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Abstract. The operation of an electron-beam plasma source and its application
as a secondary source of ionizaticn in a radio frequency- (RF) powered reactive-
ion-etching (RIE) reactor is investigated. RF-powered RIE is an important tool in
the manufacture of semiconductor devices. One aspect of RF RIE is its ability to
produce a bc substrate potential on insulating as well as conducting substrates.
Substrate potential is an important determinant of etch anisotropy. However,
traditional RF RIE reactors can anly be operated over a limited range of parameter
space. fon flux, neutral radical flux and ion energy must all be controlled with
only two independent variables: RF power and pressure. Expanded and precise
control over process parameters is becoming more important as device structures
are made smaller and less damage tolerant. Process control may be enhanced by

the addition of an alternative source of power.

The experimental arrangement is designed to investigate these possibilities. As
a test case, the system is utilized to etch patterned silicon wafers with SF; gas.
Etch rate, etch uniformity and pc bias potential versus RF power and beam current
are presented. Electron-gun generated contamination is addressed and several

solutions are reported.

1. Introduction

The operation of an electron-beam plasma source and its
application as a secondary source of ionization in a radio
frequency- (RF) powered reactive ion etching (RIE) reactor
is Investigated. RF-powered RIE has been a useful dry
etching technique for several decades. An important
attribute of RFRIE is the formation of a DC self-bias
potential on the powered electrode. This produces the
unidirectional jon flux required for anisotropic etching.
Secondary atiributes include the simplicity of single
power supply operation, relative ease in the scaling of
systems from single to multi-wafer designs, and no
requirement for large electromagnets. However, since the
pe self-bias potential and the plasma are both created by
the same power supply, the ion energy and ion flux or
neutral radical flux at the substrate are not independently
controllable. This lack of control becomes more of a
problem as circuit element packing densities are in-
creased and device structures made less damage tolerant.
ULSI circuit manufacture would benefit from RIE systems
with more process flexibility and, specifically, higher
radical fluxes with lower ion energies than are presently
available with a single power supply RF-driven design.
Process control is increased by decoupling the plasma
source from the source of DC self-bias. Past studies of
decoupled systems have investigated rF triodes [1], or
combinations of an RF-powered wafer chuck with an ECR
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[2], ot RE helicon [3] plasma source. The experimental
investigation presented here details the operation of an
electron-beam plasma source and explores its coupling
into an RIE system composed of a combined electron-
beam plasma and rF-powered wafer chuck. The RF power
produces a DC self-bias on the substrate, increases the
plasma density and affects the electron energy distribu-
tion. As a test case, the system was employed to etch
silicon in SF;; at 50 mTorr, Results presented cover effects
on the substrate potential caused by variations in beam
current and RF power, etching uniformity versus distance
from the electron gun and methods for eliminating
contaminants sputtered from the gun cathode.
Combined electron-beam- and electromagnetic-field-
driven plasmas are referred to as electron-beam sustained
discharges (EBSD). EBSD have been investigated for use in
high efficiency CO, [4] and excimer [35] lasers. The
efficiency advantage stems from a decrease in the bulk
electron temperature for a given plasma density in an
EBsSD driven plasma as compared with a D¢ electric-field-
or electromagnetic-field-only driven plasma. Lowering
the electron temperature results in enhanced rates of
excitation and molecular dissociation relative to the rate
of ionization. While increasing the rate of excitation is
beneficial in a laser, increased neutral radical production,
i.e. dissociation, is beneficial to etching as well as other
plasma processing techniques. EBSD may have other
advantages for plasma processing systems as well. These



include relative ease in controlling process uniformity
through choice of electron gun location and geometry,
and relatively simple and low cost power supplies and
power connections.

2. Experiment

The cold-cathode electron gun utilized for the majority of
the data presented is shown schematically in figure 1. The
cathode face is aluminum, and the active emitting area of
the cathode is defined by a 6.4 x 1.3 c¢m slot cut through
a quartz insulating plate. The 3 mm thick quartz plate is
mounted 1 mm in front of the cathode face and is held in
place by silica cement. Silica cement also insulates the
sides and back of the cathode. The smali 1 mm gap
between quartz and cathode was found to prevent arcs
which formed around the edges of the active cathode area
when no gap, or too large a gap, was present.

The operation and characteristics of cold cathode
electron guns are well described in reference [6]. Briefly,
a beam-driven plasma can be broken down into three
regions as shown in figure 2: region 1, the cathode fall
region, characterized by an intense electric field; region 2,
the energy thermalization region for moderate energy
electrons, characterized by an electric field free region of
high plasma and radical densities; region 3, the high
energy electron thermalization region, a field-free region
where beam flux and plasma density gradually decrease
with distance from the gun. The moderate energy
electrons in region 2 were born in ionizing collisions in
the cathode fall region at some distance from the cathode
surface, hence they cannot acquire the full beam energy.
The high energy electrons of region 3 were born at the
cathode surface by the process of secondary electron
emission. These electrons are accelerated to nearly the
full cathode potential, typically suffering only 05 strong
inelastic collisions over the length of the cathode fall.
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Figure 1. Schematic diagram of the aluminum cathode
electron gun. The beam originates on the portion of the
cathode face exposed to the plasma by the beam aperture.
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Figure 2. Schematic representation of a cold cathode
electron-beam generated plasma.

Note that the separation between regions 2 and 3 is
blurred by the diffusion of plasma and radicals from 2
into 3. The effects of this diffusion are evident in the etch
uniformity data presented in the next section.

The cold cathode electron gun is located on the axis
of the chamber with the cathode face 8.25c¢m from the
near chamber end plate and 2.1 cm from the near edge of
the wafer chuck. The short distance between gun and
chuck does not provide good etch uniformity but instead
allows measurement of the etch rate at various positions
along the beam and hence provides the data necessary to
design future equipment. The beam passes just above the
substrate and continues on to the far chamber end plate
where excess energy is absorbed in a water cooled,
stainless steel beam stop. The electron gun is also water
cooled.

A schematic diagram of the experimental etching set-
up is shown in figure 3. The chamber is an aluminum
cylinder 28 cm long with a 30.5cm inner diameter (ID).
Two 15cm 1D ports are located on opposite sides of the
cylinder, midway between its end plates. A viewport
seals one of the ports. The other port is closed with a
flange which includes a feed-through for the RF-powered
wafer chuck.

Sulphur hexafluoride (SF¢) gas is metered into the
chamber at 15 + 0.2sccM through a mass flow con-
troller. A chamber pressure of 50.0 + 3.0mTorr is main-
tained by adjusting a poppet valve located between the
chamber and mechanical pump.
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Figure 3. Schematic diagram of the experimental set-up.

Note that cooling water connections are represented by
solid arrows.
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The wafer chuck is positioned in the centre of the
chamber. The chuck is a 11.5cm diameter, 1.3 cm thick
stainless steel disc with internal water cooling passages.
Patterned silicon substrates (50 mm diameter, {1003 p-
type with 6{)-cm) are clamped to the chuck with five
1 mm thick stainless steel clips. These clips are screwed
down fush against the chuck and wafer and are posi-
tioned around the wafer so as not to block any part of the
electron beam. The wafer chuck can be rotated so that
the beam impinges directly onto the wafer. For the
experiments described here, however, the chuck is posi-
tioned such that the beam skims just over the top of the
wafer with the beam axis perpendicular to the wafer
surface normal,

The wafer chuck is driven with a 13.56 MHz power
supply through a matching network. The output capaci-
tor of the matching network allows the substrate to
acquire a DC self-bias during RF operation or a floating
potential during electron beam only operation. The rF
voltage and self-bias were measured across a 100-to-1
voltage divider with a Tektronics, model 7704A
oscilloscope.

The electron-beam plasma was diagnosed with a
Langmuir probe. The probe is attached to a manipulator
arm connected to a rotary feedthrough., The manipulator
allows the probe to be swept across the plasma from the
chamber wall to just above the centre of the wafer in a
plane perpendicular to the beam axis.

The Langmuir probe is constructed of a length of
0.25mm diameter tungsten wire extending 6.5mm
beyond a 1.6mm oD alumina tube, The tungsten wire
extends out at 90° to the alumina tube and is designed so
that the axis of the exposed wire is oriented along the
direction of the electron beam, thus limiting the direct
collection of beam electrons by the probe. Also, with gas
pressure of only S0mTorr the number of beam-neutral
collisions within the probe sheath is small. The probe
measures the bulk plasma properties, not the energetic
beam component.

3. Results

The electron beam starts at the cathode with a
5.7 x 0.6 cm cross section, not 6.4 x 1.3 c¢m as defined by
the slotted quartz plate, due to a plasma sheath which
forms on the quartz, The beam diverges slowly with
distance from the cathode: at 10 cm from the cathode the
cross section is approximately 7 x 2cm.

Cathode total current (electron and ion currents)
versus cathode voltage data are shown in figure 4. Data
are presented for operation in pure SF, and pure O,. By
comparison, at 20kV in 50.0mTorr of He, the cathode
current density is only 0.02 + 0.005mA cm ~2. Previous
studies on the effects of different gases on cold-cathode
current densities have demonstrated that the presence of
a thin layer of insulating material on the cathode will
greatly enhance its secondary emission coefficient, and
hence the achievable cathode current density [7, 8]. This

enhancement effect is clearly seen with either O, or SFg
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Figure 4. Electron-gun cathode current density versus
gun voltage for an aluminum cathode in 50 mTorr of SF,
or O,.

as the working gas due to the formation of a thin oxide or
fiuoride layer on the cathode. While an enhanced cath-
ode current density can produce a higher plasma density,
the insulating material formed is non-volatile and, when
sputtered from the cathode, is a possible source of
contamination. Contaminants of this form were observed
on the substrate. Their potential elimination is addressed
below.

Langmuir probe data were taken for an SF; beam
plasma, no RF power, at a distance of 10cm from the
cathode. Correct interpretation of the probe data to
provide absolute numbers is hindered by the effects of the
electronegativity of the SF¢ gas and, to a lesser extent, by
the beam. However, changes in the I—-V characteristic
with beam current and position do provide relative
measurements. Data show plasma densities within the
beam of the order of 10'°cm ™2 for a beam current of
650 & 2mA and of the order of 10°cm™® for a
25.0 + 2 mA beam. These plasma densities are roughly a
factor of 100 greater than the density of the high energy
beam electrons due to the secondary ionizations pro-
duced by the beam. Crossing the beam edge boundary
from inside the beam to outside, the plasma density and
floating potential fali off gradually. However, the plasma
potential changes rapidly at the beam edge boundary.
With a 25.0 + 2mA, 1.95 + 0.07kV beam, the plasma
potential changes over a distance of approximately 3 cm
from —5.0 £ 0.5V to 0.0 £ 0.2V, the floating potential
decreases from —90+05V to —60-+02V, and
plasma density falls by approximately one half,

Data showing the effects of beam current and rF
power on substrate potential are presented in figure 5.
The data show that over the range of RF power in-
vestigated, the substrate potential due to the combined
beam and RF can be decoupled into beam only and rF
only parts. The substrate potential drops (becomes more
negative} with RF power linearly with a slope of
—0.4 + 0.03pc volts per RF Watt. The variation of the
substrate potential with beam current is independent of
RF power and drops exponentially with beam current
roughly as: ¥,y (V) = —exp(lyeom (MmA)/16.2). The result-
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Figure 5. Substrate DC bias potential versus RF power for
constant beam currents of 0, 24 mA, and 50 mA.

ant substrate potential for a combined beam and RF
plasma is then the sum of these two terms. The measured
plasma potential is close to zero for all the cases presen-
ted, this due to the large grounded surface area and the
electronegativity of SF gas. Since the sheath thickness is
less than, but of the same order of magnitude as, the ion
mean free path, the substrate potential indicates the
maximum ion energy incident on the substrate.

Silicon etch characteristics were investigated on
wafers patterned with a repeated series of 5, 3 and 2 ym
spaced lines formed in 14507 resist. Etch rate and
substrate potential data taken for a 24 mA, 2kV beam,
50 W rF, and a combination of the two are presented in
table 1. As noted above, the maximum ion energy is only
a few electron-volts different from the pc self-bias poten-
tial. For the conditions investigated in table 1, the com-
bined beam and RF etch rate is approximately equal to
the sum of the beam only and RF only rates. This is due to
the rapid etching of silicon by neutral atomic fluorine.
The atomic fluorine density scales linearly with plasma
density as long as the ionization fraction is significantly
less than one. The Dc self-bias also sums, however the
etch rate increase is not a result of the added potential
but due to an increased plasma density. Effects on etch
rate caused by differences in ion energy can be pronoun-
ced with ion activated etchants [9] such as chlorine-
containing gases or low-temperature SF,.

sEMs of the etched pattern show contamination de-
posited on the bottoms of the etched troughs. This

Table 1. Silicon substrate etch rate and pc self-bias data
for several combinations of electron-beam powers and RF
power.

Electron beam

Voltage Current RF power Etchrate bc self-bias
(kv) (W) (W) {nm min~")(V)

21 24.0 0 115.0 —-8.0

0 0 50.0 116.0 —-17.0

2.1 24.0 50.0 236.0 —25.0

An electron-beam plasma source

material is a non-volatile aluminum and fluorine com-
pound [10] resulting from material sputtered from the
electron gun cathode. The material is only weakly bound
to the silicon. It is formed in the gas phase or on the
cathode and then rains down on the silicon as small
particles. These particles act as etching masks resulting in
a roughened etched surface with small etch pits.

Figure 6 presents efch rate data as a function of
distance from the electron gun cathode for 24 mA and
50mA beam only plasmas. Note that within Scm of the
gun, the apparent ¢tch rate increases with distance. This
is due to a high rate of deposition of the contaminant
aluminum compound. It is the decrease in contaminant
deposition with distance which causes the increase in
etching rate. At distances beyond 5cm, the etch rate
decreases rapidly at first, approximately as 1/distance,
and then more slowly. A 1/distance rate decrease is
expected if all of the ions and radicals were born in the
high plasma density region just outside of the cathode fall
(region 2 in figure 2) and diffused outwards with a
recombination length scale greater than the cathode-to-
wafer distance. For distances greater than 16 cm, the etch
rate is little affected by species diffusing from this region,
and a gradual decrease in etch rate parallels the slow
decrease in plasma density in region 3 of the beam
plasma.

In order to reduce the transport of contaminants
from the electron gun to the substrate and to reduce the
diffusion of plasma species born in region 2, a shield was
installed between the gun and the wafer chuck. The shield
arrangement as tested is shown in figure 7. The shield is a
L.6mm thick sheet of stainless steel with a 1 x 6.4cm
window cut out. The shield is positioned 2 cm in front of
the gun with the window aligned with the active area of
the cathode. The short 2 cm cathode-to-shield separation
distance is not optimal, but for this exploratory study the
cathode-to-wafer chuck distance was kept the same as in
the previous experiments. The resulting etch rate versus
distance data are presented in figure 8. Note the overall
lower magnitude but more gradual decrease with dis-
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Figure 6. Silicon etch rate versus distance from cathode
for 24 mA and B0 mA beam currents and no RF power in
50mTorr SF.
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Figure 7. Schematic diagram of the experimental
arrangement with sputter shield between gun and
substrate.

tance in rate as compared with figure 6. These results
show the effectiveness of the shield in excluding much of
the region 2 products from the wafer area. Photomicro-
graphs of the patterned wafers etched in a 2.1kV, 24 mA
beam, no RF, show 2 marked decrease in contamination
as compared with the non-shielded results. Under high
magnification the surfaces of the etched troughs appear
as approximately equal areas of clean silicon and small
islands of contamination, 25 nm x 250 nm in area and
25 nm tall.

An alternative method of eliminating gun-generated
contaminants would be to use a cathode fabricated from
a material which, when sputtered, forms volatile com-
pounds. Suitable materials might be graphite or silicon.
An electron gun with a silicon cathode face was tested,
and semM microphotographs of etched wafers show no
indication of surface contamination. Beam current versus
beam voltage data for the silicon cathode gum are
presented in fipure 9. Note that at 2kV the gun current is
25% less than that of the aluminum cathode gun.
Although the silicon cathode current is lower, it is
sufficient for use as a practical cathode material. Also, the
discharge is observed to be stable to higher gun voltages
for the silicon cathode. The etch rate of the silicon
cathode face was measured to be 1.0+0.5 um min~* after
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Figure 8. Silicon etch rate with sputter shigld in place for
a 24 mA beam in 50mTorr SF;.
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gun voltage for a silicon cathode in 50 mTorr of SFg or
0.

operation at 1-4kV; the cathode etch rate for the
aluminum cathode gun is orders of magnitude lower.

4. Discussion

In analysing the beam-powered plasma results it was
noted that the beam edge diverges outwards at a 4° angle
from the cathode normal even though the cathode face is
planar. Hence a small fraction of the beam electrons do
impinge on the silicon surface. Beam spreading can be
reduced either by installing a beam-shaping aperture
located a distance from the cathode (this effect is ob-
served when the sputter shield is in place) or by cupping
the cathode face so as to electrostatically focus the beam
(71

Accurately defining the beam geometry and, most
importantly, its distance above the substrate surface
could be beneficial in practical beam driven systems,
Controlling the height of the bottom edge of the beam
above the substrate would allow for adjustment of the
ion flux to neutral radical flux ratio and the ion energy.
This is evident from the rapid variation with distance
from the beam edge of the Langmuir probe data.

Substrate potential is determined by the sum of the
potentials due to the beam only and the rF only. Hence
control is provided by varying the RF power, beam
current, or beam height. This allows for a great deal of
flexibility in selecting operating parameters.

The SF¢ Si'REE etching experiment was chosen only as
a test application for this plasma source. The etch rate
data of figures 6 and 8 indicate the need for larger or
multiple cathodes in order to increase plasma density
and etch rate. Plasma density can also be increased by
use of pairs of opposing gun cathodes to provide
electrostatic confinement of the beam electrons or a
magnetic field arrangement to confine the bulk plasma.

Etch uniformity can be estimated by fitting the data
of figure 8 with an equation derived by assuming a
diffusion source located at the sputter shield aperture and
a constant beam-driven plasma generation term. This



model predicts that in order to achieve a 3% etch
uniformity over a 6 in wafer a pair of opposing guns, each
with a sputter shield, be positioned with at least 30cm
between each cathode and the wafer centre. Similar

uniformity problems in electron-beam driven excimer '

lasers have been handled by employing opposing guns.
The arrangement is referred to as double-sided injection
or pumping [11]. Adding more pairs of guns and
focusing each beam to contract, and so intensify, over the
wafer will reduce the needed cathode to wafer separation
still further. Gun generated contamination can be mini-
mized by fabricating the cathodes from silicon or pos-
sibly graphite.

In a practical system, etch anisotropy and selectivity
can be controlled by proper selection of process gases. In
SF, anisotropic etching with good selectivity is achieved
by cooling the substrate [12] to temperatures near
—30°C.

B. Conclusions

An electron-beam plasma source of use in plasma pro-
cessing has been designed and tested as a combined
electron beam and RF powered RIE system. The experi-
mental arrangement was chosen to investigate gun char-
acteristics and the synergistic effects between the plasma
sources: the effects of beam current and RF power on
substrate potential, etch rate as a function of distance
from the electron gun, and possible sources of wafer
contamination. Experimental results indicate that sub-
strate potential contributions due to RF power and beam
current are independent and sum linearly in combined
beam/RF discharges. Also the requisite etch uniformity
can be realized by sufficiently increasing the gun-to-
substrate distance to shield the substrate from the intense
plasma generated near the electron gun. Gun derived
contamination can be alleviated by utilizing a silicon
cathode.

An electron-beam plasima source
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