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Multiple steady states have been observed in a 13.56 MHz chlorine glow discharge in a 
parallel plate radial flow reactor. Measurements of the flux and energy distribution of positive 
ions bombarding the electrode are reported along with radial profiles of atomic chlorine (Cl) 
concentration and etch rate of polysilicon for different states of the plasma. At the same 
operating conditions the plasma may exist in one of two states. In one state the plasma 
appeared radially uniform, resulting in relatively uniform radial Cl concentration profiles and 
etch rate. In the other state the plasma appeared radially nonuniform with a higher 
intensity central region (“plasmoid”). The etch rate and Cl concentration profiles were 
nonuniform in the presence of the plasmoid. The plasmoid generally appeared under 
conditions of high power and pressure and could be eliminated by adding noble gases and/or 
decreasing the electrode spacing. The multiple states may be a result of the strongly 
electronegative nature of the chlorine discharge. 

I. INTRODUCTION 

Plasma etching using low-pressure reactive gas dis- 
charges (glow discharges) has become the dominant tech- 
nique in the microelectronics industry for delineating fine 
patterns in thin solid films.’ Reactive gas plasmas are also 
employed for the deposition of thin films. A common re- 
actor configuration is that of a parallel plate (diode) 
etcher, in which the discharge is created between two par- 
allel electrodes with the wafer(s) resting on one of the 
electrodes. 

Plasma etching with chlorine or chlorinated gases is 
used extensively for the etching of silicon, aluminum, and 
compound semiconductors.2 A number of experimental 
and theoretical investigations of the chlorine discharge 
have been reported.“-8 Close examination of the reported 
studies reveals that the chlorine plasma is a source of un- 
usual phenomena, perhaps due to the electronegative na- 
ture of the plasma. For example, a large concentration of 
negative ions (Cl - ) ,’ and anomalous optogalvanic signals 
of Cl - have been reported near the sheath. These phenom- 
ena may be due to the formation of double layers between 
the plasma and the electrodes, a result of high negative ion 
density compared to the electron density.8 

Multiple states in gas discharges have been reported 
and studied before, especially for dc discharges. Dettmer’ 
(see also references therein) observed two steady states in 
the positive column of a dc discharge in oxygen. However, 
reports of multiple states in rf discharges of the kind used 
for electronic materials processing are scarce. Lamont and 
DeLeone” reported the formation of “plasmoids” in an 
argon discharge used for sputtering. Sawin studied rf chlo- 
rine discharges, and mentioned that different steady states 
accompanied by hysteresis and instabilities were observed. 
Flamm et al.” observed different “modes” in a CF,Br dis- 
charge and studied their effect on deposition and etching 
qualitatively. Despite the fact that multiple states have 
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been observed in reactive gas plasmas, the authors are not 
aware of any quantitative studies of such multiple states 
and their possible consequences on the etching or deposi- 
tion process. 

II. EXPERIMENT 

Experiments were performed in a parallel plate single 
wafer reactor. The S-in. diam showerhead aluminum upper 
electrode had a heavy anodization layer and was held at an 
adjustable distance from the equal area stainless-steel (SS) 
lower electrode. Unless noted otherwise, the interelectrode 
spacing was 1 in. The upper electrode was powered by a 
500 W, 13.56 MHz generator. Gas pressure and flow 
rate(s) were controlled independently using closed loop 
control systems. Gases used were ultrapure chlorine and 
prepurified argon, the latter used as actinometer. The tem- 
perature of both electrodes was controlled by a chiller/ 
heater. Unless noted otherwise, a temperature of 293 K 
was used. The plasma chamber communicated with a dif- 
ferentially pumped analysis chamber through a 100-p pin- 
hole in the SS lower electrode. The pressure in the analysis 
chamber was kept at approximately 10 - 6 Torr using a 
turbomolecular pump. For etching experiments, the lower 
electrode was replaced by another SS electrode which had 
a groove cut in the center to accommodate a loo-mm sil- 
icon wafer, such that the wafer surface was flush with the 
electrode surface. The details of the experimental system 
and the plasma diagnostics will be described in a future 
publication. 

The flux and energy distribution of positive ions bom- 
barding the electrode were measured by a Faraday cup/ 
retarding grid analyzer.12 The main ion bombarding the 
electrode is expected to be Cl,+. Optical emission actinom- 
etry was used to monitor the radial atomic chlorine con- 
centration profiles. The experimental arrangement for the 
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FIG. 1. Schematic of the spatially resolved laser interferometry appara- 
tus. 

optical emission diagnostics has been described by Econo- 
mou er aZ.13 Briefly, the plasma emission was collected 
through a set of pinholes to attain spatial resolution. The 
light was focused onto an optical fiber and was transmitted 
to a monochromator. The dispersed light was detected us- 
ing a diode-array detector. The 837.6-nm Cl atom line and 
the 811.5nm Ar line were used for actinometry. Data were 
processed as before’3 in order to obtain the Cl atom radial 
concentration profiles. 

There is some controversy regarding the application of 
actinometry to monitor Cl atoms in a chlorine discharge5*14 
as the discharge parameters vary. Actinometry can be used 
to monitor the Cl atom density when the excited state, 
whose emission is being monitored, is created by electron 
impact excitation only. The relative contribution of other 
mechanisms producing the excited state must be negligible. 
Reactions such as dissociative excitation and dissociative 
attachment may produce excited chlorine atoms and thus 
make actinometry invalid. Gottscho and Donnellyi con- 
cluded from observations of the spectral line shapes that 
actinometry is invalid for Cl atoms if the emission from the 
sheaths is sampled. However, it was found that the 
837.6~nm line can be used to monitor the Cl atom concen- 
tration actinometrically if emission is sampled from the 
plasma center. Richards et a1.5 found actinometry to be 
invalid for monitoring Cl atoms. However, the authors 
sampled the emission from the entire discharge, including 
the sheaths. In the present work, optical emission from the 
central plane of the discharge away from the sheaths was 
sampled. 

The etch rate of polysilicon was measured in situ using 
spatially resolved laser interferometry (Fig. 1). This tech- 
nique is an extension of conventional laser interferome- 
try, 15S’6 and uses multiple laser beams and detectors. The 
beam from a He-Ne laser (632.8 nm) was split into mul- 
tiple beams (four in this study) using beamsplitters, which 
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FIG. 2. Ion bombardment flux as a function of pressure. Other conditions 
were 100 W. l-in. electrode spacing, and 25 seem. 

were directed to different radial positions on the wafer. The 
specular reflection intensity from each radial position was 
monitored using photodetectors. The reflected intensity 
varied periodically as the thickness of the film being etched 
changed, and the etch rate at each radial position was cal- 
culated from the period of the intensity variation. Multi- 
channel interferometry provided an in situ measurement of 
etch rate and uniformity. 

Ill. RESULTS AND DISCUSSION 

Figure 2 shows the ion bombardment flux, as measured 
by the Faraday cup, as a function of pressure at a power of 
100 W, and a flow rate of 25 seem of pure chlorine. The ion 
flux versus pressure exhibits hysteresis, and two steady 
states are observed for identical discharge conditions. As 
the pressure was increased slowly, starting from 0.3 Torr, 
the ion flux increased slightly following branch ABC until 
point C was reached at a pressure of 0.86 Torr. At that 
point a sudden increase in the ion flux was recorded as the 
discharge entered the upper state. Further increase in pres- 
sure yielded trace DE. Conversely, as the pressure was 
slowly lowered starting from point E, the upper branch 
EDF was described down to a pressure of 0.60 Torr (point 
F), at which point the discharge returned to the lower 
branch. Further decrease in pressure resulted in trace BA. 
The experimental data points in Fig. 2 were collected in 
two experiments on different days, and the scatter of the 
data represents the reproducibility of the measurements. 

The appearance of the discharge in the two states was 
distinctly different. In the lower state ABC, the radial dis- 
tribution of the plasma glow appeared rather uniform. 
However, in the upper state FDE, the radial distribution of 
the plasma glow was nonuniform, having a central region 
of higher emission intensity, surrounded by a diffuse region 
extending to the electrode edges (Fig. 3). The higher in- 
tensity central region will be hereafter called the “plas- 
moid.” During the transition from one branch to the other, 
the plasmoid appeared or disappeared rather suddenly. 
The diameter of the plasmoid was a function of the oper- 
ating conditions (especially power), and it was in the range 
of 2-4 in. for the parameter values studied. By using a 
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FIG. 3. Schematic drawing of the plasmoid. Ion Energy (eV) 

sufficiently high power, the plasmoid diameter could be 
made equal to the electrode diameter. The axial distribu- 
tion of the plasma glow in the plasmoid was nonuniform, 
with striations as shown schematically in Fig. 3. 

The higher emission intensity of the plasmoid suggests 
that the power density is higher in the plasmoid as com- 
pared to the rest of the discharge. A higher power density 
implies higher rates of ionization and dissociation in the 
plasmoid. Hence, as soon as the plasmoid forms, the ion 
flux (measured through a pinhole in the electrode center) 
increases suddenly (transition from C to D). Conversely, 
as soon as the plasmoid disappears the measured ion flux 
decreases suddenly (transition from F to B) . The critical 
pressure at which the plasmoid appeared (disappeared) 
depended on how fast the pressure was increased (de- 
creased) as one moved along the lower (upper) branch, as 
well as how tightly the flow rate and incident power were 
controlled. In the experiments reported here, the pressure 
was changed in small increments, and allowed to reach a 
steady value. The matching network was subsequently 
tuned to minimize the reflected power. 

Figure 4 shows the behavior of the ion bombardment 
flux as a function of power for a constant pressure of 0.7 
Torr. Conditions were otherwise as in Fig. 2. Two hyster- 
esis loops are observed, one at approximately 45 W and the 
other in the range of 70-140 W. A fully developed plas- 
moid was not observed in association with the low-power 
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FIG. 4. Ion bombardment flux as a function of power. Other conditions FIG. 6. Median ion bombardment energy as a function of pressure. Other 
were 0.7 Torr, I-in. electrode spacing, and 25 seem. conditions were 100 W, l-in. electrode spacing, and 25 seem. 
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FIG. 5. Ion energy distribution functions in the absence (curve I) and in 
the presence (curve II) of the plasmoid. Conditions were 0.7 Torr, 100 
W, l-in. electrode spacing, and 25 seem. 

loop, although the plasma appeared somewhat more in- 
tense towards the center. However, a plasmoid was clearly 
formed in association with the high-power loop. In general, 
the ion flux increases with increasing power since the ion 
density in the plasma increases with power. This may also 
result in a thinner sheath, reducing the number of colli- 
sions the ions suffer in their transit through the sheath, 
thereby increasing the ion flux to the electrode. 

The ion bombardment energy distribution was also af- 
fected by the presence of the plasmoid. Figure 5 shows the 
ion energy distribution (IED) function for identical reac- 
tor operating conditions. Both curves have been normal- 
ized such that the area under each curve is unity. Curve I 
corresponds to the lower branch of Fig. 2, in which a plas- 
moid does not form. Curve II corresponds to the upper 
branch of Fig. 2 in which a plasmoid forms. In the pres- 
ence of a plasmoid, the IED function extends towards 
higher bombardment energies. This can be explained by 
the higher power density in the plasmoid resulting in 
higher voltage (and perhaps thinner) sheaths. The median 
ion energy versus pressure (Fig. 6) and power (Fig. 7) 
also exhibited hysteresis. The median ion energy is defined 
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FIG. 7. Median ion bombardment energy as a function of power. Other 
conditions were 0.7 Torr, l-in. electrode spacing, 25 seem. 

such that half the ions striking the electrode have energies 
lower than the median, and the other half have energies 
higher than the median. Under the present experimental 
conditions, the median energy is also representative of the 
average ion bombardment energy (the two differed by a 
few eV). In the presence of the plasmoid, both the ion flux 
to the grounded electrode and the energy of the ions were 
higher than in the absence of the plasmoid. The low-power 
loop evident in Fig. 4 is not apparent in Fig. 7 due to the 
experimental resolution of the median energy ( h 1 eV) 
and the expected inaccuracy of the energy analyzer below 
5 eV. However the high-power loop associated with the 
plasmoid formation is clearly seen in Fig. 7. 

The plasmoid could also be obtained when the 
stainless-steel lower electrode was replaced with an alu- 
mina electrode. In fact, a  plasmoid was formed even in the 
presence of a silicon wafer. Figure 8 shows the radial dis- 
tribution of the atomic chlorine density, as measured by 
actinometry, in the absence and presence of the plasmoid 
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FIG. 8. Atomic chlorine radial concentration profiles in the absence 
(curve I, 0.5 Torr) and in the presence (curve II, 0.7 Torr) of the plas- 
moid during etching of polysilicon film. Other conditions were 100 W , 
l-in. electrode spacing, and 25 seem. 
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FIG. 9. Polysilicon radial etch rate profiles in the absence (curve I) and 
in the presence (curve II) of the plasmoid. Conditions were as in Fig. 8. 

(curves I and II, respectively). A lOO-mm wafer covered 
with a lightly P-doped polysilicon film was resting on the 
lower SS electrode. The power was 100 W , and the total 
flow rate was 25 seem (including 5% Ar used as actinom- 
eter). At a pressure of 0.5 Torr a plasmoid is not formed 
(see also Fig. 2), and the Cl atom density is only slightly 
nonuniform over the polysilicon surface (curve I). How- 
ever, the situation is considerably different at a pressure of 
0.7 Torr. At this pressure, a plasmoid is formed over the 
wafer surface and the Cl, dissociation rate is higher in the 
plasmoid (central) region due to higher power density in 
the plasmoid. This results in substantially larger Cl atom 
density gradients with the Cl atom density decreasing from 
the wafer center to the edge (curve II). 

The polysilicon etch rate, as measured by spatially re- 
solved multichannel interferometry, is shown in Fig. 9. 
Curves I and II correspond to the same conditions as 
curves I and II of Fig. 8. In the absence of the plasmoid the 
etch rate is uniform (curve I). In the presence of the plas- 
moid the etch rate is higher but nonuniform (curve II). 
The etch rate distribution does not exactly follow the Cl 
atom density distribution shown in Fig. 8. The etch rate of 
the lightly doped polysilicon is expected to have a substan- 
tial contribution from ion-assisted reactions. Hence the 
uniformity of the ion bombardment flux will influence the 
etch uniformity. Under the conditions of Figs. 8 and 9, the 
diameter of the plasmoid was slightly smaller than the wa- 
fer diameter. The etching nonuniformity would have been 
more severe if larger wafers (e.g., 200 mm) were used. 

The plasmoid was not always stable. At extreme con- 
ditions (e.g., very high power and pressure), the plasmoid 
could become unstable, moving off center (symmetry 
breaking), “jumping” from place to place in a seemingly 
chaotic fashion, or even rotating between the electrodes. 

The plasmoid generally appeared under conditions of 
high power and pressure. For example, for the relatively 
low pressure of 0.3-0.5 Torr, a  plasmoid was not observed 
in the power range (IO-180 W) examined. Also, for power 
values lower than 50 W , a plasmoid was not observed in 
the pressure range (0.1-1.0 Torr) examined. Electrode 
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temperature had a substantial effect. For example, when 
the electrodes were heated to 323 K, no hysteresis was 
observed in the ion flux versus pressure (0.3-l Torr) curve 
for a power of 100 W (compared to Fig. 2 which is for an 
electrode temperature of 293 K). However, a slight hys- 
teresis was observed in the ion flux versus power (10-180 
W) curve for an electrode temperature of 323 K. The effect 
of electrode spacing was dramatic. No hysteresis was seen 
for an electrode spacing of 0.5 in. over the pressure (0.3- 
3.0 Torr) and power (10-180 W) ranges examined. 

Instabilities and multiple steady states have often been 
observed in dc discharges, including stationary and travel- 
ing waves. For example, Dettmer’ observed two different 
forms of the oxygen discharge sustained in a long tube. He 
also observed sharp changes in the discharge variables 
(such as the electric field, current, and atomic oxygen den- 
sity) as the discharge shifted from one state to the other. 
The necessary condition for this so-called attachment- 
ionization instability is that the attachment rate coefficient 
increases faster than the ionization rate coefficient” as the 
electron temperature increases, i.e., 

ak, ak, 
ar’ar’ e e 

However, our calculations and those of others3 showed 
that the above inequality is not satisfied for the chlorine 
discharge. Therefore, the present results cannot be ex- 
plained by the attachment-ionization instability mecha- 
nism. 

Another form of instability often observed at high- 
pressure high-current conditions results in a constriction of 
the discharge away from the walls of the confining tube.18 
This is attributed to radial gradients in the gas tempera- 
ture. If the temperature in the central region of the dis- 
charge is higher than the edge temperature, the gas number 
density is lower at the center. This condition can trigger an 
instability whereby the lower gas number density results in 
higher electron temperature, and therefore higher ioniza- 
tion rate and current density in the center of the discharge. 
This in turn leads to higher temperature in the center and 
a feedback mechanism. The formation of the plasmoid in 
the experiments presented here could be thought of as a 
form of discharge constriction. However, the temperature 
gradients expected under our experimental conditions are 
probably too low to induce such an instability (see also 
Ref. 19). 

Taillet*’ used a theory developed by Vandenplas and 
Gould” to show that some plasmoids observed in low pres- 
sure ( 10 - 4-10 - ’ Torr) rf discharges can be due to the 
plasma becoming resonance sustained, a series resonance 
between a capacitive sheath and an inductive bulk plasma. 
The bulk plasma impedance may have an inductive com- 
ponent due to the inertial mass of the electrons, when the 
electron collision frequency is less than the applied field 
frequency. The range of pressures used in this study is high 
enough such that the electron collision frequency is larger 
than the applied frequency, and bulk plasma inductance 
arising from electron inertia may be neglected. However, 
strongly electronegative plasmas with ion density much 

higher than the electron density may exhibit an inductive 
component due to inertia of the ions.22,23 In another recent 
study, contractions of the positive column in electronega- 
tive gases were studied theoretically.24 

Experiments were conducted under conditions for 
which a plasmoid could be obtained by appropriate adjust- 
ment of the pressure (e.g., 100 W, 25 seem, 1 in. spacing). 
Different amounts of a noble gas were added to the dis- 
charge keeping the total flow rate constant. Pressure was 
then increased slowly starting from 0.5 Torr. Additions of 
He or Ar increased the critical pressure at which the plas- 
moid appeared. For example, the critical pressure at which 
the plasmoid appeared was increased from 0.86 Torr for 
pure chlorine to 1.2 Torr by adding 20% He or 40% Ar to 
the discharge. In another set of experiments, the plasma 
was operated under conditions where a plasmoid was 
present (pure chlorine, 0.7 Torr, 100 W, 25 seem, 1 in. 
spacing). Then small amounts of He or Ar were bled into 
the discharge. The flow rate of the additive gas was 
changed in small increments, and after a change in the flow 
rate, the discharge was allowed to relax in its steady state. 
The plasmoid was seen to disappear when the additive gas 
concentration exceeded approximately 15% for either He 
or Ar. Nitrogen addition had a dramatic effect. The plas- 
moid did not appear even when 1% nitrogen was added to 
the discharge. 

The formation of the plasmoid and the associated in- 
stabilities and hysteresis observed in the chlorine discharge 
may be due to the strongly electronegative nature of the 
discharge. Indeed, the negative ion density in the Cl2 dis- 
charge is two orders of magnitude higher than the electron 
density.3 Addition of He or Ar may result in a lower con- 
centration ratio of negative ions to electrons, and hence 
increased electropositive behavior of the plasma. 

IV. CONCLUDING REMARKS 

Besides being interesting in their own right, the hys- 
teresis and multiple steady states have important implica- 
tions from the practical point of view. For example, non- 
uniform etching may result in the presence of a plasmoid as 
demonstrated, or the plasma conditions may be irrepro- 
ducible. Further, care should be exercised when trying to 
characterize a plasma process using empirical methods, 
such as response surface methodology, which assume that 
the dependent variables are a continuous function of the 
process parameters. Finally, it comes as no surprise to see 
that in many practical etching systems employing elec- 
tronegative plasmas, He or Ar gases are added to “stabi- 
lize” and “homogenize” the plasma. 

In summary, multiple steady states in a 13.56 MHz 
chlorine glow discharge in a single-wafer etcher have been 
observed. Ion bombardment flux and energy, atomic chlo- 
rine radial concentration profiles, and polySi etch rate 
profiles were presented for the different plasma states. The 
occurrence of instabilities and multiple steady states in the 
chlorine discharge may be due to the strongly electroneg- 
ative nature of the discharge. 
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