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I. INTRODUCTION

Directed ion beam sputtering is becoming a widely accepted
physical method for both the sputter etching and deposition of thin
films, not}only in specialized research laboratories but as an everyday
tool for industrial processes. The growth of this technique is evi-
denced by the number of commercial firms offering production ion beam
equipment either as a recent addition to existing product lines or in
the form of completely new ventures.

Three important parts of the complete directed ion beam sput-
tering process are: (1) the nature of the discharge chamber plasma
where the ions are formed, (2) properties of the ion beam itself, and

(3) the effects of ion bombardment on a solid substrate or target.

Present Investigation

The objective of the present investigation is to provide insight,
in terms of specific physical models, into certain aspects of the

processes that take place in the three areas listed above.

Plasma and Ion Beam Generation

Magnetic fields have been applied in electron bombardﬁent ion
sources to enhance ionization by increasing the path lengths of ener-
getic or primary electrons. These fields have usually been applied in
such a way that they extend over and strongly influence the entire
region within which ionvproduction takes place. Decoupling of the mag-
netic field from the ionization region through the use of the multipole

concept has allowed conceptual simplification in understanding and



modeling interaction of the field with the different electron popu-
lations in a discharge plasma,-while at the same time, improving ion
beam uniformity and allowing source design and'céﬁstruction to proceed
without numerous iterations. The dual role of the magnetic field in,
(1) containing high enérgy or primary electrons to enhance ionization,
and (2) allowing the conduction o6f thermalized secondary or Méxwellian
electrons to anodes to sustain an arc discharge can be understood
through modeling a mﬁltiﬁole field that is concentrated at the boun-
daries of the plasma volume. This modeling approach is used in the

plasma studies herein.

Ion Beam Propagation

Ion beams can Qndergo a variety of interactiéns with Background
species-present in thé region a beam must traverse bepween the ion
source and a target or substrate. The cross sections for various
binary collision processes are investigated to determine the major
iﬁtéractions through which the physical properties of an ion beam may
be altered. Resonance charge exchange and elastic collision cross
sections are studied in detail, providing a measure of the background

and pressure environments appropriate for ion beam sputtering.

Ion Beam Sputter Texturing

" Ion beam texturing or coning.of a solid substrate results wﬁen
a surface'is bombarded by an ion beam while an impurity is simgl-
taneously deposited on the same surface. The texturing process, the
distribution of cones on aAsurfacé;xana ‘cone suppression can be under-

stood in terms of a surface diffusion and sputtering model involving




ion beam characteristics, substrate temperature, and the physical

properties of the substrate and impurity métefials.

Background of Directed Ton Beam Sputtering

Research interest in ion beam sputtering has grown in recent

1,2,3,4,5,6,7,8

years. An entire technical session - of the recent 25th

National Symposium of the American Vacuum Society, with the exception
B L L . . 9,10
of one paper, was devoted to ion beam sputtering. Sputter texturing
and submicron structure'fabricationll using ion beams were also dis-
cussed at .that symposium. In codtrast, the previous symposium, one

yéar before, had only two paperslz’13

bn the édbject of ioﬁ beam spuf—
tering. A chapter covéring in detail the.subject éf ion béam sputter
deposition has fecently been writtén by Harper.14

ioﬁ sources and ioﬁ beams hé&e been in use for many yéaré, applied
to a vafiety éf tasks includiﬁg providing chérged particle beams for
input to high enefgy acéelerators,'surface éompésition analysis and ion
implantation in semicoﬁductor de&iceé. Sputtering has been exploited
in magnetroﬁ and RF and DC diode plaéma devices for the deposition of
thin films.

The technique of direéted ion beam sputtering involves soﬁe fairly
specific‘requirements and advantages that éet it apaft from other,
related pioceéses. The energy‘réﬁge of-interest is from a few hundred
eV to a>féw thousaﬂd eV, not apﬁrdéchiﬁg.fhe several tens of thousands
ahd sometimes the hundreds of thsﬁéands of eV typical of ion implanta-
tion. Only marginal géins}in éputter yield can Be achieved by going

beyond several hundred eV but severe substrate damage and/or ion



"implantation can result -at high ion energies. Typical sputter etch
rates for beams of a—few‘mA/cmz'current density are of the order of

a few hundreds of Angstroms per minute. The pressure enviromment in
which ion beam sputtering can be done is limited only by the capacity
of the particular pumping system used and is not restricted to the
relatively high pressures (abouf 30_mforr) of RF and DC spuftering.
Typical pressures rangg'from 10_5 Torr to 10—3 Torr. This is because
~ the plasma geqerat;on and‘sbuftering environﬁenténcan be almost com-
pletély &ecoupled iﬁ ion beamaﬁork. Perhaps the most»significant
feature ofAion béam ééuttering; setting it apart, is the use of broad
beaﬁs creatéd by‘bringing hund?eds or thousands of individual beémléts
together into the configuratiop desired for a specific appliéétion
requirihg high current densities. This.is tybically accomplished using
a set of multiaperture eleétrodes fo extrqct ions from a plasma aﬂd to
accelérateland focﬁs‘them through each set of apertures in tﬁe elec-

'

trode system. Virfually every other ion béam device utilizes a single
éperfﬁre throuéh which all of the.ion beam current must be &irected.
At low energies thére are.severé restrictions on the total current that
can be exfraéted through a siﬁgle aperture.lz' Because the uséful work
that can be done by an vion beam is often proportional to its current
éutﬁut, low £o moderate eneréy tasLs will usually be aécomplished best
using broéd 5eam devices. Unlike alternative cén?enfional sputtering
'devices, the broad beém ion source allows the ion energy, beam cuffenf
density and énéie of #oq incidencé to be controlled independently.
Thé-uniguejfgatures of.i;n be;m sputtering are a direct result of
the receqt transfereqcé'of.a'highly develéped technology from rocket

engines to ground-based processing.15 Ion rockets have been developed



by the National AeronauF;cs and Space Adminigtration (NASA) for space
propulsion. Out of a variety of candidate systems an electron  bom-
bardment ion source, Qsing a maghetic field to enhance ionization and
a multiple apeftdre accelerator system to generateja broad‘beam, has
emerged éé the sysfeﬁ of choice for électfic.propulsion or ion drive.16
Electron bombardﬁeht ion sources have undergoné an extehsive and inten-
sive development-ﬁgogram emphasiiing reliébiiit&, long lifetimes, well-
collimated beams, high curreﬁtldénsitieé-at moderate energies, and high
propellent utilizaéion efficiencies; ”Existing dévices are highly
optimized but remain, howeVéf; objecfs of coﬁsiderable gesearch into
the basic physigal principles of their'operétioﬂ.17{18’19’20’21’22’23
Materials proéess;ng a?plications of ion beam sputtering present
an array of differing specific requireménts that encourage development
of ion beam systems along diverging lines while retaining the funda-
mental features that make these systems att%active. For example,
etching processes'may require very uniform current density profiles
while deposition would demand Qery high current densities localized in
as small an area as poséible to minimize both target size and contami-
nation. Associated with this.déVelopment will be continued research
into the physical processes invoive& iﬁ materials processing and ion
beam sputtering including‘ion prod&ctioﬁ;‘beam éxtraétion, focusing,
and accelerétidn;'beaﬁ propagation and iﬁtefaction with the background
environment and;lfinaily, interacfions ﬁith targets and substrates. As

indicated, the study of these processes constitutes the subject matter

of this thesis.



. . *
ITI. PLASMA AND ION BEAM GENERATION

Ion beams.for sputtering applications are obtained by extradting
ions from a plasma and qccelerating the ions to the desired energy
while focusing them electrosgéticaliy to form a beam. These ions are
customarily singly ionized, atomic ions bearing a poéitive charge. The
process of electron bombardment is génerally used to produce the ions.
Electron bomb;rdment may produce'not only singie ion; but a_smali frac-

.tion of multiply ionized atoms as well. It is generally not important
in most considerations of these beams and plasmas to treat the multiple
ioﬁs in detail because they constitute only a very small fraction of
the beam. Negative ions may also be neglected in electron bombardment
devicés beqauée of the low'particle densities used and because rare

gasés are typically employed whose negative ions are not stable.

Plasma Generation

Ion source plasmas are generated by an electrical discharge
between a cathode and an anode inside of a suitable container into
which the working gas can be injected. Discharge currenté of a few
Amperes are common along with pressures in the 10_3 to 10_4 Torr range.
Figure 2-1 is a schematic representation of a discharge chamber
showing a general layout of cathode, anode, magnetic field, and accel-
erator system. The purpose of the magnetic field was initially to
increase the path length and therefore the ionization efficiency of
ionizing electrons by constraining them to follow helical paths inside
the dischaége chamber. Gas discharges have been commonly used to

supply ions for experimental use. Typically, single aperture beam

*
Some of the work presented in this chapter was done under NASA
Grant NSG-3011.
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extraction techniques and relatively low beam currents have been
satisfactory. However, the ion source performance objectives for ion
milling or ion machining applications are high ion current density, a
uniform beam current density profile, and generally, a low ion energy
which is usually obtained by sacrificing current density. In addition,
a large ion soufce with a uniform beam current density profile allows
consistent processing over large areas.’ The beam should also.be uni-
form and collimated sb that ‘a maximum ion current density can bé used
at a large distance from the ion source. An increased distance from
the source to the target decreases futual contamination of the target

and the “ion source.

Magnetic Field Evolution

A considerable effort has gone into increasing the size, efficiency
and reliability of discharge plasma devices in conjuﬁction with the
development of ion thrusters for space propulsiqn by NASA. This
lengthy development effort is described by Kaufman.l The evolution of
the discharge chamber configuration over a long period has been pri-
marily in incremental alterations to the distribﬁtion of the magnetic
field inside the chamber. Beginning with the earliest aesigns having
an axial -field, the direction that succeeding improvements have taken
is shown scheﬁatically in Fig. 2-2 along with the general shape of the

associated ion beam current density profile. Beattie describes the
impact of these improvements in magnetic field distribution on the
lifetime of space thruster accelerator systems through assessments of

the undesirable effects of highly non-uniform beam current density

profiles.
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As Fig. 2-2 clearly shows, the magnetic field has generally per-
meated the entire plasma inside the_diséhérgé;chémbér in early designs.
This intimate coupling of.the plagma énd the mégnetic %igld héé'@elped
to make theoretical énalysés of discharge chamber ﬁrocesseé extremely
difficult, resulting in é cut and try approach as the only fruitful
means of improving discharge configurations. A significant simplifi-
cation is possible using a low field multipole design that allows
almost a complete decoupling of the magnétic field from the bulk of
the discharge plasma. An ion source with a multipole magnetic field
ié reported by Isaacson and Kaufman.al Aé described therein, this
design is conceptually relafed to both the multipole approach of Moore?
and Ramsey,6 and the cusped fiéld approach of Beattie and Wilbur.‘3 The
low field in a ﬁultiﬁole design has specific performance objectives in
terms of interactions with the two dominant electron populations in a
discharge plasma and should not be confused with high magnetic field

approaches to plasma containment.

Discharge Chamber

This study involved the use of various muitipole discharge cham-
bers. The largest multibolé chamber to date (30 cm diamefer) was
designed and constructed in comnection wi;h this work. This chamber
will be described to provide a concrete example of the multipole con-
cept. |

A cylindrical discharge chamber was selected with an inside diam-
eter of 30 cm and a depth of 10 em. A radial cross-section of the
30-cm discharge chamber showing construction details is shown in Fig.

2-3. A multipole discharge chamber will generally produce a more
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uniform ion beam current density'profile as the chamber is decreased

in depth, however, the miniﬁum working gas pressure inside thé chamber
required for operation Qill increase as- chamber depth is decreased.
Data obtained by Isaacson and Kaufman4 showed these trends down_ to a
chamber depth equal to about half of the 15 cm diameter used in their
investigations. The absence of any further impravement in uniformity
for smaller depths was felt dde, in part, to the close proximity of the
central refractory cathode to the accelerator system. With the circum-
fereﬁtial cathode employed in the 30 cm source, a further decrease in
depth was expected to improve beam uniformity for the larger source.

A chamber depth equal to one third of the 30 cm diameter was therefore
selected.

The magnetic field in the source was provided by 139 Alnico V per-
manent magnets. The five side pole pieces are annular disks of 30.5
and 35.6 cm inside and outside diameters. Thg 1.5 mm thick low-carbon
steel pole pieces were spaced about 2.5 cm apart. There are twenty
permanent magnets between each pair of pole pieces on the sides for a
total of eighty magnets in these locations. The pole pieces on the
upstream end of the discharge chamber are rolled cylinders of 1.5 mm
thick, low-carbon steel. The center pole piece was a solid cylinder
that was required to have a diameter of 9.5 mm to avoid saturation.

All hardware at the upstream end is mounted on an aluminum plate 3.2 mm
thick and 35.6 cm indiameter. On the ups£ream end, beginning at the
center, there are two, five, eight, twelve, fourteen, and eighteen
magnets between adjacent sets of pole pieces for a total of fifty-nine

magnets.
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The sense of the magnets surrounding the discharge chamber is

'such'that the magnetic polarity of adjacent pole pieces is opposite.
An example of the magnetic field lines in the fringe field between
pole pieces is shown schematically by dotted lines in Fig. 2-3. An
essential feature of this multipole design of alternating polarity is

: that the fringe field decreases very rapidly with incfeasing distance
from the pole piéce;, so that the magnetic field is negligible over
most of the discharge chamber volume. This results in relatively free
access to thislvolume by primary electrons which would, in turn, be
expected to give a more uniform plasma density.

Ten 1.5 mm thick ndn—magnetic stainless steel anodes are located
' at equal spacings along the side and upstream end of the discharge
chamber. Each anode is midway between tﬁé twb neighboring pole pieces
(see Fig. 2-3). Like the pole pieces, the four side anodes are flat,
annular disks and the six upstream anodes were rolled cylinders, ranging
from about 2.5 cm to 28 cm in diameter. A cylindrical shroud of 0.25 mm
stainless steel seals the sides of the dischargé chamber. The side and
upstream anodes are held by aluminﬁm oxide isolating supports mounted
on this shroud and on the upstfeam aluminum end plate.

Refractory metal cathodes of 0.25 mm tantalum wire were used in
the discharge chamber. - The periodic maintenance of thermionic emitters
is not a major proéiem in ground applications. On the other hand, the
extended emission surface of a wire discharge chamber cathode can be a
definite advantage in obtaining a more uniform.beam profile. Tungsten
wire could have been used'insteéd of tantalum, but tantalum was pre-
ferred because of'its greater ductility.

The diséharge ch;mber cathode was made in the shape of a square,

held at the corners by four insulated supporEs extending through the



14

upstream end of the chamber’ (see Fig. 2-3). The cathode supports
extended far enough into tﬁe discharge chamber to prevent thermionic
emission of electrons into the fringe magnetic field where they might
be lost directly to the anodes. Electrical connections were made to
the cathode corners’so that the four side.sections were effectively

in parallel. Cathode placement was selected to enhance beam uni-
formity.v The circumferential cathode employed was neaf the sidei
(cylindrical) wall of the discharge chamber to help offset the decrease
in plasma density usually found in that location. It was also located
nearer the upstream end of the chamber to permit the use of a very
flat chamber without the sharp peaks in beam current density that are

often found when a cathode is close to the accelerator system.

Primary Electron Containment

The electrons_in a discharge plasma of low density have been
found to consist of a fraction of roughly monoenergetic primary elec-—
trons superimposed on a larger thermal distribution at lower energy.
The prima%y electrons have roughly the energy corresponding to the
potential difference between the cathode and the anode in the discharge
éhamber. Wh;n primary electrons lose energy, such as in the process
of ionizing a neutral atom, bath the:primary electron and the secondary
electron ejected-from“the atom can more rapidly thermalize because of
their larger collision cross sections at lower energies.7 This, then,
is the mechanism legding to two distinct populations of électrons |
termed primaries and Maxwellians. The validity of fhis description of

the electron distribupion in the discharge chamber has been substan-

tiated by the successful analyses of numerous electrostatic probe
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characteristics based on such a distribution, a priori, and by the
detailed measurements of Medicus8 and Martin.9 These studies and the
work presented herein show the primaries to be a 5 or 10 percent frac-
tion of the total electron population.

In the multipole concept,a.fringé magnetic field adjacent to the
anodes preQents the escape of primary electrons directly to the anodes,
before expending most of their energy in the production of ions, by deflecting
them in the field. In calculating the deflection of an electron in such a
fringe fieid-, ‘it is assumed that the radius of cu.rva.ture of the anode is large
compared to the depth of the fringe field. It is further assumed that the
magnetic induction ﬁ' iS'péraliel to the anode and that its magnitude
varies only as a function of the d‘i.stance— from the ar;ode, and that a primary
electron will not suffer a collision while:itié:h1the fringe field.

In passing through an infinitesimal region dx, an electron with a
component of velocity v normal to ﬁﬁ is deflected through an angle d6,
as indicated in Fig. 2-4. The radius of curvature for the electron

trajectory in the region dx 1is
r = mv/q B(x) , “(2-1)

where m and q are the mass and charge of an electron. In Fig. 2-4,
X represents the penetration depth of the electron into the fringe
field from the field free region. The radius of curvature r can be

related to d6 and dx through geometrical considerétions,
rd6 = dx/sing . V (2-2)
Combining Eqns. (2-1) and (2-2) to eliminate r,

B(x)dx = %} sin6de . (2-3)
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Figure 2-4. Electron defléction in an inhomogeneous magnetic field.
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The integral of B(x)dx: can be related ‘to the electron deflection by

D ' £

f B(x)dx

0 8

(2-4)

1]
~
a |8

[¢7]

|

>

[s9)

D

where ei is Fhe aﬁgle of incidence of the electron from the field
free region and ef is the trajectory angle aftgr the electron
traverses a thickness‘ D of>magnetic induction. The maximumvvalue
of the angular integral corresponds to fhé maximum possible electron
penetration toward the anode, and is obtained with ei equgl to zero
and 8 equal to 7. For these limits,

f

D

f B(x)dx = 2mv/q . (2-5)
)

In terms of electron kinetic energy E,

| f B(x)dx = (%g) " _ (2-6)

With the substitution for electron charge and mass, this becomes

D . _
: _ . g - 2 '

f B(x)dx = 6.74 x 1070 & , (2-7)

0 . ,



18

where E 1is in electron-volts -and the left-hand side is in -ST units.
This expression provides a criterion for primary electron containment
by the integrated magnetic field. Charged particle containment where
both electrical and magnétiéffield; are présent'is considered in
Appendix A.

Primary electrons have long mean free paths, typically several
cm, and aré ﬁot'iikely to ﬁndergo strong deflectidn‘froﬁ the indicated
tréjectory thle in the ffiﬁge field regioﬁ. VLow energy (a few eV)
'uMaxwellian elechons, howevér, have much ghorter path lengths, usually
a few mﬁ éna Are more likely to migrate‘across the fringe field region
(by collision) to be collectéd at the anode, thus sﬁstaining the dis-
charge current. | |

Although this derivation did not specifically take into account
the strong curvature of the magnetic field lines aléng some of the
possible directions of approach to an anode, the criferion provided |
for the integrated magnetic field is valid as an upper limit for this
case as well because circulating charged particles in regions where a
magnetic field exists enclose within their orbits a fixed magnetic flux
which depends on the charge and momentum of the particle.lO Thus,
there would be a critical magnetic field line beyond which an electron
would not penetrate toward the anodé for a given electron energy,
regérdlegE of the direction of approach.

Figure 2-5 ;héwsAa t&picﬁl‘variation of ﬁagnetic field strength
midway between two pole pieces measured for the 30 cm source. The
plane of measurement is shéwn in the ipsert at the top of the figure.
The magnetic field integral of interest would be thélarea under the

curve from the inside field free region to the edge of the anode.
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A least squares curve fit was obtained for the interior fringe field:

B(y) = 106 e 023507+ 1.27)2 ’ (2-8)
where y 1is the distance in cm from the anode edge and B(y) is in
Gauss. As an example of the deflegfing ﬁropefties'of-the fringe field,
using Eq. (2-8) for the fieid véria;i;ﬁ énd intégrating'the equations
of motion for aﬁ electron using a fourth-order Ruﬁge-Kutta method, a
deepest penetration trajectory was obtained for a 45.5 eV electron.
This trajectory is shown in Fig. 2-6. The depth of penetration shown

is in agreement with the containment criterion, Eq. 2-6.

Plasma and Beam Uniformity

By restraining the primary electron popglation to a large field-
free volume in the center of the discﬁarge chamber, it was expécted
that the ion production and plasma density would be uniform over this
volume because of the electrons' unimpeded access to the entire volume.
This'is in sharp contrast with earlier designs in which electrons were
in constant interaction with the magnetic field. Thus, the required
path lengths for primary electrons have been achieved using the fringe
magnetic field while, at tﬂe same time, aileviating some of the
problems of earlier designs by making.the beam current density'more
uniform. To investigate.the anticipated uniformity, Langmuir probe
surveys of the 6perating discharge chamber were undertaken to determ%ne
plasma properties in both the nearly field-free volume of the dis-
charge chamber and near the magnetic field boundaries. These surveys
also permitted comparisons of the measured plasma density profiles

with the extracted ion current density profiles. The Langmuir probe
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consisted of a short, cylindrical segment of 0.64 mm diameter Ta wire.
The exposed portion of wire for current collection was 2.5 mm 1oﬁg.

The remaining length of wire was encased in alumina for insulation from
the piasma. Th; probe was designed to move in an arc parallel to the
accelerator system. The arc swept out by the probe was made to.pasé
through the centerline of the discharge chamber. The probe could be
moved through its arc from one side of the chamber to the other during
source operatibn. The distance between the probe plane and the screen
grid, however, could only be changed by adjusting the mechanical
assembly beﬁween pumpdowns.

The probe potential was‘variable from -90V to +135V relative to
the ion source body (cathode potential). The éurrenf drawn to the
Langmuir probe was détermined by monitoring the voltage drop across a
precision sensing resistor. The probe current was displayed on an X-Y,
recorder as a function of prébe bias potential. A typical maximum
probe current for the voltages analyzed was about 10 mA or, at most,
one percent or less of the total discharge current.

Some 60 Hz interference was encountered while taking early Langmuir
probe data; The first attempt to solve this problem was with a filter
network at fhe input to the X-Y recorder. Although the quality of the
traces was somewhat improved with the addition of the filter, some
inferference stili remained. It was suspected that the caLhode heater
was the source of this interference because the heater voltage was
about 17 Vrms' This heater voltage was significant compared to the 50V
digcharge, so that plésma fluctuations might be ekpected to follow the
heater voltage. The cathode supply wés rebuilt to give DC with 1.8

percent ripple. Using this rébuilt heater supply, no significant level
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of noise was encountered with the high voltage off. When the ther-
mionic neutralizer was turned on, some noise was observed until the
baékground pressure was reduced to 2.5 x 10—4 Torr.

The probe was located in' a plane-about 1 cm upétreém of the screen
grid for the'ﬁeasup§ménté shown in Fig. 2-7. Figure 2j7 shows measured
densities of tﬂe.tﬁo_dominént.eleétfpﬁ populations in the discharge
chamber. The probe ‘ddata were analyzed using a numerical method siﬁilar
to the oﬁe descfibed-b§<Bé;ttie;ll‘ Tﬁe numerical method assumes two
electron populations, a‘priori;‘énd finds the best fit to the data by
adjusting the relative populations along with the primary energy and
the Maxwellian temperature. A.cprye_fitting technique was developed
for reduction of'Langmuir probe data obtained in these tests. This
technique is related to the standard least squares methods, but does
not suffer from:the limitations in these standard methods that are
encountered when the dependent variable covers a véry wide range of
magnitude. When the uncertainties in' the-data are indeéendént of
measurement maéﬁitude, tﬁe sténdard methods give the correct answers.
But the uncertainties in Langmuir probe data tend to be proportional
to the absolute value of the measurement over most of the measurement
range. The smallér vélues thus tend to have smaller‘uncertainties and
should be so weighted in a curve fit§ this is achieved by using relative
errors scaled with respect to the dependent variable. The technique
provides much better curve fits at small currents with only a slightly
poorer fit at high currents in the same probe trace. A program has .
been writtgn ﬁsing‘tﬁ;s curve fitping‘tgchniﬁue.“ pse of this program

1"

appears to substantially reduce the "art" aspect of analyzing probe

traces when compared to either graphical methods or previous programs.
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Figure 2-7. Primary and Maxwellian electron densities measured just
upstream of the accelerator system as a function of
radius. o
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The densities (Fig. 2-7) are fairly cbnstant as the probe is
moved from the center of the chamber toward the wall. There is a very
sharp drop in plasma density as the fringe field is encountered, an
indication that the multipole field is adequate for the desired elec-
tron containment. Measured Maxwellian electron temperature was found
to be uniform at about 4 eV over the entire source radius. Plasma
potential is uniform in the field-free region at about 56 V, with a
several vplt drop across tha.fringelfield to the anqde potential at
about 50 V. ' : ‘ : -

The current density in the ion beam was_measured with Faraday
probes. The current-collecting surfaces weré&6.4-mm—diametef disks of
molybdenum. These disks were located flush with a surrounding ground
ahield and biasea at -25 V relative to ground to reflect electrons.
The density profiles shown.;n Fig. 2-7 qualitatively agree with the
experimentally measured beaﬁ current density profiles-of Fig; 2-8.

The profile of Fig. 2-8 were taken using dished molybdenum grids
and ara interésting in that they show peaks near the outer ‘edge of the
ion beam. If thesevpeaks‘reflegped actual var;ations in discharge-
chamber plasma density, then they should have also been evident when a
set of flat carbon grids waa ﬁéad bat no peaks Qere seen then.

The peaks are believed to result from the.dished shape of the
molybdenum grids, althoughvthe spécific process is not clear. For
example, the spacing between dished grids is known to vary across the
beam diameter at operating temperatures. Despite this variation, the
relative displacement of screen and accelerator holes to deflect the
beamlets in the axial dire;tion was made a linear function of distance

from the beam center. This discrepancy would be expected to produce
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some ion-optic aberration. Anothe; possible cause of the. peaks is in
the deceleration region downstream of the accelerator.i The decelera-
ting electric fiéld is nearly nérmal to the local dished grid surface,
but the ion trajectories are at an.appreciable angle to this normal

near the edge of the beam. The relative directions of electric field

and trajectories could therefore cause further deflections near the

edge of the beam; which could cause the observed peaks.

Multipole Discharge Limitation

.Discharge chamber bperatioﬁAiﬁ the SO—Cﬁ.mdltiﬁole was found to
depend critiéally oﬁ the anode configurétion‘used; While obérating in
a large vacuum facility at low baékground preésure, the 30-cm source
was wired éo that each of the ten anodes could be individually swifchéd
from anode to screen potential. Thus, any combination of anodes could
be switched off to observe the effects of énode cénfiguratioh on source
operating characteristics.

Switching any single anode, or any pair of ano&es, to screen
potential changed the beam current extracted bﬁt allowed the source to
continue operating. 'Switchiﬁg of f ail possibieicombinations of three
anodes allbwed the source to continue opérating with one exception,
when anodes #5, #7, and #9 were switched pff fogether, the discharge
was extinguished at Both 900 ma~equiv. flow and at‘1500 ma-equiv. flow.
The anodes are numbered sequentiaily stérting with‘#l as the smallest
center anode at the upS£reém ehdiand;with #10 closeskyto tﬂé grids.
With.only a few exceptions tﬁrhihg o%f élmost an§ four anodeé together

.

would extinguish the discharge.
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Discharge losses were ‘observed to increase as the number of anodes
in operation decreased. Figure 2-9 shows thé'increase-in discharge
los; with anodes #1, #2, and #3 6ff and with:anodes #8, #9, 'and #10
off. The combined length of anodes #8, #9, and #10 is much longer than
the combined length of #1, #2, and #3. The discharge loss is seen fo
be much higher with the three longer anodes off than with the three
shorter anodes off; .

The only major change in source operating conditions that occurred,
as various anodes were-turned off ‘while maintaining a constant dis-
charge current, was a decrease in beam current. To illustrate the
correlation between these effech, the extrgcted beam current was
plotted as a function of the féaction.of total availéble anode length
drawing current. Figure 2-10 shows rgasonablg correlatioﬁ between
these two paraméters. '

The foregoing observations indicate possible limitations to the
scaling possibilities of multipole designs.to much larger ion sources
or thrusters or to further simplification of the desigq by eliminating
some of the anode structure. To gain further understanding into the
limiting proéess the source was opérated with various anode configura-
tions while probing the bulk plasma properties with a Langmuir.probe.
The plasma was initiallf cloée to énode potential withlall the anodes
connected. As a sufficient numbér of angdes weré‘disconnécted, the
plasma assumed a potential substantially negétive of the anodes. This
effect is shown with minof diﬁference; ip Fiés. Z;ll(a) and 2-11(b).
Figure 2-11(a) was obtained at close to éhe min?mum discharge volﬁage
for each anode configuration, while Fig; Zfll(b) was ébtained about

10 V higher. The two working gas densities shown in each figure cover
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the usual range of interest for source or thruster opera;ion. When

the effective anode afeé“(pfopérpiénal to active anode length) is

- reduced below an approximate critiéél value, ;he plasma potential
apparently must become increasingly negative of the anodes to maintain
the desired electron current to the anodes. Because electron diffusion
can result from both potential and density gradients, the added con-
tribﬁtion of thé potehtial gradient diffusion‘is thé amount required to

compensate for the reduced anode area.

Thermal Electron Diffusion Model

The electron current té a discharge-chamber anqde can be limited
by the diffusion of electrons through thg_ﬁagnetic field above the
anode. This condition can be thought of as either an anode area limi-
tation or a limitation on current (or curfent density) to éhat anode.
The current approach is more convenient for derivation of the effect,
while considering it as an area éffect appears more useful in discussing
experimental performance. The effect is.diééusged in connection with
the multipole magnetic field. The effect, thoﬁgﬁ, appears to be
involved whereve? electrons must cross magnetic field lines to reach a
discharge-chamber anode. The development of this model for ﬁhe multi-
pole magnetic-field configuration is facilitated by the ease with which
that configuration can be analyzed.

Before presenting the model, it should be emphasized that the
anode area invqlvgd may, or may.qo;, be a physical area. The electron
mobility along magnetic field lines is much gfeater.than the mobility
across field lines.' The effective anode-area is therefore that area
from which electron can be drained .from the discharge plasma by moving

along field lines to reach the anode.
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Electrons emitted from the cathode, together with electrons liber-
ated in £he-idniz;tion pfoée;s, ﬁust &iffﬁse to £ﬂé énédes-to sustain a .
discharée currengl In doing sé,“the electrons mhst,cross magnetic
field; Sufficient to contain electrons of primary energy. The basic
equation for electron diffusion in the presence of voltage and density
gradients is |

> > >
= -y ne-E - DVpe | (279)

-
N o . - o

where T represents the particle flux of electrons, n, is the elec-
tron number density, and pu and D are the electron mobility and
diffusion coefficients respectively. The mobility and diffusion coef-

ficients are related by the Einstéin relations,12
W= e D/KT_ (2-10)

where e 1is absolute magnitude of the electronic charge, k is
Boltzmann's constant and Te is the electron temperature. The clas-
sical diffusion coefficient in the absence of (or parallel to) a mag-

-

netic field is12
D = kTe/meye | (2-11)

with m, the electron mass and Vo the electron collision frequency.

The classical diffusion coefficient normal to a magnetic field is12

b';'b\/ﬁ(i{wcz_rz) S O (2-12)
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where w, is the electron cyclotron frequency and 1t is the mean time

-

between collisions (1 l/Qe). This reduces in the strdng field limit

of wCT>>1 to

2

2.2 _ . 2 )
w 1T = kTemeve/e B . (2-13)

D =Dluw,
There is also a drift velocity at right angles to the applied field E.
For the last diffusion‘coefficient to be observed, this drift must take
place without generating an additional electric field. Anodes and pole
pieces that are closed loops meet this‘conditibﬁ.

Expefimental measurements of eiectron diffusion acfoss a magnétic
field with w;+>>l usually correspond.to larger diffugioﬂ coefficients
than given by Eq. (2-13), often by ordegs of magnitude. These larger
values are attributed to "anomalous" or ''turbulent" diffusion. A
simple and well known semiempirical approach‘to turbulent electron dif-

13

fusion was given by Bohm. The Bohm diffusion coefficient given in

14,15

later publications has a slightly different numerical coefficient

and is
Dy = kTe/16 eB . (2-14)

Bohm diffusion varies as 1/B, wﬁile classical diffusion for the same
strong field condition varies as 1/B2. In fact, the Bohm value of
diffusioﬁ is obtained if Qe assume that turbulence increases the effec-
tive collision freéuency to mc/l6. Despite thé éimplicity of the Bohm
diffusion coefficient, it effectively correlates experimental observa-

. . s 15
tions over a wide range of conditions.
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It should be moted that-the diffusion of interest herein is
primarily of Maxwellian or‘thermal ‘electrons. Whether we are concerned
with the coulomb collisioéns of classigaf'diffusioh or the collective -
collisions of ﬁdfbulent diffusion, the ‘lower energy electrons have
almost all of ‘the collisions ‘and diffuse across a magnetic field more
readily than the higher energy primary electrons.

The diffusion condition for anodes of most interest is the maximum
diffusion that can be obtained without the assistance of a forward
electric field, which would result if the anodes were substantially
more’positive than the discharge-chamber plasma. A reasonable assump-
tion for this limiting condition appears to be zero electrié field in
thé region:of interestlclése to the anodes of a muitipole discharge

'éhambef. This.conditioﬁ ofvneariy uniforﬁ botential'in'the difquion
regioh%ha; béép observed experimentally, with‘the oniy nonuniform region
a jump of several volts at the anode. ﬁsing this uniform potential
assumptién together with the Bohm diffusion coefficient, fq. (2-9) can

be written in one dimension as

I = -Dg dne/dx . - ) (2-15)

In terms of current density, this becomes
j=e DB dne/dx . | (2-16)

With the substantiation of Eq. (2-14), we find

kT dn
=168 dx ° (2-17)
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Prior knowledge of ‘the variation,ofé:nézmwithf‘x ~-1s not assumed.
Instead, the near congtancy of -current density in the .diffusion region
.is'used, which results from the small.thickness.:of that:.region compared
to chamber diameter and the small fraction of total.ionization therein.
Noting too that the electron temperature is also nearly .constant in
the diffusion region, all the constants of Eq. (2-17) are collected on

the left side to obtain

16j _ e . R ' o 4 - (2-18)

The detailed variation of n, with x 1is not known, but the differ-
ential expressions may be replaced with expressions integrated over the

depth of the fringe field to the anode edge where the electron density

falls to zero.

dne ne '
Bdx  JBdx °’ (2-19)

where J/Bdx 1is the same integral that is involved in the containment

of high-energy primary electrons. With this substitution, the electron

current density becomes

kTe n, N
= TérBax - (2-20)

In calculating this currént density, the fringe field area above the

anodes is important, while the projected area of the anodes is not.




37

As mentioned at the beginning of this section, this is because the
diffusion coefficient parallel to the magnetic field is so much greater
than that normal to ﬁhe field. The absence of any significant effect
of anode projected ‘area has also been established experimentally.15
An additional correction can be made for the variation in area
normal to the electron current j.. The magnetic field lines close to
the inner andde edges foliow pathé néarly‘pérallel to the smoothed
outer surface of the discharge chamber (seé dashed line in Fig. 2-12).
Farther away from the anodes, though, the field lines follow longer
looping paths. This variation in field line length.resultsjin a
similar variation in érea normal to the diffusing electron current; A

numerical integration through increments of JfBdx can be used to

correct for this area variation. An applicable equation is

N.
kTq & e
315 ¥ (2-21)

Z:(Adex)i d/zBi

i=1

where Ane is:the‘increment in electron density required to drive the
current j through an increment in magnetic field integral (Adex)i
with an "area" lBi/d where zBi is the length of the ith field line.
The ratio Zéi/d is effectively a length because a unit width is
assumed in the direction normal to both lBi and j. The local current
density thus equals j where ZBi/d = 1. Solving Eq. (2-21) is facili-
tated if one recognizes the cleér anaiogy with current flow through
resistors connected in series. In this analogy, the density increment

is analogous to the voltage across a resistor, while the resistance is
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analogous to (Adex)i d/%g.. Using this analogy, it can be shown that
i

an effective overall value of zBi/d is

5!
sz - fng (2-22)
/B 75 () dx

where the integral is over the region between the anode and the nearly
field-free main volume of the discharge chamber. We can use a curve
fit for the variation of B with distance. similar to the one obtained

previously (Eq. 2-8),
- ~ 2
B = Bmax exp[~1.5 (x/d+1/2)°] ,

where x 1is indicated in Fig. 2-12. Assuming parabolic arc paths for
field lines between the ends of pole pieces, one can then find by inte-

grating Eq. (2-22) that the area correction is equivalent to

kT n
.y e e

3% T3rBax (2-23)

where j 1is based on the area indicated by the dashed line in Fig.
2-12. Equation (2-23), then, can be used to find the maximum electron
current that will diffuse to thé anodes without making the anodes more
positive than tﬁe discharge-chamber plasma. In view of the relatively
small difference between Eqs. (2-20). and (2-23), a more accurate cor-
rection for the area affect aoes not ‘appear necessary. Also, a separate
correction for corner pole pieces, which have a slightly different

variation of B with x, is not required.
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The theoretical electron currents to the anodes .were calculated.
using Eq. (2-23), the effective anode areas for the active anodes, and
plasma properties from a centrally located Langmuir probe. The experi-
mental anode currents were assumed to be the sums of discharge and beam
currents. The ratios of experimental-to-theoretical anode currents
were theﬁ plotted in Figs. 2-13(a) and 2-13(b). Basing the calcula-
tions on the plasma properties led to considerably more scatter in
Figs. 2-13(a) and 2-13(b) than in Figs. 2-11(a) and 2-11(b), enough
scatter so that only one curve is shown, Still, the trends appear

clear. The anode current ratio, J becomes greater than unity

exp/Jth’
at close to the anode fraction where the plasma becomes negative rela-
tive to the anodes.

Operation with a plasma significantly negative of the anodes is
believed to be marginally stable, or even unstable. The reasons for
such a viewpoint are the absence of such data in thruster literature,*

and the difficulty of obtaining such data in this investigation. The

data of Figs. 2-11 and 2-13 were obtained by using rheostats to

*The only description of a plasma significantly negative relative to
the anode is the cesium multipole of Moore.? A very high magnetic -
field strength was used in this early multipole design. This high
field strength apparently prevented sufficient electrons from dif-
fusing to the multipole anodes, which roughly resembled the multi-
pole anodes of Fig. 2-12., A "plasma anode" (a narrow strip of metal
across the discharge chamber, unprotected by a magnetic field) was
therefore introduced to provide a path for the required electron
current. Stable operation with the plasma negative relative to the
multipole anodes was obtained by also operating the plasma anode
negative of the multipole anodes. The plasma anode, of course,
operated close to plasma potential. Similar operation may have

been used by~Ramsey,6 but insufficient description was included for
the determination of the potential bias between plasma and multipole
anodes.
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gradually disconnect anodes, thereby minimizing switching transients.
Without these rheostats,. switching of anodes without_extingﬁishing the
discharge was réiiablé only‘above 70% of total anode length. That is,
it was reliabié ;nl§géf anode lengths where the plasma was not signi-
ficantly negativé of the anodes.

Other tests were also conducted with both 15-cm and 7.5-cm multi-
pole discharge chambers (configuréti?ns descriged in Ref. 17 and 18).
Because plasmg probe data were not obtained with these smaller discharge
chambers, it was necessary to estimate electron temperature from othe%
tests and electron density from beam current. To the'latter énd,'the

beam current extracted can be expressed as
J =A__n v e, - (2-24)

where n, is the electron/ion density, v is the Bohm critical

B

sheath velocity, e %s the ‘absolute electronic charge, and AScr is

the effective open screen area for extraction. This area can be some-
what above or below the geometrical open area, but the.latter:should
be a good ;pproximation. Replaéing the Bohm velocity with the equiva-
lent expression (k Te/mi)%, Eq. (2-24) becomes

- ] - 1/ . ) .
— 2 -
Jb = AScr o, e(kTe/mi) . : (2-25)

Using Ka .as the anode-to-beam current ratio, the anode current

b

required to generate the ion beam can be written as

1
J =K .A n e(kT /m)?. _ . L (2-26)
a ab scr e e i Lo
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From Eq. (2-23), the current permitted to diffuse to the anode (or
anodes) without the anode becoming substantially more positive than

the discharge-chamber plasma is -
Ja = Aa kTe ne/l3dex , (2~27)

where Aa is the anode area. Equating these two anode currents to
obtain the minimum anode area for stable operation,

1
- _ 5. =
A, = 13K A efBdx/(KT_m )~ . (2-28)

b
‘This, then, is the relatibnéhip that can be used in the'absénée of
plasma probe data.

In earlier tests of the 15-cm discharge chamber with'argonl6 the
mean electron temperature ranged from about 5 to 15 eV. Using 10 eV as
a typical value, together with measured values for the magrnetic field
integral, screen open area, and anode-to-beam current ratio, minimum
discharge voltages* were used with Eq. (2-28) to estimate anode area.
For a 24 magnet configuration of ;he 15 cﬁ chamber an anodé.area of
430-510 qmz was estimated. Ihe measured anode érea was 471 cmz, which

is in excellent agreement with the estimates from Eq. (2-28).

*The minimum discharge voltage, where the discharge is extinguished, is
believed to correspond to the anode diffusion limit. The reason that
the limit is approached in this condition is that the discharge losses
per ion are .roughly constant while the discharge voltage decreases
toward the limit. As a result, the ratio of discharge-to-beam current,
K;1, increases as discharge voltage drops, When K,p increases to a
large enough value, at the minimum voltage, the required anode area
will exceed the actual area anode and the discharge will extinguish.
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Similar minimum discharge letage tests were conducted with the
7.5~cm discharge chamber. Inasmuch as electron temperature generally
increases as thruster size becomes smaller, an electron temperature of
15 e? was felt to be a better estimate for this thruster size. With
this temperature and similar measured values as for the 15-cm tests,
Eq. (2-28) indicated an anode area of 70-130 cmz. The measured anode
area was 118 cmz, which again is in excellent agreement.

This diffusion model also appears applicable to general performance
trends. As an example, the minimum permissible discharge voltage tends
to increase as neutral pressure in the discharge chamber is decreased.'
We also know that, in the operating range of interest, the discharge
losses tend to increase as neutrél density is decreased. This increase
would result in an increase in required anode current at constant dis-
charge voltage, which, in itself, would result in an increased requiref
.ment for anode area. If this increased anode area is not available,
then the minimum discharge voltage increases to where the anode current

becomes consistent with the anode area available.

Application to Design

The electron diffusion theory of this section can be applied to
design problems. An obvious application is to estimate the minimum
required anode area for expected operating conditions. Less obvious
is the evaluation of other multipole magnetic fieid configurations.
One example of a possible design is shown in Fig. 2-14(a). This flux
concentrator design.is a possible means of reducing the stray magnetic
flux, thereby reducing the required magnet weight. From.the model

however, the flanges that serve to concentrate the flux will also serve
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Figure 2-14. Possible multipole magnet and pole-piece
configurations.
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to reduce the effective anode area. Inasmuch as the flux integral
above the anode is fixed by the need to contain high velocity primary:
_ electrons, this integral will need to be about the. same for both the
regular_design and the design of Fig. 2-14(a). The reduction of magnet
weight would thus have to be balanced against the loss in effective
anode area.

Another apprqagh, the recessing of anodes behind the pole pieces,
is shown in Fig. 2-14(b). The mo&el clearly indicates that the shape
of the field above the anodes is of secondary importance. Except for
corner locations, the anodes have in the past been made flush with the
'inside edges of the pole pieces. By recessing the anodes, it should be
possible to reduce the number of mégnets fpr the same magnetic field
integral above the anodes.

The diffusion of electrons through the magnetic field above multi-
pole anodes has bgen studied in detail. The data are consistent with
Bohm diffusion across a magnetic field. The model based on Bohm dif-

fusion is simple and easily used for diffusion calculations.




ITI. ENERGETIC BINARY COLLISIONS IN RARE GAS PLASMAS

Energetic binary éollisions become important in plasmas or in ion
beams where high voltages (several hundred or a few thousand eV) are
introduced to accelerate ions toward a target within a plasma or to
form a beam. High voltage, taken in this context, is meant to imply
particle energies very much greater than thermal energies, usually
three to five orders of magnitude greater, while, at the same time, not
aﬁproaching the extfemély high energies ﬁtilized in particle accelera-
tors for nuclear research. 'Intérest in theseicoilision cross sections
arose ﬁrimarily in connection with experimgntal work involving the .
propagation of ion beams used for éputtering and processes occurring

within diode plasma sputtering devices. ’

Thus, although the cross
sectiqns‘obtained should also be of interest in other areas, the éross
sections obtained herein are 1argély deécribed in terms of their impact
on the unders;anding of tpesg particular expérimental sputtering appli-
cations as representative systems. Energies of several hundred eV are
typical of those employed in diode sputtering and in ion beam devices.
At such energies, interaction .cross sections are found to differ sharply
from their Qalues at very low or thermal energies}4 It is this strong
dependence on energy that is of most interest because the relative
importance of certain interaction .processes can be enhanced or diminished
by moving from one realm of energy to another.

The plasmas and beams generated in,sputﬁeriﬁg devices are typically
derived from rare gases, with Ar being the most common by far, primarily
because of its low cost. Other, more reactive gases are employed occa-

sionally to achieve special effects due to chemical reactions in addition

to the .physical sputtering effect of a directed ion beam.5 This work
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will be restricted to consideration of Ar, Kr, and Xe-.for momentum
and energy transfer calculations and to Ar for the discussion of

.

charge exchange. . -

Ton Beam Interactions

Effective application of ion sources to-various ion milling,
reactive ion etching and sputter deposition processes requires char-
acterization of the major interactions of the ion. beam with the back-
ground environment ‘through which if pfopagates.' The major interaction
processes are: (1) resonance charge'exchange between fast ions and
slow moving or thermal neutrals, and (2) momentum transfer from:fast
moving neutrals to - slow moving neutrals. A variety of other processes
can take place as well but are :found to be quantitatively much less
significant than these two.

For example, a small fraction of ions generated in a discharge
chamber are doubly ionized. Depending on the particular ion source
and operating conditions, the fraction of doubly ionized .atoms extracted
with the beam ranges from less than one percent to several percent;

In sputtering applicafions, double ions would strike the substrate with
twice the energy of single idns. The effect of this doubly’ionized
fraction can be significant where depth. of damage is a critical factor,
but is otherwise a negligible pfocess.7 ~As another example, while it
is recognized that free:.electrons will generally be present in plasmas
and propagating beams, their collisional-effects may usually be
neglected. Electrons are important .for .space-charge and current
neutralization of an ion beam but do.not .Otherwise enter significantly

, , - -5 .
into reactions. Electron masses are.of the order of 10. ~ of the ion
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or atom masses of interest so that in the usual range of background
densities the energy and momentum losées from beam particles to elec-
trons are negligible. 1In addition, the injection energy of electrons
from é neutralizer is too low to cause significant ionization.8 The
process of recombination of electrons with ions can be neglected
compared to charge transfer for ion neutralization because the cross
section for this process is several orders of magnitude smaller than
charge exchange cross sections.

As a final example, the momentum transfer from ions to background
neutralé is of relatively lesser impoftance because: (1) the ion-atom
collision cross section is somewhat less than for atom-atom collisions,
and (2) the charge exchange process has a much larger cross section
than .the momentum transfer process. Thus, the high-velocity beam par-

ticles involved in significant momentum transfer processes tend to be

" neutral particles that result from ion-atom resonance charge exchange

rather than the ions themselves.

The background plasma through which an ion beam propagates is
largely the result of charge exchange between beam ions and the neutral
background gas. 1In addition, neutral working gas flows out of the dis-
charge chamber through the apertures in the accelerator system and pro-
duces a local density increase in the neutral background gas near the
ion source. There is another local density inc?ease in the neutral
background gas at the target due to beam ions that have given up their
directed energy to the tafget,and have been neutralized by recombina-
tipn with electrons at the target or substrafe, thus contributing to

the neutral gas background in the vacuum chamber. Aside from the local

pressure maxima mentioned above, pressure in the vacuum chamber is
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-governed by the épeed of the 5umping systen relative to the total flow
rate of working gas into'théAdischérge chamber.

Using known characteristics of practical fon sources,’vacuum
systems, and working gases some estimates can be made of the various
deviations of actual beam properties from the ideal case of no beam-

background interactions.

Charge Exchahge

An ion and a neutral atom of the same element can undergo resonance
charge_exchange wherein an electron is transfgrred from the atom to the
ion, e.g., Ar; + Ar — Ar. + Ar+ (the subscript f indicating a fast-
moving’particle relative to the other reactant). If a fast ion under-
goes charge exchange with an atom of Fhermal neutral gas, the resqlt is
a slow ion and a fast neutral atom possessing esséntially fhe originai
ion energy. Résonance charge exchange can be a significant'process in
the propagation of energgtic ions or ion beams through typical back-
ground gas pressures. The resonance charge exchange cross segtion can
be looked upon as a reflection,of the quantum mechanical probability
amplitude for an electron to be localized near a second ion in the
neighborhood of the one to which it is originally bound.

Several wérkgrs have reportea experimen;al'data for Ar resonance
charge exchahge in various energy ranges. A few theoretical sFudies
have also explored the expectgd‘behavior of the charge exchange cross
section as a fqution of relaf;ve_energyf A fgnctional form for the
total cross secqiqp'for resonance charge is giveq by‘Iovitsu and

Ionescu—?allas10 and Rapp and Francis.ll_ Their expression for the form
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of the total cross section variation for resonance charge exchange
is
Q

Q = (a-b v, (3-1)
where a and b are constants to be deterﬁined using empirical data
and v is the relative speed of .the atom and ion. This form for the
total resonance charge exchange cross section has been shown experi-
mentally by Zucearo12 to hold for Hg.

A curve of the form of Eq. (3—1) was fit to experimental datg for
Ar from Dillon, et al.13 and Hasted14 using a least squares regression
technique. The constants a .and b were determined for Ar resonaqcé
charge exchangé:

1.51 x 1072 .

03]
il

9.53 x 10 11

o
i}

where Qr in m2 and v 1in m/sec. Other experimental data were avail-
able from Potter15 that, however, were in disagreement with both Dillon,
et al.13 and Hasted;14 thus, these data were not included in the fit to
_ ﬁq. (3-1). Experimental data obtained by Kushnir, et~al.16 was also
found to be in fair agreement with tﬁg work of Hasted14 but existed at
‘_only a few discreet energies in the range of interest.

Figure 3-1 is a plot of the total resonance charge exchange cross

section for Ar as a function of relative energy using this best fit for
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.Figure 3-1. Total resonance charge exchange cross section for argon
as a function of jon energy.
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the function. At 500 eV, 'a typical beam energy, the charge exchange
cross section is about 23 32. The cross section decreases monoton-
ically with inc¢reasing relative energy but the decrease is not rapid;
the cross section is reduced by about half as the relative enérgy
increases fifty-fold from 20 eV to 1000 eV. In addition, because this
is a fairly smooth and slowly-varying function, a reasonable degree of
confidence could be placed in mild extrapolations to lower or higher
energies.

As an ion beam travels through the background gas in a vacuum
chamber, the current in the beam as measured with a Faraday probe will
exhibit a decrease with increasing distance from the ion‘éource
(because the beam current considered here is the total beam current
obtained by integrating over the entire ion beam cross section, beam
divergence is not a factor contributing to this decrease). The
observed decrease in measured ion current occurs because the ions are
being neutralized by charge exchange and the Faraday probe will indicate
only positive ions. The detection of slow ions resulting from charge
exchange is greatly reduced because they tend to diffuse.radially from
the beam region. .If resonance charge transfer were the only process to
consider, the beam current, I, would decrease exponentiaily with

distance x from the ion source.
I = Ioe—nQrX (3-2)

where n is the number density of the neutral background gas and Io

is the total beam current extracted from the ion source.
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Because the density of fast neutrals.in the beam cgn_approach the

. . . + +
density of the fast ions, the competing process of Arf + Ar -~ Arf + Ar
should be considered. This inverse process has the same cross section
Qr’ so that fast neutrals can be converted back to ions. However, the
density of background ions in typical ion beam applications is usually
down by several orders of magnitude from the neutral density allowing

R 17
the inverse process to be neglected.

The mean free path A of a beam ion with respect to charge

transfer is given by

(3-3)

Background pressures in a bell jar with an operating ion source
typically range from 1 X 10_5 Torr to about .5 x 10_4 Torr, the corres-
ponding range of mean free paths for.a 500 eV ion beam would thus be
roughly 1300 cm down to 26 cm. Operating in the upper end of this back-
ground pressure range would yield beams having a significant content of
fast nedtrals within a transport distance of a few tenths of a meter.
_Because ion beam current densities are c;stomarily monitored using
Faraday prbbes, accurate values for the total sputtering dose delivered
to a substrate or target must take into accd;nt the energetic neutral
component of the beam.

Figure 3-2 is a plot of the product of the mean free path and the
pressure as a function of ion.energy. The curve was calculated from
the data of Fig. 3-1 assuming ideal gas behavior at a temperature of
approximately 300°K. At a given beam energy, dividing the ordinate by
the background pressure yields a measure of the mean free path for reso-

nance charge exchange.
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A more refined estimate of the magnitude of the charge exchange

:

effect could possibly be developed by considering the detailed effusion - - 7.7

of neutral gas from the ion source rather than assuming a uniform den-
sity of background gas. Kaufman17 has considered the gradient of
neutral density downstream of an ion thruster and its effect on the
generation of a charge exchange plasma. However, the accuracy of tﬂe
experimental values used here for the charge exchange cross section
probably does not warrant the inclusion of higher order effects in these
estimates.

As an example of the loés in measured beam current with distance,
the integrated beam current data taken using a 15 cm multipole ion
source can be coﬁpared with calculated values based on the curve in
Fig. 3-2. Table 3-1 compares total integrated beam currents at dif-~
ferent distances from the ion soufcg with values calculated for the’
two 1oﬁger distancgs based on the value‘of the current at 5 cm. Data
to calculate the total integrated beam current at the ion source were
unavailable; therefore, the current Io in Eq. (3-2) was calculated
by inverting the equation and using the current measured 5 cm from the
source along with the appropriate cross section from Fig. 3-1. The

source operating conditions were the same for all three current density

measurements.
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Table 3-1.. Comparison of Measured Beam Currents with Values Calculated -
from Charge Exchange Considerations.

>

Total
Integrated Calculated
Distance from Pressure, Beam Current, Beam Current,  Percent
Source, cm . Torr . - .. - ma - < :+ - ma . -Difference
5 4x10 98.7 . - . -
10 4x107% 85.0 85.1 0.0%
15 2.8x10™" 86.1 83.8 2.7%

The agreement between the calciilated ‘beam currents and the measured
curreﬁts:is,seetho be’ excellent, supporting the charge exchange theory

as summarized in Fig. 3-2.

Momentum ‘and Enefgy‘TrénSfer

Only through sgattgring f;om the particles of comparable mass can
energetic particles.of‘qhe geamwlpse significant energy and‘forward
* momentum. Scattering:at sqfficign;ly large angles w;ll_remove some ions
or atoms entirely from the effective wprkipgfvolupe of the beam.
Because the_neutral'background gas has a density several orders of mag-
nitude greater thap the bapkground ign densi;y, collisions with neutral
atoms arevdominant compared w}Fh collisiopsiinvolving the background
charge exchange~ipns, _Eufthep} thelprobgbility of charge exchange
prior to elastic cpll;§ioqs_is high fo;:incident“iqns. The collisions
of high velocity neutrals with background neutrals is thus the dominant
process for significant;momenfﬁm;and energy loss prior to sputtering.

In addition, the cross sections for ion-neutral collisions are not
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expected to diffef”substadfiiily"from the*ﬁeuprél;heutrél cross

sections when multi-electron atoms are considered.

Collision Dynamics

. B R

The deBroglie wavelength of an argon atom or ion with a typical

beam energy of 500 eV is:

2=2.03x10 0 m

where h is Planck's constant and p 1is the momentum of the atom.:
This wavelength is very small .compared to atomic:dimensions, allowing
the use of classical particle trajectories.as a first épproximation to
the scattering of argon from argon. Measuring the angular momentum of .
the two colliding atoms in units of h/2m yields an angular momentum
quantum number for the collision that is-typically several thousand for
iﬁpact parameters of the order of atomic dimensions. This is a further
indication tﬁatlélassical dynamicé iérappliééble siﬁce most collisions
of intéfest fall in éhé realm ofHQéry iarge.quéﬁtum'numbérs.

If thé—interactioh poteﬁtiai Betweehltwo atoms ié knowﬁ, the clas-
sical edﬁations of mot&én éa; be‘sol;;d to reléfe the scaftering anglé
to the impactApafameter for the incidentfatom.‘ Tﬁé.solution is most
directly obtaiﬁéd ;éing cen;er éf ﬁéssicoordinates.whefe'a particle of
reduced mass u' inéeracts with a fiéed center of force.thro;gh é

potential V(r) where r 1is the separation.distance of the particle

' 18 I '
from the center of force. Conservation of energy can be expressed as

oege

2 a2 252

b = bt et V() (3-4)

where v, is the relative speed of the two atoms at large separations
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where V(r) is négligible, and ¢ and r are the angular and radial
coordinates respectively of the incoming particle.
Conservation of angular momentuﬁ can be expressed as

2.

wo_s = ur’¢ . (3-5)
where s 1is the impact parameter (see Fig. 3-3). Eliminating $
between Eqs. (3-4) and (3-5) and using the chain rule for differentia-

tion we can write:

2 2
dr _xr [, s _ W(r) -
TR i B (3-6)
o B
or,
' =1
- 2 2
dp =S [1 -8 2 Y& ) g C(3-7)
2 \~7 27, 2 N
If r 6UUO )

Integration of Eq. (3-7) gives the angle through which the radius
vector turns during the collision. Lét the total turning angle be ¢t,

then
~ s s2 V(r)
b - 2f? 1-%5- 255 ) ar (3-8)
T
o

where r, is the distance of closest approach. The scattering angle

in the center of mass system is given by
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Figure 3-3. Scattering of reduced mass particle by a center of force.
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"o =7 - b - - (3-9)
Therefore,
- 2 » 415
o=n-2s [ [1_s_V©O (3-10)
r2 2, ° 2
r, - T 2 o

which relates the scattering angle in the center of mass systém to the
impact parameter and energy of the”incideht'particle."

For incident and target particles”having equal masses (which is
the case of most interest), the'sééttérihg'angle in the center of mass
system is easily converted to the scattering anglé. ] in the 1lab-

orétbry frame of reference:l®
a8 R N
6 =3 . (3<11)

The integration of Eq. (3-10) is not straightforward because the
upper limit is infinite and the inteérand‘itself has a singulafity at
the pointvof closest approach. Closed form solutions in terms of
elliptic integrals are known for only a few powen;law functions'of. r
for the potential V(r).18

The actual iﬁtegration can be carried out numerically after a
change of variables, to u = l[r which gives finite limits but does not
remove the singuiérity in the integral. An algorithm wag developed for

this integration utilizing a ten-point Gauss-Legendre quadrature scheme

along with a logarithmically decreasing .integration interval as the
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integration proceeds from the well-behaved end of the interval toward
. - the singularity. Before ingegréting, thé upper limit of integrationm,
@o - l/ro, was first deterﬁined by an iterative solution to the
(usually) transcendental equation:

i)

t r :
.~ o

is the energy

obtained from energy and momentum conservation, where Et

of the incident particle in the laboratory frame of reference.

To verify that the integpatiou‘glgOrithm was functioning properly,
scattering angles for an invegse'squarg law force (Rutherford Scat-
tering) were calculated. .Thes%_cal¢ulated,angles for 1 eV%argon ions
incident on argon ions.wete qompared with the closed~form solution,
Table 3-2 and Fig. 3-4. The qualitative agreemenf between the numeri;
cal and closed form solﬁtions is adequately demonstrated in Fig. 3-4,

while the numerical values tend to exhibit a divergence of only a few

units in the third significant figure.

Table 3-2. Compérisqn of Numerical Integration with Closed Form
Solution for Rutherford Scattering.

Impact . .0,-Closed 6, Numerical
Parameter A Form Deg. "Integration Deg.
10 55.22 55.05
20 st et <35 .75 o - '35.59
30 25.64 25.39

Y40 i .. 19.80 - ©o 19.57
50 .16.07 15.61
60" trsoo0 T 013,50 - v 13.49
70 - 11.62 11.63
80 v -F oo 10:20 G- - 10.13
90 9.09 9.06

CYTL00 T el gL L 8.20
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Closed Form Solution.

o] Numerical Integration.
~ Energy:. | eV
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Figure 3 -4.
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Rutherford Scattering: Comparison of closed form and
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Argon Interaction Potential

To use a classical approximation for argon-argon scattering it is
necessary to obtain a potential function describing the argon-argon
Lo . . 20
pair interaction. Barker, Fisher and Watts have developed an argon
pair potential that is in best overall agreement with experimental data
from a number of sources such as specific heats, internal energies,
viscosities, solid state parameters, and scattering data. Their expres-

sion for the argon isolateéd pair‘pbtential is the Barker-Pompe form:

“ 5 , C C
V(r) = ¢ e~ (R-1) 25 A (R-1)" - 66 - 88
Lot (R°+68) (R°+8)
1=0 '
C .
- ——31%9——- (3-13)
(R™" + 68)

where R = r/r .
m

The Barker-Fisher-Watts coefficients for argon are given in Table 3-3.

Table 3-3. Barker-Fisher-Watts Coefficients for the Argon Pair
Potential. )

Coefficient ‘ ) _Value ) o quﬁficigqgl . Value

e 0.0122448 eV .. .., Cg 1.10727

r | 3.7612 & Cg | 0.16971325
o , 0.27783 . €10 0.013611

Ay  —4.50431 T a o 12.5

Ay -8.331215 ) | 0.01

As ~25.2696

A, ~102.0195

As -113.25
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The screened Coulomb potential used by Bingham21’22 a

1.23,24

nd Everhart,
et a is valid at higher energies (e.g., above 50 KeV) but dis-
regards the electron repulsion important at lower energies. Smoothly

21,22 and Barker20 potentials between the energies

joining the Bingham
where each pokential is known to fit experimental data well, supports
the use of Barker's results up to about 1 KeV. Figure 3-5 is a plot

of the pair potential on a linear scale’showing the attractive part of
the potential, the minimum, and the zero crossing. The depth of the
attractive well is given by the coefficient € = 0.0122448 evV. This is
~an energy four or five orders of magni&ﬁde lower than most beam eqergies

of interest. Thus, in scattering, attractive forces will be of little

consequence compared to the dominant repulsive core potential.

Potentials for Krypton and Xenon

Barker,~e.t_al_.25 have developed potentials for two other rafe
gases, krypton and xenon,.using nearly the same analytical form for
the pofential as for argon with similar adjustable parameters. ’The

form for these potentials is:

5 . C C
V(r) = ¢ [ea(l_R) Z A.(R—l)l— 66 - 88
i=o * (R°+8) (R +56)

\

c : . oy
- ——1010 ] + e [P(Rél)4+Q(R—l)5] 7R
(R +9) < .

forR>l. . . . o (3-14)
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Figure 3-5.
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Barker-Fisher-Watts argon pair potential: attractive ~
well and zero crossing.
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5 .. C c
v(r) = ¢ [ea(l—R) 2: A.(R—l)l; _6 - 8
— i 6 8
i=o (R"+8) (R +9)
C H W ,'
--—jﬂ%g——— ] » for R<1, . (3-15)
(RT+98) ’ E : -

with R = r/rm. The coefficiehtszfor krypton and xenon are given in

Table 3-4.

Table 3-4. Coefficients for Krypton and Xenon Pair Potentials",

Coefficien;i . Kr Value Xe Value

| € - h OfOI74O av . 0.02421 eV

r, 4.0067 & 4.3623 &
A in +0.23526 ‘ 0.2402

Ay ~4.78686 -4.8169
Ay . -9.2 -10.9

Ay . =9.0 -25.0

A, ©-30.0 -50.7

Ag E -205.8 -200.0

Ce ©1.0632 1.0544

Cg 0.1701 ~ 0.1660

C10 0.0143 0.0323

a 12.5 12.5

5 0.01 | 0.01

P -9.0 59

Q o8-

Figure 3-6 compares théJpair potentials for Ar, Kr and Xe showing

the increase in effective radius-of the atom as the atomic number increases.
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Figure 3-6. Pair potentials for rare gases.
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The general character of the like-particle scattering from Ar, Kr and Xe
in the classical approximation would be similar since the shapes of
the potentiais are similar. H0wever, the corresponding cross
sections for the heavier gases should be iargér'in the energy range dis-

piayed_in Fig. 3-6.

Calculation Procedures o

There are numerous intérmediateAsteps in cross section calculations
as well as several different modes for presenting the information. Some
of the Ar-Ar calculations are ' presented here in-detail for certain ener-
gies to emphasiée>the numerical procedures and to show some simplifying
correlations that can:-be ﬁsed.

‘Table 3-5 contains‘laboratory scattering angles‘calculagéd as a
function of impact paramétet and‘incident energy using the Barker-

Fisher-Watts'argon potential.

Table 3-5. Calculated Laboratory Scattering Angles in degrees as a
: Function of Incident Energy and Impact Parameter for Argon.

~ Energy of Incident Atom, eV

Impact

Parameter, 1.0 10 100 500 1000
0.0 90.0 90.0 90.0 90.0 90.0
0.2 84.9 82.5 80.1 77.5 75.8

- 0.4 79.9 75.0 70.2 :65.0 61.7
0.6 74.8 67.4 60.2 52.5 47.9
0.8 69.7 59.9 50.0 40.2 34.6
1.0 64.6 52.3 39.7 28.2 22.4
1.2 59.4 44.9 29.5 17.4 12.4 .
1.4 54.2 37.8 19.9 9.02 5.59
1.6 49.0 31.1 12.0 4.00 2.22
1.8 43.7 25.0 6.93 1.81 0.94
2.0 38.3 19.4 4.16 0.95 0.49
2.2 32.8 14.6 2.60 0.57 0.29
2.4 27.3 10.3 1.60 0.34 0.17
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Table 3-5. (Continued)

Energy of Incident Atom, eV

Impact o e )
Parameter, A 1.0 10 100 500 1000
2.6 21.8 6.78 0.93 0.19 0.10
2.8 16.3 4.03 0.49 0.10 0.05"
3.0 11.0 2.10 0.24 0.05 0.02
3.2 6.28 0.90 0.10 0.02 0.01
3.4 2.49 0.26 0.03 70.01
3.6

0.01 0.01 ~0.01

Figure 3-7 is a plot of some of the numerically integrated scat-
. tering angles given in Table 3—5:‘ These curves shéw the basic trends
of the scattering in this energy range. Lower energy atoms are scat-
tered at large;'angles for the same jmpact parameter implying an
incfease in calculgﬁed cross sections as the beam energy is reduced.

Although, using classical calculatio@s, it is not possible to
obtain correct values for the total cross sections,18 it is possible
to correlate cross sections for scattering through angles greater than
some minimum angle eo{l'fhe classical‘cr&ss seétion is taken as the
area of a circle of radius equal to the.impact-parameter fof this
minimum angle. |

Table 3-6 gives representative calculated values for the total
cross section?,AQ(e>10°), for scattering through angles greater than

10°'as a function of energy;
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. Figure 3-7.. Calculated argon laboratory scattering angles as a
function of impact parameter at various energies.
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Table 3-6. Total Cross Section for Argon Scattering through Angles
Greater than 10°, ’

E Q (6>10°)
eV s &2 !
1 | 29.1
3 ' 24.2
10 | 18.4
30 o C12.9
100 | . 8.76 i
300 .71
w000 5.00 -
2000 o 4.14

For small angle scattering, an approximate correlation is achieved
for potentials thét.approach exponential béhavior in the energy range of
interest. The Barker-Fishér-Watts potential exhibits exponential
behavior over certain energy ranges at small separations. This cor-
relation for the cross séctiqn as a function of energy cén be seen by
plotting the square root of the cross section versus the logarithm of
the fourth root of the cross section divided by the energy.26 Figure
3-8 is a plot of the correlated parameters showing the behavior over
approximately four decades for Q(6>10°). The correiation appears to
be nearly linear in two ;eparate energy rgﬁges, E>100 eV and E<100 eV.
Such a correlation één be used for interpolation and for minor extra;

polation.

Calculated Differential Cross Sections for Argon

The necessity for calculating differential cross sections directly
from a potential might reasonably be questioned; however, Massey and

Gilbody have this to say:
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Figure 3-8.

Correlation parameters for cross section and energy for
argon scattering through angles greater than 10°.
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"Up to the time of this writing (1974)
measurements of differential cross-
sections for elastic scattering have
been almost entirely confined to beams
of positive ions in gases. For neutral
atom beams observations have been con-
fined to the 'total' scattering outside
a particular mean scattering angle in
the laboratory system. Measurements of
this kind have also been carried out for
ion beams."27 :

The thorough searéh conducted by Massey and Gilbody thus uncovered no
data relating to the important neutral-neutral momentum transfer
process.

To determine the ayérgge»momentum transfer for argon atoms that
suffer collisions with other argon étoms, the differéntiél Cross sgction
must first be calculated. The'diffeFential cross séction is'given‘by18

s _ds
sin6 d6 °?

g(8) = - (3-16)

3

where s is the impact parameter and o(éjl is thé differential cross
section measured in m?/steradian. Data of the kind given in Fig. 3-7
were used to calculate the differential cross section using Eq. (3-16).
As an example, the differential scattering cross section forISQO_eV
argon is plotted in Fig. 3-9. It can be seen from this curve that most
of the scattering occurs at angles that do not contribute significantly
to momentum transfer; élso; the differential croés section tends to

zero as the scattering angles approach 90°.

Ion-Neutral Collisions S .

A potential function was not available describing the interaction

between an argon ion and a neutral argon atom. However, because only
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one of the particles. is charged, the interaction at largg distances can
be of no lower order than dipole-monopole which wouldlimply a modifi-
cation in the potential to include attractive r_e and higher-order
potential terms. The repulsive core potential would be altered by the
absence of one electron compared to the Ar-Ar interac;ion; but, gen~
erally, the ion-atom interaction should remain of similar order of mag-
pitude to the atom-atom interaction at énergies above several eV. The
absence of one electron in the ion-atom interactién may tend to weaken
the repulsion, thereby reducing the differential scatteriqg-gross
section compared to the argon-argon differential cross sectién.

Some experimental data are available for Ar+—Ar collisions at

28 These experimental data, expressed_as'a:differential cross

400 ev.
section, are compared in Fig. 3-10 to the calculated différehtial cross
section for 500 eV Ar-Ar collisions.

As expected, the Ar+—Ar differential cross section is less than
that for Ar-Ar; however, the géneral trends of the data are similar in
each case. The experimental &ata reported by Aberth and _I_,orents28
oscillates somewhat but the linear fit shown in Fig. 3-10 is a fair
representation of the magnitudes and trends in the data. .

Even when the interaction cross sections are directly compared
between Ar+—Ar and Ar-Ar collisions, the neutral-neutral collisions

remain the dominant process to be considered for momentum and energy

loss in the beam.

et oes

Energy and Momentum Transfer
In a collision in which an atom is scattered through an angle 6,

it  will have lost a fraction of 'its energy equal to (l-cosze).-
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The average fractional energy transfer, f, for scattered atoms is:

n/2 -
j' (l-cosze) o(8) 2wsinbdb
£ = T — . (3-17)
'jﬁ 0(8) 2nsin6d6
o)

This fraction can be thought of as the ratio of two cross sections:
i.e., the ratio of an energy transfer cross section to ;he total scat-
tering cross section. The fractional transfer of energy from a beam
traversing a distance dx through a medium containing a number. density
n of scattering centers of total scattering crpsé sectibn Q is:

AE

L-fnqax . o (3-18)

where f 1is the average fractiénal transfer per collision given in Eq.
(3-17). The product fQ can be considered as a single paramete} or
croés section, QE, related to the rate of energy decay in the beam.
Equation (3-19) is the customary form for the &ideiy used, defined cross
section for viscosity.

w/2 |
Q = / (l—cosze) 0(8) 2mwsin6de _ (3-19)
o

A similar expression is obtained when momentum transfer is considered.

This momentum transfer .cross section is used to describe diffusion

processes:

/2
Qp =.}(. (1-cos#B) 0(9) 2nsinedeA. . . (3-20)
o : .
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Integration of Eqs. (3-19) and (3-20) yields cross sections for energy
and momentum transfer.

Using differential-cross sections calculated for a number of inci-
dent energies, the integfals of the form given in Egqs. (3-19) and (3-20)
were evaluated to yield cross sections for energy and momentum transfer
as a funétion of beam enérgy for Ar, Kr, and Xe; Some of the results
of these integratioﬁs are given in Table 3-7. ‘These data are plotted'
in Figs. 3-11 and 3;12 over the energy range froﬁ 1 eV to 1000 eV.
These cross sections then are the desired end result of this numerical
effort. An example of their anticipated use is in the determination of
acceptable background pressures for ion beam etching. Figure 3-13 is
; plot of the mean free path for energy transfer times the pressure
versus beam energy. At a given energy, divi&ing the ordinate by the
baékgfound pressure yields a measure of the mean free path or attenua-
tion length for beam energy decay in that environment and at the given
beém energy. The:'curve was calculated frdm the Ar data of Table 3-7
assuming ideal gas behavior and a temperature of approximately 300°K.
An energy attenuation -in the beam of up to 10 percent might be expected
to be acceptable. Tﬁe source-to-substrate disténce should therefore
correspond to about 1/10 of -a mean free path. At 1000 eV, for example,
the pressure times distance should equal about 1.9 x 10_2 Torr-cm, or
less, for a 10 percent, or less, attenuation in beaﬁ'energy. This
calculation, then, permits a tradeoff to be made between pumping
capacity and the ion beam energy ana momentum content. The simple
method described should be adequate for losses up to 10 to 20 percent
of the initial beam energy, but larger losées will probably require a

more detailed calculation that will take into account both the mean
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Table 3~7. Calculated Energy and Momentum Transfer Cross Sections.
Energy Transfer Momentum Transfer
Cross Section, Cross Section, 22
Energy,
eV Ar Kr Xe Ar Kr Xe
1 11.2 14.0 17.7 7.17 9.04 11.5
2 9.54 12.5 15.9 6.07 8.10 10.3
3 8.57 11.8 14.9 5.42 7.61 9.66
5 7.37 10.9 13.8 4;63 7.03 8.93
10 5.88 9.78 12.4 3.68 6.31 8.02
20 4.72 - 8.77 11.1 2.97 5.66 7.18
30 4.20 8.22 -10.4 2.65 5.30 6.73
50 3.67° 7.55 9.59 232 4.86 6.17
100 3.09 6.70 .8.51 1.96 4.30 5.47
200 2.60 -5.89 7.49 1.65 3.77 4.81
300 2.34 5.44 6.93 1.48 3.48 4.4
500 2.03 4.89 6.24 1.28 3.12 3.99
1000 1.65 4.19 5.36 1.04 2.66 3.41
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figure 3-12. Momentum transfer (diffusion) cross section for Ar, Kr,
and Xe as a function of energy.
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energy and the distribution of particle energies as a function of
distance. Knock-on atoms should also be included as well as beam atoms
in a more detailed analysis.

In comparison to the 1.9 x 10-2 Torr-cm for a 10 percent energy
loss in the beam, a 10 percent charge exchange requires 1.4 x 10_3
Torr-cm. It should be clear that a substantial amount of charge
exchange can take place without significantly affecting the momentum,
energy, of, to a first' approximation, the sputtering capability éf
the beam.

The interaction of a beam of ions passing through a baékgrbund.gas
is of interest for industrial application of broad-beam ion sources,
particularly for etching. The momentum or energy losses in ;he beam
can be used to determine pressure, hence pumping, requirements in
etching applicatioms.

The rare gas interaction cross sections that have been obtainéd
will allow a more thorough.analysis and understanding of a variety
of energetic processes involved in both ion beam and plasma devices.
Cross sections at these high energies have not previously been avail-
able to'investigators, resulting in the occasional erronéous use of
thermal values. The argon energy transfer cross section has been
successfully applied to the theoretical elucidation, by Hérper, Cuomo,
Gémbino, Kaufmah and Robinson30 of a complex negative ion sputtering

phenomenon discoveredwexperimentélly in diode plasma devices.

- P



IV. ION BEAM TEXTURING OF SURFACES

Ion beam sputtering is frequently used in surface etch or-milling
operations where the desired result is the uniform removal of material,
perhaps using a mask to produce a relief patterh on a substrate, or
simply as a thinning process such as sample preparation for transmission
electron microscopy. The processed surfaces, however, are often not
microscopically smooth but exhibit a variety of surface textures that
develop as a result of the ion bombardment.

Textures can develop on solid surfaces in several ways during
directed ion beam sputtering. Physical sputtering of solid materials,
which is customarily accomplished using chemically inert ion species,
can reveal individual crystal grains because of differential sputter
etch rates dependent on crystal grain ovientation. Impurities, pre-
cipitates, phases or initially irregular surfaces can also cause chér—
acteristic textures to develop during sputtering because of preferential
etching of higher sputter yield sites.l- In addition, reactive ion beam
etching can chemically texture a surface through selective removal of
elements ffom_an alloy.2

0f particular interest here, however, is the texturing induced by
the deliberate deposition of an impurity .onto a solid surface while
simultaneously bombarding the surface with an ion beam. This technique
is often referred to as '"seeding", with the impurity being termed the
seed material. Under appropriate conditions, microscopic cones or
hillocks develop because of preferential sputtering of surrounding
material. It has been generally understood that these cones result

from clusters of seed atoms protecting the underlying substrate while
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~ surrounding substrate material is etched away.3 Extensive experimental
studies of the ion beaﬁ fexturing of surfaces have been reported by
Robinson and Haynes.

Ion beam texturing has been attempted with many material combina-
tions and has several potential applications. Textured surfaces have
been successfully used for enhanced absorption of radiant energy in
solar collectors.5 Perhaps one of the more promising applications is
in the realm of biomedical materials such as prostheses with soft or
hard tissue interfaces that require firm bonding.6’7’8’9

Some examples of textured surfaces are shown in Figs.'4;l to 4-4
for various combinations of seed and substrate materials. These sur-
faces were documented using a scanning electron microscope. Of par-
ticular interest are the prominent round knobs attached to the apexes
of the Cu cones in Fig. 4-1. It appears likely that these knobs are
the seed material aiding in cone formation by protecting the apekes.

The sequence appears to be first the knob formation, then the eventual
undercutting and removal of the knob, and finally the rounding off of the
apex. Cones in all phases of this sequence are visible in Fig. 4-1,

It has been postulated that the formation and replenishment of
seed clusters is a result of the surface diffusion or migration of seed
atoms with nucleation or attachment occurring when other seed atoms are
encountered. It has also been widely believed that a necessary, but
possibly not a sufficient, condition for the formation of sputter cones
is that the seed material must have a lower sputter yield thén the sub-~
strate material to account for the observed differential etgh. The
validity of these ideas is explored within the context. of an analytical

model'along with experimental tests.



87

Figure 4-1. Copper sample coned using molybdenum as seed
material, 500 eV Art ioms, 250°C.

Figure 4-2. Aluminum sample coned using gold as seed material,
500 eV Art ions, 450°C.



Figure 4-3. Aluminum sample coned using molybdenum as seed material,
500 eV Art ions, 250°C.

Figure 4-4. Silicon sample coned using iron as seed material,
500 eV Art ions, 600°C.
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A model has been developed as a first approximation to both a
qualitative and quantitative description of the surface migration of
seed atoms, the clustering process, and the resulting. distribution of
cones on a substrate. Experimentally controllable parameters as well
as physicél properties of the materials involved are included in the
model. The diffusion aspect is described first. The crifical minimum
size of seed clusters is then related to the seed diffusion rate. As a
further result, a critical substrate temperature is obtained, below
whichAcones will not be formed by the diffusion and sputtering of 'seed
material. The predictions based on this model are investigated experi-
mentally and an assessment is made of the.impact‘of the model on the
variously held postulates and assumptions regarding the seeding and

cone formation processes.

Sputter- Cone Seeding Theory

The primary featﬁres.of a conceptual model used to understand seed
diffusion are: (1) a substrate surface charaéterized as an arfay of
uniformly distributed adsofption sites at which seed atoms caﬁ be bound
to the surface after being'depdsited onto the'substrate; (2) these
individual adsorption sites described as potential energy minima that
interact with seed atoms through isotropic,binding and restoring forces;
(3) thé seed atoms of sizes and masses gppropriate to the seeding
species used that are deposited bnto tﬁe substrate throuéh some external
means; and (4) an ion beam of a given energy and fype of.ion providing

a uniform flux density 0f energetic ions over the substrate.
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Surface Diffusion"

The frequency for an isolated seed atom, located at an adsorption
site and belonging to a population of adsorbed seed atoms in thermal
equilibrium with a substrate of temperature T, to jump between

adsorption sites is
v = (l/ro) exp (—Ed/kT) , . (4-1)

where l/T0 is the attempt frequency Ffor the jumping process," E; " is
the activation energy for diffusion (i.e., the enefgy barrier between
adsorption sites) and k is Boltzmann‘s constant. The exponential
factor reflects the probability that, given thermal equilibrium at tem-
perature T, a seed atom has an energy greater than Ed’ assuming a
uniform density of states. The reciprocal of the characteristic time
T, may be thought of as a characteristic frequency of oscillation for
the seed atom in the potential well representing the adsorption site.
The total number of adsorptiqn sites visited by an adsorbed seed atom
during the time that it spends on the surface is given by the jump fre-

quency Vv multiplied by the mean adsorption time T,

= = ~E . -
n o=V (Ta/To),exp ( d/kT) (4-2)
The magnitude of the mean adsorption time T, is governed by those
processes that would tend to remove or desorb a seed atom from the
surface. One candidate process would be evaporation or sublimation
which would occur if a seed atom possessed simultaneously sufficient

energy to break the adsorption bond and a momentum directed away from
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the surface. If the seed atoms are cons;dered.to be: in thermal equi-
librium with the substrate, the probability of having sufficient thermal
energy to desorb would be exp(—Eo/kT) where EO is the total binding
energy of the seed atom to the surface. Clearly, E0>Ed’ making this
process highly improbable. A more likeiy mechanism for remoyal of
adsorbed seed atoms is physical spgttering by an applied high current
density ion beam. The probability of a seed atom being sputtered
depends linearly on the ion flux and on the seed cross section.

The migration of seed atoms along the surface of the substrate can
be viewed as a random-walk process. Using ao“as the mean distance
between adsorption sites, the random-walk diffusion length r is

d

given by

ry = aonal/”==ao('ra/ro)l/2 exp (—Ed/ZkT) . | (4-3)
The random-walk diffusion length represents the average net separation
distance of a seed atom from its initial adsorption site, achieved
during a.timg Ta. This, then, is the average radius through which
seed atoms are expected to be able to diffuse. This expression (qu
4-3) is similar to diffusion équations derived for condensation of a
vapor phase onto a substrate. It is necessary to obtain appropriate
values for T, and T to apply this equation to the seeding and
texturing problem.

The seed adsorption time is limited by the ion beam sputter
removal of seed atoms once they are attached to the surface. If the
ion flux (ions/mz-séc) is given by Ri and the cross section-that a

seed atom presents u;the ion beam is given by oa then the probability
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per unit time Pc ‘for individual ion-seed collisions to occur is

»

P =R.o_. ' ’ (4-4)

The probability that a given collision will result in removal of an
atom is the sputter yield or sputter probability Ya' Thus, the proba-
bility per unit time PS for sputter removal of individual seed atoms

from the substrate is
P =YRo . o - (4-5)

The reciprocal of this probability per unit time is then the mean

adsorption lifetime for a seed atom on the substrate

. oL
a P
s

= I/YaRioa_' (4-6)
A first estimate of T, can be obtained by inserting approximate values
for the quantities of Eq. (4-6). For a'loosely bonded and mobile seed
atom, the sputtering yield Ya should be near unity. The cross section

o, can be approximated as No—2/3’ where NO is the atomic density

of the substrate with a typical value of 1029m_3.lO The value of Ri
for a typical 10 A/m2 (1 mA/cmz) ion beam current density is about

9 (mz-sec)-l. With these substitutions an adsorption time of

1

6 x 10
about 1/3 sec is obtained.

Seed atoms of interest in the process of sputter cone formation

must be mobile. The seed atoms should therefore exhibit weaker bonding

to the substrate than that of the substrate atoms to one another.
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Because of this relatively weak bonding for seed atoms, the character-
istic time T for a seed atom to jump between adsorption sites should
be a fuﬁction of this bonding interactioq, rather thap the substrate
lattice vibrations to which it is only loosely coupled. Considering a
seed atom at an adsorption site, the site can be thought of as a poten-
tial well within which thé §eed atom is bound. The potentiai barrier
between adjéceht site; is thelactivation epefg? Ed' Motion along the

surface should therefore be characterized by a well depth Ed

and an
approximate periodicity.: Using a, as the average spacing between
sites, a sinusoidal representation of a periqdié; undula;ing pétegtiél .
is | | | “

U(r) =~ Ed(l—cos 2nr/a0)/2 . (4-7)

A parabolic potential results from retaining only the first two terms

in the cosine series expansion.

2 2 2 ‘
r\J —
U(r) ¥ nE;r"/a_ (4-8)
Using m_ as the mass of the seed atom, the equation of motion is
msdzr/dt2 = —3U(r)/8r==—2w2Edr/a02 s (4-9)

which implies an harmonic oscillation frequency of

L

2 - . : — , 2 »'2 . . . ’ . . - .
: v = (Ed/ZmSaO })A o (4-10)
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or a period of I S T

L
T, ='(2ms'aOZ/Ed)2 . : : (4-11)

A numerical estimate of T; can be obtained using the appropriate

X . . . -1/3
"substitutions. The distance a  can be approximated as No / s

with No again the atomic density. The mass m_ of a representative

heavy seed atom can be taken as 3 ><'1O-25 kg, while the activation

energy E, may be assumed to be in the neighborhbod of 1.6 x 10_19 J

d
(1 eV).ll With these suBstitutions, To’ is found to be about & x

10 3 sec.
Using Eqs. (4-6) and (4-11) to substitute for T and T, in

Eq. (§—3):

ry = (Ed/ZmS)%(ao/RiYaoa)%exp(—Ed/ZkT) . (4-12)
1)3 2/3

With the substitutions of NO_ and No- for a, and Oa’

togethe; with unity for Ya, a simplified éxpression is obtained,

1/3

r, = (Ed/ZmS)l{(NO /Ri)%exp(-Ed/ZkT) . (4-13)

The exponential factor varies rapidly over a wide range. The square-
root factor is much more slowly varying, so that numerical values may

be substituted therein for a first approximation. Making the substitu-

tions of 1.6 x 10—19 J for E 1029 m_3

=25
4 for No, 3 x 10 kg for
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19

m and 6 x 10 (mz—sec)-1 for R, in the square-root factor,

i

rg=2x 10_4 exp (—Ed/ZkT) . (m) (4~-14)
This, then, is an estimate of the radius over which surface diffusion
can be expected to take place. This radius is a fﬁnction primarily of
the activation energy Ed and the substrate temperature. Other factors

such as seed atom mass m_, ion flux R and the adsorption site

i?
spacing a, are considerably less important. The activation energy

is a function of the seed-substrate material combination (together with
a small temperature effect) and ranges from about 0.5 to 2 eV for
metallic materials of interest for seeding.12 The large variation of

r, with temperature is shown in Fig. 4-5 for this range of activation

d
energies. It can be seen that relatively modest temperature changes
can have a profound effect on the mean seed diffusion radius.

A distance equai to twice the averagé diffusion radius can be used
as a measure of the average separation between clusters. If clusters
were, on the average, much farther apart than Zrd, more clusters
would begin to nucleate and grow in the intervening spaces where seed
densities were enhanced, thus narrowing the gaps between clusters. At
the other extreme, if clusters began to nucleate at separations much
less than Zrd, larger clusters would grow»faster and intercept dif-
fusing seed material at the expense of smaller clusters. Thus, an
average cluster separation of about 2r., would be expécted to be

d

stable.
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Figure 4-5. Diffusion radius as a function of activation energy and
substrate temperature for a specific case.
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Seéed Clustering

Having found the radius from which diffusion will supply a seed
cluster, it is appropriaté to consider the stability of that cluster.
There is a critical size of a seed cluster, below which steady growth
is not possible.13 This critical radius is essentially the same value
as is used in nucleation theory.. It is obtained by setting to zero the
derivative of free energy (surface plus volume) with respect to radius.14
Continuous growth can take place above this radius, but dissociation of
the cluster will tend to occur at smaller radii.

Whether or not a seed cluster is stable will therefore depend on
the diffusion rate to the cluster being sufficient, or insufficient, to
supply the sputtering loss from a cluster of critical radius. To
determine the stability requirements oé seed clusters it is necessary
to investigate more closely the processes of seed movement, and clus-
tering while adsorbed on a substrate.

Seed atoms are assumed to move from adsorption site to adsorption
site on the surface by a random walk process. Only those seed atoms

that acquire an energy greater than E are mobile. Energy is exchanged

d
between seed atoms and the lattice through the loose coupling of the
seed atom to thermal lattice vibrations bringing the adsorbed seed atom
population into approximate thermal equilibrium with the substrate
lattice. It is then the temperature of the substrate that governs the
fraction of seed atoms that are mobile at any given time. A random
walk process for seed motion requires that, on the average, seed atoms
experience an inelastic "collision" as a result of each jump to a

neighboring adsorption site. The energy loss in the inelastic process

would then be associated with a loss of the initial direction of motion
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resulting in a random direction for the next jump. Regarding each jump

to a neighboring adsorption site as an indgpendent event terminating

with directional and energy losses can be further supported by considering
the adsorption bonding forces tending to accelerate a seed atom down

into the neighboring adsorption site once it has cleared the potential

where E is the diffusion activation energy. It is

barrier Ed’ d

improbable that the incoming seed velocity vector would be sufficiently
well-aligned with the spatial symmetry of the neighboring adsorption
site to proceed without significant deflection.

To appropriately model the clustering of seed atoms, it is first
necessary to characterize the mean speed for the surface migration of
seed atoms. There are different characteristic velocities of mbbile
seed atoms. One veloci;y, designatiﬁg the micro-velocity Vs
could be derived from the spacing of adsorption sites and the jump

time,

%
Um = T_ (4—15)
o .
or, using Eq. (4-11),
b
v, = (Ed/ZmS) . : (4-16)

Substituting 1 eV for E, and 3 x 10-25 Kg for m yields,

d

v = 5.2 x 102 m/sec . (4-17)
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Another velocity, designated macro-velocity UM’ can be obtained from

the random walk diffusion radius and the mean adsorption time,

v, = r

M d/Ta (4-18)

or, using Eqs. (4-6) and (4-13),

1 1
_ A 2 3 _ _
Uy = (Ed/2ms) (RiYa_/No) exp( Ed/ZkT) . (4-19)
o . 19 -2 -1
Using the representative values of 1 eV for Ed, 6 x 100" m sec
for Ri’ 1 for Ya’ 3 x lO_25 Kg for m_, 1029 m_3 for No’ and

800°K for T we get

by = 4.0 X 1077 m/sec . (4-20)

This is nine orders of magnitude less than v Perhaps a more appro-
priate expression for the seed velocity,for seed clustering, -would take
into account the total distance of travel found by summing all jumps taken
in a seed lifetime T The number of jumps is given by Eq. (4-2):

n= (Ta/ro)exp(—Ed/kT) s (4-21)

and the mean seed speed is:

g = na(-)/ral , : (4-22)
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or, using Eqs. (4-21) and (4-11)

c
|

= (E,/2m ) %exp(-E,/kT) (4-23)
or,

2.6 x 10-4 m/sec (4-24)

c
1

with the usual substitutions. Equation (4-23) is the appropriate
expression for average seed velocity for theApurpose of understanding
diffusion and clustering.

With an expression for seed velocity, the detailed movements of
seed atom populations will now be considered. As a first example, an
estimate for the upper bound of the areal density of seed atoms on the
suBstrate, Ns’ can be cobtained by assuming that clusters fail to
form on a seeded surface. In the absence of seed clusters, a steady
staté will be reached with the seed deposition rate and the re-
sputtering rate being equal. The seed flux Ré (seed atoms deposited/
mz—sec) can be written in terms of the ion flux using a factor FS,

the seeding fraction, that reflects the ratio of seed deposition to

ion flux:
R =FR, . (4-25)
The seeding rate is discussed in detail in Appendix B. The rate of seed

removal by.physical sputtering SS is the probability per unit time

for sputtering an individual seed atom multiplied by the areal seed
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density NS

Sy =Y RON. . . (4-26)

Equating the deposition and sputter removal rates gives,

FR, =YR.oN ., ‘ o (4-27)
S 1 ailas . *
max

where NSmax is the maximum achievable areal éeed~density in the
absence of clustering. Solving for Ng_ _ :
max
’Nsmax = FS/Yaoa o ; o (4-28)

With a value of 0.01 for FS (see Appendix B) this expression yields,
using the previous substitutions:

N N2 x 10t 72

]
max

. : (4-29)

We can also look at the fraction of surface coverage by seed atoms.

Since 1/0a is approximately the density of adsorption sites we get

FSN (4-30)

4
=z

where Y, has been assumed to be approximately 1 and Ny is the
adsorption site density. Thus, the maximum fractional surface coverage

by seed material is about equal to the seeding fraction Fs'
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A more detailed analysis is necessary when clusters are assumed
to be present on the substrate. Figure (4-6) represents a cluster and
its surrounding seed diffusion area. -Qhe various N's shown in Fig.
(4-6) are flow rates of seed atoms in atoms/sec. Let Nc be the area
density of séed clusters, then l/Né==A==Aé4‘Ad,' where 'AC is. the

cluster area and A, is the diffusion ‘'drawing' area. The definitions

d

of the seed flow rates are in Table 4-1.

Table 4-1. Seed Flow Rates..

ﬁl Seed atom deposition rate into area Ad

ﬁz Seed atom deposition rate‘into area Ac

ﬁ3 Rate of seed atom acquisition by the cluster

ﬁA Rate of re—spﬁttéring of seed étoms'from Ad

ﬁs Rate of re-sputtering of seed atoms from Ac
A ﬁé Rate of diffusion of seed atoms out of Ad

ﬁ7 ‘Rate of diffusion of seed atoms into Ad

All rates, Ni are positive with the direction of seed flow indicated
by the arrows in Fig. 4-6.
A steady state situation will be considered first. Under steady

state conditions, the following relations hold:. o= ‘

N, =N, s .. - (4-31)
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Figure 4-6. Geometrical representation of a cluster of seed atoms of
area. A, with the surrounding area Ad' Seed atom fluxes
are represented by arrows.
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Nl + N2 = N4 + N5 (4f32)
Nl - N4 = N3 (4-33)

e
+
e
[
Ze

(4—34)

Equation (4—31) simply expresses the symmetry-of seed diffusion into
and out of theAarea A containing a single cluster. Equation’(h—32)
equates the total seed deposition raté to Ehé total sputter removal
rate in area A, Equation (4—35)'re1a§gsAthé net seed flux into Ay
(taking fe—sputfering into account) to the diffusion flﬁx from Ay to
the cluster. Fiﬁally,-Eq. (4-34) equates the total flux to the cluster
to thg total sputtering from the ciﬁsﬁer. Equation (4-32) can be

obtained by eliminatiﬁg N. between Eqs. (4-33) and (4-34).

3
Most of the individual rates can be-obtained from consideration of

simple sputtering rates:

(4-35)

&1 = R,F A,

N, = RF A (4-36)
ﬁ4 = R,Y o N A, (4-37)
N. = R.YA , A (4-38)
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where YC is the sputter yield of atoms from the seed cluster and the

sticking coefficient for all 4¢positgd atqms is assumed to be 1. N3
'is related to the 'colliéién"fgeqﬁéﬁc§ of“éeeds_with‘clusters.
Assuming that each seed colliding with a clustér adheres we can use a
length of 2rC to describe the two-dimensional cluster interaction
cross section where r, is the clugter radius.

N3 = ZrCUSNcNSAd (4-39)

This felafion éaé be ﬁndgrsfood more s;mply by nqting tha? 2rCUSNc
is the éoliision frequen&y for a single seed moving through clusters of
density Nc at a speed v Multiplying by the gumbe? of seed atoms
péf unit area gives the total frequenc& of seed-cluster collisions per
unit area. Multiplying by the:"drawing".area Ay for axsingle cluster
giQeé thé ﬁuﬁber of collisions wifh one clusfér fgf unit_time.

Witﬁ substit;tiqné for the variou; rates, ﬁqns. (4-33) and (4-34)
can be'fewfitten'as: | | |

RiFsA (4-40)

d RiYaoaNsAd_= 2chchNsAd

and

R,FA +.2r u NNA. =R YA . - (4-41)
i'sec cscsd icc

These equations may be solved simultaneously for the drawing area Ad

and for the surface seed density NS.

>
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A( -F)(2r v +AY o R,) .
A = c ¢ s cs caali ) (4-42)
d 2r vF - A (Y -F)Y o R S
c s s c ¢ s""aali

2
Il

s 2r v
cC S

AC(YC--FS)Ri a
1+ Ac/Aq . (4-43)
Under typical seeding and sputtéring conditions the additive terms in

Eq. (4-42) involving the ion arrival rate can be neglected giving:
Ay d A (Y - FS)/FS . | | (4-44)

Physically, this approximation corresponds to the actual seed coverage-
between clusters being much smaller than the maximum possiBle coverage.
Equation (4-44) can be written in terms of fd assuming circular
geometry.
v 1 A
ry =t [(Y_-F)/F] _ (4-45)
This is the required diffusion radius to sustain a seed cluster of

critical radius r.. For most applicatioms, Fé<<Yc’ so that Fs may

of ten be neglected'in the numerator with little error.

Critical Temperature

This diffusion radius (Eq. (4-45)) can be equated to that of
Eq. (4-12) to determine the minimum substrate temperature that will

give the required diffusion to sustain clusters of the minimum size.
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T =E,/k&n | (E,/2n )1/2 (F N 1j3/ﬁ Yr 2(Y -F 9 - (4~26)
c d d s s O iac c s

The logarithmic factor will vary slowly with changes in the variables
therein;,thus, the activation energy will most.strongly dominate the
critical temperature. The new variables that have been introduced are
the critical radius T, and the seeding fraction .FS. The seeding
fraction is treated in Appendix B, a Valqe of 0.01 will be used aé a
reasonable approximation. Values of tﬁe“critical rédius range from:
aboﬁt 6 to 10 3.15 A crbss cﬁeck was madé.on these values of r,
froﬁ.énother point of view. Tﬁe'use:of a criticél radius de}ived from
ﬁuéléation studies implies pertufbétidns correspohding to thérméi
\energy. Thé energy of an’ion imﬁact in a‘spu£tefing envifonment, ﬁow—
evéf, is far ébove the thermal level. The limiting.condition fof ion
impac£ is that the cluSéer should Ee iarge enough to absorb all the
ion energy without Qapérizing. The heat of sublimation:f;r typical—
seed maferials ranges frém abéut 3 to9 eV/atom.16 For ;ybiéai ion'“
egergies of 500 to 1000 éV,‘thén,'this minimuﬁ ciusﬁe? rédius is about
54 to 10 K:assumingva roughly spherical cluster‘shape. The heat of
sublimation ié; of course, a mécroscopié quantity. However,bthis cal;
culation indicates that‘the incfease in clﬁgter éize to accomodatéltﬁé
maximum pertufbation ofian ion colliéion should be ﬁoderate, almost
certainly less"thén a factor of two times the nucleation theory radius
of 10 K. |

Using 10 g for f; .agd 0.0i for Fs“ an approximate expression
can be obtained for Tc in terms of tﬁe aétiQation energy measured in

eV for this expreésion only.
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N o -
TC X 587°K Eq (4-47)

This expression may be used for rapid estimates and approximations
without paying undue attention to the precise values used for some of

the other quantities.

Experimental Reéults and Discussion

Two physical effects following from the cone seeding theor§ were
investigated experimentally: (1) the variation in cone density with
substrate temperature, and (2) the existence of a critical tempefature
for.céne_formation. In the experiments, samples of aluminum were heated
to a specified temperature and sputtered for 20 min. ﬁsing al mA/cm2
beam of 500 eV Ar ions, while simultaneously seeding the sample with a
séurce of either‘Mo or Au. The specified substraté temperatures
ranged from 400 to 575°C:in different tests, with In used to assure
good thermal contact between the samples and the heat source.

Seeding was accoﬁplished by partially covering the sample wi;h ;
sheet of the seed material. Seed material was then sputtered from the
béveled edge of this covering sheet onto the sample. Because of this
geometrica} arrangement, the seeding intensity decreased with increasing
disténcé from the beveled edge (see Appendix B). After sputtering,
scanning electron micrographs were obtained of the sample surfaces.

The average separation between cones was then (A/N)%, where N 1is the
number of cénes ;oqnted in an area A. of the micrograph.

We identify <r>, one half tﬁe average separétion between cones,
with the diffusion radius r in the preceding fheory; Figures 4-7

d

and 4-8 show plots of <r> as a function of reciprocal temperature for
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the two seed materials. From the theory, we expect straight lines on

these plots. This can be shown by rewriting Eq. (4-13) as

ry = roexp(-Ed/ZkT) (4-48)
where ro .is a constant
- Moy 1/3p v )% i
r,= (Ed/ZmS) (N0 /RiYa) . (4-49)

Taking the natural logarithm of Eq. (4-48) and rearranging the result,
Ln ry = (—Ed/2k) 1/T+ 1n ro - (4-50)

This expression is'linear if ¢n r is plotted as a function of inverse

d
temperature, as done in Figs. 4-7 and 4-8. This slope of the line is
—Ed/Zk, while the ordinate intefcept is r .

A least squares fegression line was fitted to each of Figs. 4-7
and 4-8. The best fit corresponded to an Ed of 1.20 eV and an r,
of 1.10 x 107 A for Fig. 4-7 and an Ed of 1.04 eV and an r, of
6.04 x lO6 R for Fig. 4-8. The correlation coefficients exceeded 0.9
for both fits. Experimental critical temperatures were also determined:
700°K for Al seeded with Mo and 675°K for Al seeded with Au.

The qualitative trends shown in Figs. 4-7 and 4-8 are all consis-
tent with theory. The data shown also include varying distances from
the edge of covering sheet, which corresponded to different seed ratios

FS. The only data selection used was that regions far enough from the

covering sheet (low enough seed ratio) showed large fractions of the
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areas without cones and were omitted. For regionswith sufficient seed
to show fully developed cone structures, then, the effect of seed fraction
FS on cone spacing must be small. This result is in agreement with Eq.
(4-13), which does not include FS as avériable. Activation energies
for surface diffusion were not available from literature for the exact com- -
binations of materials used, but the values obtained from the slopes of
Figs. 4-7 and 4-8 are in qualitative aéreement with other combinations
that have beén studied using standard diffusion measurement techniques.
The activation energies from Figs. 4-7 and 4-8 can be used for a more
quantitative comparison of experimental results with theory. Using these
activation energies together with 6.24 x lO19 ions/mz—sec for Ri’ .01 for
Fs’ 1x 10_10m f;>r rc, and handbook values for other variables including
usiﬁg bulk sputter yields, theoretical values were calculated for r,
and the critical temperafure. These values were 2,21 x 106 ] and 684°K
for Al seeded with Mo and 1.78 x 106 R and 646°K for Al seeded with Au.
The agreement for critical temperature is close, with experimental
values being 2 and 4 percent above the theoretical values for Eq. (4-46).
This close agreement is due in part to most of the variables in Eq.
(‘4—46) being included in a logarithmic factor. Closer agreement is to
be expected between the predictions of the model and experimental
results for the critical temperature than for other aspects of the
model. For example, a limiting case of a flat surface as used in this
model is more appropriate for derivation of the critical temperature at
which no cones are present than for determining cone separation on a
fully developed surface. The agreement for cone spacing is less
close, with _ekperimental values of r and cone spacing being 3 to 5

times the theoretical ones from Eq. (4-13). This difference may be
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the result-of theory being derived for a flat isotropic surface, while
the experimental values were for well developed.conical surfaces. The
cascades of sputtered substrate atoms on the conical surfaces would be
expeéted to reduce seed diffusion toward the apexes, resulting in the

reduction of some seed clusters below fhe critical size:

The choice of materials for Fig. 4-8 also represents support for .
the theory. Previous descriptions of coning state that low sﬁutter
yield materials protected the apexes of cones in higher sputter yield
substrates. The present theory indicates that the seed can have a
higher sputter yield than the substrate if the seed material is suf-
ficiently mobile to replenish the sputtering loss from a seed cluster,
The Au seed in Fig. 4-8 has a muéh higher yield than the Al substrate,
so that this result is an example of coning that was predicted by the
present theory.

A texturing theory based on surface diffusion has shown substantial
agreement with experimental results. The existence of a minimum sub-
strate temperature for texturing, the variation of cone spacing with
temperatures and the texturing with a high sputter yield seed on a
lower sputter yield substrate were all predicted.by this theory. This
theory has obvious utility in the production of textured surfaces for
applications such as low reflectance solar cells; high emissivity heat
radiators, and medical implants. The existence of a minimum critical
temperature for coning is also important for the production of smooth
surfacés, in that a sufficient reduction in surface temperatﬁre should‘
reduce the mobility of any seed material enough to avoid coning,
whether the seeding is dﬁe to stray sputtering of one of the elements

in the substrate material. Due to the continual cleaning of the
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surface by the bombarding Specie,'theicdniﬁg proééss also permits

evaluation of‘the~surface*diffu§ioﬁvhctivation energy under conditions

1

of extreme cleanliness. e e



=i~ - +.."V, CONCLUDING.- REMARKS -

The theory and experimental ev1dence presented here can have
- T PO e . .
appllcation in ion thruster work or in alternative types of plasma

devices. - However, the desire to increase understanding of the
physical processes important in directed ion beam sputtering has been

.paramount. An 1ncreased understanding of ba51c processes has come in
three main areas: (l) rellable discharge chamber de31gn, (2) directed

i

ion beam interactions, and (3) the phy31ca1 texturing of surfaces on

a micron and sub—micron scale.
Discharge chambers can now be des1gned and constructed w1th a

cgoF

con51derably 1ncreased confldence that is largely the result of an

‘almost complete decoupling of the bulk plasma from the magnetic‘fields
used for containment.5.lhis%decoup11ng has y1elded.aAtractable configu—
ration in termsjof theoretical analy51s. The enhanced plasma and beam
uniformity expected w1th ; large multlpole des1gn have been obtained

experimentally, along w1th the observation that the bulk of the dis-

charge plasma is exceptionally quiet when DC heaters are employed

The 1ntegrated magnetlc field necessary to contain primary electrons
has been determlned theoretlcally and three multlpole ion sources

de31gned to meet this criterion have performed well. Of particular
interest is the absence of numerous iterations in the design and con-
struction of new multlpole chambers, in sharp contrast with the cut

and try approach used so often in the past. The question ‘of Maxwellian

electron conductlon across the multipole f1eld has been treated satis-

factorily as a 31mp1e additional requirement for a suff1c1ent anode

area for electron collection. This requlrement, then, allows stable
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operation without a large forward potential at the anodes to drive the
electron diffusion. Although these analyses have been directed prin-
cipally at multipole chambers, many of the concepts and trépds seeﬁ
here are equally valid for othér magnetic field désigns.

Interaction cross secfibns for energetic Collisibns of rare gas
atoms have been calculated ffom isolated pair potentials, and, in the .
case of Ar charge exchange, obtained from the literature. The energy
and momentum transfer cross sections were breviousl& unavailable and.
are substantially smaller thanthe thermal values that have occasionally
been misleading when used ét higher energies. Experimental da;g have
been found to be in agreément with the values for the-charge exéhange
cross section, while the momentum transfer cross section was used some-
what less directly in the analysis of a newly observed sputtefing
phenomenon_ip diode plasma devices. The known energy losses in the
beam can be used to determine pressure requirements in practical sys-
tems as well as allowing a more thorough analysis and understanding of
.a variety of energetic processes in ion beam and plasma devices.

A model has been developed that describes the process of conical
texturing of a surface due to siﬁultaneous directed ion beam gtching
and sputter deposition of an impurity material. This model accurately
predicts both a minimum témperaturelfor texturing to také place and the
variation of cone density withﬂtanperaturéa It also provides thé cor-
rect order of magnitude of the cone separation. It was prédicted from
the model, and subsequently verified experimentaily; that a high
sputter yield material could serve as a seed for coﬁing of a lower
sputter yield substrate material if the seed wefé sufficiently mobile

on the surface. The specific combination reported was gold seed on an




‘117

aluminum substrate. Seeding geometries and seed deposition rates were
studied to obtain an important input to the theoretical texturing model
and to permit rapid and effective application of the coning model to

specific experiments.
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APPENDIX A

CHARGED PARTICLE MOTIONS IN SPATIALLY INHOMOGENEOUS ELECTRIC AND
MAGNETIC FIELDS

Where magnetic fields are introduced to contain or confine charged
particles within the volume of a plasma, potential gradients will often
develop within the magnetic field region in response to apﬁlied voltagés,
current flow and density gradienfs. Of particular interest is the case
of a spatially localized magnetic field distribution separating a
plasma volume of essentially unobstructed flow from a container wall or
an electrode.

The equation of motion for a pa;ticle of charge q 'in a time-

independent given distribution of fields is:
: }

2—>
r

aer _ g (T$V(r) + ——-xB(r) - - (A-1)

N

d ‘m

f > .
where r is the position vector of a particle with charge to mass ratio
A -)~ 3 3 ) +._) >- ' ‘ 3 ‘-
q/m, V(r) is the potential and B(r) is the magnetic induction.
Equation (A-1l) will, in general, be non-linear and closed form solutions
will not exist. It can, however, be integrated to obtain tra-
jectories for prescribed fields using standard Runge-Kutta techniques.
In Cartesian coordinates, Eq. (A-1) becomes a set of three second-order
coupled equations.

2
dx _ _g: -
2 m (A-3)
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2

dy __9q3V_ gdz, _gqdx -
dt2 m 9y + 0 dt Bx m dt Bz (4-3)
dzz q 3V, q dx q dy '
dt2 T m£+ma? By-.m dt Bx (A-4)

A problém of praétical concern iﬁvolves certain constraints on
ﬁ(?) and V(_r>) within a specified volume. The magnetic field is
assumed to be uniform in direction but not necessarily vin magnitude
with the magnetic field normal to the gradient of the potential. Con-
sider a region of space from x=a to x=b where the magnetic field
is along the z-axis but with a magnitude that depends arbitrarily on
x. The potential is also allowed to vary arbitrarily in x with the
constraint that the total change in potential from x=a to x=b in
a fixed quantity AV. A particle impinges on this region from x<a
with an incident velocity 30.‘ The region from x=a to x=b may
form a barrier to particle penetration to the region x>b if the
particle has lost all ﬁlomentum in the x-direction uéon reaching x=b.
With the stated limitations on V(x) ‘and ﬁ(x), Eqns. (A-2) to (A-4)

become:

2 .

dx _ _gq23V, gdy -
2 v 3x+m dt Bz : (a-3)

dt

dzz _é_dx ' :
27 " mde B2 (A-6)
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dzz -
-—2 =0,
dt” .- &

(A-7)

Equation (A-7) yields a constant velocity in the z-direction equal to

that initial velocity component vg:-. To determine.-the exact trajectory,

Eqns. (A-5) and (A-6) must be solved simultaneously. However, a simpli-

fication is possible in that thejréquirement for a zero velocity in the

“; x-direction implies that the incident enefgy plds the energy acquired

in traversing the potential difference AV should all appear as

kinetic energy in the y-z plane at x=b giving,

2 2. 2 2 2
%m(vox +‘,,°y +v<oz )quV—/ém (vy (x—b)+voz )

or,

Equation (A-6) may be written as:
ddy_ _dgp g 9
dt dt m B2(®) gt
or
dv. =-338 (x)dx .
y m z

Integrating over the barrier region

(A-8)

(A-9)

(A-10)

(A-11)
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y | b~ -. ? -~
f dvy = - ﬁf B(x)d}_{ . (A-12)

Let the total field integral be represented by Bab

- =_-4 ‘ -
Ve Yo m Bab : (a4-13)
y y
or,
m m 2 2 L
] Voy * Tqf (Vo +Vo, +2|g|Av/m) =B, - (a-14)

This, then is the criterion t};aﬁ must be met by the integrated magnetic
field for containment 6f a particle of specified incident velocity
crossing a region of total potential charge AV. If the incide.nt
energy of an electron is negligible wit.h respect té eAv then'v_the

criterion simplifies to:

Bap = (ZmAV/e)%. A (AA—l.S)_-




~*.~ -.APPENDIX B
SEEDING RATE FROM A BEVELED SOURCE

Experimental afra@éémepts for ion beam téXtﬁ%ing %nclude a beveled
source of seed ma}erial placed on top of a substrate (fig. B-1). Part
of the substrate ;s covered with the seed source providing a control
surface for compafison with the part that is uncovered and exposed to
both sputter depoéition of seed material and ion bombardment. This
study will focus on the depositidn rate of seed material onto the sub-
strate from such a beveled surface. .

A number of assumptions will be implicit in this seeding rate
model. The ion beam will be assumed}¥>ha§é uniforéucurrent density over
the area of interest and the beam wiil~be,direéted normal to the sub-
strate surface. 4TheTemis§ipn,of sputtered seed atoms from poinfs on the
beveled edge will be assumed to correspond to a cosine distribution about
the local surface normal. This assumption is in close agreement with
experimental observations where only small departufes from a cosine
distribution have been observed‘.l’z’3’4’S

To model in de£éil'the'emis§ion of sputteréd atoms from the beveled
surface and thei£>subsequeﬁfﬁdeposition onté the substrate, we explore
the geometry indicated ig‘Eig.B—Zf Le;.dfz be the rate of sputtered

in particles per unit time

particle collection at the element of area "-‘daz

arriving from the element of area da This rate is proportional to the

1
fraction of hemispherical solid angle subtended by da2 as viewed from dal,

i.e., dazcos¢2/2nr2. The emission from dal in the direction ¢l is pro-

portional to dalcoscbl because of the assumed cosine emission distribu-

tion. The emission from da1 arriving at daz“can thus be expressed- as:



130

/-Beveled Edge

‘ :
Substrate Seed
Source
Top View
Ion Beam

| / Seed

Substrate

Side View

Figure_B—l. Experimental seeding arrangement for ion beam texturing.
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Figure B-2. Geometry for sputter emission and flux collection.
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dazcos¢2

21rr2

dar, = F dal cos¢, (B-1)

2
where F 1is a constant of proportionality representing the sputtered .
flux in particles per unit time per unit area emitted normal to dal.
The factor F normalizes to total emission from the emitter plane,

P

1°
Integrating over the plane Pl will yield the total rate of par-
ticle collection at da2
Fda2 cos¢2
Iy = =2 f 3 F:os¢ldal . (B~-2)
P T
1

An effective flﬁx at daz' is found by dividing the particle arrival

rate by the area of the element da2

2 F cos¢2
F2 = E—— =5 f cos¢jday . . (B-3)
P .

The reiative seeding rate as a function of position on the sub-
strate plane can thus be found from the integral indicated in Eq. (B-3).
This integral will, in general, not be solvable in closed form and will
thus require a numerical procedure for evaluation.

Figure B-3 shows.the geometry and definition of variables t§ be
used in a numerical integration algorithm. From Fig. B-3 it can be seen

that:

2 2, 2 .2 2
= (xz—xl) 4-y1 sin Si—(yzi-yicoss) s (B-4)
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cosd, = ylsinB/r s . (B-5)
and that
cosp, = yzsinB/r . (B-6)
Thus Eq. (B-3) becomes:
L h/sinB v.y sin28
=2 [ ax oy, B2 (B-7)
=2 1 17 b
o o B ]

Given the coordinates of the observation point and the dimensions and

bevel angle of the seed source Eq. (B-7) can be written:
Fyzsin 8 L h/sinB
F2 = f dx f dylyl[(x )
o o
=2
2 2 2
+ Yy sin 84-(y2+yicosB) . (B-8)

The numerical integration is carried out in- N increments of Ax, and

M increments of Ay, where:
= L/N S (B-9)

and
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Ay1 = h/MsinB . ) ) (B-10)

The integral. can now be written approximately as a summation:

F2 yzsinZB N M
F 2w 2: 2:
i=1 j=1
Ax Ay y..
11713 . (B-11)
2 2 .2 2
<x2-—xli> +ylj sin B+.(y2+yleOSB)
where
xl. = (i—lg)Ax1 (B-12)
i . :
and
yli = (J-%)Ayl . _ (B-13)

A program was written to carry out the numerical procedure indi-
cated in Eq. (B-11). The factor F is carried as a constant through
the numerical work. .It is, however, proportional to the ion arrival

rate and the sputter -yield of the seed material.

F = R, cosB Y(B) . ' (B-14)
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where Ri is the ion arrival rate in ions per unit area per unit tipe
at thg substrate, the cosine of B8 takes'intq aécpﬁnt the tilt of the
beveled edge with respect to the ion beam direction, and Y(B) 1is the
sputter yield of the seed material at the angle B in atoms per ion.
First the integration step size necessary to assurevconyergence
within one percent was investigated. The Rarametefs used corresponded
to a realistic experimental arrangement: . L/ﬁ = 8.0, B-?.st’,-xz/b'=
4.0, and y2/h’= 1.0. - The results of calcuiating F2/F aé é function

of N and M are given in Table 5-1.

Table B-1. Integrations with Various Increments of Area.

N M - . _Fé/F"”

6 1 3.0645.;x 1072
11 2 2.8013 x 10~
17 3 ' 2.6867 x 1072
23 4 2.6396 x 1072
28 5 2.6164 x 1072
34 6 2.6035 x 1072
40 7 2.5955 x 1072
45 8 2.5903 x 1072
51 9 2.5867.x'10—2

154 27 2.5746 x 1of2
20 7 2.5957 x 1072
10 7 2.5948 x 1072

8 7 .2.5881 x 10'2

7 2.5489 x 1072
4 7 -2

2.3271 x 10.




137

Letting the N = 154, M = 27 wvalue be the standard, this standard
is approached within 1% by letting N =40 and M = 7. However, N
can be further reduced by a factor of 4 without sacrificing.significant
accuracy. These values, N = 10 and M = 7, are appropriate when the
QBservation point yé/h is é unit distance, or greatef, from the
source. if y2/h is decreésed By a factor of two, accuracy can be
maintained by increasing both M and N each by a factor of two.
Other; similar adjustments would be appropriate as y2/h chgnges.

The seeding rate variation as a function of distance from the
center of the seed source is given in Table B-2 for the choice of
| parameters: L/h = 8.0, B8 =A455, .xé/h = 4,0.

Therdata of Table B-2 are plotted in Figs. B-4 and B-5. The
seeding rate decreases rapidly near the‘source and falls off more
slowly at greater distances és showﬁ in Fig., B-4, For typical dimen-
sions of seed source and substraté, tﬁe.seeding rate can vary by one
or two orders of magnitude over the substrate. Boﬁh éeeding rate and
distance are represented on lbgarithmic scales in fig. B-5. The linear
portion at large distances.from the source has a élope corresponding to
an inverse cubic variation'with distance in agreement with the Y,
depgndence'of Eq. (B-8). At small distances ffom the source, the
seeding rate from a source of semi-infinite extent tilted at an angle
B.

The limit can be calculated by integrating Eq. (B-8) after changing

to suitable dimensionless variables: u = xl/y2 "and v = yllyz.
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Table B-2. Seeding Rate along the Centerline of the Source.

yo/h F,/F y,/h F,/F
0.03125 7,07 x 1072 2.6 8,02 x 107
0.0625 6.81 x 107> 2.7 7.55 x 107>
0.125 6.32 x 102 2.8 7.11 x 1073
0.5 4J&xld¢ 2.9 6.71 x 107>
0.6 " 3.77 x 1072 3.0 6.33 x 1073
0.7 . 3.41 x 1072 3.1 5.98 x 107>
0.8 3.10.x 1072 3.2 5.66 x 107>
0.9 2.82 x-1o'2_ 3.4 5.07 x 1073
1.0 12.59 x 1072 3.5 4.81 x 1073
1.1 2.38 x 1072 3.6 4.57 x 1073
1.2 2.18 x 1072 - 3.7 4.34 x 1070
1.3 2.01 x 102 3.8 4.12 x 1073
1.4 1.85 x 1072 3.9 3.92 x° 1073
1.5 1.71 x 1072 4:0 3.73 x 1073
1.6 1.58 x 1072 . 8.0 8.70 x 107"
1.7 1.47 x 1072 16 1.37 x 107
1.8 1.37 x 1072 32 1.83 x 10

1.9 1.27 x 1072 64 2.35 x 10°°
2.0 1.19 x 1072 128 2.99 x 107/
2.1 1.11 x 1072 256 3.77 x 1078
2.2 1.04 x 1072 512 4.72 x 1077
2.3 9.70 x 1073 1024 - 5,92 x 10710
2.4 9.09 x 107> 2048 7.40 x 10711
2.5 8.54 x 102 4096 9 26 x 10712
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) 2 [=+] . [e -] .
(FZ/F)limit = SlTr;rB—/ duf dv U[uz-i-uzsinzs
- 00 o

-2
+ (l+UcosB)2] . (B~15)
“Equation (B-15) can be integrated to yield:

Limgy = (1-cosB) /4 l : (B-16)

which can be evaluated for. B = 45°  as 7.32 x 10-2. This value is
pldtted in Fig. B-5 as the yz/hA=.0 li@it which the function
approaches very élésely at small y2/h, i

Table B-3 lists calculated values for. Fé/F obtained over a
regular mesh covering.the substrate région for'the'same geometrical
parameters used for Table B-2, The data of Table B-3 are plottea in
Fig. B-6. Close to the seed source there is a strong variation with
lateral position dropping to only.about one half the center value at
the extreme ends where flux contributions are being received from the
right or left side only. Aé the observation line is moved further frqm
the source the lateral variations diminish considerabiy because the
sub;ended angle of the seed source is tﬂen changed less when observed
from various lateral 'positions.

An Auger surface chpositioﬁ analysis done at various distances
from the éhield location on a éeeded sample should provide an experi-

mental verification of the calculated profile shown in Fig. B-4.
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Table B-3. Calculated Vaues for F2/F for Positions on the Substrate.

Yz/h

x,/h 0.5 1.0 1.5 2.0

0.0 2.11 * 1072 1.33 x 1072 8.92 x 1073 6.35 x 107>
0.5 3.32 x 1072 1.86 x 1072 1.16 x 1072 7.89 x 107>
1.0 3.82 x 1072 2.20 x 1072 1.37 x 1072 9.20 x 1073
1.5 4.02 x 1072 2.39 x 1072 1.51 x 107> 1.02 x 1072
2.0 4,11 x 1072 2.49 x 1072 1.60 x 1072 1.09 x 1072
2.5 4.15 x 1072 2.55 x 1072 1.66 x 107> 1.14 x 1072
3.0 4.17 x 1072 2.58 x 1072 1.69 x 1072 1.17 x 1072
3.5 4.18 x 1072 2.59 x 1072 1.71 x 1072 1.18 x 1072
4.0 4.18 x 1072 2.59 x 1072 1.71 x 1072 1.19 x 1072

y2/h

x,/h 2.5 3.0 3.5 4.0

0.0 4.72 x 1073 3,62 x 1070 2.85 x 1070 2.29 x 107
0.5 5.67 x 1072 4.25 x 1073 3.28 x 1072 2.60 x 1073
1.0 6.53 x 107> 4.83 x 107 3.69 x 107> 2.89 x 1073
1.5 7.22 x 1073 5.32 x 1073 4.04 x 1072 3.14 x 1073
2.0 7.75 x 1073 5.70 x 1073 4.32 x 107> 3.35 x 1073
2.5 8.12 x 103 5.99 x 107> 4.54 x 1072 3.52 x 1073
3.0 8.36 x 1073 6.18 x 107> 4.69 x 1073 3.64 x 1073
3.5 8.49 x 107> 6.30 x 1070 4.78 x 107> 3.71 x 1073
4.0 8.54 x 1073 6.33 x 107> 4.81 x 1073 3.73 x 1073
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Figure B-6. Seed flux on:lines*parallel to the source at 1ncreasing
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From seeding theory (see Chapter IV) we have shown that the
critical temperature varies inversely as the logarithm of the seeding
density times a constant.

E. 11600°K
n

‘T'ud

-a B-
Y 25+lnFS (B-17)

for reasonable magnitudes of the variables (Ed in eV). Table B-4

shows a péssible variation of TC with FS.

Table B-4. Variation of Critical Temperature with Seed Fraction.

T, F, oo AT,
735°K | .0001 .

641°K . 001 94°K
569°K o1 72°K
511°K _ 1 >8°K
464°K. 1.0 47°K

A Thgs, tﬁe:ﬁariatiqn in seeding density across a subskrate can be trans-
lated into a corresponding variation in thé critical“téxtﬁring tempera-
ture aéfoss the substrate. Contours of equal critical tempefature can
in theory be specified as to shape and position. If a substrate were
held at a temperature corresponding to a contour a cer;ain distance
from the seed source, then locations between the source and that contour
would be textured and locations beyond would remain non-textured. Such
a texture boundary would be .convex, curved-and symmetrical about the
centerline of the seea sourcé. éiiicégiéeeded with Mo has exﬁibited

textured regions suggestive of this effect.
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The technique presented heré for calculating seeding rate can Be
used to determine appropriate seed source geometries to be utilized
when uniform seeding is desired over an entire substrate to generate
uniform texturing. Such a possibility is the use of a wire mesh

normal to the beam direction.
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