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Abstract

We report measurements of the energies and angular distributions of positive ions in an
inductively coupled argon plasma in a GEC reference cell. Use of two separate ion
detectors allowed measurement of ion energies and fluxes as a function of position as well
as ion angular distributions on the discharge centerline. The inductive drive on our system
produced high plasma densities (up to 10'?/cm’® electron densities ) and relatively stable
plasma potentials. As a result, ion energy distributions typically consisted of a single
feature well separated from zero energy. Mean ion energy was independent of rf power
and varied inversely with pressure, decreasing from 29 eV to 12 eV as pressure increased
from 2.4 m Torr to 50 mTorr. Half-widths of the ion angular distributions in these
experiments varied from 5 degrees to 12.5 degrees, or equivalently, transverse
temperatures varied from 0.2 to 0.5 eV with the distributions broadening as either
pressure or RF power were increased.






1. Introduction

Plasma discharges are widely used to etch semiconductors, oxides, and metals in the
production of very-large-scale integrated circuits. Energetic ions in these discharges play
a critical role in the process, influencing the etch rates, etch profiles, and selectivity to
different materials. “** Several groups are actively engaged in developing
computational models of these plasma processing discharges. **® In order to validate the
predictions of these models, detailed experimental measurements of plasma praameters are
required. In this paper, we report ion fluxes and energy distributions versus radius as well
as ion angular distributions measured on the centerline, for inductively coupled discharges
in argon.

Gridded “retarding field” energy analyzers have been used to measure ion energy
distributions for several decades.>'®"! A number of authors have examined the energy
distributions using gridded energy analyzers in capacitively coupled’>*!” and inductively
coupled *-#! RF discharges. More recently, gridded energy analyzers have been used to
measure ion energies in electron-cyclotron-resonance driven plasmas > and in plasmas
for controlled fusion research.*? In addition to gridded energy analyzers, a number of
other electrostatic detectors have been used to measure ion energies. 2> >

The angular distribution of the ions striking the wafer strongly influences the etch
anisotropy, which in turn influences the smallest possible feature size that can be etched on
the wafer. Very few measurements have been reported on ion angular distributions in
plasma etching discharges.”>* To our knowledge, no angular distribution measurements
have been previously reported for the “high-density” inductively coupled rf discharges
which are coming into increasing use in the microelectronics industry.

II. Apparatus:
A. GEC Reference Cell

Our experiments were carried out in a Gaseous Electronics Conference Reference Cell*>*
which had been modified to produce inductively coupled discharges.>* The Gaseous
Electronics Conference Reference Cell ( GEC Ref. Cell) was developed to allow workers
at a number of different laboratories to directly compare measurements in a cell which has
good diagnostic access and is is similar to plasma reactors used in the semiconductor
industry. A schematic of our cell, including the two ion detectors we used, is shown in Fig,
1. The Faraday shield shown in Fig. 1 was only inserted for one set of experiments as
discussed in Section III A. The GEC Ref. Cell and the chamber containing the isolated
ion7detector were evacuated by turbomolecular pumps and had base pressures below 2 x
10 Torr.

B. Isolated Ion Detector




The first detector was a gridded energy analyzer which was isolated from the plasma by
placing it behind a pinhole in the grounded lower electrode, in a separate vacuum system.
This detector was used to measure both ion energy spectra and ion angular distributions
on the centerline of the discharge. This detector was built at Sandia, based on earlier
designs at MIT.'>"* A schematic of the isolated detector is shown in Fig. 2. The detector
contains three screen grids and a series of annular collecting rings. All three grids and the
collecting rings form sections of concentric hemispheres which are centered on the
pinhole. The three screen grids ** were pressed over spherical brass mandrels and then
tack-welded to stainless steel washers as described by Taylor. *® The first grid ( nearest
the pinhole) and the third grid were of 50 lines per inch stainless steel woven screen and
were 92% open. The first grid was grounded to provide a field-free drift region between
the pinhole and the detector. The third grid was held at a negative voltage (~-10.2 V) to
repel discharge electrons and suppress secondary electron emission from the collecting
rings. The second grid was made of 100 line-per-inch stainless steel screen which was
81% open. The second grid was scanned in voltage from 0 to + 40 V to sweep out the
ion energy spectrum. Only ions with energies greater than the voltage on the second grid
were passed by the grids and detected by the collecting rings. Thus, the ion energy
spectrum wwas the derivative of the signal at the collecting rings with respect to the
voltage on the second grid.

The nine annular collecting rings were formed on a concave semispherical surface
machined into a piece of VESPEL™ polyimide. *> After nine small holes were drilled
from the back side to the semispherical side of the polyimide piece, wires were glued
through the holes to allow connection to the electrode rings. To form the electrodes,
layers of chromium and copper were sputter-deposited over the polyimide and a layer of
nickel was plated over the copper. We used a lathe to cut nine narrow (~.01” wide )
circular grooves through the conducting films to separate the nine annular electrodes.
Each electrode subtended an angle of approximately 4 degrees to a normal through the
pinhole.

A variety of pinholes were used in these experiments. The ion energy spectra presented
here were taken with a 10-micron-diameter pinhole in a 2.5-micron-thick nickel foil.
Unless otherwise noted, the ion angular data presented here were taken using a 2-micron
pinhole in a 1.5-micron-thick gold foil **. Due to the finite thickness of the pinhole foils,
the pinholes looked slightly smaller to ions approaching the pinhole at large angles to the
pinhole normal. We corrected for this effect as explained in references 7 and 8. In most
cases, the corrections changed the value of the signals by less than 10%.

The data collection system for the isolated detector was controlled by a computer
operating on LabVIEW for Windows. Voitages on the second and third grids of the
detector were controlled by two Kepco PAT 100-0.2 power supplies which were in turn
controlled by a Kepco SN-488 controller. Currents from the collector rings were
measured with a HP 6512 electrometer. Data points were collected at 0.25-Volt intervals,



with five measurements at each voltage being averaged to comprise one point. The data
was then differentiated to obtain the ion energy distributions.

B. Mini-Ion Detector

The second ion detector was a miniaturized gridded energy analyzer, which operated
directly in the discharge, as shown in Fig. 1. This detector, developed at the
Massachussetts Institute of Technology 2% , was extremely small, measuring 0.32 cm by
5 cm. The small size of this detector gave it high energy resolution ( sub-eV FWHM" )
and allowed it to be mounted on a stalk and moved about in the discharge to map out
spatial variations in the plasma. Figure 3 shows a schematic of this detector. This
detector used only two screen grids. The first grid was grounded and the second grid was
held at a negative potential to repel discharge electrons and suppress secondary electron
production from the collector. In order to sweep out the ion energy distribution, the
nickel-foil collection electrode itself was scanned from 0 to + 50 Volts. Because this
detector was immersed in the plasma, the grid size and spacing between grids needed to be
very small -- comparable to the ~15 micron Debye lengths seen in the plasma. Hence, 78
line-per-mm grids ** were used and the grids were separated by 0.25 mm-thick alumina
spacers.

In the data collection system for the mini-detector, a computer-controlled operational
amplifier circuit ( Apex PA08 ) applied voltage to the collector. Collector current was
read by a Hewlett Packard HP-485 floating picoammeter and sent to the computer
through an Analog Devices AD-289] isolation amplifier. Data was collected in 0.18-Volt
increments and was filtered during the analysis by taking a sliding average over 0.54 Volts.

IIT. Results and Discussion
A. Ton Energy Distributions

Figure 4 shows raw data and an ion energy distribution obtained with the isolated detector
for a 5 millitorr, 300 Watt rf discharge in argon. The raw data is current in Amps/cm® as
a function of voltage on the second screen of the analyzer. The ion energy distribution is
the deravitive of the raw data with respect to voltage. Figures 5 and 6 show ion energy
distributions in argon discharges as a function of pressure and power as recorded by the
isolated detector. Figure 7 shows energy distributions measured at several different radial
locations by the mini-ion detector. Figures 8 and 9 show plots of total ion flux versus
pressure and power and mean ion energy vs pressure as measured by the isolated

detector.

The most striking thing about these ion energy distributions is their simplicity. They show
one relatively narrow feature, well separated from zero energy. This is in contrast to ion
energy distributions measured in capacitive discharges', which typically show a
continuum of ion energies from a high energy limit down to near zero ion energy.
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The differences between our ion energy distributions and those seen in capacitive
discharges arise from the differences in the plasma potentials, sheath dimensions and
pressure ranges between the two cases.? In capacitively-coupled discharges, the plasma
potential varies from near zero to the full rf potential during each rf cycle. Also,
capacitive discharges normally are operated at relatively high pressures (up to 1 torr )
and low electron densities ( n. = 10° to 10" /em™ ) which yields relatively wide,
collisional sheaths. Therefore, the energies of the ions at the electrode in capacitive
discharges can vary greatly, depending on the phase of the rf cycle when they start across
the sheath and the number and location of collisions they experience in the sheath.

In inductive discharges, the plasma potential is predominantly DC. Normally, this DC
potential has only a small AC component superimposed on it due to stray capacitances
between the rf induction coil and the plasma. Inductive discharges are normally operated
at lower pressure ( below 0.1 Torr ) and high electron density ( n. = 10" to 10" /cm® )
where the sheaths are narrow. We also expect these sheaths to be collisionless, since total
ion-neutral collision cross-sections ** for argon are less than or equal to 6 x 10"° cm?,
which leads to an ion mean free path of about 0.5 cm for 10 millitorr discharges, about a
factor of 50 larger than the sheath thickness. As a result, in inductive discharges, ions will
have a relatively narrow energy distribution ( a few eV or less ) at the edge of the sheath
caused by collisions in the pre sheath, thermal energy and spatial variations in the plasma
potential. This distribution will then be uniformly shifted to higher energy, resulting in
distributions like those in Fig. 5 as all the ions gain an energy equal to the DC sheath
voltage in crossing the sheath.

As mentioned above, the only oscillations in the plasma potential in our inductive
discharges will come from stray capacitive coupling between the rf coil and the discharge.
These oscillations however, are the most probable cause of the splitting of the energy
distributions seen in the mini-detector in Fig. 7. Because of the plasma oscillations, ions
entering the sheath at different phases of the RF cycle will arrive at the bottom electrode
with different energies. We will only see a splitting of the ion energy distribution for cases
with high densities and small sheaths where ions can cross the sheath in less than one rf
cycle. For lower densities and larger sheaths, ions will see more than one rf cycle while
crossing the sheath and the ion energy distribution will simply broaden, rather than
splitting. The data in Figure 7 indicates that the plasma potential is oscillating by about
2.5 Volts, or about 10% of its total value. As the detector is moved off center, the
electron density drops, the sheath broadens and the splitting washes out as expected.

To gauge the impact of plasma potential oscillations on the ion energy distribution, we
inserted a Faraday shield on the bottom of our window holder, between the rf coil and the
discharge (fig. 1) for one experiment. This coil consisted of a copper ring with a number
of spokes projecting towards ( but not meeting in ) the center of the ring and was similar
to the Faraday shield described by Mahoney et. al."® Using a capacitive pickup probe in
the evacuated GEC reference cell, we found that the Faraday shield reduced capacitive
coupling between the coil and the discharge region by about a factor of 40. Using the
isolated detector, we then re-measured ion energy distributions in argon with the Faraday
shield in place. We obtained the same energies and fluxes as without the shield, but the



widths of the distributions were uniformly reduced to 2.1 eV from their value of 2.8 eV
without the shield.

It is helpful to compare our data to Langmuir probe measurements by Miller, Hebner,
Greenberg, Pochan and Aragon.>*  Graphs presenting electron density and plasma
potential from Miller’s work are shown in Fig. 10 for 10 millitorr argon discharges with
150 Watts rf input power. These measurements were taken in a GEC reference cell which
was nominally identical to the one used in our work. First, we will compare the
measurments of plasma potential. The mini-detector measurements were taken with the
detector 1.9 cm above the lower electrode and gave a plasma potential of 20.5 eV in the
center of the discharge, in excellent agreement with Miller et. al. The isolated detector
measurements should reflect the value of the plasma potential one ion mean-free-path
above the lower electrode, about 5 mm in this case. The isolated detector value of 18.5
eV is also in excellent agreement with the Langmuir probe data.

Second, we can compare the flux measurements from the two analyzers. For 10 millitorr
Ar and 150 Watts input power, the isolated detector sees a total ion flux of 10.9
milliamps/cm® and the mini-ion detector sees 12.5 milliamps/cm®. Since the mini-ion
detector is in the densest part of the discharge and the isolated detector is below the
bottom electrode, this is. excellent agreement. Further, in several different discharges in
which the absolute fluxes changed by & factor of five, the ratio of the fluxes seen by the
isolated and mini-ion detectors changed by less than 1%.

Third, although the analysis is not as simple, we can compare our total ion flux
measurements to Miller’s electron density. measurements. We note that Miller suggests his
Langmuir probe electron density measurements need to be multiplied by 1.25, based on
comparison of his results to microwave interferometer results. We know that the product
of ion density and velocity will remain constant throughout the plasma sheath'. The
measurements with the isolated detector tell us the ion density and velocity at the lower
electrode. If we can estimate the ion velocity at the edge of the sheath, we can calculate
the ion density in the plasma to compare with Miller et. al.** From the total ion flux of
10.9 mA/cm 2, the mean ion energy of 18.5eVand E=1/2 mv 2 we calculate that there
were 7.4 x 10 jons/cm® at the bottom electrode, with an average velocity of 9.2 x 10°
cm/sec. We can estimate the ion velocity at the sheath edge either by using the ion
thermal ( Bohm ) velocity: v = (kT./ Micn)'?, or by using values of the drift velocity of
argon ions in argon measured by Hornbeck ***' as a function of E/p. We estimate E as
10 V/cm near the sheath using Miller’s data by taking the gradient of his measured plasma
potential near the lower electrode. Using the Bohm velocity, we calculate an ion velocity
at the sheath edge of 3 x 10° cm/sec and an ion density of 22 x 10" /cm®. Using
Homnbeck’s data, we calculate an ion velocity at the sheath edge of 2.5 x 10° cm/sec and
an ion density of 27 x 10" /ecm®. Miller’s value of the electron density at the lower
sheath edge ( after being multiplied by 1.25 ) is 24 x 10" /cm® in excellent agreement with
our estimates of 22 to 27 x 10"°ijons/cm’ .

Figures 11 and 12 show the radial variation of ion energy and ion flux in S and 10 millitorr
argon discharges as measured by the mini-ion detector. Miller’s Langmuir probe values
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for the plasma potential in a 10 millitorr Ar discharge are shown in figure 12 for
comparison. The shape of the ion flux curve in figure 11, which is peaked on the
centerline and falls to one-half its centerline value 4 cm from the axis, is also in agreement
with Miller’s data.

The widths of the ion energy distributions we measure with the ion detectors have a
number of contributing components, including: the energy resolution of the detectors, the
thermal energy distribution of the ions in the bulk plasma, oscillations in the plasma
potential, and spatial variation in the plasma potential in the pre sheath. With no Faraday
shield in place, the isolated detector consistently saw ion energy distributions with a 2.8-
eV FWHM, independent of pressure or rf power. The Faraday shield eliminated the
plasma potential oscillations and reduced the width of the distribution to 2.1 eV. From
the work of Miller et. al.** ( Fig. 10) the plasma potential varies by about 2 volts in the
last 5 mm ( one ion mean free path ) above the grounded electrode, which should result in
about a 2-eV spread in the ion distribution seen at the electrode. We know from separate
experiments with chlorine discharges that the resolution of the isolated detector is less
than 1.4 eV. The thermal energy distribution of the ions in the bulk plasma as measured
by Hebner * is less than 0.1 eV and is negligable compared to the other sources of energy
spread in the ion energy distribution. We conclude from this, that with the Faraday shield
in place to suppress the plasma potential oscillations, most of the width of the ion energy
distribution functions we measured with the isolated detector was caused by spatial
variations in the plasma potential.

The shape of the ion energy distributions we see is in good agreement with the shapes
predicted by Kortshagen and Zethoff ! and by Riemann * for a purely inductive
discharge with a collisional pre-sheath. The mean energies of our distributions, however,
depend more strongly on pressure than Kortshagen’s work predicts. Our mean energies
agree with his predictions at 15 mTorr, but are 12 eV higher than his predictions at 2.5
mTorr.

B. Ion Angular Distributions:

In measuring ion angular distributions, it is important to determine that the ion trajectories
are not perturbed by fringing electric fields around the pinhole. This problem is
particularly severe in the high density discharges studied here since the sheaths are very
narrow and hence sheath E-fields are very high. To investigate this phenomenon
empirically, we took the data in Fig. 13, which shows normalized plots of ion angular
distributions versus pinhole size. While Fig. 13 clearly shows a “smearing” of the ion
angular distribution for pinholes of 30 and 75 microns, the distribution is approximately
constant for pinholes of 10 micron diameter and smaller. In addition, we note that for the
smaller pinholes, the area-normalized signal, obtained by dividing the signal from each
annular electrode by the electrode area, becomes monotonically decreasing with angle
from the pinhole normal (see Fig. 15). This is the expected appearance of any real angular
distribution from these discharges. The rest of the angular data we present here is with
the smallest pinhole, a 2-micron-diameter pinhole in a 1.5-micron-thick gold foil. We have
corrected for the finite thickness of this pinhole foil as discussed in Section II B. Figure



14 shows a series of ion angular distributions for a variety of argon pressures and 200
Watts of rf power entering the rf matching network. It is clear from this picture that both
the width of the angular distribution and the total flux increase with pressure.

If we assume that the distribution function of the ions at the pinhole can be approximated
by a drifting Maxwellian distribution*, we can derive estimates of the ratio of the
transverse to longitudinal temperatures of the ions from our data. The measured ion
current per detector electrode area is fit to a simple functional form:

J = A[ cos*(d)]exp[-Bsin'(d)]

where d is the mean angle and A and B are to be determined by the fit. B is defined as
E4/kT, where Eq and T, are the directed energy ( Egieetea = 1/2 mV?) and the transverse
temperature ( kT, ). Figure 15 shows fits of three of the curves in figure 14 to drifting
Maxwellians. In general, the fits are best at low pressures and powers. Figure 16 shows
" the trends in our angular data, displaying data for Egirected , KTtransvense and the ratio of
Esirected / KTtransvene . The transverse temperature is a function of pressure, increasing from
0.29 eV to 0.5 eV when the pressure increases from 2.9 mTorr to 50 mTorr at 200 Watts
rf input power. The transverse temperature is also a weak function of power, increasing
from 0.20 to 0.33 eV at 2.9 mTorr when the rf power increases from 100 to 300 watts.

As a second test of the effect of pinhole size on our results, Fig. 17 shows our measured
transverse energies as a function of pinhole size. The results for the 5 and 2 micron
pinholes are essentially identical ( i. e. they are within 17% of each other ) over the full
range of pressures we tested. The 10 micron pinhole data data at high pressures,
however, are 50 % higher than the results with the smaller pinholes. From these results,
we conclude that while the 10 micron results were affected by the fringing fields around
the pinhole, the 5 and 2 micron data were not significantly affected.

Itis useﬁll to compare our angular results to the transverse temperature measurements of
Hebner*2. Hebner used laser-induced fluorescence to measure ion transverse
temperatures in the bulk plasma of an argon discharge in an identical GEC reference cell.
For 200 Watts rf input power, Hebner measured ion temperatures varying from 0.07 to
0.09 eV, about a factor of five lower than the temperatures we measure. We conclude
from this that the ion angular distribution is considerably broadened, probably by
collisions, as the ions pass through the pre-sheath region.

Finally, we looked at the ion energy distributions as a function of angle. Figure 18 shows
ion energy spectra as detected by six different collector rings on our detector for a 10-
mTorr, 200-Watt rf discharge in argon. To first order, the ion energy distributions appear
to be independent of the angle at which the ions strike the lower electrode. Figure 18
does show a slight shift to higher ion energies ( about 0.5 eV )for the ions passing through
the pinhole 12 to 20 degrees off axis, but this shift is smaller than the 2.8 eV full-width-at-
half-maximum of the ion distributions.



VL Conclusions:

Our work allows us to draw several conclusions about the spectra we see in these
inductively coupled argon plasmas. First, each ion energy distribution consists of a single
feature which is well separated from zero energy. This is very different from the spectra
seen in capacitively coupled discharges and reflects the quiescent nature of the plasma
sheath and plasma potential in inductively coupled discharges. Second, we find that the
ion energies are independent of rf power, but vary inversely with pressure. Third, the
discharge is fairly non-uniform: The ion energies vary by 40% from the center to the edge
of our 15.2 cm diameter electrode and the ion fluxes vary by more than a factor of five.
Fourth, we find that our ion energy and flux measurements are in good agreement with
electron energy and flux measurements measured with a Langmuir probe. Fifth, the
splitting in the ion energy distributions seen by the mini-ion detector indicates that the
plasma potential in our discharge has an oscillating component ( about 2.5 Volts peak-to-
peak ) superimposed on a DC potential of about 20 Volts. The oscillating portion of the
plasma potential is probably caused by stray capacitive coupling between the induction
coil and our discharge. Finally, the full-width-at-half-maxima of the ion energy
distributions do not change with pressure or rf power, remaining constant at 2.8 eV.
Eliminating the stray capacitive coupling between the rf coil and the plasma, however,
does reduce the FWHM to 2.1 eV.

We can also draw several conclusions about ion angular distributions. First, the angular
distributions appear to be controlled by two independent parameters. The width of the
distributions increases as either power or pressure increase. Second, the distributions are
fairly narrow, with half-widths that vary from 5 degrees to 12.5 degrees for our
experiments. If we fit the distributions to drifting Maxwellian distributions, this
corresponds to a range of Edirected / KTtransverse varying from 120 to 20.  Finally, our
measurements of ion transverse temperature are a factor of 4 to 5 higher than transverse
temperatures measured in the bulk plasma, indicating that most of the ion’s transverse
energy seen at the electrode is acquired in its passage through the pre-sheath region.
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Figure 1: Schematic of the GEC reference cell with inductive RF drive coil. Locations of the two
ion detectors are indicated. Location of the faraday shield, which was only used for one
experiment, is also indicated.
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Figure 10. Langmuir probe measurements of electron density and plasma potential taken by
Miller et. al. ¥ Miller’s measurements were taken in a GEC reference cell which was
nominally identical to the one used in our experiments.
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Figure 15. Drifting Maxwellian distribution fits to three of the jon angular distribution curves
shown in figure 13. These fits allow us to assign a “transverse temperature” to the ion
distribution as explained in the text. Note that the signals shown here are current per cm?® of
collector area on the various ring electrodes of the isolated ion analyzer. In general, the fits are
best at low powers and pressures.
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Figure 16. Transverse ion temperatures, directed ion energies and ratio of directed energy to

transverse temperature for a number of RF discharges in argon. A 2-micron pinhole was used for
these measurements.
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