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Plasma molding over surface topography: Energy and angular distribution
of ions extracted out of large holes

Chang-Koo Kim and Demetre J. Economoua)

Plasma Processing Laboratory, Department of Chemical Engineering, University of Houston, Houston,
Texas 77204-4004

~Received 8 May 2001; accepted for publication 19 November 2001!

Plasma molding over surface topography was investigated by measuring the energy and angular
distribution of ions extracted from a hole in contact with a high density plasma. Holes with diameter
larger than as well as smaller than the local sheath thickness were studied in argon or deuterium gas.
When the hole diameter~10 mm! was much less than the sheath thickness, the plasma was not
perturbed by the presence of the hole. The ion energy distribution~IED! had multiple peaks due to
ions sampling the time-varying potential while crossing the sheath. The ion angular distribution
~IAD ! was Gaussian, peaking at zero angle with respect to the surface normal. These results agree
with reported studies. At the other extreme, when the hole diameter~1270mm! was larger than the
sheath thickness, plasma ‘‘leaked’’ into the hole. The IED had a single peak since ions now
experience an average sheath potential. The IAD was quite broad extending beyond 30° off normal.
When the hole diameter~508mm! was comparable to the sheath thickness, the shape of the IED and
IAD was in-between the two extremes mentioned above. The IAD became more isotropic with
increasing power, suggesting that the plasma leaked only partly through the hole~the plasma–sheath
meniscus was located inside the hole!. For all cases, increasing pressure resulted in lower ion energy
in argon plasmas due to ion–neutral collisions. Increasing pressure had little effect on the ion energy
for deuterium plasmas, for hole diameter less than 508mm. This is due to the smaller ion–neutral
collision cross section for deuterium. ©2002 American Institute of Physics.
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I. INTRODUCTION

The ability of plasma to mold around surfaces of co
plex shape finds application in coating of curved objec
etching of surfaces of complex form~e.g., for MEMS!,
plasma immersion ion implantation, and ion extraction fro
a plasma by electrically biased grids~for use in ion beam
assisted growth and etching of thin films, neutral beam e
ing, ion thrusters, neutron generators, etc!.1,2 The interaction
of a plasma with a surface containing topographical featu
is critical to all of these applications. The flux, energy, a
angular distributions of ions incident on the target are
primary importance. These quantities depend critically on
shape of the meniscus~plasma–sheath boundary! formed
over the surface topography.

For plasma–grid interaction, the important length sca
that control behavior are the plasma sheath thicknessl and
the diameter of the grid holesd. The sheath thickness i
related to the Debye lengthlD . When the surface is floating
the sheath is a fewlD thick. On the other hand, when th
surface is biased negatively to extract positive ions,
sheath thickness increases to several tens oflD , depending
on the magnitude of the applied voltage.

Figure 1 shows three cases of plasma molding o
holes. In Fig. 1~a! ~top!, l is much larger thand so that the
presence of holes does not disturb the plasma. The plas

a!Author to whom correspondence should be addressed; electronic
economou@uh.edu
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sheath boundary remains nearly planar as if the hole we
solid wall. In Fig. 1~b! ~middle!, l is much smaller thand so
that the plasma–sheath interface follows the surface cont
Plasma leaks through and under the holes. Figure 1~c! ~bot-
tom! is an intermediate situation wherel is comparable tod
and there is significant disturbance of the plasma–she
boundary due to the presence of the holes.

Figures 1~a!–1~c! will produce different angular distri-
butions of ions extracted from the plasma. Case~a! will re-
sult in a rather collimated ion beam~assuming no ion colli-
sions in the sheath!, while cases~b! and ~c! will produce a
divergent beam. Varying the hole axial thickness can a
control the beam divergence. Thicker holes should prod
less divergent beams, since the diverged ions will strike
sidewalls and neutralize. Finally, the ion energy can be c
trolled by the magnitude of the potential of the sheath o
the hole. The required ion beam quality~energy and diver-
gence! depends on the application. For example, neu
beam sources for anisotropic etching applications requir
collimated beam, while coating the sidewalls of microsco
features in ion beam assisted deposition or surface clea
of sidewalls is facilitated with divergent beams.

In this study, an experimental system and a methodol
were developed to investigate the interaction of a plas
with a single hole. This was thought to be a well-defin
experiment to study plasma–grid interaction. Holes were
lected so that the hole diameter was less than, larger t
and comparable to the sheath thickness. Holes with the s
diameter, but with different thickness as were also used
il:
4 © 2002 American Institute of Physics
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investigate the effect of the hole aspect ratio. Experime
were conducted in both argon and deuterium plasmas.

Measurements of the energy and angular distribution
ions extracted from a plasma through a hole that intenti
ally perturbs the plasma~a hole with diameter greater tha
the sheath thickness! have not been reported.

II. EXPERIMENT

A. Plasma source

An inductively coupled high-density plasma~Fig. 2! was
used based on an earlier design by Chen.2 The gas being
discharged~argon or deuterium! was introduced from the top
and was regulated using a mass flow controller~Unit Instru-
ments, UFC-1400A!. The pressure in the plasma source w
monitored by a capacitance manometer~MKS, Baratron 622
A!, and was varied from 5 to 50 mTorr for argon and 10
50 mTorr for deuterium. A radio frequency~rf! circuit and a
matching network were attached to the air side of the 6
ConFlat™ flange holding the source. The plasma was ign
in a ceramic tube (Al2O3) 1.25 in. in inner diameter and 3.2
in. in length, by applying 13.56 MHz rf power~ENI Power
Systems, OEM-6AM-1-B! to a three-turn coil through the
matching network. The matching network consisted of t
variable capacitors~5–500 pF! connected to the rf powe
supply in series and parallel, respectively. The induction c
was cooled by de-ionized water at;19 °C, circulated by a
chiller ~Neslab Instruments Inc., HX-200!, to prevent over-

FIG. 1. Schematic of plasma molding over holes:~a! sheath thicknessl is
larger than hole diameterd; ~b! l is smaller thand; and~c! l is comparable to
d.
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heating of the coil. A 0.5 in. diam sapphire window on th
top of the plasma source allowed visual inspection of
plasma.

Ions could be accelerated by a beam acceleration e
trode ~aluminum! attached to the top portion of the plasm
source. The plasma potential could be controlled by a v
able air capacitor connected to the beam acceleration e
trode through an inductor. This boundary-driven plasma
tential has been used for producing neutralized plas
beams.2,3 A high voltage divider probe~Tektronix! was used
to measure the voltage on the beam acceleration elect
~called ‘‘boundary voltage’’ hereafter!. The peak value of the
boundary voltage could be varied from2250 to 1150 V
with respect to ground. During the experiments repor
herein, the boundary voltage was set to its minimum va
~less than610 V! at each power and pressure condition.

A copper pump ring with six slits~to allow gas flow!
was attached to the bottom of the plasma source. A cop
mounting ring was attached to this pump ring to hold
place a grounded stainless steel plate with a hole and the
analyzer. The source was equipped with a Langmuir prob
measure bulk plasma parameters such as plasma densit
electron temperature.

The plasma source was mounted on an ultrahigh vacu
~UHV! chamber with a 6 in. ConFlat™ flange. The UHV
chamber was pumped by a 300 l/s turbomolecular pump~Al-
catel, 5401CP!, backed by a two-stage rotary mechanic
pump ~Edwards, E2M40!. The pressures in the UHV cham
ber and in the foreline were measured by a nude ioniza
gauge ~Granville–Phillips, BA type! and a thermocouple

FIG. 2. Schematic of the rf inductively coupled plasma source. Point A
where a Langmuir probe was located to measure bulk plasma param
Point B is where the sheath is formed over the hole.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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gauge ~Granville-Phillips, 27006!, respectively, and were
monitored on a vacuum gauge controller~Granville-Phillips,
307!. During experiments~with gas flowing into the plasma
source!, a pressure of about 131025 Torr was routinely
achieved in the UHV chamber.

The experimental strategy was as follows:

~1! measure the plasma density and electron temperatur
the Langmuir probe to estimate the sheath thickness,
~2! choose the hole diameter based on the sheath thickn
and
~3! measure the flux, energy and angular distributions
ions for the cases where the hole diameter is much less t
comparable to, and larger than the sheath thickness, an
different hole aspect ratios.

Several different holes were used. A 10mm diam hole
was made by laser drilling of a 2.5mm thick nickel foil
attached on the stainless steel plate~National Aperture, Inc.!.
508 mm and 1270mm diam holes were directly drilled on
254 mm thick stainless steel plate~Spectralytics!. These
holes represent cases where the hole diameter is m
smaller than the sheath thickness~10 mm!, larger than the
sheath thickness~1270 mm!, or comparable to the sheat
thickness~508 mm!. Experiments were also conducted wi
holes having the same diameter of 127mm, but with differ-
ent thickness, namely 25.4 and 254mm.

B. Ion analyzer

A gridded retarding field ion analyzer4–9 was used to
measured both the energy and angular distributions of
striking the grounded electrode~Fig. 3!. The analyzer was
almost identical to that used at Sandia Nation
Laboratory,4–7 with small modifications for our purpose. Th
analyzer consisted of three screens and 11 annular cu
collecting electrodes. All screens and collecting electro
were shaped as part of concentric hemispheres centere
the hole. The collecting electrodes were electrically isola
by epoxy, so that each electrode was 2°–3° wide. The he
spherical screens were mounted on stainless steel sc
holders by holding the screens between a hemisphe
brass mandrel and the screen holders, and spot welding
following Taylor.10 The top screen~closest to the hole! and
the bottom screen~closest to the collecting electrodes! were
50 wires/in.~90% transparency! with 0.001 in. wire diameter
and 0.019 in. square openings. The middle screen was
wires/in. ~81% transparency! with 0.001 in. wire diameter
and 0.009 in. square openings. All screens were mad
stainless steel~Unique Wire Weaving Co, Inc.!. The ion ana-
lyzer assembly produced a distance of 1.1 in. from the h
to the collecting electrodes. The top screen was grounde
create a field-free region between the hole and the ion a
lyzer to preserve the ion path after ions penetrated thro
the hole. The bottom screen was biased at290 V to repel
electrons from the plasma and also repel secondary elec
emitted from the collecting electrodes.

To obtain the ion energy distributions, the middle scre
was swept from 0~ground! to positive voltages at interval
of 1 V until the measured current was zero. Only ions w
Downloaded 31 May 2002 to 129.7.12.23. Redistribution subject to AIP
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energies greater than the middle screen potential would
through the screen and be detected by the collecting e
trodes. Five current measurements were taken at each
age on the middle screen and averaged to obtain each
point. The ion energy distribution function was obtained
differentiating the current at the collecting electrodes w
respect to voltage on the middle screen. The current at z
voltage to the middle screen allows one to measure the t
ion flux. The total ion flux was obtained by dividing the tot
current by the hole area after the transmissions of the scr
were accounted for, i.e., the measured current was divide
0.9 3 0.9 3 0.81.

Assuming perfectly flat screens, the energy resolut
(DE/E) of an ion analyzer is limited by the finite hole siz
of the middle screen and the distance between the mid
screen and the adjacent screens. Sakai and Katsumata11 stud-
ied the influence of geometrical factors on the energy re
lution of a retarding field electrostatic analyzer made of th
screens. Based on their results and the geometrical pa
eters of the ion analyzer used in this work, the energy re
lution was estimated to be about 3%–4%.

To obtain the ion angular distributions, the middle scre
was set to 0 V to allow all ions to reach the collecting ele
trodes. An ion will hit one of the collecting electrodes a
cording to its angle coming out of the hole. Thus, measu
ment of the ion current at each collecting electrode gave
ion angular distribution. Five current measurements w

FIG. 3. Schematic of the ion analyzer for measuring energy and ang
distributions of ions. The collecting electrodes and the screens were sec
of concentric hemispheres having their center at the hole.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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taken at each electrode and averaged to obtain each
point.

Due to the finite thickness of the hole, an ion incide
normal to the hole plane ‘‘sees’’ a greater opening than
ion approaching at an off normal angle. This effect was c
rected following Liuet al.12 The correction was applied fo
the 10mm diam hole only, since the work of Liuet al. as-
sumes that the plasma–sheath boundary remains plana~no
plasma disturbance!.

Voltages on the bottom and the middle screen were
plied by HP~6209! and Kepco~BHK 500-0.4MG! dc power
supplies, respectively. Currents at the collecting electro
were measured by a picoammeter~Keithley, 485!. The dc
power supplies and the picoammeter were controlled b
National Instruments PCI general purpose interface
~GPIB! usingLABVIEW 5.1 for Windows.

III. RESULTS AND DISCUSSION

A. Sheath thickness versus hole diameter

Experiments were conducted over the pressure rang
5–50 mTorr and 10–50 mTorr for argon and deuterium pl
mas, respectively. The power range was 200–600 W for b
plasmas. The reported power is a nominal value and
necessarily the true power dissipated in the plasma,
power losses in the coil are included. Electron tempera
and bulk plasma density were estimated by Langmuir pr
measurements. Electron temperatures were in the rang
3.2–6.9 and 3.1–5.0 eV for argon and deuterium plasm
respectively, over the power and pressure range emplo
The electron temperature was nearly independent of po
and increased with decreasing gas pressure in both argon
deuterium plasmas. These results are similar to other stu
in inductively coupled plasmas.13–15

Using Laframboise’s theory16 to analyze the Langmui
probe data, it was found that plasma density was in the ra
of 1.431011– 3.231012 cm23 and 2.931010– 3.031011

cm23 in argon and deuterium plasmas, respectively, over
power and pressure range applied in this work. Bulk plas
densities increased both with power and pressure in b
argon and deuterium plasmas. This behavior also agrees
other studies in inductively coupled plasmas.13–15Anderson
et al.17 measured the plasma density in deuterium and ar
plasmas in a capacitively coupled discharge and they
found a higher plasma density in argon plasma.

Ion fluxes measured with a 10mm diam hole~no plasma
disturbance! allow one to estimate the ion density at th
sheath edge over the hole using the Bohm criterion. T
plasma density at the sheath edge over the hole was in
range of 2.231010– 3.231011 cm23 and 9.73109– 6.4
31010 cm23 for argon and deuterium plasmas, respective
The plasma density at the sheath edge increased with pla
power as in the case of bulk plasma density. However
decreased with increasing gas pressure. As gas pressu
creases, the electron temperature decreases. This lower
Bohm velocity of ions. Also, higher pressures result in stro
ger ion density gradients. Both effects tend to lower the
flux out of the plasma. Knowing the electron temperatu
and plasma density at the sheath edge, the Debye lengtlD
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at the sheath edge was calculated. At lower pressures, w
the mean free path is much greater than the sheath thickn
the sheath thickness~l! can then be estimated froml
'1.1lD(eVsh/kTe)

3/4, whereVsh is the sheath potential.18

Figure 4 shows the range of Debye length at the she
edge, sheath thickness, and diameter of holes used in
work. For the calculation of the sheath thickness, the m
sured mean ion energy from the ion energy distribution w
taken as the sheath potential. Over the power and pres
conditions employed in this study, the Debye length at
sheath edge and the sheath thickness range from 35 to 90
from 150 to 400mm, respectively, for argon plasmas, an
from 60 to 140 and 310 to 860mm, respectively, for deute
rium plasmas. Thus, 10mm, 508 mm, and 1270mm diam
holes represent cases where the hole diameter is m
smaller than, comparable to, and larger than the sheath th
ness, respectively. Two holes having the same diamete
127 mm, but with different axial thickness~25.4 and 254
mm! were also used to investigate the effect of hole asp
ratio.

B. Current attenuation inside the ion analyzer

Ions traveling between the hole and the collecting el
trodes of the ion analyzer can suffer ion–neutral collisio
potentially altering the energy and/or direction of the ion
The ‘‘effective’’ pressure inside the ion analyzer can
treated as the sum of a static pressure due to the gas con
tance of the ion analyzer and a localized effusion press
due to the neutrals effusing through the hole.

Many investigators4–7,12have placed the ion analyzer i
a chamber which is differentially pumped usually to belo
1025 Torr. If the gas load~from the plasma source! into the
analyzer is sufficiently small, and/or the gas conductance
the ion analyzer is sufficiently high, the pressure inside
ion analyzer may be low enough to neglect ion–neutral c
lisions. In the experimental system used in this study,
though the chamber pressure in which the analyzer
housed was routinely less than 1025 Torr, it is not safe to
neglect the static pressure inside the analyzer. This is du
the large holes~causing a potentially high gas load! and the
finite gas conductance of the analyzer.

The static pressure was determined by equating the
throughput to the throughput of the ion analyzer. The infl
ence of the localized effusion pressure was treated on
basis of the work of Coburn and Kay.19 Knowing the neutral
density due to the static pressure and the localized effu

FIG. 4. Ranges of Debye length~blank rectangles!, sheath thickness~black
rectangles!, and diameter of the holes used in this work.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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pressure, the fraction of ions that reach the collecting e
trode of the ion analyzer without collisions was obtained a
function of hole radius and pressure in the plasma regio

Figure 5 shows the fraction of ions reaching the colle
ing electrode along the center line without collisions in arg
and deuterium plasmas, respectively. For this calculation,
pressure in the housing chamber was 131025 Torr and the
gas temperature was assumed to be 300 K. As expected
fraction of ions without collisions decreases with increas
gas pressure and hole diameter. It can be seen that more
99% of ions could reach the collecting electrode witho
collisions when the hole diameter is less than 10mm. How-
ever, when the hole diameter becomes 1270mm, ion–neutral
collisions are not negligible any more, resulting in fractio
of ions experiencing collisions as high as 57% and 7%
argon and deuterium plasmas, respectively. This curren
tenuation effect was corrected in the reported ion flux m
surements at each hole size and pressure condition.

C. Ion energy distributions

Figures 6 and 7 show the energy distributions of io
through a 10mm diam hole~no plasma disturbance! for ar-

FIG. 5. Fraction of ions reaching collecting electrode along centerline w
out collisions with neutrals in the ion analyzer as a function of hole diam
and pressure in argon~top! and deuterium~bottom! plasmas.
Downloaded 31 May 2002 to 129.7.12.23. Redistribution subject to AIP
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gon and deuterium plasmas, respectively. One observes
peaks in argon and four peaks in deuterium, respectively.
structure of the ion energy distribution~IED! suggests that
the plasma potential is modulated. This is due to stray
pacitive coupling from the unshielded coil and the beam
celeration electrode~Fig. 2! to the plasma. The amount o
capacitive coupling from the beam acceleration electro
was minimized for each experiment by tuning the capac
of the circuit connected to the beam acceleration electr
shown in Fig. 2. The stray capacitive coupling resulted in a
biased sheath over the grounded electrode with the hole

The shape of the ion energy distribution in a rf shea
depends critically on the product of the ion transit timet i

and the angular frequency of the applied field (v51/T).20,21

Whenvt i!1, ions cross the sheath in a short time compa
to the field oscillations. Under this condition, the ion ener
will depend on the phase of the rf cycle when the ion ent
the sheath. Thus, ion energy distributions are double pea
~for a single ion! with the maximum and minimum energie
corresponding to ions crossing the sheath during the m
mum and minimum sheath potential, respectively. On
other hand, whenvt i@1, ions experience many field osci
lations while crossing the sheath. The ion energy will th
depend on the average sheath potential, resulting in a si

-
r

FIG. 6. Energy distributions of ions through a 10mm diam hole for argon
plasmas:~a! 5 mTorr pressure and~b! 600 W power.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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peak in the ion energy distributions. The ion transit time c
be estimated as the inverse of the ion plasma freque
(vpi) based on the plasma density at the sheath edge,21 t i

51/vpi , wherevpi5(e2nis /«0mi)
1/2. Using the angular fre-

quency of~2 p! 3 ~13.56 MHz! 5 8.523107 s21, one finds
that vt i is about 0.7–2.7 for Ar1 ions, and 0.4–0.9 and
0.6–1.6 for D1 and D3

1 ions ~see below!, respectively, over
the range of power and pressure applied in this study. Ula
and McVittie22 pointed out that the modulation of ion energ
is still apparent even when the ion transit time is about five
periods. Thus, the energy of ions impinging on the 10mm
diam hole should be modulated.

It is known23,24 that the energy separationDE of a pair
of peaks~corresponding to an ion! in the IED is inversely
proportional to the square root of the ion mass. Thus, for
ions with masses mi and mo one has, DEo /DEi

5(mi / mo)1/2, where subscriptsi and o correspond to the
inner and outer pairs of peaks of the IED, respectively. T
measured energy separations of the inner and outer
pairs of the IED for deuterium~Fig. 7, top!, supported the
hypothesis that D1 and D3

1 are the dominant ions in th
plasma, i.e., the energy separation ratio predicted for
D1 /D3

1 pair was closest to the measured energy separa
when compared to the other possible ion pairs. However,
presence of D2

1 in the plasma cannot be ruled out since t

FIG. 7. Energy distributions of ions through a 10mm diam hole for deute-
rium plasmas:~a! 30 mTorr pressure and~b! 400 W power.
Downloaded 31 May 2002 to 129.7.12.23. Redistribution subject to AIP
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peaks of the IED are not sharp, and species identifica
based onDE alone does not suffice.

At a constant pressure~Figs. 6, top and 7, top!, the peak,
minimum, and maximum ion energy are nearly constant
power is varied in both argon and deuterium plasmas. T
behavior is consistent with other studies in argon or ot
discharges.4–7,9 It is a characteristic of ion energy distribu
tions in inductively coupled plasmas. In these plasm
plasma power controls ion flux, not ion energy.

In an argon plasma, the peak, minimum and maxim
ion energy decrease as pressure was increased at con
power ~Fig. 6, bottom!. It is expected that ions will experi
ence more collisions with increasing pressure, resulting
lower ion energy. In a deuterium plasma, however, ions
pinging on the 10mm diam hole have a nearly constant pea
minimum, and maximum energy as pressure is varied at c
stant power~Fig. 7, bottom!. In deuterium plasmas, the co
lision cross section of ions with neutrals is much lower th
that in argon plasmas, making ion flow~through the sheath
and through the analyzer behind the 10mm hole! collision-
less over the pressure range applied in this work.

Figure 8 shows the energy distributions of ions impin
ing on a 1270mm diam hole at a given power. In an argo
plasma~Fig. 8, top!, the peak, minimum, and maximum io
energy decrease as pressure is increased, due to more

FIG. 8. Energy distributions of ions through a 1270mm diam hole:~a! argon
plasmas at 600 W and~b! deuterium plasmas at 600 W.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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neutral collisions with pressure. In a deuterium plasma@Fig.
8 ~bottom!#, the peak, minimum, and maximum ion ener
also decrease as pressure is increased. This is in contra
the case of the 10mm diam hole~Fig. 7, bottom!. This is due
to ion–neutral collisions mainly in the space between
hole and the collecting electrodes of the ion analyzer. Wit
large diameter hole, the gas load effusing from the plas
into the analyzer body~Fig. 2! establishes a high enoug
pressure inside the analyzer that even deuterium ions
suffer a collision.

The striking difference in the ion energy distribution
between Figs. 6 and 8, however, is that the 10mm diam hole
produces two or four peaks in argon or deuterium plasm
respectively, while the 1270mm diam hole results in a singl
peak in argon and a single peak with a shoulder in deuter
plasmas. This implies plasma leakage into the 1270mm diam
hole. Note that the 1270mm diam hole is larger than th
sheath thickness~see Fig. 4!. If plasma penetrates into th
hole, ions escaping from the plasma will be hardly affec
by the sheath between the plasma and the solid wall, and
arrive at the detecting electrode experiencing the aver
plasma potential, because their transit time is correspo
ingly larger ~see Fig. 1!. Thus, the ion energy distribution
will have a single peak. The shoulder of the peaks in
deuterium plasmas may be a consequence of the fact
deuterium ions are quite light and some residual modula
of their energy still remains.

The IED of ions extracted from a 508mm diam hole
~Fig. 9! appears to be in-between the distributions measu
with the 10mm and 1270mm diam holes. Since the size o
the 508mm diam hole is comparable to the sheath thickn
~Fig. 4!, plasma will penetrate the hole partly, as depicted
Fig. 1, bottom.

The mean ion energy was obtained by integrating the
energy distribution function. It was found that the mean i
energies are nearly constant with power in all cases in b
argon and deuterium plasmas. This is consistent with o
studies in inductively coupled plasmas in which plas
power only weakly affects the mean ion energy.4,24 This is in
contrast to capacitively coupled plasmas, in which the m
ion energy with the rf peak-to-peak voltage.

D. Ion increases angular distributions

Ion angular distributions were measured by the sectio
ion analyzer~Fig. 3!. The area of each collecting electrod
varies by more than a factor of 70 as one moves from
smaller circular electrode at the center to the largest ann
electrode at the edge of the ion detector. It was necess
therefore, to divide the raw signals from each electrode
the electrode area in order to obtain measurements of
flux versus angle.

Figure 10 shows that the angular distributions of io
through a 10mm diam hole in argon and deuterium plasm
are nearly Gaussian peaking at zero angle from the sur
normal. Since the sheath thickness is much larger than
mm, the plasma is not perturbed by the presence of the
~see Fig. 1, top!. Many experimental and theoretica
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studies25,26 suggest that the ion angular distribution is a
proximately Gaussian when the ion trajectories are not p
turbed by fringing electric fields around the hole. For Gau
ian distributions, the ion angular distribution functionf (u) is
given by26 f (u)5CN exp(2bu2), whereCN is a normaliza-
tion constant,u is the incidence angle measured from t
surface normal, andb5eVsh/kT1 is the ratio of the directed
energy gained in the sheath~equal to the sheath potentia
Vsh, if Vsh@Te) to the ion temperatureT1 . Parameterb
determines the full width at half maximum~FWHM! of the
ion angular distributionDuFWHM52Aln 2/b. At given pres-
sure, the FWHM was found to increase with power in bo
argon and deuterium plasmas. In argon plasmas, the FW
increased as pressure was increased due to collisions
neutrals. However, the FWHM remained nearly constant
pressure was varied in deuterium plasmas because of
much lower collisionality of these plasmas.

When plasma leaks into the hole, the ion angular dis
butions are not Gaussian any more. Figures 11 and 12 s
the angular distributions of ions impinging on 508 and 12
mm diam holes, respectively. The ion angular distributio
are very broad because of plasma leakage into the ho
When the hole diameter~508 mm! is comparable to the
sheath thickness, the ion angular distributions become a

FIG. 9. Energy distributions of ions through a 508mm diam hole:~a! argon
plasmas at 400 W and~b! deuterium plasmas at 30 mTorr.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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more isotropic as power is increased at a given pressur
both argon and deuterium plasmas~Fig. 11!. In this case, the
plasma–sheath boundary is located inside the hole~Fig. 1,
bottom!. The plasma meniscus gets closer to the bottom
the hole as power is increased~thinner sheath! resulting in
more isotropic distributions of ion angles. When the ho
diameter~1208mm! is larger than the sheath thickness~Fig.
12!, the ion angular distributions are fairly isotropic up
30° from the surface normal over the power and press
range used. In this case, the ion angular distribution sha
are nearly constant with power and pressure in both ar
and deuterium plasmas, implying that plasma fully pe
etrates into the hole.

Hole aspect ratio also affects the ion angular distributi
Figure 13 shows the angular distributions of ions imping
on 127 mm diam holes with 24.5 and 245mm thickness,
respectively, in deuterium plasmas. The intensity was n
malized by the maximum intensity for each power for bet
comparison. When the hole aspect ratio increases~open sym-
bols!, the ion angular distribution drops to zero faster, b
cause ions in the wings of the distribution collide with t
sidewalls of the hole and are neutralized. The possibility
ions striking the sidewalls of the higher aspect ratio hole
also be inferred from the ion flux~not shown!. It was found
that the total ion flux measured with the higher aspect ra

FIG. 10. Angular distributions of ions through a 10mm diam hole:~a! argon
plasmas at 600 W and~b! deuterium plasmas at 600 W.
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~thicker! hole was smaller compared to that measured w
the lower aspect ratio hole.

The desired angular spread of ions extracted from
plasma depends on the application. For example, anisotr
etching requires a collimated beam, while coating or cle
ing of the sidewalls of surface features is facilitated w
divergent beams. Therefore, it is very useful to know t
degree of ion beam divergence~cone of ion angles! at a
given plasma condition. Figure 14 shows the angle of
cone into which 50% of ions are contained as a function
the ratio of the hole diameter to the sheath thickness,
deuterium plasmas. A similar plot was obtained for arg
plasmas. In this plot, the measured ion angles were take
be limited by the ion analyzer when the ion current at t
maximum angle than can be captured by the ion analy
~34°! was larger than 30% of the maximum current at a giv
experimental condition. According to this criterion, fille
symbols or open symbols in Fig. 14 represent ion ang
limited or not limited by the ion analyzer, respectively.

When the ratio of the hole diameter to the sheath thi
ness is much less than unity~0.01–0.03!, the angle is satu-
rated at about 4°. In this regime, the hole diameter is m
smaller than the sheath thickness and the plasma–sheath
niscus is planar~see Fig. 1, top!. Thus, variation of the hole

FIG. 11. Angular distributions of ions through a 508mm diam hole:~a!
argon plasmas at 20 mTorr and~b! deuterium plasmas at 50 mTorr.
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2602 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 C.-K. Kim and D. J. Economou
diameter does not affect significantly the cone of ion ang
When the ratio of the hole diameter to the sheath thickn
increases~0.2–2!, the cone of ion angles increases drama
cally. In this regime, the plasma starts bulging into the ho
Therefore, ions spread and the cone of ion angles increa
When the ratio of the hole diameter to the sheath thickn
increases further~.3!, the cone of ion angles saturates
about 16°. This value is limited by the geometry of the i
analyzer used in this work. Nevertheless, the ion angles
still expected to saturate~at a larger angle! for large hole
diameter to sheath thickness ratios. In this regime,
plasma would leak completely out of the hole~see Fig. 1,
middle!. Therefore, the variation of the hole diameter sho
not affect significantly the cone of ion angles.

IV. CONCLUSIONS

Plasma molding over surface topography was inve
gated by measuring the energy and angular distribution
ions extracted from a hole in contact with a high dens
plasma. Interaction of a plasma with a single hole w
thought to be a well-defined experiment to study plasm
grid interaction. Holes with 10, 508, or 1270mm in diameter
were used to represent the cases of hole diameter much

FIG. 12. Angular distributions of ions through a 1270mm diam hole:~a!
argon plasmas at 200 W and~b! deuterium plasmas at 20 mTorr.
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than, comparable to, or larger than the sheath thickness
spectively. Holes having the same diameter of 127mm, but
with different thickness~25.4 and 254mm! were also used to
study the effect of the hole aspect ratio.

The ion energy distribution showed different behav
according to the hole diameter. When the hole diameter~10
mm! was much less than the sheath thickness, the ion en
distribution had multiple peaks: two peaks in argon~due to
one ion species, Ar1) and four peaks in deuterium~due to
two ion species, D1 and D3

1). The ion energy was modu
lated, because the ion transit time through the sheath
smaller than or comparable to the rf period. The peak, m
mum, and maximum ion energy were nearly constant
power was varied in both argon and deuterium plasmas. T
is because in inductively coupled plasmas, plasma po
controls ion flux, not ion energy. The peak, minimum, a
maximum ion energy decreased with increasing pressur

FIG. 13. Angular distributions of ions through a 127mm diam hole in
deuterium plasmas at 10 mTorr pressure. Filled and open symbols c
spond to 25.4 and 254mm thickness of the hole, respectively. Intensitie
were normalized with respect to maximum intensity at given power.

FIG. 14. Angle of cone into which 50% of ions are contained as a funct
of the ratio of the hole diameter to the sheath thickness for deuterium p
mas. Filled and open symbols represent ion angles limited or not limited
the ion analyzer, respectively.
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argon plasmas since ions experienced more collisions
neutrals. In deuterium plasmas, however, the collision cr
section of ions with neutrals is much lower. As a result,
peak, minimum, and maximum ion energy were nearly in
pendent of pressure.

When the hole diameter~1270mm! was larger than the
sheath thickness, the plasma penetrated into the hole.
then experienced the average sheath potential, resultin
ion energy distributions with a single peak in argon plasm
and a single peak with a shoulder in deuterium plasmas.
peak, minimum, and maximum ion energy decreased w
increasing pressure even in deuterium plasmas due to
neutral collisions inside the ion analyzer. When the hole
ameter~508mm! was comparable to the sheath thickness,
ion angular distributions~IEDs! and IADs were in-between
those for the 10 and 1270mm diam cases.

The IAD was also greatly affected by the hole diamet
When the hole diameter~10 mm! was much less than th
sheath thickness, the IAD had a Gaussian shape peak
zero angle from the surface normal in both argon and de
rium plasmas. The FWHM increased with increasing pow
in both argon and deuterium plasmas. The FWHM also
creased with pressure in argon plasmas due to more i
neutral collisions. In deuterium plasmas, however,
FWHM was weakly affected by pressure since ion flow w
nearly collisionless.

When the hole diameter~508 mm! was comparable to
the sheath thickness, the ion angular distribution was
Gaussian. The ion angular distribution became a bit m
isotropic as power was increased in both argon and de
rium plasmas. In this case, the plasma–sheath meniscu
closer to the bottom of the hole with increasing power~thin-
ner sheath!, resulting in more isotropic distributions of io
angles. When the hole diameter~1270 mm! was larger than
the sheath thickness, the ion angular distribution in both
gon and deuterium plasmas was fairly isotropic up to 3
from the surface normal. The shape of the ion angular dis
bution was nearly constant with power and pressure, imp
ing that plasma leaked completely into the hole.

The ion angular distribution measured from holes hav
the same diameter of 127mm but different thickness~25.4
and 254mm! showed that the IAD was also affected by t
hole aspect ratio. When the hole aspect ratio increased
IAD was narrower and dropped to zero faster. In this ca
ions in the wings of the distribution collided with the sid
walls of the hole and were neutralized.

The angle defining the cone into which 50% of ions a
contained was saturated when the ratio of the hole diam
to the sheath thickness (d/ l ) was much smaller than or muc
larger than unity in both argon and deuterium plasmas. W
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d/ l !1, the plasma–sheath meniscus would be planar, w
when d/ l @1, the plasma would leak completely out of th
hole. Whend/l ;1, the cone of ion angles increased with t
ratio of the hole diameter to the sheath thickness. In t
regime, the plasma would start bulging into the hole, res
ing in progressively higher spread of ion angles. The larg
angle was limited by the geometry of the ion analyzer
about 16°.
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