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Hexafluoro-1,3 butadiene (C4Fg) is a potential etching gas with a very low global warming potential
for the manufacturing of semiconductors, unlike commonly used fluorocarbon gases such as CF,
and ¢— C4Fy. We report ion energy distributions, relative ion intensities and absolute total ion
current densities measured at the edge of an inductively coupled gaseous electronics conference
radio-frequency reference cell for discharges generated in pure C4Fg and C4Fg:Ar mixtures. In
addition, the ratio of radical densities relative to CF measured using submillimeter absorption
spectroscopy and optical emission spectroscopy measurements are presented. These measurements
of the C4F¢ plasmas were made for several different gas pressures (0.67, 1.33, and 2.66 Pa) and gas
mixture ratios (25%, 50%, 75%, and 100% C,F, volume fractions). © 2003 American Institute of

Physics. [DOI: 10.1063/1.1586978]

I. INTRODUCTION

Low pressure radio frequency (rf) fluorocarbon
discharges are commonly used in the manufacturing of
microelectronics. Typically, saturated fluorocarbon gases
such as CF, or ¢—C4Fg have been used, particularly with
the etching of silicon and silicon dioxide. Unfortunately,
there has been a growing concern over the ecological impact
of these manufacturing processes. The 100 yr integrated
global warming potential (GWP,y) relative to CO, for
many of the commonly used fluorocarbon gases (CF, 5700,
¢—C4Fg 11299, and CHF; 14800) ' are quite large and the
concentration of these gases in the atmosphere has been con-
sistently growing in recent years. Consequently, there has
been an effort to identify alternative gas chemistries that are
more environmentally benign. This not only includes reduc-
ing the environmental hazard of the initial feed gases used,
but also reducing the total global warming impact of the
etching process effluents.

One potential alternative etching gas is 1,3 hexafluorob-
utadiene (C4F4). This unsaturated fluorocarbon isomer of
C4F¢ has a chemical structure consisting of a zigzag chain of
four carbon atoms. The central two carbon atoms have a
single interconnecting atomic bond between them while
double bonds attach the outer carbon atoms (CF,=CF— CF
=CF;). The global warming potential of this gas is so low
(GWP,40=0.027) * that it is typically ignored in global
warming impact calculations. An initial study by Chatterjee
et al. demonstrated an 80% decrease in global warming
plasma emissions from a C,Fg based etching process when
compared to a standard C;Fg etching process.’

This article will report on the ion and neutral densities
within a high-density, inductively coupled plasma (ICP)
source operating with pure C4F4 and C,F4: Ar mixtures for
several different pressures and gas mixture ratios.
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Il. EXPERIMENTAL APPARATUS
A. Plasma reactor

The plasmas examined in this paper were created in a
modified inductively coupled gaseous electronics conference
(GEC) reference cell.** The plasma source, along with the
ion-energy analyzer and mass spectrometer, are shown sche-
matically in Fig. 1. The plasma is created with a flat five turn
spiral coil separated from the plasma by a 9.5 mm thick
fused silica vacuum interface. An additional fused silica con-
finement ring is attached to the coil assembly to improve the
plasma stability and increase the operating range. The feed
gas enters the cell through one of the 2.75 in. side flanges
and is pumped out through the 6 in. port attached to a turbo-
molecular pump. The gas pressure is maintained by a vari-
able gate valve between the pump and the GEC cell. The gas
flow was maintained by mass flow controllers at 3.73 or 7.45
pmol/s (5 or 10 scem). When gas mixtures are used, the
percentages reported in this article are based on the volume
fraction of the gases.

The discharge was generated by applying a 13.56 MHz
voltage to the coil through a matching network. The rf power
values presented in this article are the net power to the
matching network driving the coil. The actual rf power dis-
sipated in the plasma has been determined to be approxi-
mately 80% of the power listed.” The lower electrode was
water cooled (20 °C) and grounded to the vacuum chamber.
A 137.9 mm diam stainless steel plate with a bare 100 mm
diam silicon wafer on top was centered on the lower elec-
trode. A gap of approximately 2.54 cm exists between the
lower electrode and the quartz confinement ring.

B. Mass spectrometer and Faraday cup

The energy analyzer/mass spectrometer was mounted on
a side port as shown in Fig. 1 with the inlet orifice grounded.
In order to sample the ions closer to the center of the dis-
charge, an extension has been added to the end of the mass
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FIG. 1. Schematic diagram of the GEC rf reference cell and the side
mounted mass selective ion energy analyzer.

spectrometer.” The ions are therefore sampled through a 10
pum diam hole located 9.5 mm above the steel plate and 46
mm from the radial center (11 mm inside the inner diameter
of the confinement ring). The resolution of the energy ana-
lyzer [full width at half maximum (FWHM)] was 1 eV, and
the uncertainty in its energy scale is estimated to be = 1 eV.
Ton intensities were adjusted to account for previously mea-
sured variations in ion transmission as a function of ion
mass.” After such adjustments, the ion transmission is esti-
mated to be uniform to 20% over the range of ion masses
and ion energies studied here.

To calibrate the ion fluxes measured by the mass spec-
trometer, a Faraday cup was mounted on a 2.75 in. side port.
The 1.59 mm diam aperture at the inlet of the Faraday cup
was positioned at the same radius and height as the mass
spectrometer orifice. The dc current measured when the cup
was dc biased at —20V was divided by the area of the ap-
erture to obtain the total ion current density. This value was
then used to normalize the relative ion fluxes measured by
the mass spectrometer.

C. Submillimeter absorption diagnostic

Submillimeter absorption spectroscopy is a new diagnos-
tic being developed at NIST for monitoring the neutral radi-
cals in semiconductor processing plasmas.® Submillimeter
radiation couples to the rotational spectra of molecules, as
opposed to the vibrational modes probed by infrared radia-
tion and electronic states by ultraviolet (UV) radiation. Al-
most all noncentrosymmetric molecules that have an intrinsic
electric dipole moment have strong absorption spectra in this
frequency region. The measurements presented in this paper
are some of the earliest measurements using this technique
on etching type plasmas and the diagnostic is still undergo-
ing further development.

The submillimeter radiation source for these measure-
ments was a backward wave oscillator (BWO). This continu-
ous wave electron tube device acts as a voltage controlled
frequency source. It can be referenced to an atomic clock or
crystal oscillator for exceptional frequency metrology. The
radiation has a linewidth on the order of 10 kHz. The par-
ticular BWO used with these measurements had a spectral
range from approximately 450 GHz to 650 GHz. With this
single source, it is possible to measure the absorption spectra
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FIG. 2. Submillimeter absorption spectra signals for pure C,Fg plasma at
1.33 Pa (10 mTorr), 3.37 umol/s (5 scem), and 200 W 13,57 MHz rf power.

from almost all the molecules of interest. The submillimeter
radiation transmitted through the plasma is detected with a
liquid helium cooled Nd bolometer.

Second harmonic frequency modulation (FM) was used
to detect the molecular absorption signals. Two typical ab-
sorption spectra are shown in Fig. 2. Use of the second har-
monic FM technique improves the resulting signal to noise
ratio, but also eliminates the dc background transmission
necessary for absolute density calculations. The experimental
data was fitted with a model function based on the second
derivative of a Gaussian line shape with a third order poly-
nomial background. This second derivative approximation
works well as long as the FM depth is small compared to the
absorption linewidth. The approximation significantly re-
duces the computational time necessary to analyze the sig-
nals compared to a more accurate modeling of the FM signal
from a Voigt line shape.

The optical transitions used for measuring the radical
densities are shown in Fig. 2. The transitions were 538.420
6921 and 538.427 1924 GHz for CF, 538.481 47 and 545.380
3254 GHz for CF,, 545342 6713 GHz for COF,, and
5453706 GHz for SiF. Except for SiF, line strengths for
these molecular transitions have been calculated or found in
the literature™'” for a temperature of 300 K. Measurements
of the Doppler width with the BWO in the present experi-
mental configuration has consistently found temperatures
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close to or only slightly above room temperature. By taking
ratios of the transitions, the uncertainty in the BWO intensity
and optical path length can be eliminated. The error bars of
all the submillimeter based measurements are not calculated
from the standard deviation of multiple measurements, but
from the maximum residual between the curve fit and the
original data. While this does not give a true measure of the
uncertainty in the data, it does give a rough estimate of the
how well the model fitted the data and the reliability of the
measurements.

Other plasma diagnostics, such as laser induced fluores-
cence, have found rotational gas temperatures (> 500K) sig-
nificantly higher than room temperature in similar ICP
sources.!!™13 This implies that the submillimeter absorption
measurements are preferentially sensitive to cooler gas in the
region surrounding the plasma. This is in part due to the
geometry of the vacuum chamber used in these measure-
ments. The path length through the surrounding gas is two
times as long as that through the actual plasma. This is much
different than what would be found in most commercial etch-
ing reactors. In addition, the density of the plasma gases is
inversely proportional to the temperature and the signal am-
plitude is even further reduced due to the increased Doppler
linewidths. As a result, the gas in the plasma makes only a
small contribution to the total line-integrated submillimeter
absorption signal.

D. Optical emission

Optical emission from the plasma was collected with a
quartz optical fiber which viewed the plasma through a
quartz window on a 2.75 in. flange. No collimating optics
were used so that spatially averaged light from the entire
plasma volume was collected. The spectra were then mea-
sured with a small optical multichannel analyzer. The data
were not corrected for wavelength dependent transmission
and detection efficiencies. The spectrometer response func-
tion had a FWHM linewidth of 1.5 nm.

lll. RESULTS AND DISCUSSION
A. Pure C,Fg

Figure 3a shows the mass spectrum of the ions produced
in a pure C4F4 plasma at 1.33 Pa (10 mTorr) and 200 W.
CF™ is the dominant ion, but there are significant contribu-
tions from CF; and from the SiF,/COF,; ions. Although
electron-impact ionization cross sections have not been mea-
sured for this isomer of C4Fg, comparison with ion yields
produced by 70 eV electron bombardment [Fig. 3(b)] shows
a marked dissimilarity in the relative yields of aliphatic ions
such as C;F7 and C,F; (not shown), which are almost com-
pletely absent in the plasma. The relatively low molecular
weight of the plasma ions suggests a high degree of disso-
ciation of the parent gas, and the significant proportion of
ions which contain either Si or O indicates a considerable
contribution from surface reactions to the overall ion chem-
istry. This is very different from inductively coupled CFy4
discharges measured in the same chamber which showed ion
mass distributions that could be attributed mainly to direct
electron impact of the feed gas,'® but is similar to other fluo-
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FIG. 3. (a) Mass spectrum of ions from the GEC cell from a 200 W, 133 Pa
C4F, discharge; (b) expected ion flux duc to 70 eV electrons dissociating
CyFy

rocarbon etching gases such as C,F¢ and c—C4Fg. " Tt is
worth noting that electron attachment to C4F¢ occurs at low
energies with appreciable rates,'®'” and presents a likely de-
composition channel that is of much lesser importance in
CF,.

The total ion flux of these C4F; discharges are approxi-
mately 1 order of magnitude lower than what we have pre-
viously measured for C,F¢ and ¢—C4Fg (2 — to SmA/
cm?). ' These measurements were made from the center of
the lower electrode without a fused silica confinement ring
present. The inductively coupled GEC reference source has a
relatively strong radial variation in the plasma density as
measured previously with Langmuir probes and optical emis-
sion tommography.'®!? Switching the measurement location
from the plasma center to the edge without the confinement
ring drops the measured ion flux by a factor of 4. The fused
silica confinement ring will also reduce the ion flux escaping
to the edges of the plasma. In addition, C4F¢ is a highly
polymerizing plasma. This could result in the depostion of an
insulating film on either the mass spectrometer or the Fara-
day cup introducing a systematic error. Consequentially,
greater emphasis should be placed on the relative ion densi-
ties than on the quoted absolute values presented in this ar-
ticle.

The resolution of the mass spectrometer is not sufficient
to distinguish between the Si and CO masses, so there re-
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mains an uncertainty to the identity of the SiF, /COF; ions.
Etching of the fused silica window and confinement ring
beneath the induction coil could be a source of both oxygen
and silicon for the plasma. Because no rf bias is applied to
the lower electrode, a relatively thick fluorocarbon layer is
deposited on the silicon wafer which should limit the wafer
as a source of silicon in the plasma.’’ Additional oxygen
could come from the dissociation of water vapor in the
plasma chamber, but if this were a significant source there
should be more hydrogen containing molecular ions such as
HF* within the plasma. Utilizing the isotopic ratios to dis-
tinguish between CO and Si containing molecular ions pro-
duced inconsistent results. The isotopic ratios measured with
the mass spectrometer indicate that the lowest mass ions (28
u) are mostly CO™ molecular ions, while the higher mass
jons seem to be almost entirely SiF; molecular ions. Al-
though the lower electrode is cooled, the current experimen-
tal setup does not ensure good thermal contact between the
wafer and the electrode and consequently the wafer surface
may become heated and affect the silicon etch rate. This
could become a significant issue if the lower electrode is
biased resulting in a significant ion flux to the silicon surface.

Representative ion energy distributions (IEDs) of the
five most abundant ions are shown in Fig. 4(a). It is clear that
the measured ion energy distributions are being significantly
modified by the time varying sheath electric fields. Figure
4(b) shows several IEDs with the same plasma conditions
which have been normalized to have the same maximum
intensity. The IEDs show a definite mass dependant width
between the double peaks. This is very different from other
less electronegative gasses such as CF, in which the IEDs
have a single peak.'* Based on the sheath models of Sobo-
lewski et al..® the IED width should depend on both the ion
mass and the time varying component of the voltage across
the sheath.?’??* Since the mass spectrometer orifice is
grounded, the voltage across the sheath should represent the
fluctuations of the plasma potential. According to Ref. 6 Egs.
(24) and (17), the width of the IEDs (AE) is related to the
ion mass (m;) and the peak-to-peak voltage (¥,,) across the
ground sheath at the mass spectrometer orifice by the func-
tion AE=eV,[1+4m;]" "2, where 4 is considered con-
stant. This function has been fitted to the measured IEDs for
each plasma condition to determine V,,. The IED width was
measured between the maxima of the side peaks. Figure 4(c)
shows how this model function fits with the experimentally
measured TED widths.

Figure 5 shows the ion flux dependence on pressure. The
overall ion flux shows a decrease with increasing pressure
over the range from 0.67 to 2.66 Pa (5 — 20 mTorr). This is
consistent with most of the fluorocarbon gases previously
studied in this plasma source, except for C,Fg. 152 T e
total flux was significantly lower than the other fluorocarbon
gases measured in the same vacuum chamber and is probably
due to sampling the flux from the side of the plasma instead
of through the center of the grounded lower electrode. CF™*
remains the dominant ion over the entire pressure range, but
there are strong contributions from the other molecular ions.
At 0.67 Pa, CF; is the second most intense ion flux while at
2.66 Pa SiF*/COF* and SiF;/COF; become the second
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FIG. 4. (a) lon energy distributions of the five dominant ions produced in a
200 W, 1.33 Pa C,F; plasma. The absolute flux density of individual ion
species was obtained by normalizing the total counts of the mass scan to the
total current measured through the mass spectrometer orifice. (b) Normal-
ized ion energy distributions for the same plasma conditions. (c¢) Model
linewidth function fitted to the experimentally determined ion energy line-
widths for the same plasma conditions.

most abundant ions. CF* and CF; show a decrease in flux
with increasing pressure, while CF; shows essentially no
dependence. The SiF, (x=1-3) ions have a maximum flux
at the intermediate pressure of 1.33 Pa. Atomic ion fluxes of
C* and Si*/CO" as well as C; decrease rapidly with in-
creasing pressure. C; , on the other hand, increases with in-
creasing pressure. This increase in C; may be indicative of
increasingly favorable conditions within the plasma for the
formation of larger carbon clusters and particulates as the
pressure is increased.
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Figure 6 shows how the IED of CF* changes with pres-
sure. The IEDs of all three pressures show the characteristic
double peak distribution. The intermediate pressure, 1.33 Pa,
has the greatest width. This differs from what we have ob-
served in inductively coupled discharges generated in other
fluorocarbon gases,'> in which the IEDs typically broaden
monotonically with increasing pressure.

The submillimeter absorption spectroscopy results dif-
fered from the ion mass spectroscopy. This is shown in Fig.
7. The CF, radical is significantly more abundant than CF
and the ratio increases with increasing pressure. This is prob-
ably due to the enhanced sensitivity to the region outside of
the plasma. The path length through the cooler region outside
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FIG. 6. Ton energy distributions for CF* ions sampled from a 200 W, CyF;
plasma as a function of pressure.
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FIG. 7. Density ratios determined from the submillimeter absorption mea-
surements of: (a) CF, /CF, (b) COF, /CF, and (c) SiF/CF for a 200 W, 1.33
Pa for a pure C,;F; and a 50% C,F;:50% Ar mixture. The SiF/CF ratio is
not on an absolute scale. The error bars do not represent the true statistical
uncertainty of the measurements, but were determined from the maximum
residual between the model lineshape and the original data.

the plasma is approximately twice as long as the path
through the hotter, less dense gas in the actual plasma. CF,
molecules can also be produced by surface reactions as well
as collisional dissociation. CF, produced at surfaces is prob-
ably diffusing from the outer walls towards the plasma where
it is dissociated by the plasma. Consequentially, the CF, /CF
ratio is probably smaller in the actual plasma. The density of
COF, is comparable to that of CF, but the signal-to-noise
ratio of the measurements is much poorer due to lower sen-
sitivity for the COF, molecules. Accurate line strength data
for SiF are not currently available, so the SiF/CF ratio could
not be put on an absolute ratio scale. But both the COF, and
SiF ratios show similar trends of increasing density relative
to CF with increasing pressure. Since both COF, and SiF
radicals are present in the plasma, this may indicate that
analogous ion fluxes are mixtures of COF," and SiF, .
Figure 8 shows a typical optical emission spectroscopy
measurements obtained from the plasma. The optical spectra
are dominated by the molecular carbon Swan bands along
with bands from SiF. There is an additional band peaking
around 405 nm which is probably due to C;. Small atomic
transition lines can be observed from both fluorine in the red
and silicon in the UV. Several very weak signals around 260
nm may also be due to CF,. The F signal decreased with
increasing pressure while the SiF and Si OES signals had
maxima at the intermediate pressure of 1.33 Pa. The C; and
C, bands increased with increasing pressure. The ratio of the
C;/C, signals also increases with increasing pressure. This
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FIG. 8. Optical emission spectra from a 200 W, 1.33 Pa C,F; discharge.

may indicate developing conditions favorable for the growth
of carbon particulates.

B. C4Fg:Ar mixture

Figure 9 shows the total ion flux and flux of component
ions for an inductively coupled plasma sustained in C4F4: Ar
gas mixtures with a pressure of 1.33 Pa (10 mTorr) at 200 W.
The total ion current demonstrates a slow decrease with in-
creasing C,4F; input concentration. This is probably due to
increasing power being necessary to dissociate the molecular
components. In the mixtures, the dominant ion was always
Ar*, although the ion flux was dropping proportionally with
decreasing percentage of Ar. CF" had the second highest
flux followed by CF; , SiF*/COF*, and SIF; /COF; which
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FIG. 9. Mass analyzed ion flux, as a function of C4F : Ar mixtures for a 200
W and 1.33 Pa plasmas.
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all had similar ion fluxes. Except for Ar* and C*, all the ion
fluxes increased with increasing percentage of C,Fg. It is
interesting to note that although the fluxes of both CF* and
CF, increased almost proportionally with C,F, addition
from 25% C4F¢ to 75% C,4Fg, the fluxes of both ions showed
a similar leveling off as the mixture approached 100% C,F,
whereas the flux of CF; continued to increase in proportion
to C4F, addition.

Figure 10 shows the total ion flux and the flux of com-
ponent ions for an inductively coupled plasma sustained in a
50% C4F;:50% Ar mixture at 200 W as a function of gas
pressure. The magnitude of the total ion flux exhibits a slight
downward trend over the pressure range from 0.67 to 2.66 Pa
(5 — 20 mTorr), similar to that observed in other fluorocar-
bon:argon mixtures.'*'*?* The dominant ion under all con-
ditions is Ar™, similar to the behavior of CHF;. As with the
case of pure C4Fg, the total flux was significantly lower than
the other fluorcarbon gases measured in the same vacuum
chamber.

Of particular interest is the differing behavior of the CF;
and SiF; /COF; (x=0—4) ions. As with the pure C,Fg4 dis-
charges, there is a general shift in the ion composition from
fluorocarbon ions to secondary ions which originate from
etching byproducts as the pressure is increased, again under-
scoring the contributions of these processes to the overall ion
chemistry. The fluxes of most of the fluorocarbon ions de-
crease with increasing pressure with the exception of CF3+ .
which showed a slight increase at the highest pressure. The
SiF; molecular ions showed the exact opposite behavior,
increasing ion flux with increasing pressure. The fluxes of
atomic ions (except Ar) were very small and strongly de-
creased with increasing pressure.
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Figure 11 shows representative IEDs of CF' for
C4F4: Ar mixtures for various plasma conditions. The aver-
age energies of these IEDs are roughly 5 V lower than those
for the pure C4F; discharges shown in Fig. 6. In addition, the
IEDs are narrower and at the lowest pressure (0.67 Pa) the
dual peak IED is beginning to combine into a single peak as
shown in Fig. 12. Figure 13 shows how the width of the
plasma potential oscillations, determined from the curve fit-
ting procedure described previously, changes with pressure
and percentage of C4F. Increasing the percentage of C4Fg
in the plasma increases the peak to peak voltage oscillations.
Increasing the flow rate seems to increase the amplitude of
the oscillations slightly. The dependence on pressure was
more complicated. The pure C4F4 plasma potential oscilla-
tions had a maximum at 1.33 Pa while the 50% C,F; mixture
continued to increase with pressure. These values are signifi-
cantly larger than those measured directly using a wire loop
probe in Ar and CF, discharges (on the order of 1 — 2 V).5%
We have not directly measured the plasma oscillations in
other more similar fluorocarbon discharges, but the IED
widths of such feedgases as C,F4 and ¢ — C4Fg are smaller
than C4F4 but are at least comparable in magnitude.®'>**
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FIG. 12. lon energy distributions for CF™ ions sampled from a 200 W,
50% C,Fg:50% Ar plasmas for several different pressures.
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FIG. 13. Plasma potential oscillations determined from the effective width
of the IEDs for several widths for (a) different flow rates as a function of the
percentage of C4Fg in the gas mixture at a pressure of 1.33 Pa and (b)
different gas mixtures as a function of pressure at a flow rate of 3.37
umole/s (5 scem).

There appears to be a large contribution of capacitve cou-
pling to these discharges, probably related to the high elec-
tronegative nature of these plasmas.

The neutral radical ratios measured with the sub-
millimeter absorption diagnostic are shown in Fig 14. The
CF, /CF ratio increases from approximately 10 to 16 as the
percentage of C4F; changes from 25% to 100%. It is also
clear that increasing the flow rate also increases the CF, /CF
ratio in this relatively low flow rate range. The signal-to-
noise ratios of the COF, and SiF signals are unfortunately
too low to make any significant comments about how their
ratios change with the varying C4F, gas mixture.

The optical emission spectra of the C4F: Ar mixtures is
very similar to the pure C4F¢ plasmas with the addition of
strong Ar transitions in the red region of the spectra. With a
50% CyFg:50% Ar mixture, the OES signals have similar
behavior with pressure as the pure C4F; plasma with the
exception of SiF band which continues to increase with in-
creasing pressure. The Ar transitions have a maximum at the
intermediate pressure of 1.33 Pa. One significant difference
is the ratio of the C;/C, signals, which decreases with in-
creasing pressure. This may indicate that the addition of Ar
to the plasma might help suppress the growth of carbon par-
ticulates.
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