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' 1. INTRODUCTION

This final report describes the findings of a study on the
applications of Ion Beam Technology (IBT) to the Processing of materials,
This study was carried out by members of the Professional Staff of the
Applied Technology Division of TRW Defense and Space Systems Group under

contract sponsorship and the technical direction of the Lewis Research
Center of NASA,

The report fipst describes the study methods and goals,
then examines a series of factors which wil) influence the use of IBT in
various applicational areas. Following this, the report advances a serieg
of areas of assessment in the potential applicability of an IBT process
and presents a list of IBT applications, rated against these assessment

factors. The report concludes with a series of reconmended areas of
application for further technical pursuit.,

The report
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During the study effort, an attempt was made to estimate the impact of ﬁ

‘I’ IBT in various industries, For example, the semiconductor industry is es-
timated to have a marketplace measuring billions of dollars annually, while !
the semiconductor equipment industry is approximately $200 million a year :
in size. The trend in semiconductors is definitely towards smaller scale "\
devices, where IBT enjoys a number of Processing advantages over alternate
techniques. Even if IBT only affected 25% of the marketplace, its impact
would be me. ured in hundreds of millions of dollars annually. Another
example is in potential biomedical applications. There are approximately
10,000,000 cases of knee defects in the United States, ranging from par-
tial to tota) incapacitation. At Present, about 30,000 per year are being
replaced, Clearly, there is a considerable gap between the present need
and the surgical response to that need, Also, in the textile industry,
polyesters account for $15 billion annually. Surface treatment of even a

small percentage of these fibers sti1} represents a large total impact for
hew technology applications.
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2. STUDY METHODS AND GOALS

The IBT Applications Study was carried out over an 8-month period and
at a level of effort determined hy the resources available to this program,
The study was initiated by a technical conference at NASA, LeRC between
TRW and personnel at LeRC currently active in IBT applications study and
experiments. This technical conference provided the Study Group with a
review of current LeRC sponsored research, both in-house and under varinus
NASA grants, and allowed the Study Group to review the (then) known
applicational areas of interest.

Following the technical conference, the Study Group initiated an
assessment of the current status of IBT and applications. This assessment
was carried out by both a literature search and individual consultation
with workers in the field. Both the literature search and the individual
consultation were selective in view of the very large body of literature
and active research involving the interactions of ions with either the
bulk or the surface properties of materials.

As a result of this assessment of IBT current status, the Study Group
formulated a 1ist of approxinately 60 potential individual contacts.
These individual contacts were selected as potential areas for the growth
of IBT applications. In some instances, the individuals and institutions
involved were along the leading edge of IBT development. In other
instances, neither the institutions nor the individuals involved were
aware of potential IBT use. In these latter cases, however, there were
sufficient reasons to believe that potential IBT applicational growth
could occur as a result of the planned individual contact. The individual
contacts planned with presently active workers was for two reasons:
(1) to broaden the perceptions of the present study effort as to current
IBT status, and (2) to stimulate the conception and development of addi-
tional IBT applicational uses.

The initial 1ist of potential individual contacts was reviewed by the
Study Group's technical monitorship at NASA-LeRC and by an Advisory Group
Board at TRW. The Advisory Group Board at TRW was composed of individuals
with extensive previous experience in technology transfer. Following
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- these several reviews, the initial Tist was prioritized and the series of
| {ndividual contact tnterviews was initiated,

The contact interviews between members of the Study Group and various
institutions and individuals took place over a h-month period and included
12 contact interviews, distributed broadly over the United States, These
interviews were roported on a stan'ardized interviow form, submitted to
NASA-LORC at the close of the monthly peporting period in which the intor-
view occurred. These interview forms constitute a separvate submission
under the program and will not be included in this veport, Specitic per-
ceptions and possible 1BY applications obtained as a result of these
interviews are included in the reports findings, together with findings
obtained in the literature search and in the consultations with various
individuals, the Advisory Group Board, and with the technical monitorship
at NASA-LeRC,

Following the contact intervicws, the Study Group conducted an
assessmont of potential BT applications. This assessment was then
. followed by the preparation of this final rveport,
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3, FACTORS IN IRT APPLTCATIONS

3.1 GENLRAL CONSTDERATTONS

The definition of lon Ream Technology (IRT) rvequived cortatn Timiting
assumptions in the study. For the purposes of this study. IRT applivat fons
are those derived from the use of olectron bombardment fon sources,  The

electron bombardment fon source, sometimes described as a Kautiman fon
source, s a Yow density gas discharge, whose fons are extracted and '
accelerated to form an fon beam.  The major development of this ion source
was for clectric propulston purpases (the ion engine).  More recently. the
same fon source has appeared in conmercial manutacture under @ variety ot
names.  The presently available commercial sources typically operate on
argon, crcate an onternal Af fon beam at current densities of the order of
| 1 mi1liampuro/um3. and have ion energios ranging from soveral hundved .
| clectiron volts to several hiloeloctron volts,

i ' In accepting an BT Timitation to the olectron bombavdment. fon souree,
l operating through comparatively modest oneray and carvent density ranges,

! some potential fon beam applications ave excluded.  bor oxample, fon

{ sources for (enerqetic) fon fmplantation will, bocause of the fon spocies
requived and the ion acceleration voltages required, aenerally lead to o
difforent source contigmation than the conventional electron bombandment
souree, Such energetic ion implantations will not be considered as a
portion of IRT in its presently defined contest, The discussions in this
report indicates, however, alternative approaches to ion placement-in-buth

which does not requive a high enevagy injection,

The problem of the exclusion or inclusion to the TRYT definition of
Neutral Beam ndection Systoms (NRIS) for fusion applications illusteates
the difficulty in setting Timits to the 187 definition. 1In their dovelop-
ment . the NRIS have moved frrom 1 ampvrv/cmr. JOOAeVL boams of H' at total

source current of approvimately 10 amperes to total somee currents morye

é nearly 100 amperes at eneraies above 100 keV, The ariainal source tech-

\ nology was strongly derivative of the electron bombardment fon souree,

! . Bocause of inereasing sises and acceleration energios, however the NREs i
g has not beon considered as vemaining within the 1B handary, &
" i
d
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® 3,2 IBT GENERIC APPLICATIONS o
Before beginning the discussion of IBT applications, it is worthwhile |
to present a generic approach to these applicational avenues. Figure | l B
11lustrates these various dircctions and areas, ,.? j
Three applicational areas are not treated further in this report., r ;
These areas, indicated by the dashed Vines in Figure 1, are ifon beams tor 'j
material injection in vacuo (the neutral beam injection systems for fusion i
b
applications), for envirommental simulation (plasma wind tunnels, solar gy

wind simulation), and for charge deposition (for example, neutralization
of differentially charged spacecraft swurfaces, electrical equilibration
of electrically isolated bodies), While applications for ion beams exist
in these areas and a variety of literature exists on such work, these
subjects have remained outside of the boundavies of the study in order to
focus the study into applicational areas with both growth potential and
with cmphasis on electron bombardment discharge fon sources.,

The remaining areas of potential IBT applications wmay then be divided

' into three principal avenues: material deposition, material removal, and
material alteration, The principal focus on IBT applications has been and
may continue to be upon material removal. The material ramoval applica-
ttons will involve the surface proporties of the treated material and will
consist, basically, of tiwee actions: cleaning (which is defined here as
the removal of comparat,, y small numbers of fayers of surface contaminant
materials), cutting (which is defined as the in-depth and uniform renoval
of material), and texturing (which is an in-depth process but will usually
lead to an irregularly structured material surface). These major applica- N
tional sub-avenues may each be further subdivided into areas dealing with
conducting materials and insulating materials,

Lo SO U

A second applicational avenue for IBT is in material alteration.,
Emphasis here is divected toward the altoration of material bulk proper-
ties, Examples of possible applications here include cross-linking of
polymers by fon fmpact upon the upper swrface, stress veliof in doposited
material layers by simultancous fon impact (at, perhaps, Tower accelora-

‘ tion cnergies), and the deliberate creation of defect states within

crystalltine material by fon dmpact (at, pevhaps, highor aceeleration
energies),
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The third applicational avenue for IBT 1s 1n material a:aosition, The
emphasis hare is upon materia) synthesis with two subavenues identified,
These subavenues are the deposition of the {on only (for example, fon
(implantation) deposition during epitaxial growth of crystalline matertals)
and the deposition of neutra) materials sputtered by the fon beam, Appli~
catfons in both subavenues may be seen in amorphous materials, polycrystal- b
line materials, and crystalline materials. The supavenues are not totally V c

)

distinct, one from the other, and 1t is possible to envision applications
Tnvolving both fon deposition and simultaneous deposition of neutral
material which has been sputtered from arother location by fon impact.

3.3 BASIC CONSTRAINTS IN IBT APPLICATIONS

The many possible IBT applications 1)lustrated 1in Figure 1 and
described in Section 3.2 must be considered within specific constraints
on scale size in the material treatment. For material removal applications,
the order of magnitude rate using presently configured IBT sources is in
argstroms per second, with dependences upon the material undergoing treat-
‘ ment, the fon mass in the beam, and ion acceleration energy, If it is
postulated that the allowable process time for a material removal applica-
tion will be of the order of 1 hour or less, than IBT applications must
look to material removal requirements which will be, generally, in the
range near and below 10~% centimeter (104 Xngstroms, 1 micron). This
"micron" criterion marks an upper bound constraint, for the nastulated
upper bound allowable process time, for IBT applications in material
removal.

The lower bound constraint for IBT material removal cannot, at
present, be rigorously defined. Ordered surface material removals in the
scale size range below 100 A have been carried out using fon beams. This
scale size exceeds any presently known structural building requirement.
It would appear, thus, that IBT apitications in material removal shouid
look to those processes requiring microns, or less, of removal with only
an upper bound constraint in effect.

Material deposition rates for present IBY sources are somewhat
. reduced from the angstroms per second figure stated earlier for removal,
This rate reduction occurs because of the more diffusely spreading materia)
streams of fon sputtered materials. It is possible, nevertheless, to

7
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fnvohe the same "micron criterin® for material depasition applicat ions
which was used earlior for materia) removal. o Expected process fimes gt
these depths would vange to hours, The Tower bound constraint for mage-
ria) deposition applicat fons Ay artse from many agq lomerat jon phenomeng
in very thin deposited rilms and is Probably of the order of 100 h
(frrespective of the method of material deposition),

Muteriad alteration in the dulh from Fon dmpact on the surfave 1s
somewhat Toss procisely defined than efther the remaval o deposition
Processes. 1t 4s hown that bulk alterations VA OCCUr to depths of the
mder of 103 R for the general ranae of fon enerates used in @1 SQUPrees,

From the discussion above i1 mav o be tentatively advanced that 18]
apprications in materia) remwal op Qarvvia1 depesition should remain in
4 ﬁVS‘Q ST20 range firom a fow 10'l h At the upper end to APProN i tel v
10° A at the Tower end, An interesting question, then, is the Possible
number ot applications talling within this seale size range,  Becduse the
respanse to this question is of such vital interest to mationad tochnology
' POQUITONONt s, 3 separate section (3.4) addresses this question, "

Job SCALL ST AND TECHNICAL REVOLUTTON

U technical activity during the past twe decades s viowed in the
content of the scale size of the material ohdects assambled by the tech-
nOTowy, the most persistent TMAges are in terms of larae obdects,  Partic)e
aceolorators whose circmterence or Tenath bocome reasonahle fractions of
Pomites aiveratt with AUOSS WOTAR At take-oft i eneess of | meada pound,
baest vehicles fop SPacecrart with theast Tevels in the Multi-megapound
tange, and supertankhers, with Careving capacitios in the hundireds of
thausands of tons, all contribute VINVIAINY o these maes, 1 becomes
almest paradonical, then, to advance the notion that the most Pervasiye
revalution in this period has comee not i these Tarae seale sise areas,

but in the area of small obdectsy The development of mivroctoctrony

chrcuitse and the alteration of SO Tetal processes o utilise hese
dovives increasingly, attects the whole Plow ot comerce and, in PNy
Instanves, may have permitted o gqenuine and cont inued growth in the

:1I' nat tonal praduet .

-
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. The present “digital® vevolution has oceumrred with devices whose
bastc scale stee is (0 the vange ¢f tens of microns. At this peing, tech
nologies appear which hold the promise of another reduction tn seale size
by one ordmr of magnitude, 16 Ehis compression 65 carriod out in 4 -
dimensional fashion, {1t offors the possibil ity of & companent gain per

aren of 100, 10 the comprosston can e carried out tn three dimensions,
componient number growth by thiree orders of maani tude can be obtained,

The tochnetogtes to provide this additional compression in the svale
stze of b Tdable objects are comprised of clements in many areas and
includes as a bachdrop, the Tarae arowth in recent vears in the Capab bty
of diagnosis of material surfaces,  IRT appears o be one of these con-
trabuting technology stems, Tt should be omphasised that TBD is ot the
sole technology regquirement for micron scale sise building and below, but

TEmay beoa cructal contributor in temms of its COpabilaty o remove and or

Lo deposite ina precise fashion, minute quantities of material,  he

description of TR as o possible contributor to these vital new areas iy
n oconservative approach te the potential valtues of this technotogy,

Section b onamines the unique aspects and possible advantades and Jdise

advantages of 1R which must be viewed in terms of the eventual role of

this approach to the treatment of materials,

o0 UNTQUE ASPLETS o ADVANTAGES . AND DISADVANTAGES OF LRY

-— - -
i e B e e s ah o Dl (D LI e n T iAo

There are five priancipal, and several unique, aspects to 181 for mate-
rial vemoval applications,  These aspects are:

(DY The incident particle flow is a highly ordered (laminae ) oy

GOV The process can gand must) be careied out umder hah vacaum
vonditions

(3 The cutting agent can be chosen o be chemically bentan to

the surface material (material vomnal is ty the phasica)
action of sputtering)

() Ihe cutttng agent can e used adainst eoither conductors or
insulators

(5Y The material removal vates are at saall (O vamparatively
precise) Tovels monelavers, o less, per second),
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The unique aspacts of IBT are emphasized here in that these special
qualities can serve to isolate IBT applications from the challenge of
alternate technologies (see also Section §.6), There are, clearly, many
processes which can be used in material removal applications, Many of
these methods do not have an ordered fiow, which 1s crucial in the sharp-~
ness of masking operations and in the ability to cut precise patterns into
the subject material, For example, even the ordered flow properties of
visible wavelength photons lose precision at the level of wavelengths of
the 1ight in use. This has prompted that technology to consider the use
of shorter wavelength photons (X-ray 1ithography), an approach that has
many questions on feasibility remaining unanswered. For IBT, the ordered

flow characteristics may allow precise cutting definition into the regime
of 100 R or less,

The high vacuum aspect of IBT, item (2) above, has both advantages
and disadvantages. The disadvantage 1s in the requirement for vacuum
pumping systems (with associated process time and attendance impacts). An
advantage of the vacuum environment is in the (now reduced) rate of
arrival at the subject material surface of unwanted gas species. These
surface chemistry considerations are also present in item (3) above
(possible choice of benign cutting agents), where, again, the chemica)
reactions of surface atoms and molecules may be "tailored" to the specific
requirements of the material removal (or deposition or alteration) process.

Item (4) above (process use with either conductors or insulators),
has been included to specifically point out a distinction between IBT
material removal and dry plasma etch. The use of a negative bias potential
on & conducting body in a plasma etch does produce an ordered fon flow
across the sheath and onto the (negatively biased) body. This dry plasma
etch process will not be possible, however, for an insulating material,
IBT, through 1ts use of a separate and controliable ion acceleration
voltage, provides an ordered ion flow onto both conductors and insulators.
The vacuum conditions of IBT are also at considerably lower pressures than
for the plasma etching processes.

The final item, (5), above of very low rates of material removal
(with comparatively precise control) is an advantage for those applications

10
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moving into the very small scale size regime, For large scale size

applications (above 10'3 cm, for example) the process time for IRT may

become too long and alternative methods should be considered, From the

discussion in Section 3,4, however, 1t 1s now clearly apparent that an #,g
{ncreased level of emphasis will be present in materia) fabrication at thw !
Tevel of microns or Joess, for which precise control at Jow rates of Bk
material vemoval will be a crucial requivement in the process technology, L

1t should be emphasized here that there are important questions yet it

to bo answered on the precise control of IRT cutting, These questions X
finclude the variation of fon sputtering rate with angle of incidence, the O
disposition of secondary and tevtiary materials from the cutting process, ‘.L
the development of "stops" (spectator gases with difforential accomoda- i

tion coefficients to varfous swrtace and substrate materials), low lovel l
n=beam ¢c caminant materials, cutting uniformity tor broad beam 18T ]
sources, and substrate alteration as a result of surface gencraae thack i
waves under the fon impact.  There rvemain, thus, considerdile amouncs of |
o work to be done in the physics of ion sputtering, 1t is advanced here R
that this work will be carried out and that precise control on ion B
sputtering material removal processes will be developed as a natural and /
on=qoing portion of the total material treatment procedure. o

In the areas of questions about fon sputtering given above, ong area "

is of specific concern,  This concern is in the growth of defect site

density in crystalline material subjected to ion bombardment. The regions
of defect site growth proceed sufticiently below the surtace (say. of the
order of 103 X). so that direct deposition cannot be the process for

the creation of the defect site,  The more Vikely enplanation is that the

fmpacts of fons on the surface create shocks which propagate into the
material and cause the defect site to appear at "suscoptible” locations
in the crystalline materfal, 1t this crvstalline damage could net be |
overcome, and if crystalline damage wore to porsist for all leovels of
fon bombardment eneray., then IRT material romoval teom crevstalline matter '
would have a potentially serious disadvantaae (for, at least, those {
applications in which the crystal depth is comparalle to the damage depth)
‘E’ The rocent work at the Namba Institute has indicated that detoect site

arawth persists, albeit at a lowered vates for Towerad values of ion

R
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bombardment energy. The Namba Institute research indicates, however, that
these defect site effects can be removed by annealing at comparatively
modest temperatures (less than 5oo°c) for comparatively modest periods,
There 1s, thus, reason to believe that inadvertent substrate alteration

by 1on impact on the surface will not stand as a disadvantage to IRT
material removal applications.

Turning now to material deposition processes, advantages and disadvan-
tages are sti1] present, but appear to present a smaller total advantage
to IBT use than in the material removal cases. The advantage of IBT in ma-
terial deposition is that it can be used for the deposition of nonconduct-
ing materials. The deposition of metals can be carried out at high rates
by evapoiration in vacuum (for example, vacuum deposited aluminum films),
and by magnetron sputter guns. The fprmer method does not permit an ex-
tension to insulating layer deposition, however. There are alternate tech-
nologies in chemical vapor deposition and sputter deposition for the build-
up of thin insulating films, but these may have process control problems
below a certain (as yet, undetermined) depth level. The potential areas
of advantage for IBT in materia) deposition are, then, (1) a broad range
of possible materials for insulating material deposition, and (2) precise
control for very thin films of both insulating and conducting materials.
The area of disadvantage, previously noted, is in the required process time
for increased depth in the deposited film.

A final area to consider here is in surface material alteration by
fon impact. In this application ordered flow is probably not crucial. The
unique aspect of IBT is in the particle energy at impact with the surface.
These particle energies can clearly exceed "oven generated" particles and,
hence, can create surface restructuring, perhaps cause a more perfect
crystalline epitaxial growth, and may have improved particle sticking
coefficients because of incident particie energy. These latter applications
("ion beam epitaxy") 11e in the realm of both material deposition and
material alteration and hold out the possibility of a "bottoms-up" ion
implantation (implantation during materia) growth rather than after a
"tops-down" injection into previously formed material). The total field
of applications here is seen, however, as an area of future research and
development with no apparent present advantages or disadvantages to IBT.

12
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3.6 COMPETITIVE ROLE OF ALTERNATE TECHNOLOGIES

4
One of the factors in the assessment 3

of an application of a new
technology 1s the possible roles which may be Played by alternate, and
competitive, technologies,

In some tnstances there may be no alternate }
method and the pursuit and d

evelopment of the new technology is governed |
only by the potential return from its application. In other instances, o

i several alternate methods may exist and the (perhaps) protracted and

- (perhaps) expensive development of the new technology will not resylt in
1ts predominant use in an applicational area, 1In some instances, even
g‘f for acceptance of the new technology, returns may be comparatively short

x lived as the previously used technologies are ejither uprated or previously
untapped reserves are discovered.

It is not possible to describe in detai v
and counteractions of competing technologies as they contest for a given o
application, but the discussion here describes some possible examples.
Cﬁ' One of these examples, previously discussed, is the precision in Cutting
" as the scale size diminishes. For the use of visible wavelength 1ight to
expose photo resist material, precision is limited to values of the order
of the wavelength of the light., Alternate methods, using x-ray Tithography,
can improve on this Precision. It does not appear 1ikely, however, that
modification of these previous technical approaches (in this instance by
shortening the wavelength of 1ight) can effectively compete against
presently demonstrated éxposure and cutting (using energetic electrons for

0
exposure and ions for cutting) scale sizes of the order of 100 A. In this
instance, IBT may have an unassailable position,

1 a1l of the potentia) actions

TR e BT Ak e o

LA DL

For material deposition applications it is not apparent that IBT
can generate an unassailable position unless (perhaps) the scale size is
sufficiently reduced. For example, material deposition by magnetron
Sputter guns can be at greatly elevated rates compared to IBT. It does not
appear as a prudent course for IBT development to challenge the magnetron
sputter gun in these (vacuum) deposition areas. On the other hand, the
Sputter gun 1s a source of neutrals only and cannot carry out cleaning

(| Operations so that it could develop that some material deposition

e e e
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operations which require cleaning inmediately before the depesition should
be approached with a “hybrid" (sputter qun plus IBT source) facility, To
further complicate such analyses are the possibilities of innovation in
the previously utilized technology. Using electroplating as an example
and recognizing the environmenta) problems of the disposal of these wet
chemical residues, it would appear that the replacement technology of
magnetron sputter guns would possess a secure position. The chemical
electroplating approach, however, has responded with fnnovative measures
(for example, in the reestablishment of the Cr VI population from the

Cr I1I of depleted baths, and in the insoluble starch xanthate recovery
of metals from the electroplating baths). With presently obscure
balances between capital equipment and facility costs and environmental
protection costs, it is not readily apparent at which point a previously

used, and then replaced, technology may recover and may reassert itself
in an applicational area.

A final example to consider here is in the applicational avenue of
surface texturing. Many methods presently exist for generating structure
above a given scale size in surfaces, and IBT may expect a hard competitive
battle for applications in this area, If the application is in a biomedi-
cal area. and if there is a precedent for the use of technology methods
in the specific (example) devices, the introduction of new technology will
proceed with even more caution and review, particularly if the application
1s for clinical (and human) use. It has already been pointed out by other
reviewers of technology, that the overall effect of these policies may be

an unwanted one... i.e., the denial for human use of new and potentially
beneficial technolagies.
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* 4, AREAS OF ASSESSMENT IN IBT APPLICATIONS k
s The discussion of the preceding section described some of the many ;

(complex) factors which determine the Yikelihood of success of a tech-
nically innovative application, It should be noted that many of the
factors are only poorly understood and only a fraction of all contributing
factors are under the direct contral of the institituion or individual
attempting the development of the application. In the face of these

many ambiguities and uncertainties, there is no rigorous, and absolute,
assessment of the success or failure of a given application, Such an
assessment will, however, be made of various IBT applications, noting that
such an assessment may indicate, in relative terms, the most favorable

areas for future IBT development.

4

T ek e min i a it il i et o . B ad i

-
El" The assessment criteria and scoring designations in a given criteria
i? | area are given in Table 1. The scoring technique is presented in Table 2. ,
3 !
- ¢ Table 1. Assessment Factors q
e | A
"2 Element Designation g
| Near-Termn Market Size *
Projected Rate of Growth Al i
) Future Potential Applications Market ]
]
‘ Economic Factors al 1
Systoms Requirvements A2 &
Requirements for Acceptance by User A3 X
i
Special Needs or Problems } " :
Further Technology Development Required i
Anticipated Progress in the Advancement of IBT c2
Benefits of Application B

15

B e e e L L L O ey




Mlﬁmﬁmw*#'"-!“"'TM&wmbumh'u»v-»‘m‘-l..‘, dar oo b BB | SO U " I T it Atk
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D.

Table 2. Scoring Technique

REQUIREMENTS

Al. Market (Score: 0 to 10)

A2. Systems Requirements (Score: 0 to 10)

A3, Requirements for Acceptance by User (Score: 0 to 10)

R4. Special Needs or Problems
Future Technology Development Required (Score: 0 to 10)

Composite Score: 2(A1) + (AZ)ISOgﬁA3) + 5(Ad)

BENEFITS
B1. Benefits of Application (Score: 0 to 10)

Composite Score: i%%l

IMPLEMENTATION
C1. Economic Factors (Score: O to 10)

C2. Anticipated Progress in IBT (Score: O to 10)
Composite Score: 5191%6:_4221_

ASSESSED VALUE
D=AxBxC

NOTE: O to 10 scoring scale ranges from least favorable to most favorable

for each individual factor.

16

U S

R e

LA, £ w.  Aoms i

ey pa?




M‘W&M&M!“&m@*’ﬂ"‘,’ﬂhﬂwrwm*mw;’-‘vmw.v‘"' vro - s LA i i AR 7 R T

The high end of a relative score {s givan to the greatest behefit or
greatast convenience, For example, an 1BT application with only minimal
systems requirements (max imum convenience) will score high in this
category. An IBT application with many requirements for acceptance by a
user will score low in this category. An application with many special
needs or problems and requiring extensive further development will score

low in this category.

The scoring system presented in Table 2 and to be used in the results
of Section 5 yields a maximum possible assessed value of unity (1.0) and &

minimum possible value of zero.

During the course of this study, 31 applications {nvolving 1BT (as
defined earlier in this report) were {nvestigated. On the basis of the

1imited work done, it is estimated that the total investment in IBT sys-
etc.) 1s $10 million annually. For this

produced where IBT {s part of the pro-
duction process would be in the vicinity of $25 million, while the total

! value of the products containing such parts could range from $250 million
to $2.5 billton annually. The growth potential of IBT over the next 10
years in the area of the existing and potential applications surveyed could

be as high as a factor of 10.

tems (hardware, materials, labor,
{nvestment, the value of the parts

PSP N
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6. ION BEAM TECHNOLOGY APPLICATIONS

A variety of IBT applications was investigated and assessed for prob-
abi1ity of user acceptance and implementation. The assessment factors and
scoring technique are shown in Tables 1 and 2. Table 3 presents the as-
sessed values for each application, together with the scale ratings for

each assessment factor. A brief description of each application is given
below.

Metallography

An ion source can be used to etch metallographic specimens and to
remove surface contaminants from such specimens in a controlled, stress-
free manner, Aluminum, low carbon steel, cast iron, and other soft
materials are difficult to polish using conventional techniques. Elec-
tropolishing, for example, is neither very controllable nor reproducible.
Chemical etching leads to rusting and staining of samples.

Semiconductor Device Manufacturing

IBT is being extensively used for semiconductor device manufactur-
ing, e.g., field-effect transistors and magnetic bubble memory devices.
When used in conjunction with state-of-the-art 1ithographic techniques,
IBT exhibits unparalleled resolution capabilities. The semiconductor
Industry is now extending these techniques to the development of new
large scale integrated circuits, charge-coupled devices, etc.

Surface Acoustic Wave Devices

Surface acoustic wave devices have found widest application as
oscillators and resonators in communications electronics over the range
from 50 MHz to about 2 GHz. The great advantage of surface acoustic
wave delay lines {is that a significant amount of delay can be obtained
in a very small device. lon beam etching is implemented in the manu-
facturing process to produce surface acoustic wave transducers.

Gas Bearings

Ton beams are being used for etching grooves in gyroscope bearings.
Military bearing manufacturing is a relatively high cost process. IBT
processing is done under hard vacuum, leading to good groove definition
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(few collisions hetween bombarding particles) and 11ttle, if any, comtam-
ination of bearing surfaces,

Optical Components

lon beams are being used to make optical gratings. Again, they
are used in conjunction with l1ithooraphic techniques to obtain fine
line resolution. Ion beam deposition of Corning 7059 glass, followed
by selective etching, has been developed for making optical waveguides,
Ion beam deposition 1s also being developed for making optical switches.
Other optical component applications include ion beam etching for
correction of aspheric lens surfaces.

Lubricating Coatings

[on beam deposition of molybdenite onto the balls, races, and ball
retainer of a precision gimbal assembly for a spacecraft mirror has
been used with picture-taking instruments on weather satellites. Bear-
ings treated this way have virtually no lubrication buildup and show
11ttle wear because of friction,

Coatings for Solar Cells

lon beam deposited films of indium-tin-oxide (ITO) retain incident
energy and heat on solar cells. These heat mirror coatings have been
found to be superior when made using ion beam techniques.

Transmission Electron Microscope Sample Milling

One of the earliest applications of IBT was in thinning samples
for transmission electron microscope analysis. A number of ion mills
are commercially available for this purpose.

Biomedical Materials Texturigg

Ion beam texturing of rigid implant materials, to promote tissue
growth, and flexible materials, especially in blood contacting surfaces,
s being investigated and clinically analyzed for a variety of appli-
cations. These include prosthetic devices, percutaneous connectors,

blood pumps, neurological sensors, and a variety of biomedical
instruments.,
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Adhesive Bonding

Ion beam etching and texturing of surfaces is heneficial in pro~
moting strong adhesive bonds, For exampla, difficult to Join materials,
such as Teflon and Kapton, have baen treated prior to adhesive bonding,
Othar difficult to join materials, e,g., titanium, graphite composites,
should also benefit from fon beam treatment. Bonding of composites
poses a problem in structural applications for the aircraft fndustry,

If an adhesive bonding process were devaloped, the bond strass could

be spread over an entire surface area, instead of being localized, e.g.,
at rivet holes, which leads to cracking of the base materfal. A special
application of adhesive bonding 1s in surface treatment prior to encap-
sulation of semiconductor devices. A reliable encapsulation method 1s
actively being investigated by the military to enable use of plastic
encased, rather than metal sealed, semiconductor packages where moisture
resistance 1s important.

In-F1ight Cleaning of Spacecraft Surfaces

Ion beams may also be used aboard spacecraft for renewal of thermo-
physical surface properties that have been altered by exposure to out-
gassing products (and other contaminants) on the spacecraft. Also,
quartz crystal monitors, which measure the minute quantities of accrued
mass that deposit on the crystal, may be renewed by ion beam scrubbing.

Materials Synthesis

lIon beam deposition of materials can be done simultaneously to
form new alloys, or in the presence of various background gases, to
alter the stoichiometry of the deposited film. Superconducting proper-
ties, corrosion resistance, mechanical properties, etc., of materials
synthesized in this fashion have been examined. In order to be useful,
1t 1s necessary to determine film properties of fon beam deposited
materials as a function of various processing parameters, such as backe-
ground gases introduced during film growth.
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Surface Coat1ng§

lon beam deposition of conducting and dielectric materials has
widespread potential. Dense, uniform surfaces are desired on gas bear-
ings. Chromium coatings on machine tool surfaces improve taol wear
characteristics, Abrasion resistant coatings for transparent afrcraft
canopies would significantly reduce maintenance costs, Smooth coatings
for shot~peened turbine blades would improve turbine performance. New
material coatings are being sought for coal gasification processes and
for spacecraft charge control, Also, sputter deposited materials have
been used for coating razor blades,

Surface Cleaning

Ion beams may be used for removing surface contaminants and for
exposing atomically clean layers of base material, This is advantageous
in outgassing interior surfaces of neutral particle injectors, and for
surface preparation prior to welding or prior to diffusion bonding.

Low Secondary Emission Yield Materials for Vacuum Tubes

Textured graphite has the lowest known secondary electron emission
yield of any material. This has potential application in manufacturing
of special purpose vacuum tubes.

Selective Solar Absorbers

Surfaces can be textured to alter their optical properties. In
particular, incident 1ight may be trapped by unusual surface morphologies
produced from fon beam texturing which results in almost perfect black-
body radiators. Thus, this technique may be impiemented for solar
energy equipment.

Hydrogen lon Source for Materials Evaluation

A hydrogen jon source may be used for evaluating candidate wall
materials for controlled thermonuclear reactors (CTR). The source is
used in determining hydrogen ion sputtering yields.
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Sterili2ing
A special group of biomedical IBT applications includes sterilizing

prosthetic davices, instruments, etc., prior to their actual use in
practice.
Control of Surface Coatings

In order to control the growth of surface films, and to control
the stresses in the resultant surface coating, ifon heams may be used
{n conjunction with other deposition processes, such as thermal evapora-
tion or sputter deposition. The ion beam provides an {nderendent means
of cleaning the substrate and controlling the rate at which films

nucleate and knit together.

Thin Film Capacitor Coatings

The high quality films deposited by ion beams may be used to
produce capacitors with superior performance and lifetime characteristics.

(;’ Corrosion Barriers

Typical coatings for producing effective corrosion barriers range
from 1000 to 4000 angstroms. Chromate coatings presently being used
for aluminum aircraft structures are toxic to biological agents in
sewage systems. Cadmium plating baths have similar environmental
impact. IBT has no such environmental impact.

Display Screen Texturing

The unusual surface morphologies produced by IBT have potential
application in a variety of displays for graphically communicating
information or for aesthetic novelty.

e s T A TS S

Conformal Coating of Electronic Components

It {is often desirable to conformally coat electronic components
on circuit boards, but frequently these processes are limited by the
allowable temperature reached during processing. IBT processing could
\ be used to deposit conformal coatings directly, or to initiate 1ow

‘\ Q‘ “ temperature polymer curing by irradiation.
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Polishing Optical Components

An 1on beam may be directed across the face of a flat surface 1n
order to polish its frregularities. Some work has been done in this
area, but more development 1s needed to demonstrate its feasibility
for specific applications. Very smooth surfaces are needed to advance
the state of the art, but even polishing plastics to an optically shiny
condition prior to their coating operation would be advantageous,

Metallizing Ceramics

Ion beam deposition of metallic coatings on ceramic substrates
can be used to metallize the ceramics prior to brazing or other joining

Operations. A typical application would be for ceramic vacuum chamber
feedthrough insulator assemblies,

Catalyst Surface Texturing

Ion beams may be used to texture catalyst surfaces, either to
increase surface area, or to alter surface properties.

First Stage Ion Source for an lon Implantation System

Ion implantation equipment accelerates the ions of interest to
energies of ~100 keV, far greater than the nominal 500 eV used for
etching, texturing, and deposition processes. The source used, however,
for these processes, also has potential application as a first stage
fon source in an accelerator used for implantation purposes.

Micromachining

IBT provides a means for removal of minute amounts of material in
a controlled fashion. Fine surface features may be machined by imple-
menting this technique. Applications include sharpening of blades,
needles, or probes, and machining of interconnecting holes in miniature
electronic components.

Ton Source for Optical Emission Spectroscopy

Special gauges have been developed for comparing the partial pres-
sure of nitrogen to the total pressure in a vacuum system. The ion
source in these gauges could be improved by incorporating IBT features.

27

I
Vo

c= 2

ot P T S

?

%e e by e ae eIl



Liquid Crystal Display Alignment

Ion beam etched electrodes have been used to align 1iquid crystals, -]
These electrodes tend to produce high t11t angles. At low tilt angles,
alignment tends to be nonuniform over the surface. Electrode etching
in production 1s usually done by wat chemical or plasma sputtering,

Both of these alternative tachniques suffer from Government regulations
on chemical disposal,

Polyester Fiber Processing

Altered fabric surface properties, via IBT processing, are benefi-
cial for:

Moisture resistance, retention, or transport
Static losing properties

Sensitivity to oil pickup

Sensitivity to dirt pickup

B Change of fabric feel

(;} ¢ Fabric treatment

The fiber could be processed in either yarn, fabric, or textile
form,
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“ 6. RECOMMENDED DIRECTIONS FOR IBT ;;
TECHNOLOGY DEVELOPMENT -

Section 5 described an IBT applications 1ist with an associated
assessment for the various applicational groups. This section outlines a |
series of recommended directions for IBT technology development, within
the specific context of the IBT effort at NASA-LeRC and their associated
grantees.

The rating system in Section 5 does not necessarily identify the
specific (recommended) technology development directions described in this
section. The notion will be advanced here that technology development
goals within NASA will respond to a different series of criteria than those
used in the probability of user acceptance and implementation. For
example, the use of IBT for material removal in microelectronic devices
appears as both a condition of high 1ikelihood and a condition of high
level return on investment. But this use of IBT will probably proceed,

.{1 irrespective of NASA action. A considerable amount of work remains to be
- done in the physics of ion cutting and in process control on IBT actions
here. This work will best be carried out, however (and at this time),
within the specific framework of the various microelectronic devices
needing this technology.

The recommended areas for NASA technology development will be, in
point of fact, those areas in which there are significant outstanding
questions to be answered by research and for which user acceptance will
probably proceed after extensive review of the IBT product and of alter=-
nate methods for the development of this product. The suggested direc-
tions for the research capabilities of NASA are, thus, precisely those
directions which pose the greatest present challenges and for which the
eventual 1ikelihoods of success are the most difficult to estimate. In
many of the specific applications, however, the return for a successful
application can be of major importance.

Table 4 contains a 1ist of recommended directions for IBT technology
. development. Placement in the table is somewhat arbitrary. A brief
! discussion is given for each of the items in the table.
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Table 4. Recommended Directions for IBT
Technology Development

1. Neural coaxial electrode

2. "Bottoms~Up" lon Implantation
3. Neural sensor/stimulator

4. Spacecraft surface scrubber
5. Artificial tendon/ligament

6. Artificial knuckle

7. Textured cannulae

8. Textured quick connect (artificial heart)

The neural coaxial electrode, developed by Bunshah and coworkers and
produced through other manufacturing techniques, is currently in use for
insertion into the human brain. In this application area the role of IBT
would be to utilize both cutting and deposition processes with the goal
of producing a superior coaxial electrode. The recommended course of
action specifically focuses IBT development into those areas in which the
manufacturing process calls for precise fabrication of very small scale
devices. The recommended course of action is also to focus IBT develop-
ment into the challenging (but, possibly, highly rewarding) area of
neural research and rehabilitation. The course of action also moves IBT
into the developmental area of small (and smart) sensors of internal body
processes, such as may be required in blood sugar level determinations for
the (proposed) artificial pancreas.

The "bottoms=-up" ion implantation is a recommendation for a demon-
strated material synthesis in which the dopant ion is placed into the
material during the period of material growth through the addition of
surface layers. A specific synthesized material is not suggested here,
but possible directions for an initial experiment would be in either
amorphous or polycrystalline materials, used, perhaps, as corrosion
barriers or for improved surface lubrication properties.
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The neural sensor/stimulator may be a single connecting conductor (as
distinguished from the coaxial electrode above) whose purpose is either the
stimulus of neural action cr the sensor of neural action, The primary use
here would be in neural research, but eventual applications could include
neural prosthetic devices to correct areas of neural dysfunction. IBT
technology development in this area would focus attention on precise
cutting and deposition with, again, an emphasis on very small scale size
objects.

The recommended IBT development as a spacecraft surface scrubber is
in more traditional working areas for NASA. It is now apparent from a
variety of in-orbit spacecraft behavior that low solar absorptivity surfaces
(which are vital for spacecraft performances) tend to become more absorbing
for continued in-space operation., It is hypothesized that this surface
deterioration results from the accumulation and photalysis of contam-
inant layers. The specific recomended action for IBT development here
is the surface cleaning by ions of representative low o surfaces bearing
representative contaminant layers. The principal question here is the
degree of recoverability of the low « condition, following ion cleaning.
A successful demonstration of surface scrubbing here should be followed by
the development of a miniaturized IBT source for use on specific space-
craft which must maintain low « surfaces over prolonged periods of space
operation,

The recomended development of artificial tendons and artificial
Tigaments calls for a use of IBT texturing in the biomedical device area.
This specific area has been chosen because the major requirement for
acceptance would appear to be improved attachment to tissue. The grant
effort of Gibbons at Case-Western is currently examining the attachment
of IBT textured surfaces, implaced in rvats. In this overall application
area of tendons and Tigaments the growth of scar tissue might be
tolerated (there are fewer demands on the tissue response), provided
only that superior attachment is obtained. The material to be toxtured
will not be specified hare, but some attention in this dovice area is
being directed toward carbon tibers.
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A recommended course of action for the development of an IBT textured
artificial knuckle has followed from a series of contact discussions
relative to IBT textured knee and hip prostheses. The exprassed view that
the predominant attachment problem is one of differential stiffness
between the device and the bone (for artificial knees), and the desire
to continue PMMA use into drilled cavities indicates that IBT textured
devices and sculpted enclosures will have a low 1ikelthood of user
acceptance, For device injection into the hones of the hand, however, a
sculpted approach may be preferable (less material removal in (now)
smaller bones) and immobilization of the hand until the bone attaches into
the textured regions can be carried out with less patient distress than
for the (large) bone attachment case.

A recommendation has been given for the use of IBT to develop tex-
tured cannulae for blood access. The successful development of an
vattached" device here has been questioned by some workers in the field
in view of the continued outward growth of the skin which leads, in
principle, to the eventual upward dislocation of an attached device.
Because of the considerable level of pain associated with blood access
for dialysis, however, and because of the large scope of this national
health care problem, the attempted development of IBT in this area is
recommended in full face of the acknowledged difficulties.

A final recommended area for IBT development is in the use of ion
texturing for the interior surfaces of the quick connect devices on
artificial hearts. Tissue growth has been observed to proceed along the
quick connect inner surface and into the interior of the artificial heart
causing the blockage of the valves. It has not been demonstrated that
tissue response to a textured surface (or to a textured-grading-to-
smoothed surface) will be significantly different from the present
response to the quick connect smooth surfaces. In view of the possible
benefits for a successful demonstration and application, however, this
area will be a recomnended area of action.
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