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ABSTRACT

Short-wavelength UV light is strongly absorbed by most materials, creating the opportunity to drive
near-surface thermal or chemical processes. The resulting modifications have a wide range of prospective
applications, but few have been developed because of the low capacity and high unit cost of light from
present sources. We analyze the light source requirements for large-scale applications to polymers and
metals. We describe meeting them with free electron laser whose dwgnlsascnbed in a companion paper
~ in this session. This machine will deliver 1.0 to 2.5 kW between 190nm and 350nm with options in the
visible and IR, and serve to further develop FEL technology for much higher powered machines. We
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1. Introduction

The situation of American industry has been widely discussed and we need here to recall only certain
key points. The return on capital in manufactaring in recent years eroded deeply enough to become no
longer competitive with other investment opportunities, prompting efforts to restore earnings performance
by cost reduction, often through unprecedented downsizing. Though reports of record earnings are now
commonplace, they certainly cannot persist long in the face of Jower cost competition from former third-
world nations determined to raise living standards by moving up the chain from agrarian economies to
basic manufacturing to advanced manufacturing to technology ip. No doubt some benefit may be
realized from downsizing, but “shrinking to greamess™ has limits. Increasing eamings through
MWW&WMmkmkoﬂy if new, better-performing
technology can be deployed and if ital can be obtained. A more inviting competitive strategy is
wseekinausedeanﬁngsduwg:lemging eeﬁsﬁngmanufacnringinv&sunembasc:addingvaluew
existing products. Surface modification offers exactly this opportunity.

2. Polymer Surface Processing

Synthetic fibers and textiles made from them illustrate many important aspects. Surface modification
bymchmﬂcﬂmomsﬁngknhedyweﬂmbﬁsbiwimmﬁ-minmmsfmcmpaambablym
most familiar le. 1994 saw world-wide production of about 40 billion pounds of ic and
artificial fibers [1). Taking 0.2 v/ (91m’/lb)asanaveragcwxﬁlcﬁbasmfwcmanodmviewof1994

i isl.4millionaqmni‘htofmfacemaboutSISofﬁelandmuoftheU:ﬁtedSm

the costs that can be tolerated for developing this real estate severely limit what can be done.
Throughout 1995 the selling price of benchmark polyester staple (used for blending) and yarn both stayed
just below a dollar a pound [2]. Accepting a 20% cost increase for surface modification is equivalent to
only 0.2 cents/m?’ if all the surface of every fiber must be treated. The constraint can be relaxed
considerably by instead modifying the surface of a fabric instead of the surface of every fiber in it, as a later
mlewﬂlshow,butscens/mgoffabricissﬁnlinﬁﬁng. Packaging, especially high performance
packaging for food, is a mare or less comparably large opportunity for polymer surface modification.
Smfmmpamhdpadngingkhmammnﬂgmbeappmdwewpidpadmgemmﬁonm
as the familiar single-serve juice box incorporates many layers, each with its own surface issues.
Nonetheless, modestly greater costs can be tolerated. The point to be seen here is that the poteatial scale of
the applications is large enough to i even the largest carporations, but that the cost horizons are far
below where surface modifications than wet chemistry have found widespread use. Certainly it is
hudwmﬁcipmmmc&nfmwmﬁngwcmaogisﬁnﬂﬁnﬂmmeebcumﬁcsmdumymm
reach the necessary cost/capacity horizons. .

Sbmmdmg&ﬂnﬁduﬁ@appmnﬁsingasamemsofmmodiﬁcaﬁm The
ability of UV to drive transitions in organic mo such as the initiation of radical chemistry has been
hmfadeadmandkwiddyusedfmﬁﬁogmphy—basedpammg.nehighmg

used for thermoplastic polymers (polyesters, nylons) appear incompatible with photoiniators so that
affordable, radical-initiated chemistry probably requires driving % - x* transitions directly, typi at
wavelengths below 200 nm. As an example of what can be achieved, delivering 1 - 3 J/cm? at 193 nm to
nylon converts surface amide groups to non-leachable amines, which exhibit broad-spectrum antimicrobial
activity [3]. Films of this material could be used as enhanced-safety food packaging or fabrics as air filters
to reduce the risk of airborne pathogens without themselves adversely affecting indoor air quality. A second
strategy is to activate a gas phase species which then reacts with the surface, ¢.g., photo-assisted etching by
oxygen. A third strategy is to activate a species on the surface. For example, the surface of polyimide (and
probably other polymers) can be hydroxylated by irradiating a thin water layer with 172 nm light froma
Xe,* excimer lamp [4]. Improvements result, such as increased adhesion of subsequently deposited metal
for printed wire boards. The requirement in all instances is light of a wavelength that drives the transition
that makes the radical; presently only the ArF (193 nm) and F, (157 nm) excimer lasers, and the Xe,* (172
nm) excimer lamp are available, | |



The other family of polymer surface modification processes enabled by short wavelength UV i$ best
understood as rapid thermal processing (RTP). Energy is deposited in a thin, near-surface layer only,
raising its temperature sufficiently to bring about the desired transformation. The energy is delivered so
rapidlyﬂlatsolidstateheatconducﬁonhasno 'tytomoveheatoutofﬂ:emrfacelayerbefore
transformation conditions are reached. Further, the energy deposition is so brief and the total energy is so
smanmattheunderlyingbulkcam:fidlqumehatedsurface. The benefit of UV light is to provide
access to absorbances so high that all the ,deﬁvaedisdeposiwdwithinlwsmanamicronofthe
surface. IR light at a wavelength where is sufficiently intense is also effective. For example,
polyimide’s absorbance throughout the 190 nm - 250 nm wavelength range exceeds 2 x 10° cm’!, i.e., one
micron is five absorption lengths. In contrast, nylon shows suchhighabsorbanceonlyinanmowband
centered near 190 nm. In addition to the requirement for near-surface energy deposition, RTP requires that

: AsimplewaytoviewpolymerRT?applicaﬁonsisintermsofthceffectofincmasmgenergy
deposition per unit area. In the range ofafewtensofmillijoules,theontumostmicmn or so of PET (poly
emyleneterephthalam)ishenedaboved:eaysmﬂinemlﬁngtempamnemdm-oooledtoompidlyby
mmmmmlmmmmmmmm,mmmmpmm@m 51

Approxima!-elymeoriginaldegaeof ini mbemmedbybﬁeﬂyraisingmesmface:tempetwe
to 140 - 180C[7],typiealofeﬁm;hea-seﬂingpmctice. De]ive:ringsimilm‘energyfrcmm.’zASnml{xi=
excim[esrllasertoapolymidcsurfacemcmsedmbseqwntadhesionmcoppafoﬁbymmthmafmﬁ

Increasing energy ition to several tenths of a joule, but at per: fluence below the ablation
threshold, melts the surface [9]. Melting releases retained strain energy in drawn fibers or films inthe
ce of the strong thermal gradient, givingrisetoconvectionoellstha:freminnponcooling.
Discussion continues as to the mechanistic details [10]. Nonetheless, the m imparts micron-scale
roughnesstoﬁlmsorﬁbe:sthatmarkadlyenhmeeﬂ:eirﬁicﬁon,wetﬁng, jon and visual appearance
[11]. Irradiating with polarized UV light permits reducing the dimensional scale of the roughness from the
“native” few-micron range [12] to 2 0.1 - 0.2 microns [13). Increasing deposition to tens of joules
induces pyrolysis of the near-surface material [14]. For polyimide irradiation with a 248 nm excimer laser, a
structure consisting of sub-micron carbon clusters in a matrix of the original polymer results [15]). Further
energy deposition at 248 nm results in extensive graphitization, attaining near-metallic.conductivity at about
40 J/om® (16). True metallic character and significant current-carrying capability can be achieved by using
the modest conductivity achieved at lower fluence to directly electroplate copper nmn.
Deliveringtlwmergyrapidlywimmspecttoabs%t})ﬁondepﬂ\raisesthetenq;erat\neof&le '
absorbing region sufficiently to vaporize and eject some it: photoablation. The topic has been extensively
reviewed [18]. Much of the ejected material is small molecular fragments, viewed as evidence of
decomposition {19]. The tens of nanoseconds pulses typical of excimer lasers are long with respect to the
ablation timeframe, somatceminlyatleastsomeot'medeoompositionmustbednetoactionofthelighton
the plume of ejected material [20]. Nonetheless, robust polymers (€.g., poly tetrafluoro ethylene, PTEE)
can be deposited with conventional excimer laser pulses [21]. Short pulse lasers appear to overcome the
plume problem [22), raising hope that pulsed laser deposition (PLD) can give rise to a versatile, solvent-free
technology for applying polymeric coatings. However, present laser costs limit prospective applications to
. all but a few high value applications [27]

3. Micromachining

A reasonable definition of micromachining is technology to create features in solid objects smaller
than attainable by established “mechanical contact” and kindred methods such as drilling, cutting, punching,



not included. In point of fact, micromachining often turns out to be laser cutting.

examples give some notion for micromachining’s potential scope. First, the 40 billion pounds of artificial
fiber noted earlier were all made by extruding a melt or (much less commonly) solution through a
very special capillary array plate, a spinneret. ber manufacturers closely guard the details of their
spinnerets, but some aspects are clear. The market pull for more natural-like quality drives synthetic fibers
toward ever smaller cross-sections and toward non-circular shapes, placing ever-increasing demands on
spinnerettechnologytomakemeeapilluiesmatwillyields\mhﬁbers. Further, making all those pounds of
fiber requires many spinnerets indeed. A second example is the orifice plate in every fuel injector in every
cylinder of every automobile made and many light trucks. The size and dispersion of the fuel droplets from
the orifice plate affects the generation of pollutants during combustion and hence the difficulty of attaining
ever more stringent emission standards. A third example is the orifice array found in ink jet printer heads,
probably totaling much more than a billion holes annually. Desired improvements over conventional
technology for all three applications include smaller size, greater aspect ratio, variable cross-section and
materials versatility. However, these must not come at the sacrifice of production scale and unit cost.

o electrical discharge machining. Technologies where lithography is a critical st%(;g LIGA) are usually -
aidic

AnidednﬁWhMgopaaimmoﬂdmumMemmewmkpieceexmﬂymeouﬂmeofme
material to be removed. Theenergydnouldbedeﬁvuedsompidlymaheatlossw.adjmtmmdaldow
notraisemetempemnuesufﬁcienﬂytoadvaselyaﬁect jes (collateral damage) or impair energy
efficiency: on the order of picoseconds. The puise len should also be short enough to have completed
before the energy-absorbing plume of ejected material could form, less than a nanosecond. The wavelength
shouldbechosenthatresulminanabsorbmcemchthattheavailablepulseenergyisonlynwdmtlymote
manenwghtovapoﬁzetheabsorbingvohmn. Thcmpeﬁﬁonmmshomdbehighenoughthaxthephnneof
ejectedmateﬁaljustdearsbefmemenextpu]seanives,ashighasmcgahem. Though CO, lasers find
eansiveuseinmetalcutting,theirshomrwavelmgﬂxandbmbemquality seems to give the edge to
Nd:YAG's for precision applications. Excimer lasers suffer from pulse length in excess of the plume
generationtimeaswellasbeaxqqualityissues,thoughUV’ssuongabsorpﬁonby so many materials makes

the use of excimer lasers appealing otherwise. An issue not to be forgotten is that all laser cutting so far

opaﬁ&bypreciselymovhghewmkpieuwi&mpeamastaﬁonuymumimﬁmsym Certainly the

;cecrfuracyandspeedoftheposiﬁoningsystemwiﬂatsonwpointbeoomemomﬁmiﬁngﬂmtthehser ‘
ormance. .

4. Metal Surface Processing

Despitztheirdisplacemcntbypolymrsinsomehighly visible locations, metals will continue to be
the dominant material of construction for the foreseeable future. In common with the polymers, many of the
. d&siredperfonmnceimpmvementsformlsaresmface-nlated,especiaﬂy durability enhancements such
as better corrosion, wear, and fatigue resistance. Others have a significant surface aspect: more
environmentally benign fabrication and finishing processes that eliminate waste streams from traditional wet
chemistry and more versatile adhesive-based joining technologies.

Metal surfaceprooessingwithlasusisdominantly rapid thermal processing. One class of
 applications transforms the native surface so as to obtain more favorable microstructure: laser hardening,
ing, annealing, or glazing depending on the temperature to which the surface was raised. The

increased six-fold by careful laser melting [25). The same alloy’s friction coefficient can be reduced four-

fold by Ti surface alloying through laser melting a previously applied Ti film [26].
5. Light Sources



The preceding three sections discuss some of the most appealing applications for processing with
strongly absorbed light. Taking advantage of them faces two major kinds of economic constraints. The
first is that the value added can support only a limited unit cost for the light used in processing. Since these
products are not now in the marketplace, definitive values for cost tolerance are not available. Rather, we
estimate them on the basis of what is tolerated for surface modification by other means. Hopefully the
unique values described above will command higher prices that will make the present estimates
conservative. The second is that the surface processing must be integrated into existing production schemes
to have any prospect of being affordable, i.e., surface processing rates must match existing work flows.
Table 1 gives the resulting light source requirements for polymer surface processing.

Table 1: Hustrative Polymer Surface Processing Light Source Requirements

spolication . Cost Tal Typical P
(I/cmE @ wavelength) (cents) &W)

Film amorphization 0.03@ 248 nm (PET)  5/m* 15/ 10

Surface texturing 1 @ 248 nm (PET) S/m®: 0.5/k7 30
1@ 193 nm (nylon) _

Antimicrobial carpet 2@ 193 nm (nylon) 55/m?: 0.2/kJ 100

Electrical conductivity 40 @ 248 nm $5/m? (?): 1.25/KJ 107
(polyimide)

The requirements for micromachining are hard to state so explicitly. Laser cutting so far is only
considered when existing technology cannot create the part. The tolerable cost is then the value of whatever
having the part permits one to do and the required production rate is also specific to the application. Another
way to view these issues is by comparison to other machining technologies and laser cutting is then just
another way to remove material. For psec laser pulse lengths, the required energy approaches the
vaporization enthalpy of the removed material [20]. If we imagine an ink jet print head as 100 cylindrical
holes having a diameter of 100 microns diameter and 300 microns depth, about 250 microliters of material
must be removed, roughly a third of a milligram. No matter what value is chosen for the vaporization
energy and for a non-ideality correction factor, the total energy per picce can hardly exceed several joules.
One point to be seen is that production economics are more likely to be dominated by the fixed costs of
workstation and its maintenance than by the cost of the light. An expected major cost impact of the light
source will be rate at which it delivers pulses, because the pulse rate determines the cutting speed and thus
the production rate. Over some range upward from the typical present kilohertz pulse rate, piece cost will
fall directly as pulse rate goes upward. The first limit to be encountered will probably be the speed of
repositioning to the next hole or the speed of changing pieces, but clever manufacturing engineers will be
able to push the limit back for large numbers of identical pieces.

* The requirements for metal surface processing are much more like those for polymers, especially if
the end use design and the unit cost of light permit treating metal stock forms prior to fabrication rather than
finished parts. In that case, costs must be in line with existing finishing operations, leading again to cents to
tenths of a cent per kilojoule and very large power requirements, and treatments would presumedly be done
by the materials supplier. The other family of applications is piece treating, where again the comparison is
to conventional treatment costs and might be done by job shops akin to platers and heat treaters.

Translating these research findings to large-scale manufacturing requires suitable light sources,
where “suitability “ may be summarized from the above as pico-second pulses of 175 nm - 300 nm UV light
at megahertz repetition rate for less than a cent per kilojoule, scaleable to tens of kilowatts. The light
sources used to demonstrate the applications are excimer lasers, but they have not been able to approach



thesepezformancelevds,evenaftatwentyymot‘developnem. A major problem is inherent to the
physics of conventional light sources: removal of waste heat from the active medium. As described
subsequently [28], the free electron laser (FEL) offers different physics for converting electrical energy to
ﬁght,simplyﬂleinmcﬁonof'anelecmbeamwidu jodic magnetic field (wiggler). The energy not
convatedtolightconsistsofanelecﬁmbeamdepu‘tingﬁomlaseratmespeedoflight,makingwaste
energy removal inherent to the light-generating process. Driving the FEL with superconducting RF cavities
sharplyreduoesthecostofthelightprodncedgyalhwingboth100%dutycycleoperationandnearly
completcmcwuyofenergyﬁomdtebeamaﬁerthcﬁggla.Aﬁn&etcostmducﬁmyetnﬂghtbeaqainpd
' byopaatingintheIRratherthanmeUV,whichisexpecwdtoeapnn'eallth'eRTPapplications, sacrificing
onlytheapplieationsthatrequirechcmicalradhls.
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