such as dissociative excitation and dissociative at- 
tachment  must  be negligible. Gottscho and Donnelly (4) 
concluded from observations of the spectral line shapes 
that actinometry is invalid for C1 atoms if the emission 
from the sheaths is sampled. However, the authors found 
that actinometry can be used to monitor atomic chlorine 
concentration if emission is sampled from the plasma cen- 
ter, excluding the sheaths. Richards et al. (17) found acti- 
nometry to be invalid for monitoring C1 atoms in a chlorine 
discharge. However, the authors sampled plasma emission 
from the entire discharge, including the sheaths. Flamm 
and Donnelly (21) concluded that actinometry can give an 
erroneous measure of atom concentration if the viewing 
area is not  restricted to the center of the plasma. In  the 
present study, care was taken to sample emission from the 
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central plane of the discharge, away from the sheaths. A 
small amount  (5% by volume) of argon was added as the 
actinometer gas. Either the 837.6 nm or the 808.7 nm C1 
line was monitored, along with 811.5 nm Ar actinometer 
line. When using the 808.7 nm line, the dependence of C1 
concentration on pressure and power was nearly identical 
to the laser absorption measurements of Richards et al. 
(17). Hence the 808.7 nm, line was preferred over the 
837.6 n m  line. 

The Faraday cup/ion grid analyzer was similar to the one 
used by other investigators who have also described the 
principles of operation (11-13, 25). Briefly, the analyzer 
consisted of three high-transmission tungsten grids and a 
stainless steel plate which served as a Faraday cup. The 
energy distribution of ions bombarding the electrode was 
determined by applying a constant negative potential to 
the top grid in order to repel electrons, and measuring the 
current I+ at the Faraday cup as a function of the positive 
potential V, applied to the center grid. The ion energy dis- 
t r ibution function was calculated from the Faraday cup 
current-voltage characteristics using 

1 dI+(E+) 
fizD(E+) = [1] 

I+o dE+ 

where E+ = eva. The total ion current, I+0, through the pin- 
hole was measured using a picoammeter (Keithley 619) by 
biasing all grids and the cup at a large negative potential 
(-50 to -100 V). The total ion current was the sum of the 
currents collected by the grids and the Faraday cup. The 
mean ion energy was calculated from the distribution 
function. The mean energy is defined by 

-E+ = ~: E+fmD(E+)dE+ [2] 

The median energy is defined such that the fraction of ions 
having energies below or above the median energy is 0.5. 
Assuming that the ions are singly charged, the median 
energy corresponds to the potential V~ at which the Fara- 
day cup current is equal to I+o/2. The median energy can be 
measured very conveniently without recording the entire 
ion energy distribution function. The ratio of mean to me- 
dian ion energy was found to be approximately constant. 

Several types of Langmuir  probes were used in this 
study, including a double asymmetric Langmuir  probe, a 
single probe operating in the orbital motion limited (OML) 
regime, and a single probe operating in the thin sheath 
limit regime. The double asymmetric probe consisted of 
two tungsten wires encaged by a 0.635 cm od ceramic tube. 
The larger wire had a diam of 0.1 cm and protruded 1 cm 
from the tip of the ceramic holder. The smaller wire was 
0.0127 cm in diam and protruded 0.25 cm from the tip of 
the ceramic holder. The two wires were separated by 
0.1 cm. The larger wire was also used independently as a 
single probe operating in the thin sheath limit regime, and 
the smaller wire was used as a single probe operating in 
the OML regime. An RF filter consisting of a network ofin- 
ductors and capacitors was used to minimize the RF cur- 
rent collected by the probes. The literature on the 
Langmuir  probes is voluminous. References (27-31) are 
particularly thorough reviews. 

The current and voltage waveforms were measured at 
the RF feedthrough and corrected for stray capacitance 
(165 pF, in parallel with the plasma impedance) and line in- 
ductance (0.5 ttH, in series with the plasma). The stray ca- 
pacitance and line inductance were measured using stan- 
dard techniques (12, 32) as well as from the network 
resonance frequency for different electrode spacings in 
the absence of a plasma. Different methods agreed to 
within 5%. The current was measured using a wide band 
current transformer (Pearson Model 4100), and the voltage 
was sampled through a high voltage probe (Tektronix 
P6134). Both current and voltage waveforms were re- 
corded using a 500 MHz digitizing oscilloscope (Textronix 
11401). The actual power dissipated in the plasma was cal- 
culated from the product of the corrected current and volt- 
age waveforms, accounting for the phase shift. The power 
was found to be greater than 90% of the nominal  power for 
most  cases (see Results and Discussion] 

Vol. 139, No. 5, May 1992 �9 The Electrochemical Society, Inc. 

Impedance Analysis 
Measurement of the current and voltage waveforms can 

provide considerable information about the internal 
plasma properties if an appropriate equivalent circuit of 
the discharge can be constructed. Allen et al. (14), Zarowin 
(15), Butterbaugh et al. (33), and Ulacia and McVittie (34) 
have demonstrated the utility of this technique. In  the 
present study, impedance analysis was used to estimate 
some important  plasma properties, such as electron den- 
sity, time-average sheath capacitance, thickness, and volt- 
age as well as the bulk plasma resistance. 

Using the model described in Part  I, it was established 
that for the parameter range of interest the chlorine bulk 
plasma acts as a resistor Rp. In  addition, the power dissi- 
pated in the sheaths as estimated from the measured ion 
bombardment  flux and sheath voltage was a small fraction 
of the total power input. Hence the sheaths may be repre- 
sented as ideal capacitors with capacitance Cs. Under 
these conditions the equivalent circuit of Zarowin (15) re- 
duces to the circuit shown in Fig. 3, which was used for the 
impedance analysis in this study. The same simplified 
equivalent circuit has been used before by other investi- 
gators (14, 35). The plasma resistance and sheath capaci- 
tance can be calculated from the measured current and 
voltage waveforms and the phase shift r between the two 
using 

V0 
R p  = - -  c o s  ~ [3]  

I0 

I0 
c ,  - [4] 

vmaV0 sin ~b 

The average electron density, <n~>, time-averaged sheath 
potential, Vs, and time-averaged sheath thickness, ds, can 
be calculated from 

2L 
< n c >  - - -  [5] 

e A ~ R p  

I0  
V s  - [6] 

2~vaCs 

A 
ds = e o - -  [7] 

Cs 

In  addition one can calculate the effective self-sustained 
bulk electric field to neutral density ratio (E/N) from 

E V0 cos 

N 2 V ~ L  
[6]  

The product  of electron mobili ty and neutral gas density 
was taken to be constant  at 5.633 • 102' (cm-V-s) -1. 

Despite the care taken to confine the plasma between 
the electrodes, the plasma volume changed as power and 
pressure were varied. Expansion of the plasma by even 
1 cm beyond the 10.15 cm electrode radius results in an in- 
crease of the plasma volume by 21%. In  order to account 

SHEATH 

SHEATH 

_2__ 

I m 

Oscilloscope 

c~ 

_...._.~_ c~ 

Fig. 3. Equivalent circuit for the chlorine plasma used in the imped- 
ance analysis. 
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for variations in the plasma volume, the plasma radius was 
measured as a function of operating conditions using spa- 
tially resolved optical emission. The plasma emission in- 
tensity was found to decrease gradually over a few cm be- 
yond the electrode edge. In  the following comparisons the 
measured plasma radius was used to calculate the plasma 
volume. All measurements  reported below were per- 
formed in an empty reactor (no wafer present). 

Results and Discussion 
The power efficiency was defined as the ratio of power 

dissipated in the plasma (measured from the corrected 
voltage and current waveforms) to the nominal  power 
(measured by a Bird power meter). The power efficiency 
decreased with increasing plasma impedance. It was 
greater than 90% when the total plasma impedance was 
less than about 200 II. The impedance of the chlorine 
plasma decreased with increasing power and decreasing 
pressure. The plasma impedance was less than 200 f~ when 
the pressure was below 0.5 Torr and at the same time the 
RF power was above 25 W. As pressure was increased, a 
higher power was required (>75 W at 1 Torr) to keep the 
plasma impedance below 200 II. The dependence of power 
efficiency on plasma impedance was studied recently by 
Godyak and Piejak (32). The power reported in all the fig- 
ures below is that dissipated in the plasma. 

The plasma impedance is the sum of the capacitive 
sheath impedance and the bulk plasma resistance. It was 
found that the sheaths contributed 20-50% to the total im- 
pedance, depending on operating conditions. As a result, 
the measured phase shift between voltage and current 
waveforms varied between 25 ~ at low power and/or high 
pressure conditions (low electron density, high bulk resis- 
tance) to 70 ~ at high power and/or low pressure conditions 
(high electron density, low bulk resistance). In  contrast to 
SF6, which is also strongly electronegative (36, 37), the 
chlorine discharge did not show any inductive behavior in 
the parameter range investigated in this study. 

The bulk plasma model (see Part I) is capable of predict- 
ing the self-sustained electric field, time-averaged electron 
density, peak current flowing through the plasma, and 
electron impact reaction rate coefficients. Figure 4 shows a 
comparison between the predicted and measured rms self- 
sustained electric field to neutral  density ratio as a func- 
tion of NA. It was shown theoretically that the self-sus- 
tained field is a function of NA only for a given atomic 
chlorine mole fraction (1). In  Fig. 4 the (E/N)~ measured 
for a range of pressure (0.2-1 Torr), power (20-200 W), and 
electrode spacing (1.27-2.54cm) is compared to the 
theoretical predictions (solid lines) calculated for an 
atomic chlorine mole fraction of 0 and 0.2. The atomic 
chlorine mole reaction was less than 0.2 as the pressure, 
power, and electrode spacing were varied. The accuracy of 
the impedance analysis used to determine (E/N)~ is simi- 
lar to the difference between the theoretical curves for 
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mean square self-sustained electric.field to neutral density ratio as a 
function of RF power. 

0 and 0.2 atomic chlorine mole fraction. The agreement be- 
tween the predicted and measured E/N is satisfactory con- 
sidering the fact that the bulk plasma model does not con- 
tain any adjustable parameters. The theory further 
predicted that, for moderate changes in the atomic chlo- 
rine mole fraction, the self-sustained electric field is a 
weak function of the RF power. The measured and calcu- 
lated self-sustained electric field as a function of power is 
shown in Fig. 5, which confirms the model prediction. The 
disagreement between theory and experiment at low 
power is due to the high plasma impedance which intro- 
duces higher error in the measurement  of E/N. 

The electron density, measured by impedance analysis, 
is shown in Fig. 6 as a function of power for several pres- 
sures and for 1.27 cm electrode spacing. The agreement be- 
tween theory and experiment  is satisfactory considering 
that no adjustable parameters were used. The electron 
density increases linearly with power and decreases with 
pressure. At high power, the dependence turns into sub- 
linear, because the plasma volume also increases. The de- 
crease of electron density with pressure may be partly 
counterbalanced by the decrease of plasma volume as 
pressure increases. In  fact, depending on the plasma con- 
finement method used, changes in plasma volume may 
dominate the dependence of electron density on pressure. 
This underscores the need for physically or magnetically 
confining the plasma in commercial reactors to achieve 
high power density. This in turn  results in high reactive 
radical concentration, ion bombardment  energy, and etch 
rate. The measured and calculated electron density also 
agreed when the interelectrode spacing was 2.54 cm. The 
electron density decreased with increasing electrode spac- 
ing because of decrease in power density and increase in 
NA (see Fig. 10 of Part I). 

Predicted and measured values of the peak current, I0, 
flowing through the plasma as a function of power and 
pressure for 1.27 cm electrode spacing are shown in Fig. 7. 
Good agreement between theory and experiment is again 
seen. The current increases with increasing power and de- 
creases with increasing pressure because the electron den- 
sity has the same dependence on power and pressure. 
Measured values of peak current as a function of power 
and pressure for an electrode spacing of 2.54 cm agreed 
equally well with the calculated values, in the absence of 
complicating phenomena,  such as multiple steady-states 
(38). The peak current decreased with increasing electrode 
spacing because the average electron density decreased, 
and the current path increased causing the plasma resis- 
tance to increase. Hence, one may also think of the current 
decrease with increasing electrode spacing as being due to 
an increase in the bulk plasma resistance (for constant 
power). The current was sinusoidal for a 2.54 cm electrode 
spacing but  became somewhat distorted as the electrode 
spacing was decreased below 1.5 cm. The current was as- 
sumed to be sinusoidal in the bulk plasma model. The 
agreement between theory and experiment  even at 
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Fig. 6. Comparison of measured 
(points) and calculated (lines) 
time-averaged electron density as 
a function of RF power for 1.27 cm 
electrode spacing, 25 sccm, and 
(a) 0.3; (b) 0.5; (c) 0.7; and (d) 
1.0 Torr. 
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1.27 c m  e l ec t rode  s p a c i n g  i nd i ca t e s  t h a t  t he  b u l k  p l a s m a  
b e h a v i o r  is d e t e r m i n e d  p r i m a r i l y  b y  t h e  f u n d a m e n t a l  fre- 
q u e n c y  a n d  t h a t  t h e  e f fec t  of  h a r m o n i c s  a p p e a r s  to  b e  of  
s e c o n d a r y  i m p o r t a n c e  for  t h e  p a r a m e t e r  r a n g e  s tud ied .  

D o u b l e  L a n g m u i r  p r o b e  t h e o r y  w as  u s e d  to d e t e r m i n e  
t h e  e l e c t r o n  " t e m p e r a t u r e "  f r o m  t he  p r o b e  cu r r en t -vo l t age  
cha rac t e r i s t i c s  (28). T h e  p r o b e  t h e o r y  a s s u m e s  t h a t  t h e  
e l e c t r o n  e n e r g y  d i s t r i b u t i o n  f u n c t i o n  (EEDF)  is Max-  
wel l ian .  H o w e v e r ,  t he  E E D F  for  t h e  c h l o r i n e  p l a s m a  calcu-  
l a t ed  u s i n g  t h e  B o l t z m a n n  t r a n s p o r t  e q u a t i o n  was  n o n -  
M a x w e l l i a n  (see P a r t  I). Neve r the l e s s ,  t he  e l ec t ron  " t e m p -  
e r a t u r e "  ca l cu l a t ed  f r o m  t h e  p r o b e  t h e o r y  is ind ica-  
t ive  o f  t h e  e n e r g y  o f  t h e  e lec t rons .  T h e  m e a s u r e d  e l ec t ron  
t e m p e r a t u r e  was  3.5 +- 0.5 eV at  0.4 Tor r  a n d  2.54 c m  elec- 
t r o d e  spac ing .  F o r  c o m p a r i s o n ,  t h e  ca l cu la t ed  t ime-  
a v e r a g e d  cha rac t e r i s t i c  e n e r g y  was  f o u n d  to b e  4.5 eV. The  
m e a n  e l e c t r o n  e n e r g y  was  ca l cu la t ed  to b e  3.3 eV (39). The  
rad ia l  u n i f o r m i t y  of  e l ec t ron  d e n s i t y  w as  t e s t e d  b y  meas -  
u r i n g  t h e  d o u b l e  p r o b e  s a t u r a t i o n  c u r r e n t  as a f u n c t i o n  of  
rad ia l  p o s i t i o n  in  t h e  cen t r a l  p l a n e  of  t h e  reactor .  T he  sa tu-  
r a t i o n  c u r r e n t  was  c o n s t a n t  to  w i t h i n  10% f rom c e n t e r  to 
e l ec t rode  edge ,  d e c r e a s i n g  t h e r e a f t e r  to zero at  t h e  edge  of  
t h e  p l a s m a  ove r  a d i s t a n c e  of  a few cm.  T h e r e  we re  rad ia l  
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Fig. 7. Comparison of measured (points) and calculated (lines) peak 
current as a function of RF power. The interelectrode gap was 1.27 cm 
and the flow rate was 25 sccm. 

c h a r g e  d e n s i t y  a n d  e l ec t ron  e n e r g y  g r a d i e n t s  at  t he  edge  of  
t h e  p l a s m a  w h i c h  p e n e t r a t e d  in to  t h e  p l a s m a  a d i s t a n c e  
a p p r o x i m a t e l y  e q u a l  to  t h e  i n t e r e l e c t r o d e  gap.  

T h e  t i m e - a v e r a g e d  s h e a t h  vo l t age  ca l cu la t ed  f rom Eq.  [6] 
was  u s e d  as i n p u t  to  t h e  s h e a t h  m o d e l  d e s c r i b e d  in  P a r t  I 
to  p r e d i c t  t h e  m e a n  ion  b o m b a r d m e n t  e n e r g y  ( n o r m a l  to 
t h e  e lec t rode)  as a f u n c t i o n  of  power ,  p ressu re ,  a n d  elec- 
t r o d e  spac ing .  T h e  col l i s ion  c ross  s ec t i on  u s e d  for  t h e  C12- 
CI~ s y s t e m  was  1.5 x 10 -16 c m  2 c lose  to 2.57 x 10 -16 c m  2 re- 
p o r t e d  in  t h e  l i t e r a tu re  (40). T h e  p r e d i c t e d  a n d  m e a s u r e d  
va lues  a re  c o m p a r e d  in  Fig. 8 for  1.27 c m  in t e r e l ec t rode  
gap.  S imi l a r  t r e n d s  w e r e  o b t a i n e d  for  a n  i n t e r e l ec t rode  
s p a c i n g  o f  2.54 c m  a n d  for  p r e s s u r e  less  t h a n  0.5 Tor r  (for 
w h i c h  a p l a s m o i d  does  n o t  form). F r o m  t h e  ion  e n e r g y  dis- 
t r i b u t i o n  f u n c t i o n s  m e a s u r e d  a t  severa l  cond i t ions ,  i t  was  
f o u n d  t h a t  t h e  ra t io  of  m e a n  to m e d i a n  ion  e n e r g y  was  con-  
s tant .  A n u m b e r  of  t h e  e x p e r i m e n t a l  da t a  p o i n t s  of  m e a n  
e n e r g y  s h o w n  in  Fig. 8 we re  o b t a i n e d  b y  m e a s u r i n g  t h e  
m e d i a n  e n e r g y  w i t h o u t  m e a s u r i n g  t h e  c o m p l e t e  d i s t r ibu-  
t i on  func t ion .  A t  low p r e s s u r e  (P  < 0.5 Torr)  t he  ion  bom-  
b a r d m e n t  e n e r g y  i n c r e a s e s  r ap id ly  as a f u n c t i o n  of  p o w e r  
p r i m a r i l y  d u e  to  i n c r e a s i n g  s h e a t h  vol tage .  I n  add i t ion ,  t he  
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Fig. 8. Comparison of measured (paints) and calculated (lines) mean 
ion bombardment energy as a function of RF power for several pres- 
sures. The interelectrode gap was 1.27 cm and the flow rate was 
25 sccm. 
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Fig. 9. Comparison of measured (points) and calculated (line) atomic 
chlorine concentration in the center of the reactor as a function of pres- 
sure. Other conditions were 1.27 cm interelectrode spacing, 25 sccm, 
and 100 W. 

Fig. 10. Comparison of measured (points) and calculated (lines) 
atomic chlorine concentration in the center of the reactor as a function 
of interelectrode spacing. Other conditions were 0.5 Tort and 25 sccm. 

sheath thickness decreases with increasing power, and 
thus ions suffer fewer collisions in the sheath contributing 
to the increase in the mean ion bombardment  energy. For 
example, at 0.3 Torr the sheath thickness decreased from 
2.5 V at 25 W to 70 V at 100 W, while the sheath thickness 
decreased from 0.1 to 0.07 cm. Increasing pressure results 
in lower mean ion bombardment  energy due to increasing 
number  of collisions in the sheath. The mean ion bom- 
bardment  energy seems to saturate as a function of power 
at high pressures. Both sheath voltage and thickness were 
found to be relatively weak functions of power at high 
pressures, causing this saturation in ion energy. 

The mean ion bombardment  energy was found to be 
only a fraction of the sheath voltage which implies that 
ions lose energy to collisions with neutrals. As pressure de- 
creases, ions suffer fewer collisions in the sheath and the 
mean ion energy gets closer to the sheath voltage. The 
max imum energy observed in the ion energy distribution 
function was equal to the sheath voltage. Ions which pos- 
sessed the max imum energy were those which had tra- 
versed the sheath without undergoing any collisions. 

In  the absence of etchable material and for sufficiently 
low values of flow rate and pressure, the dominant  loss 
mechanism for atomic chlorine is recombination on the re- 
actor walls. Experiments performed with an electrode 
made either of stainless steel or of a luminum covered by 
an anodization layer revealed that the atomic chlorine con- 
centration did not depend on the choice of wall material. 
Figure 9 shows the atomic chlorine concentration at the re- 
actor center (measured by actinometry) as a function of 
pressure. Each data point is the average of over 10 experi- 
ments  performed on different days. The solid line is the 
calculated concentrat ion using the second order surface 
recombinat ion reaction rate coefficient reported by Allen 
for stainless steel (3.1 x 10 -I2 cm4/s) (41). Since actinometry 
provides only relative concentrations, a least squares fit of 
the data was used to determine the proportionality con- 
stant between concentrat ion and emission intensity (acti- 
nometric coefficient). The same constant was also used for 
Fig. 10 and 11 below. 

Figure 10 shows that the atomic chlorine concentration 
increases with increasing spacing. The atom production 
rate varies as L -1 and the diffusion rate varies as L -2. 
Hence, if diffusion is the dominant  loss mechanism of 
atomic chlorine, the atom concentration should increase 
linearly with spacing (see also Fig. 14 of Part I). It is evi- 
dent from Fig. 10 that diffusion limitations do play an im- 
portant role, although the process is not totally diffusion 
controlled. The solid lines in Fig. 10 are theoretical pre- 
dictions using the same values for surface recombination 
rate coefficient and actinometric coefficient as in Fig. 9. 

The dependence of atomic chlorine concentration on 
power is shown in Fig. 11. Theoretically, the atomic chlo- 
rine concentration varies linearly with power for first order 
surface recombinat ion kinetics, and as the square root of 
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Fig. 11. Comparison of measured (points) and calculated (line) 
atomic chlorine concentration in the center of the reactor as a function 
of RF power. Other conditions were 0.3 Torr, 1.27 cm electrode spac- 
ing, and 25 sccm. 

power for second order kinetics (1). The results of Fig. 9-11 
demonstrate that the etchant transport and reaction model 
captures the dependence of atomic chlorine concentration 
on reactor operating conditions without adjusting any re- 
action rate coefficients. 

Summary and Conclusions 
Key plasma properties of a 13.56 MHz chlorine glow dis- 

charge were measured using several plasma diagnostic 
techniques. The plasma properties studied included the 
electron density and energy, self-sustained electric field, 
RF current flowing through the plasma, ion bombardment  
energy, and atomic chlorine concentration. The measure- 
ments were performed in a parallel plate single-wafer 
plasma reactor in the absence of a wafer (empty reactor). 
Plasma diagnostics included spatially resolved optical 
emission actinometry, single and double asymmetric 
Langmuir  probe analysis, ion bombardment  flux and 
energy analysis, and plasma impedance analysis. 

The expe/'imental data were compared to the predictions 
of a plasma reactor model. The model coupled the solution 
of the Boltzmann transport  equation to a bulk plasma 
model to predict the electron density and energy, and the 
rate coefficients of electron impact reactions. These were 
in turn  used in a species transport  and reaction model to 
calculate the atomic chlorine concentration distribution in 
the reactor. Good agreement between the measured and 
predicted values of electron density and energy, self-sus- 
tained electric field, RF current flowing through the plasma, 
ion bombardment  energy, and atomic chlorine concentra- 
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t ion was obtained over a range of pressure,  power, and 
electrode spacing without  adjust ing any reaction rate coef- 
ficients. 

Exper imenta l  measurements  under  well-controlled con- 
ditions are essential  for unders tanding the intricate phe- 
nomena occurring in reactive gas plasmas, and for test ing 
mathematical  models  of  p lasma reactors. A combined ex- 
per imental -model ing approach such as the one taken here 
is crucial for further  ref inement  and extension of the  math- 
ematical  models.  
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LIST OF SYMBOLS 
electrode area, cm 2 
t ime-averaged sheath capacitance, F 
t ime-averaged sheath thickness,  cm 
electric field, V/cm 
ion bombardmen t  energy, eV 
electronic charge, 1.609 10 -19 C 
ion energy dis tr ibut ion function 
peak  RF current,  A 
ion bombardmen t  flux, A 
Bol tzmann's  constant,  eV/K 
half  interelectrode gap, cm 
total  neutra l  density, cm -3 
electron density, cm -3 
pressure,  Torr 
bulk  plasma resistance, f~ 
peak  RF voltage, V 
voltage appl ied to the energy selector (center) grid 
of the ion energy analyzer, V 
t ime-averaged sheath voltage, V 

Greek 
60 

va 

symbols  
permit t ivi ty  of free space, 8.8542 • 10 -12 C2/j-m 
mobility,  cm2/V-s 
appl ied excitat ion frequency, s -1 
phase shift 

Subscr ip t  
+ posit ive ions 
e electrons 

Superscr ip t  
- mean value 
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