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Plasma molding over surface topography: Energy and angular distribution
of ions extracted out of large holes
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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 diametgil0 um) was much less than the sheath thickness, the plasma was not
perturbed by the presence of the hole. The ion energy distrib(itEi») 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 diamE2&0 um) 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 diametéb08 nwm) 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 thghteodasma—sheath
meniscus was located inside the Holeor 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 s08 This is due to the smaller ion—neutral
collision cross section for deuterium. @002 American Institute of Physics.

[DOI: 10.1063/1.1435423

I. INTRODUCTION sheath boundary remains nearly planar as if the hole were a
solid wall. In Fig. Xb) (middle), | is much smaller thad so
The ability of plasma to mold around surfaces of com-that the plasma—sheath interface follows the surface contour.
plex shape finds application in coating of curved objectsPlasma leaks through and under the holes. Figicg (bot-
etching of surfaces of complex forrte.g., for MEMS,  tom) is an intermediate situation wherés comparable tal
plasma immersion ion implantation, and ion extraction fromand there is significant disturbance of the plasma—sheath
a plasma by electrically biased grid®r use in ion beam boundary due to the presence of the holes.
assisted growth and etching of thin films, neutral beam etch-  Figures 1a)—1(c) will produce different angular distri-
ing, ion thrusters, neutron generators,) &t€The interaction  butions of ions extracted from the plasma. Cémewill re-
of a plasma with a surface containing topographical featuresult in a rather collimated ion beafassuming no ion colli-
is critical to all of these applications. The flux, energy, andsions in the sheajhwhile casegb) and (c) will produce a
angular distributions of ions incident on the target are ofdivergent beam. Varying the hole axial thickness can also
primary importance. These quantities depend critically on theontrol the beam divergence. Thicker holes should produce
shape of the meniscugplasma—sheath boundarjormed less divergent beams, since the diverged ions will strike the
over the surface topography. sidewalls and neutralize. Finally, the ion energy can be con-
For plasma—grid interaction, the important length scalesrolled by the magnitude of the potential of the sheath over
that control behavior are the plasma sheath thickhessd the hole. The required ion beam qualignergy and diver-
the diameter of the grid holed. The sheath thickness is gence depends on the application. For example, neutral
related to the Debye lengity, . When the surface is floating, beam sources for anisotropic etching applications require a
the sheath is a fewp thick. On the other hand, when the collimated beam, while coating the sidewalls of microscopic
surface is biased negatively to extract positive ions, théeatures in ion beam assisted deposition or surface cleaning
sheath thickness increases to several tenspaf depending  of sidewalls is facilitated with divergent beams.
on the magnitude of the applied voltage. In this study, an experimental system and a methodology
Figure 1 shows three cases of plasma molding ovevere developed to investigate the interaction of a plasma
holes. In Fig. 1) (top), | is much larger thaml so that the  with a single hole. This was thought to be a well-defined
presence of holes does not disturb the plasma. The plasmaxperiment to study plasma—grid interaction. Holes were se-
lected so that the hole diameter was less than, larger than,
Author to whom correspondence should be addressed; electronic maiftnd comparable to the sheath thickness. Holes with the same
economou@uh.edu diameter, but with different thickness as were also used to
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FIG. 2. Schematic of the rf inductively coupled plasma source. Point A is
where a Langmuir probe was located to measure bulk plasma parameters.
FIG. 1. Schematic of plasma molding over holés: sheath thickneskis Point B is where the sheath is formed over the hole.
larger than hole diametek; (b) | is smaller thard; and(c) | is comparable to
d.

heating of the coil. A 0.5 in. diam sapphire window on the
_ . . i top of the plasma source allowed visual inspection of the
investigate the effect of the hole aspect ratio. Experlmentﬁasma
were conducted in both argon and deuterium plasmas. lons could be accelerated by a beam acceleration elec-
~ Measurements of the energy and angular distributions of, e (aluminum attached to the top portion of the plasma
ions extracted from a plasma through a hole that intentiongqrce The plasma potential could be controlled by a vari-
ally perturbs the plasméa hole with diameter greater than apje air capacitor connected to the beam acceleration elec-

the sheath thicknesiave not been reported. trode through an inductor. This boundary-driven plasma po-
tential has been used for producing neutralized plasma
Il. EXPERIMENT beams’® A high voltage divider probéTektronix) was used

to measure the voltage on the beam acceleration electrode
(called “boundary voltage” hereaftgrThe peak value of the

An inductively coupled high-density plasnflgig. 2) was  boundary voltage could be varied from250 to +150 V
used based on an earlier design by Chdie gas being with respect to ground. During the experiments reported
dischargedargon or deuteriunwas introduced from the top herein, the boundary voltage was set to its minimum value
and was regulated using a mass flow contrallgnit Instru-  (less than+10 V) at each power and pressure condition.
ments, UFC-1400A The pressure in the plasma source was A copper pump ring with six slit§to allow gas flow
monitored by a capacitance manomegdKS, Baratron 622 was attached to the bottom of the plasma source. A copper
A), and was varied from 5 to 50 mTorr for argon and 10 tomounting ring was attached to this pump ring to hold in
50 mTorr for deuterium. A radio frequendyf) circuit and a  place a grounded stainless steel plate with a hole and the ion
matching network were attached to the air side of the 6 inanalyzer. The source was equipped with a Langmuir probe to
ConFlat™ flange holding the source. The plasma was ignitecheasure bulk plasma parameters such as plasma density and
in a ceramic tube (AIO;) 1.25 in. in inner diameter and 3.25 electron temperature.
in. in length, by applying 13.56 MHz rf powdENI Power The plasma source was mounted on an ultrahigh vacuum
Systems, OEM-6AM-1-Bto a three-turn coil through the (UHV) chamber wih a 6 in. ConFlat™ flange. The UHV
matching network. The matching network consisted of twochamber was pumped by a 300 I/s turbomolecular p(#tp
variable capacitor§5-500 pF connected to the rf power catel, 5401CR backed by a two-stage rotary mechanical
supply in series and parallel, respectively. The induction coibump (Edwards, E2M40 The pressures in the UHV cham-
was cooled by de-ionized water at19 °C, circulated by a ber and in the foreline were measured by a nude ionization
chiller (Neslab Instruments Inc., HX-200to prevent over- gauge (Granville—Phillips, BA typ¢ and a thermocouple

A. Plasma source
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gauge (Granville-Phillips, 27008 respectively, and were
monitored on a vacuum gauge control{@ranville-Phillips,
307). During experimentgwith gas flowing into the plasma Plasma
source, a pressure of aboutX10~° Torr was routinely
achieved in the UHV chamber.

The experimental strategy was as follows:

(1) measure the plasma density and electron temperature b -T-

the Langmuir probe to estimate the sheath thickness, Hole —T—
(2) choose the hole diameter based on the sheath thicknes: ™, Screens Screen
and — *

(3) measure the flux, energy and angular distributions of *
ions for the cases where the hole diameter is much less thar ™,

comparable to, and larger than the sheath thickness, and fc P
different hole aspect ratios. -\ .. R /
Several different holes were used. A L&n diam hole \
was made by laser drilling of a 2.am thick nickel foil No &
attached on the stainless steel pl@tational Aperture, Ing. [~ Annular
508 um and 1270um diam holes were directly drilled on a Polyimide Electrodes
254 um thick stainless steel platéSpectralytics These Body
holes represent cases where the hole diameter is muc

smaller than the sheath thickned®) um), larger than the
sheath thicknes$1270 um), or comparable to the sheath
thickness(508 um). Experiments were also conducted with (=1 I
holes having the same diameter of 12m, but with differ- @ 0000

ent thickness, namely 25.4 and 2@#.

Electrode Selector .
Picoammeter

B. lon analyzer FIG. 3. Schematic of the ion analyzer for measuring energy and angular
distributions of ions. The collecting electrodes and the screens were sections
A gridded retarding field ion analyZ’e‘r9 was used to of concentric hemispheres having their center at the hole.

measured both the energy and angular distributions of ions

striking the grounded electrodéig. 3). The analyzer was

almost identical to that used at Sandia Nationalenergies greater than the middle screen potential would pass
Laboratory?~" with small modifications for our purpose. The through the screen and be detected by the collecting elec-
analyzer consisted of three screens and 11 annular currettbdes. Five current measurements were taken at each volt-
collecting electrodes. All screens and collecting electrodesge on the middle screen and averaged to obtain each data
were shaped as part of concentric hemispheres centered int. The ion energy distribution function was obtained by
the hole. The collecting electrodes were electrically isolatedlifferentiating the current at the collecting electrodes with
by epoxy, so that each electrode was 2°-3° wide. The hemiespect to voltage on the middle screen. The current at zero
spherical screens were mounted on stainless steel screealtage to the middle screen allows one to measure the total
holders by holding the screens between a hemisphericabn flux. The total ion flux was obtained by dividing the total
brass mandrel and the screen holders, and spot welding thetarrent by the hole area after the transmissions of the screens
following Taylor!® The top screericlosest to the holeand  were accounted for, i.e., the measured current was divided by
the bottom screefclosest to the collecting electrodesere 0.9 X 0.9 X 0.81.

50 wires/in.(90% transparengywith 0.001 in. wire diameter Assuming perfectly flat screens, the energy resolution
and 0.019 in. square openings. The middle screen was 1A E/E) of an ion analyzer is limited by the finite hole size
wires/in. (81% transparengywith 0.001 in. wire diameter of the middle screen and the distance between the middle
and 0.009 in. square openings. All screens were made afcreen and the adjacent screens. Sakai and Katstiraatd-
stainless stedUnique Wire Weaving Co, Ing. The ion ana- ied the influence of geometrical factors on the energy reso-
lyzer assembly produced a distance of 1.1 in. from the holdution of a retarding field electrostatic analyzer made of three
to the collecting electrodes. The top screen was grounded t&creens. Based on their results and the geometrical param-
create a field-free region between the hole and the ion anaters of the ion analyzer used in this work, the energy reso-
lyzer to preserve the ion path after ions penetrated throughution was estimated to be about 3%—4%.

the hole. The bottom screen was biased-&0 V to repel To obtain the ion angular distributions, the middle screen
electrons from the plasma and also repel secondary electromgas set to 0 V to allow all ions to reach the collecting elec-
emitted from the collecting electrodes. trodes. An ion will hit one of the collecting electrodes ac-

To obtain the ion energy distributions, the middle screercording to its angle coming out of the hole. Thus, measure-
was swept from Qground to positive voltages at intervals ment of the ion current at each collecting electrode gave the
of 1 V until the measured current was zero. Only ions withion angular distribution. Five current measurements were
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taken at each electrode and averaged to obtain each date 10pm 127 pm 508 pm 1270 um
point. Hole |
Due to the finite thickness of the hole, an ion incident  giameter !

] !
1 I
normal to the hole plane “sees” a greater opening than an
. . . Argon
ion approaching at an off normal angle. This effect was cor- plasma l:l -
rected following Liuet al? The correction was applied for
the 10 um diam hole only, since the work of Liat al. as- Deuterium D _
sumes that the plasma—sheath boundary remains plaoar plasma
plasma disturbange
\oltages on the bottom and the middle screen were a

plied by HP(6209 and Kepco(BHK 500-0.4MQ dc power
supplies, respectively. Currents at the collecting electrodes

were measured by a picoammetéithley, 483. The dc 4 the sheath edge was calculated. At lower pressures, when

power supplies and the picoammeter were controlled by g mean free path is much greater than the sheath thickness,
National Instruments PCI general purpose interface bU§,e sheath thicknes¢l) can then be estimated frorh

FIG. 4. Ranges of Debye lengthlank rectanglgs sheath thicknesglack
prectangles and diameter of the holes used in this work.

(GPIB) usingLABVIEW 5.1 for Windows. ~1.1\p(eVan/kTe)¥* whereVy, is the sheath potentiaf.
Figure 4 shows the range of Debye length at the sheath
IIl. RESULTS AND DISCUSSION edge, sheath thickness, and diameter of holes used in this

work. For the calculation of the sheath thickness, the mea-
sured mean ion energy from the ion energy distribution was

Experiments were conducted over the pressure range ¢éken as the sheath potential. Over the power and pressure
5-50 mTorr and 10—50 mTorr for argon and deuterium plasconditions employed in this study, the Debye length at the
mas, respectively. The power range was 200—600 W for boteheath edge and the sheath thickness range from 35 to 90 and
plasmas. The reported power is a nominal value and ndrom 150 to 400um, respectively, for argon plasmas, and
necessarily the true power dissipated in the plasma, i.efrom 60 to 140 and 310 to 86@Am, respectively, for deute-
power losses in the coil are included. Electron temperaturéum plasmas. Thus, 1@m, 508 um, and 1270um diam
and bulk plasma density were estimated by Langmuir probéoles represent cases where the hole diameter is much
measurements. Electron temperatures were in the range sialler than, comparable to, and larger than the sheath thick-
3.2-6.9 and 3.1-5.0 eV for argon and deuterium plasmasyess, respectively. Two holes having the same diameter of
respectively, over the power and pressure range employed27 um, but with different axial thicknes$25.4 and 254
The electron temperature was nearly independent of powepm) were also used to investigate the effect of hole aspect
and increased with decreasing gas pressure in both argon arstio.
deuterium plasmas. These results are similar to other studies
in inductively coupled plasmas1®

Using Laframboise’s theot§ to analyze the Langmuir
probe data, it was found that plasma density was in the range lons traveling between the hole and the collecting elec-
of 1.4x10"-3.2<10? cm 3 and 2.9<10'°-3.0x10'  trodes of the ion analyzer can suffer ion—neutral collisions,
cm 2 in argon and deuterium plasmas, respectively, over th@otentially altering the energy and/or direction of the ions.
power and pressure range applied in this work. Bulk plasm&he “effective” pressure inside the ion analyzer can be
densities increased both with power and pressure in bottreated as the sum of a static pressure due to the gas conduc-
argon and deuterium plasmas. This behavior also agrees witance of the ion analyzer and a localized effusion pressure
other studies in inductively coupled plasndst®Anderson  due to the neutrals effusing through the hole.
et all” measured the plasma density in deuterium and argon Many investigators "*2have placed the ion analyzer in
plasmas in a capacitively coupled discharge and they alsa chamber which is differentially pumped usually to below
found a higher plasma density in argon plasma. 10" ° Torr. If the gas loadfrom the plasma sourgénto the

lon fluxes measured with a 1&dm diam hole(no plasma analyzer is sufficiently small, and/or the gas conductance of
disturbancg allow one to estimate the ion density at the the ion analyzer is sufficiently high, the pressure inside the
sheath edge over the hole using the Bohm criterion. Thén analyzer may be low enough to neglect ion—neutral col-
plasma density at the sheath edge over the hole was in tHisions. In the experimental system used in this study, al-
range of 2.X10°-3.2<10" cm® and 9. 10°-6.4 though the chamber pressure in which the analyzer was
x 10'% cm™2 for argon and deuterium plasmas, respectivelyhoused was routinely less than f0Torr, it is not safe to
The plasma density at the sheath edge increased with plasmaglect the static pressure inside the analyzer. This is due to
power as in the case of bulk plasma density. However, ithe large holegcausing a potentially high gas loadnd the
decreased with increasing gas pressure. As gas pressure fimite gas conductance of the analyzer.
creases, the electron temperature decreases. This lowers the The static pressure was determined by equating the hole
Bohm velocity of ions. Also, higher pressures result in stron-throughput to the throughput of the ion analyzer. The influ-
ger ion density gradients. Both effects tend to lower the iorence of the localized effusion pressure was treated on the
flux out of the plasma. Knowing the electron temperaturebasis of the work of Coburn and KayKnowing the neutral
and plasma density at the sheath edge, the Debye lenigth density due to the static pressure and the localized effusion

A. Sheath thickness versus hole diameter

B. Current attenuation inside the ion analyzer
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FIG. 5. Fraction of ions reaching collecting electrode along centerline With_plasmas(a) 5 mTorr pressure anth) 600 W power.
out collisions with neutrals in the ion analyzer as a function of hole diameter
and pressure in argaop) and deuteriun{bottom plasmas.

gon and deuterium plasmas, respectively. One observes two
pressure, the fraction of ions that reach the collecting elecpeaks n argorr: apd four peaks: |n.deu.ter|um, respectlvekl]y. The
trode of the ion analyzer without collisions was obtained as a?rt]ructlure ot the lon Iepergy d'lsmb”t'dk':ED,) suggests that
function of hole radius and pressure in the plasma region. € Plasma potential is modulated. This is due to stray ca-

Figure 5 shows the fraction of ions reaching the Co”ect_pacitive coupling from the unshielded coil and the beam ac-

ing electrode along the center line without collisions in argonceleration electrodéFig. 2) to the plasma. The amount of

and deuterium plasmas, respectively. For this calculation, th§Pacitive coupling from the beam acceleration electrode
pressure in the housing chamber was 10~5 Torr and the was m|n_|m|;ed for each experiment by tuning t_he capacitor
gas temperature was assumed to be 300 K. As expected, tRE the _C|rc1_J|t connected to the pgam accgleratlon ele_ctrode
fraction of ions without collisions decreases with increasings,hOWn in Fig. 2. The stray capacitive coupling resulted inarf
gas pressure and hole diameter. It can be seen that more thgﬁsed sheath over thg grounded e.Iec.trod.e W!th the hole.

99% of ions could reach the collecting electrode without '€ Shape of the ion energy distribution in a rf sheath

collisions when the hole diameter is less thand. How- ~ depends critically on the product of the ion transit time
ever, when the hole diameter becomes 127 ion—neutral  2nd the angular frequency of the applied fiels=( 1/T). ™

collisions are not negligible any more, resulting in fractionsWhen“’Ti<1' ions cross the sheath in a short time compared

of ions experiencing collisions as high as 57% and 7% info the field oscillations. Under this condition, the ion energy

argon and deuterium plasmas, respectively. This current aYy'” depend on the_ phase of th(_e rf_cyc_le when the ion enters
tenuation effect was corrected in the reported ion flux meathe sheath. Thus, ion energy distributions are double peaked

surements at each hole size and pressure condition. (for a single ion with the maximum and minimum energies
corresponding to ions crossing the sheath during the maxi-

mum and minimum sheath potential, respectively. On the

other hand, whemw ;> 1, ions experience many field oscil-
Figures 6 and 7 show the energy distributions of ionslations while crossing the sheath. The ion energy will then

through a 10um diam hole(no plasma disturbangéor ar-  depend on the average sheath potential, resulting in a single

C. lon energy distributions
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FIG. 7. Energy distributions of ions through a l@n diam hole for deute-  FIG. 8. Energy distributions of ions through a 12 diam holex(a) argon
rium plasmasi{a) 30 mTorr pressure ang) 400 W power. plasmas at 600 W ani) deuterium plasmas at 600 W.

peak in the ion energy distributions. The ion transit time carpeaks of the IED are not sharp, and species identification
be estimated as the inverse of the ion plasma frequendyased om\E alone does not suffice.
(wpi) based on the plasma density at the sheath édge, At a constant pressuf€igs. 6, top and 7, topthe peak,
= 1/w,;, wherew ;= (e’nis/eom;) 2 Using the angular fre-  minimum, and maximum ion energy are nearly constant as
quency of(2 ) X (13.56 MH2 = 8.52<10" s %, one finds  power is varied in both argon and deuterium plasmas. This
that w; is about 0.7-2.7 for Af ions, and 0.4—0.9 and behavior is consistent with other studies in argon or other
0.6-1.6 for D" and Dj ions (see below, respectively, over discharge4="° It is a characteristic of ion energy distribu-
the range of power and pressure applied in this study. Ulacidons in inductively coupled plasmas. In these plasmas,
and McVittie?? pointed out that the modulation of ion energy plasma power controls ion flux, not ion energy.
is still apparent even when the ion transit time is about five rf  In an argon plasma, the peak, minimum and maximum
periods. Thus, the energy of ions impinging on the At ion energy decrease as pressure was increased at constant
diam hole should be modulated. power (Fig. 6, botton). It is expected that ions will experi-

It is knowrf*?*that the energy separatiarE of a pair  ence more collisions with increasing pressure, resulting in
of peaks(corresponding to an ignin the IED is inversely lower ion energy. In a deuterium plasma, however, ions im-
proportional to the square root of the ion mass. Thus, for twginging on the 1Qum diam hole have a nearly constant peak,
ions with massesm; and m, one has, AE,/AE; minimum, and maximum energy as pressure is varied at con-
=(mi/ m,)Y2, where subscripts and o correspond to the stant power(Fig. 7, botton). In deuterium plasmas, the col-
inner and outer pairs of peaks of the IED, respectively. Thdision cross section of ions with neutrals is much lower than
measured energy separations of the inner and outer peakat in argon plasmas, making ion flofthrough the sheath
pairs of the IED for deuteriuntFig. 7, top, supported the and through the analyzer behind the @t hole collision-
hypothesis that D and D; are the dominant ions in the less over the pressure range applied in this work.
plasma, i.e., the energy separation ratio predicted for the Figure 8 shows the energy distributions of ions imping-
D*/D§ pair was closest to the measured energy separatioing on a 1270um diam hole at a given power. In an argon
when compared to the other possible ion pairs. However, thplasma(Fig. 8, top, the peak, minimum, and maximum ion
presence of D in the plasma cannot be ruled out since theenergy decrease as pressure is increased, due to more ion—
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neutral collisions with pressure. In a deuterium plagfig. 04 ——1—— T T

8 (bottom], the peak, minimum, and maximum ion energy I T 13::2: ]

also decrease as pressure is increased. This is in contrast to & = —&— 20mtorr

the case of the 1@m diam hole(Fig. 7, bottom. This is due g 03F o ;; 'S,\ —v— Somtorr ]

to ion—neutral collisions mainly in the space between the g .,-";: %\

hole and the collecting electrodes of the ion analyzer. Witha 9 .| M F i )

large diameter hole, the gas load effusing from the plasma < AT \

. . . i £ A TN o ]

into the analyzer bodyFig. 2) establishes a high enough - I £ J 3 \

pressure inside the analyzer that even deuterium ions can % o1} i"w:)( /'X "'\. i

suffer a collision. s 771 IJ\- \X LY |
The striking difference in the ion energy distributions £ [ -"114".“{' A '::

between Figs. 6 and 8, however, is that theutd diam hole 0.0 r*_.{

produces two or four peaks in argon or deuterium plasmas, L N ; : N

respectively, while the 1270m diam hole results in a single 0 0 20 30 40 S50 60 70
peak in argon and a single peak with a shoulder in deuterium (a
plasmas. This implies plasma leakage into the 12i#0diam

2]
=
1]
=
[17]
=
Q
<
—
[1]
<
~

hole. Note that the 127@&m diam hole is larger than the 007 ——————r—————
sheath thicknes¢see Fig. 4. If plasma penetrates into the = 0.06] —s— 300w
hole, ions escaping from the plasma will be hardly affected 3§
by the sheath between the plasma and the solid wall, and will 2 005
arrive at the detecting electrode experiencing the average g 0.04
plasma potential, because their transit time is correspond- < !
ingly larger (see Fig. 1. Thus, the ion energy distributions £ o03
will have a single peak. The shoulder of the peaks in the 2
deuterium plasmas may be a consequence of the fact that & 0'02_
deuterium ions are quite light and some residual modulation % 0.01
of their energy still remains. - .
The IED of ions extracted from a 508m diam hole 0.00 . . . . . )
(Fig. 9 appears to be in-between the distributions measured 0o 10 20 30 a0  s0 80 70

with the 10um and 1270um diam holes. Since the size of b)
the 508um diam hole is comparable to the sheath thickness
(Fig. 4), plasma will penetrate the hole partly, as depicted inFIG. 9. Energy distributions of ions through a 528 diam hole:(a) argon
Fig. 1, bottom. plasmas at 400 W an() deuterium plasmas at 30 mTorr.

The mean ion energy was obtained by integrating the ion
energy distribution function. It was found that the mean ion
energies are near_ly constant with power in gll cases in botBy,gieg526 suggest that the ion angular distribution is ap-
argon and deuterium plasmas. This is consistent with othe&foximately Gaussian when the ion trajectories are not per-
studies in inductively coupled plasmas in which plasmay, heq py fringing electric fields around the hole. For Gauss-
power only weakly affects the mean ion en_efjfz‘l_'ms 1SN jan distributions, the ion angular distribution functibf®) is
contrast to ca_lpacnwely coupled plasmas, in which the meagiven by’ f(6)=Cy exp(— B6?), whereCy is a normaliza-
ion energy with the rf peak-to-peak voltage. tion constant,d is the incidence angle measured from the
surface normal, ang=eV,,/kT, is the ratio of the directed
energy gained in the sheatbqual to the sheath potential,
Vg, if Vg>Te) to the ion temperaturd , . Parametei
determines the full width at half maximugkrWHM) of the

lon angular distributions were measured by the sectionetn angular distributiom 6guv=2+In 2/8. At given pres-
ion analyzer(Fig. 3. The area of each collecting electrode sure, the FWHM was found to increase with power in both
varies by more than a factor of 70 as one moves from thargon and deuterium plasmas. In argon plasmas, the FWHM
smaller circular electrode at the center to the largest annuldancreased as pressure was increased due to collisions with
electrode at the edge of the ion detector. It was necessargeutrals. However, the FWHM remained nearly constant as
therefore, to divide the raw signals from each electrode byressure was varied in deuterium plasmas because of the
the electrode area in order to obtain measurements of iomuch lower collisionality of these plasmas.
flux versus angle. When plasma leaks into the hole, the ion angular distri-

Figure 10 shows that the angular distributions of ionsbutions are not Gaussian any more. Figures 11 and 12 show
through a 10um diam hole in argon and deuterium plasmasthe angular distributions of ions impinging on 508 and 1270
are nearly Gaussian peaking at zero angle from the surfagem diam holes, respectively. The ion angular distributions
normal. Since the sheath thickness is much larger than 1@re very broad because of plasma leakage into the holes.
um, the plasma is not perturbed by the presence of the hol#/hen the hole diamete(508 um) is comparable to the
(see Fig. 1, top Many experimental and theoretical sheath thickness, the ion angular distributions become a bit

lon energy (eV)

D. lon increases angular distributions
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FIG. 10. Angular distributions of ions through a &fn diam hole(a) argon

plasmas at 600 W an(b) deuterium plasmas at 600 W. FIG. 11. Angular distributions of ions through a 5@8n diam hole:(a)

argon plasmas at 20 mTorr afig) deuterium plasmas at 50 mTorr.

more isotropic as power is increased at a given pressure in
both argon and deuterium plasm@&sg. 11). In this case, the (thicken hole was smaller compared to that measured with
plasma-sheath boundary is located inside the kieig. 1, the lower aspect ratio hole.
bottom. The plasma meniscus gets closer to the bottom of The desired angular spread of ions extracted from a
the hole as power is increaséihinner sheathresulting in  plasma depends on the application. For example, anisotropic
more isotropic distributions of ion angles. When the holeetching requires a collimated beam, while coating or clean-
diameter(1208 um) is larger than the sheath thickneg$sg.  ing of the sidewalls of surface features is facilitated with
12), the ion angular distributions are fairly isotropic up to divergent beams. Therefore, it is very useful to know the
30° from the surface normal over the power and pressurdegree of ion beam divergendeone of ion anglésat a
range used. In this case, the ion angular distribution shapegven plasma condition. Figure 14 shows the angle of the
are nearly constant with power and pressure in both argonone into which 50% of ions are contained as a function of
and deuterium plasmas, implying that plasma fully pen-the ratio of the hole diameter to the sheath thickness, for
etrates into the hole. deuterium plasmas. A similar plot was obtained for argon
Hole aspect ratio also affects the ion angular distributionplasmas. In this plot, the measured ion angles were taken to
Figure 13 shows the angular distributions of ions impingingbe limited by the ion analyzer when the ion current at the
on 127 um diam holes with 24.5 and 24@pm thickness, maximum angle than can be captured by the ion analyzer
respectively, in deuterium plasmas. The intensity was nor¢34°) was larger than 30% of the maximum current at a given
malized by the maximum intensity for each power for betterexperimental condition. According to this criterion, filled
comparison. When the hole aspect ratio increagpsn sym-  symbols or open symbols in Fig. 14 represent ion angles
bols), the ion angular distribution drops to zero faster, be-limited or not limited by the ion analyzer, respectively.
cause ions in the wings of the distribution collide with the When the ratio of the hole diameter to the sheath thick-
sidewalls of the hole and are neutralized. The possibility ofhess is much less than unif9.01—-0.03, the angle is satu-
ions striking the sidewalls of the higher aspect ratio hole camated at about 4°. In this regime, the hole diameter is much
also be inferred from the ion flugnot shown. It was found  smaller than the sheath thickness and the plasma—sheath me-
that the total ion flux measured with the higher aspect ratiaiscus is planatsee Fig. 1, top Thus, variation of the hole
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than, comparable to, or larger than the sheath thickness, re-
spectively. Holes having the same diameter of 12w, but
with different thicknes$25.4 and 254.m) were also used to
study the effect of the hole aspect ratio.
The ion energy distribution showed different behavior
according to the hole diameter. When the hole diamgtér
ol e wm) was much less than the sheath thickness, the ion energy
i} 5 10 15 20 25 30 35 40 distribution had multiple peaks: two peaks in argaiue to
() Angle from surface normal (degrees) one ion species, Ar) and four peaks in deuteriutftue to
two ion species, D and Dy). The ion energy was modu-
FIG. 12. Angular distributions of ions through a 12/n diam hole:(a) lated, because the ion transit time through the sheath was
argon plasmas at 200 W ari) deuterium plasmas at 20 mTorr. smaller than or comparable to the rf period. The peak, mini-
mum, and maximum ion energy were nearly constant as

. . . power was varied in both argon and deuterium plasmas. This
diameter does not affect significantly the cone of ion angles,

) . . is because in inductively coupled plasmas, plasma power
When the ratio of the hole dlz_imeter to the sheath thmkne_séontrols ion flux, not ion energy. The peak, minimum, and
increaseg0.2—-2, the cone of ion angles increases dramati-

X ] C maximum ion energy decreased with increasing pressure in
cally. In this regime, the plasma starts bulging into the hole. %y gp

Therefore, ions spread and the cone of ion angles increases.

Intensity (nA/mm?)
o S

When the ratio of the hole diameter to the sheath thickness Hole diameter / Debye length
increases furthef>3), the cone of ion angles saturates at 20 21 A

about 16°. This value is limited by the geometry of the ion
analyzer used in this work. Nevertheless, the ion angles are
still expected to saturatéat a larger anglefor large hole
diameter to sheath thickness ratios. In this regime, the
plasma would leak completely out of the haleee Fig. 1,

Angle containing 50 % of ions (degrees)

middle). Therefore, the variation of the hole diameter should 10} o 0 ° .
not affect significantly the cone of ion angles. %‘3‘:"
06‘?0

5t R .

IV. CONCLUSIONS Rprwes- S
Plasma molding over surface topography was investi-

gated by measuring the energy and angular distribution of 0 e ,
ions extracted from a hole in contact with a high density Hole diameter / Sheath thickness

plasma. Interaction of a plasma with a single hole was

_Aafi ; _FIG. 14. Angle of cone into which 50% of ions are contained as a function
thought to be a well-defined experiment to study plasma of the ratio of the hole diameter to the sheath thickness for deuterium plas-

grid interaction. Holes with 10, 508, or 12m in diameter  mas. Filled and open symbols represent ion angles limited or not limited by
were used to represent the cases of hole diameter much les ion analyzer, respectively.
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argon plasmas since ions experienced more collisions witl/1<1, the plasma—sheath meniscus would be planar, while
neutrals. In deuterium plasmas, however, the collision crosahend/I>1, the plasma would leak completely out of the
section of ions with neutrals is much lower. As a result, thehole. Whend/l ~1, the cone of ion angles increased with the
peak, minimum, and maximum ion energy were nearly inde+atio of the hole diameter to the sheath thickness. In this
pendent of pressure. regime, the plasma would start bulging into the hole, result-

When the hole diametgdl270 um) was larger than the ing in progressively higher spread of ion angles. The largest
sheath thickness, the plasma penetrated into the hole. lorégle was limited by the geometry of the ion analyzer to
then experienced the average sheath potential, resulting about 16°.
ion energy distributions with a single peak in argon plasmas
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