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ABSTRACT INTRODUCTION

Inrecent years a number of papers have been written conceiflhe PML deposition process, while potentially commercially
ing vacuum web coating of acrylate films onto a variety ofuseful and capable of high rate deposition, could be improved
substrates, for a variety of applications, utilizing the Polymeif some process limitations were removed and some process
Multi-Layer (PML) process for flash evaporation of monomerstability issues were addressed. This work began as an effort
fluids [1-12]. While of interest to many, widespread imple-to address some of these PML process issues. In this effort to
mentation of the PML process has not occurred, in part dueduce the background monomer pressure during PML depo-
certain process limitations and stability issues. With tradisition, reduce the time required to start and stop the PML flash
tional PML deposition a relatively long time is required for theevaporator, and eliminate monomer polymerization within
process to reach equilibrium once liquid monomer flow to théhe flash evaporator, a fundamental study of the processes
evaporator is initiated, and a much longer time is required fanvolved was undertaken. As a result a new technique for
gaseous monomer output from the evaporator to subside oneacuum deposition of polymer films was developed. This
the liquid monomer flow is terminated. This lack of instant-technique does not rely on flash evaporation of the monomer
on/instant—off capability will be seen to be particularly prob-material. Instead, this new Vacuum Monomer Technique
lematic for in-line batch coaters. Further, control of the(VMT) uses a low temperature monomer source/reservoir
traditional PML process becomes increasingly difficult aggenerally less than 80°C) and relies on the vapor pressure
web speeds decrease. This makes it difficult to match in-lindifference between liquid within the monomer source and
deposition rates and line speeds with slower processes sucHigsid condensed onto the surface of the cooled substrate.
sputtering. There is also a tendency, with traditional PML

evaporators, for the rate to decrease steadily with time &he PML process will be discussed briefly to illustrate the
monomer polymerizes inside the evaporator and interferdanitations that this work set out to overcome. This will lead
with heat transfer between the walls and the freshly injecteithto the mathematical analysis employed to describe the
liquid monomer. Anew Vacuum Monomer Technique (VMT), evaporation process in order to understand the process more
which utilizes a new low temperature source design to prazompletely. From the mathematical analysis a new approach
duce gaseous monomer, has been developed that allotesthe evaporation, and subsequent condensation onto a sur-
vacuum deposition of acrylate films with the same propertieface, of monomer fluids will naturally emerge.

(ultra smooth and pinhole-free) as PML deposited films. The

new VMT process should permit sub-micron or multiple-Review of the PML Process

micron thick films to be deposited at web speeds in excess @he PML flash evaporation web coating process begins with
100 meters per minute as in the PML process. Howevedegassing a monomer fluid to a suitable base pressure. The
unlike the PML process, the VMT process should also permiegassed monomer is then continuously atomized to a fine
controlled deposition of very thin films at very low web mist and sprayed over as large an area as possible on the
speeds (100s of Angstroms thick at a fraction of a meter pénterior of a very hot enclosure that has a heated pressure
minute). The VMT process should also be far more applicableaffling expansion nozzle at one end. By “very hot”, it is
to in-line batch coating processes than is the PML processeant that the enclosure walls are hot enough to instantly
since, for practical purposes, it can be turned on and offaporize the monomer mist, without a pool of liquid forming,
instantly. There is a large overlap between the classes gét, hopefully, not hot enough to pyrolyze and/or polymerize
starting monomers used in the PML and VMT processes sothe monomer on contact (typically between 150°C and 450°C,
greatdeal of insightinto the VMT process can be gleaned fromepending on the monomer in use). Under these conditions
the PML literature. The VMT process will be described, ahe monomer evaporates as quickly as it is introduced into the
complete mathematical description and model for the procegsnclosure. Thus, the mass flow of monomer gas exiting the
will be developed, and data relevant to barrier films andozzle should be directly calculable from the monomer fluid
optical coatings will be presented. feed rate. In a web coating process the monomer gas exits the
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evaporator through a narrow slit as a uniform line sourcesuch a source cold shutters would be required to condense all
condenses as a liquid film on the cooled substrate that lmonomer gas, except when the part passes directly over the
moving past the slit, and the liquid film is subsequentlyslit, or else large volumes of monomer would build up inside
polymerized when the substrate passes an ultraviolet or eleaf the vacuum chamber and create a severe housekeeping
tron beam radiation source. Since the evaporator/slit can Ipeoblem. Since the PML source takes such along time to turn
constructed so as to emit a uniform density line of gas then, as and shut off, during most of the monomer “on-time” the
long as the total fluid input is steady in time, the coated welmonomer would be collected on the shields and only a small
will be uniform in thickness along both its length and width.fraction of the “on-time” would actually be used for deposi-
tion. Under such circumstances, if cold shutters are used, the
The reason that monomer fluid is atomized to a fine mist anshutters will quickly reach saturation and limit the run dura-
sprayed over as large an area as possible on the interior ofien. Instead of a slit, a shower-head evaporator outlet nozzle
very hot enclosure is to reduce the cooling affects of the liquidould be designed to give uniform areal coverage over the
on the hot interior surface of the evaporator. If the rate oéntire part. The part could then be positioned prior to injec-
monomer mass impingement per unit area is too high, and thien/atomization of a known volume of liquid monomer and
surface cools too much, then monomer liquid may build up omoved on to the cure station once the gaseous output dies
the interior surfaces of the evaporator. If such liquid build ugown and the source is shuttered. Unfortunately, from the
occurs, and the monomer resides on the surface for too longoment any monomer condenses on the part the condensed
the monomer will polymerize inside the evaporator. When thenonomer is also re-evaporating from the part. The thickness
monomer polymerizes inside the evaporator the resultamf the resulting polymer film will depend not only on the total
polymer film interferes with the heat transfer between thenonomer flow through the evaporator but also on the tem-
surface and the subsequently atomized liquid. Graduallgerature versus time profile of the substrate over the entire
more and more polymerization occurs, causing the heat trantsme between the start of the monomer flow through the final
ferto continuously degrade, and the rate of monomer retentigrolymerization step. It is very difficult to cool the substrates
within the evaporator continuously increases over the duran such a batch coater, except prior to beginning to move them
tion of the run. Thus, typically the PML deposition rate is nothrough the system. As will be seen, the film thickness errors
constant, but slowly decreases with time for constant flow ofesulting from process control errors under these circum-
liquid monomer to the atomizer. Ultrasonic atomizers are alsstances are daunting. It will be seen that deposition of 10s to
prone to produce pulsed outputs, particularly under low flowd 00s of microns of material may be needed in order to have 1
conditions, which also causes film thickness variations alonghicron of polymer after the cure step. Compounding this, it
the length of the web. will also be seen that the variations in resultant film thickness,
due to process variations, can be up to 10s of microns per
Due to the mechanical limitations of the monomer deliverysecond of transit time, and 10s of microns per °C in substrate
atomization step it takes a “while” for the gaseous monomeemperature. Thus, it can be a nearly impossible task to
output to reach its quasi-steady state value once liquid flowontrol film thickness to any reasonable accuracy in a PML
begins, and it takes a much longer “while” for the gaseoubatch coater.
monomer output to stop once the liquid flow is terminated.
The time between initiating the liquid flow and quasi-steadyL astly, it is very difficult to prevent monomer from polymer-
state gaseous output can range from tens of seconds to minutarg inside of the evaporator and causing a gradual decrease
depending on the exact nature of the plumbing. The timim gaseous output over the duration of any deposition process.
between terminating the liquid flow and zero gaseous outpusenerally, the higher the molecular weight of the liquid
(even near enough zero gaseous output for practical purpos@sdnomer, the higher the evaporator temperature required for
ranges from minutes to much longer. In fact, on shut-off, thash evaporation and the more severe the problem of poly-
monomer lines are typically purged through the atomizenmerization within the evaporator.
evaporator systems with an inert gas in order to prevent the
residual liquid, which continuously seeps into the atomizerTHEORY AND MATHEMATICAL DEVELOPMENT

from polymerizing and clogging the atomizer. These “mlta'Evaporation Theory

tions are not too severe for a continuous web coating process, -
) . as long been known that the vapor pressure of any liquid
where a substrate leader and trailer section (even run at lower

: . A equilibrium with its vapor can be calculated by equating the
speed) can be used. However, they will be shown to be hlgh!ﬁolar Gibbs free energies of the liquid and vapor phases and

problematic when discrete parts are coated in an in-line bat?earranging terms, with the assumption that there are no

processing tool. chemical reactions or flux losses [13]. The resulting expres-

With an in-line batch coater, if a line source evaporator is usezlon for vapor pressure (known as Hildebrand's Rule [13])

and left on continuously, the part can simply be moved pastthe,[epends. on_ly on the Kelvin temperature, the molar enthalpy
. . ) . . .. Of vaporization, and the molar volume of the gas.
line source to obtain a coating of uniform thickness. With
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Thus, for systems of known materials in equilibrium, itis onlyture) can be applied to any evaporation situation, and any
necessary to know the temperature in order to determirgurface, in which the species entering the gas phase from a
impingement rates from the gas to the liquid surface, osurface is the same as the species impinging on that surface
emission rates from the liquid to the gaseous volume. This laBbm the gas phase. In other words, Equations 1 and 2 will
statement pre-supposes knowledge of the molar enthalpy afways apply when only thermal processes are important (i.e.
vaporization for the material in question. There is muctas long as there are no chemical reactions or non-thermal
literature devoted to tabulations of the vapor pressure versiphysical bombardment processes taking place in the gas or
temperature characteristics of organic liquids and the fittingjquid phases, or on the surfaces).
of these data to Hildebrand'’s rule [14]. Similar tabulations
and analyses have been published for solids, such as metdihjs relaxation of the constraint on the applicability of Equa-
that have been melted and the resultant liquid is in equilibriurtions 1 and 2 permits modeling of real systems. It allows for
with its vapor [15]. Recentwork has shown that Hildebrand'species to condense, for practical purposes, permanently onto
rule can be extended to situations where metals are evaporatgdfaces. Species can escape from the evaporation enclosure
onto substrates and there is both flux lost from the system awahtirely, and the realistic situation WhergeasﬂT g ¥ surfacesC@N
the liquid, gas, and system walls are at different temperature®w be modeled. Extension of this analysis to modeling
[16, 17]. monomer evaporation and condensation process allows engi-
neering and construction of evaporators for which the film
Following the development of Hildebrand'’s rule in Hirschfelderthickness, chamber pressure, and all relevant rates of change
[13] it is seen that, for any single component evaporatiogan be calculated strictly from Equations 1 and 2, system
process, the equilibrium vapor pressure of the gas above tgeometry, and the elementary principles of Kinetic Theory.
liquid is given as:
The Moltech publications [16, 17] use a mass balance analysis
to develop equations of constraint that connect all of the
Equation 1  evaporated flux streams within the system. The basis of the
analysis is that the mass flux, in g/s, leaving any surface is
given, from Equation 2, as W(],. ) times the area of that
where A and B are constants which depend upon the materglrface while the mass flux impinging upon any surface is
that is evaporating, and T is the Kelvin temperature of thgiven by W(T ) times the area of that surface. The constraint
liquid, gas, and enclosure surfaces. Please note that, wheises by requiring that the total flux that enters the gas phase
many units and experimental temperatures will be given in *Cdue to emission from all surfaces) must exactly match the
throughout the text, one must always use "K when performingptal flux that condenses onto all surfaces plus the flux that
calculations with any of the equations. The thermal equilibescapes from the system—in other words, conservation of
rium conditions, under which Equation 1 was first derived, ardlux. Given that the liquid temperature and all surface tem-
equivalent to the liquid being in a sealed enclosure, with nperatures are known, the analysis requires a specific tempera-
chemical reactions and with the liquid, vapor and all surfaceire distribution of the gas within the evaporator in order to
at the same temperaturega(}T”q:Tsurface). The Hildebrand’s balance all of the flux. In a wide variety of situations the gas
Rule analysis is extended in Dushman and Lafferty [15] tdurns out to be isothermal [16, 17]. An isothermal gas
yield the areal mass evaporation/impingement rate from/to distribution is represented by a single temperature, and allows
liquid surface in equilibrium with its vapor as: a simple algebraic solution of the constraint equation for a
single value of T If the gas is not isothermal then a self-
. consistent boundary value problem must be solved in order to
W =10 Wrlaalli-3 ] Equation 2  determine 'gasasafunction of position. In either situation the
(SR local value of T__determines the local impingement rate, and
the local value of T or T_ . determines the local emission
where C and B are constants which depend upon the materrate. The Moltech publications [16, 17] demonstrate the
that is evaporating. B is the same B as in Equation 1, and Cvalidity of this approach for the specific case of Li evaporation
a function of A and molecular weight. Equation 2 stillfrom a complex geometry evaporator under non-equilibrium
assumes thermal equilibrium. conditions. The following analysis draws upon, and extends,
Moltech’s prior Li work [16, 17].

=10 Vi Fi Tewrr |

Non-Equilibrium Evaporation Process Analysis

Moltech’s Vacuum Group has extended this analysis [16, 17]
to non-equilibrium situations. The Moltech work has shown
that Equations 1 and 2 (with either the surface or gas tempera-
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Engineering Analysis Of Monomer Evaporator lost, or if any of the evaporator walls (or the substrate) are at
Construction lower temperature thaquwhiIe no surfaces exceeg‘,'l'then
In units of g/cres, W(T) in Equation 2 allows calculation of T ,must be less thaqu Inthe case of the spreadsheet model,
the areal mass impingement rate onto, or emission from, arspme flux can escape at the aperture opening and some flux
surface as long as T for impingement, or ] _for emis-  can build up on the substrate (while the substrate is over the
sion, is known. If the surface has area /4 then the total aperture) sinceSIb<Tliq. Since all other surfaces are arLT
mass flux rate (emission or impingement) in g/s is given aswhich is higher than ohe flux does not build up on any other
surfaces. Thus, in the spreadsheet model, the rate that flux is
emitted from any non-substrate surface is greater than the rate
Tosad Muss Fisr Bare =iy 4 | ] Equation 3a - at which it impinges upon that surface (becaus§r§ac'el'>Tga5).
' Therefore, the walls can be neglected in the analysis and the
only parameters needed to calcula;taesa're T Taww A and
If the total time t (in s) that the area A is emitting or receivingA_ (actually, Aq and A are not independent and only the ratio
the flux is also known, then the total mass flux can ba!l\e/Aqu is really needed). Note that the assumption that all
calculated as: evaporator surfaces are at B only a computational conve-
nience. The Moltech publications [16, 17] include walls that
are not only less thaqic;r but have a 100°C gradient across
Total Maes=WiTy A () Equation 3b  them, butthose calculations were done in MathCad and are not
readily performed in a spreadsheet. Further, and not shown
here, we have demonstrated that any complex geometry, and
If the densityp (in g/cn¥) of the impinging/condensing mate- gradient containing, evaporator can be mathematically mapped
rial is known then d, the total accumulation of thickness on thato an equivalent simplified (rectangular with all Walls%) T
surface (forimpingement), or depletion (for emission), can bevaporator and then analyzed with the simplified spreadsheet
calculated as: model.

Tgasis determined by solving the constraint equations which,
o U Ae o W) [ww) Equation 3c inessence, amounts to summing all of the W(T)*A products at
a4 ~ all surfaces in the system (usingas'l’for impingement and
T, 1ace fOr €mission) and then finding the value %gs'[hat
If the substrate is not stationary, and the exposure timenbtakes the sum go to zero.
actually results from the substrate moving past an aperture of
width w cm at velocity V m/min, then the thickness is givenThe thickness accumulated on the substrate is then calculated
as: as a sum from as many as three sources. The flux that
condenses onto the substrate as the substrate passes the
aperture yields, by Equation 3d, the maximum thickness that
(ww] Equation 3d can actually accumulate on the substrate. If the substrate is so
g+ cold that, for practical purposes, no condensed flux is ever re-
emitted then this is the only term of the sum that must be
In steady state, flux must be continually both impinging onconsidered. This is the case for Li condensing onto a moving
and be emitted from, all surfaces in the system. Further, faveb below about 300°C. If the substrate temperature is high
any particular surface, ifg;I;>Tsurfacethere will be a net accu- enough to allow substantial re-emission then more terms are
mulation of material on that surface. Contrawise, for anyneeded. For deposition of liquid acrylate monomers, onto a
particular surface, if €;Ia'15<Tsurfacethere will be a net loss of nearroom temperature substrate, the condensed liquid mono-
material from that surface. Thus, under steady state condiner will be re-emitted constantly, both while the substrate is
tions, surfaces at temperatures bel%wll actas fluxsinks overthe evaporator aperture and after the substrate has left the
while surfaces at temperatures abogaes\mn be depleted of region above the evaporator aperture. Thus, unless the liquid
species through emission. acrylate monomer condensed onto the substrate is polymer-
ized by some means, all of the liquid acrylate monomer will
A simplified spreadsheet model fora monomer evaporator haventually evaporate from the surface of the substrate. If the
been developed. This model assumes a rectangular liquédtrylate is polymerized to form a solid atapositigmwafter
surface of area AL Wi, and a rectangular evaporator passing the evaporator aperture then the total accumulated
aperture of area AL »w_. The substrate is taken as.IT, polymer thickness can be calculated. This is done, through
and all evaporator surfaces are taken equaAqto Hrom the use of Equation 3d, by calculating the monomer thickness
mass balance constraint analysis one finds that if any flux sondensed over the evaporator aperture minus the monomer

o 1
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thickness re-emitted over the evaporator aperture minus titgguations 4, is a function of T T_, V, w, w, p and
monomer thickness re-emitted as the substrate travels fromdirectly, through W(T) in Equation 2, B and C. The first
the evaporator aperture to the cure position. three variables are process parameters, the middle two are
evaporator design parameters and the last three are material
Note that, for purposes of the total thickness calculation, it iparameters. Differentiation of Equations 4 with respect to
not actually necessary to artificially decompose the re-emisach of these parameters in turn will yield the Gradients of d
sion process into a portion over the evaporator and a portiomith respect to each parameter—i.e. you find the change ind
outside of the evaporator. However, some portion of the ggger unit change in the parameter of differentiation. The
that is re-emitted over the evaporator actually returns to thmagnitudes of these gradients reveal the stability of the
evaporator and must be accounted for when Calculatlng T process with respect to fluctuations in the variables. For
The portion that is re-emitted over the evaporatorthatdoes nitstance, a gradient of 40m per degree °C change |n T
return to the evaporator, plus the monomer re-emitted outsideould mean that if the temperature set point varied by only
of the evaporator, goes into the vacuum chamber at large afdC the thickness would vary by 1 meter and the process, to
contributes to the total gas load on the pumps and raises thay the least, would be unstable. A change &fui per
chamber pressure. Thus, for these other reasons, it is congegree °C in Jeon the other hand, would be very stable with
nient to decompose the re-emitted flux into these two contria variation of only 10 A for a 1°C change iquTThe gradients
butions. used in the spreadsheet model are listed in the APPENDIX.

When liquid acrylate monomer of densitg/cn? condenses At present the gradients with respect to B and C are not very
from gas at g;;K, onto aweb at . °K, through an aperture useful, but they are included for completeness. The time and
w_cm wide, with the web moving at V m/min, and is polymer-temperature derivatives, on the other hand, are most useful
ized a distance vem after exiting the evaporator, the resultantand insightful. In point of fact, time and temperature tell the

polymer thickness is either entire story. In principle, and pretty much in fact, the physical
. dimensions can be measured and known with extreme accu-
o 10 [|r|;r s —W(T  bw — w7 bw ] LU I racy. However, temperature and time (through velocity) must
o 1010

be experimentally controlled and offer the most chance for
Equation 4a uncertainty and human error. For instance, on a 0 °C substrate
our calculations show the evaporation rate for HDODA

OR (Hexanediol Diacrylate) is more than 3 um/s. At 10 m/min,
with 10 cm between evaporator and cure, 1.82 um of HDODA
¥ -w I. [,owa | [ 607 « will be lost (between the evaporator and cure positions) with
= | W T )-H |.I -4+ | — | ie | . .
o | W, RN an error of 675 A for every 1°C error in substrate temperature.

Equation 4b  Another numerical value that is relevant to system perfor-
mance is the fraction (f) of monomer that evaporates from the
substrate between the evaporator and cure positions relative to

Note that, in Equations 4a and 4b, the duration, for each stélpe amount that is on the substrate as the substrate exits the
of the process, is given as (60/100)-(WIDTH/V) secondsgvaporator. A high value of f may or may not indicate an
where WIDTH is the width of the particular process zoneunstable process, but it certainly indicates an inefficient
under consideration. Thus, d may also be written in terms gfrocess in which most of the monomer ends up as gas in the
elapsed time as: chamber. Manipulation of Equation 4a gives:

W (wlr, br, - w(T ), - W), | i
i) . r il P : '=.llul|'."|.l|"|:| Equation 5
[ W - e ' w WIT_|-W[T_)
— (1w - w(rL e, - wiTL) | {am)
Equation 4c  Related to the monomer that ends up in the vacuum chamber
at large is the pressure rise that this monomer causes and the
gas load that it creates for the pumping system. Therefore, it
Process Stability and Gradients is useful to convert this monomer flux that is escaping to the
While Equations 4 will yield the polymer thickness obtainedvacuum chamber, and through the vacuum pumps or onto the
after polymerization, itis also important in any manufacturingvalls, to an equivalent flow of monomer gas (F in sccm) for
process to understand the stability of the process with respemimparison to other process gas flows and estimation of the
to fluctuations in the hardware, material, and process paramesultant rise in chamber pressure.
eters. The resultant polymer film thickness, as given by
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Before calculating this flow it is important to consider threeDISCUSSION AND RESULTS
_aspects of the process in th'.s idealized model. First, N t Fhe term VMT will be used to describe the process in which
ideal evaporator, some fraction of the monomer re-emitted :
. : I evaporated monomer gas emitted from a moderately warm
from the substrate while the web is positioned above thé . o
. reservoir/evaporator of liquid monomer condenses onto a
evaporator aperture escapes to the chamber while, after pass: s .
. . . Substrate held at a lower temperature than the liquid reservoir.
ing the aperture, ALL re-emitted monomer is lost to th

chamber. Second, NO monomer can exist on the substratéw‘ will refer to the process in which the monomer is flash

after the substrate exits the evaporator unlegsT,. be- evaporated. Resultant film thicknesses in VMT processes are

cause monomer would be re-emitted at a higher rate than itqsetermlned by the temperature difference between the liquid

deposited when T Third, when T <Tgasthere canbe 'EServoir and the substrate and the time that is required to

osup sub o move from the evaporator to the cure station. Film thickness

no resultant film thickness by the cure position unless a : :
. . . : in the PML process, ideally, is controlled by the rate of flow
minimum threshold thickness of monomer is deposited ontQ, ,. ~. :
of liquid monomer into the flash evaporator, the temperature

the substrate as itis over the aperture. Since the monomer Prhe substrate, and the time that is required to move from the

) ) . o)
re-emitted at a constant rate, and no more is being deposited .

. : eyaporator to the cure station.
outside of the evaporator, a constant thickness (for constan
distance and temperature) '?"Ways evaporates between \Wlth our spreadsheet model we can model all aspects of the
evaporator and the cure station. Thus, if the amount on the ST

: : . erformance of an evaporator/monomer combination, in ei-

substrate is less than this constant value it is all evaporated

the time the cure station is reached. What this would look likg - the VMT or PML conf_|gur_at|on, or we can design an
. ; ) . . €vaporator/monomer combination to meet any necessary per-
in an experiment where film thickness is measured as

. : frmance specifications. This is done by entering geometric
function of w is as follows. One would measure zero T
. P, oo data, liquid and substrate temperatures, web speed, vacuum
thickness as wis reduced from infinity toward some thresh- .
pump speed, and selecting the monomer. The only external
old value of w.. As w moves from w. to O (at the edge of :
pth P : . pth s .data required are the vapor pressure versus temperature char-
the evaporator aperture) a linear increase in thickness wi

increasing [w,-w.] would be observed. AtwO0, the maxi- acteristics for the monomer (i.e. A, B, and C in Equations 1

. . ] : nd 2). When modeling a PML system there is still not a
mum thickness, resulting from polymerizing the entire ne . :
) . consistent procedure for compensating for the rate decrease
accumulation of monomer due to traversing the aperture,

Gue to monomer polymerizing within the evaporator.
measured.

Assume an efficiency < <1. for monomer re-emitted over We currently have measured vapor pressure data on 9 mono-
Y=k =L, mers of interest. Figures 1 and 2 show one sheet of the VMT

the evaporator to return to the evaporator. If the evaporat%orkbook for the monomers Tripropyleneglycol Diacrylate

were pressed tightly againstthe substrate with no gapsleadin.pRPGDA) with the substrate at 10°C. and Hexanediol
te(:‘f'?zieeﬁzan\:\?oeurli da”breee-—eln Ittzivmvgcgrmzrswﬁ]ﬂdsriizurgf ar;d tsh iacrylate (HDODA), with the substrate at 0°C. The substrate
increase); and/or the_\/viath of the a'erture decrea glsp temperatures chosen are the minimum allowable for each

' . per itegionomer since, for substrate temperatures any lower, the
towards zero and it becomes more likely that re-emitte . .

. .~ monomer mobility becomes too low for proper polymeriza

rmonomer would escape from the eyaporator. T_he effICIenC%fon. Figures 1 and 2 are for web coating processes, and we
for re-emitted monomer to escape is just 1Starting from have analogous worksheets for modeling batch coaters. The

Equgmon ??a, witha monome_zr ofgram Molecular Weight MW’main difference between the web and batch models is that the
and inserting some proportionality constants to convert from

. : ost evaporator monomer re-emitting area in the web model
g/s to sccm per m of web width, one finds the flow of monome .
. . Is the product of the web width and the evaporator-to-cure
gas into the chamber and through the pumps to be:

distance, while in the batch model the re-emission area is the
actual area of the coated part. Figures 1 and 2 also indicate
a maximum temperature for the liquid, above which there
is a possibility that the liquid will polymerize within the
(seem per mof webwadth) evaporator.

00 -&0- 32 4007 1, v
i | gl + Wil |

T i £ Equation 6

For a vacuum pumping speed qf I, one then finds the

monomer partial pressure, per m of web width, P to be: Examination of Figures 1 and 2 shows that, fora VMT system,

the difference between the liquid temperature and the sub-
) : strate temperature must be large enough that there is still

Py, o permof webwidh) Bquation 7 ., ndensed monomer, of the correct thickness, on the substrate

at the position of the cure station. Further work with the
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models shows that as the liquid temperature and velocity rissubstrate during the process. The thickness rates of change
or the substrate temperature drops, thickness control inwith respect to time remain the same as for web coating as
proves. However, the chamber pressure depends solely on #i@wn in Table I. However, since PML gas flow does not turn
substrate temperature. on instantly, there is a great deal of re-emitted monomer

escaping the substrate while the, spatially homogeneous,
These spreadsheet models can be used to model PML psiower-head builds up enough monomer on the substrate to
cessestoo. For PML process modeling the liquid thickness dhen move on to the cure station. This increases housekeeping
the substrate, at the point of leaving the evaporator positioand particle problems. After monomer build-up is complete,
is simply entered directly, and the re-emitted monomer is alvith a PML process, the stationary part must then begin
that is calculated. We find that, for a web system where theraoving to the position of the cure station. When monomer
is a short time (on the order of a few tenths of a second or ledsks is 10s of microns per second, the timing of these starts,
between the evaporator and cure station positions, reasonabteps, and traverses is extremely critical when sub-micron
thickness control can be attained with relatively low chambethick coatings, of controlled thickness, are required.
pressures (IOtorr to 1 torr) with either VMT or PML

processes. Length Of
Monomer

Figure 3 shows a schematic layout of the relative positions of Electron Loss Arc On

the PML flash evaporator and electron beam cure station on . Beam

the NRC PML vacuum roll coater at Spectrum Polytronics SPI Coater

(SP1)in 19871, 3]. Sfor monomer was about 75,000 /s (35" ' Was ~6.3 inches

diffusion pump with cryo-coil with one right angle [3]). The Monomer.
effective distance between the PML evaporator and the elec- Evaporating =
tron-beam curing zone was about 6.3 inches [3]. The standaftyom Substrate =
run at SPI produced 1 um of polymerized film at 200 linear
feet per minute web speed, with F0°C [3]. Experiments
were run at SPIin which a constant monomer flow to the flash
evaporator was used (the standard run flow), and the substrate —r’
temperature was varied with HDODA as the monomer [3]. !
Table | contains the rates of change of thickness with respect

to both evaporator-to-cure station transit time and substrate Monomer
temperature [3]. The two rates of change are not independent Evaporator
since the re-emission is actually dependent on the duration
and the temperature. This is not immediately apparent from
the gradients since the time and temperature gradients, respec-
tively, shown in Table | (as calculated by Equations A10 an(li—'i ure 3: Schematic drawing of the 1987 SP1 PML webcoater
A2, respectively) assume the shared geometry and web sp

: . .3]. Monomer condenses onto the substrate at the evapora-
of the SPI web coater while assuming zero for the temperatufe . . . . .
: o . : . Or position and the substrate immediately begins to re-emit
and time variations, respectively. While the time rates o

: : . monomer. The hot surface of the evaporator releases mono-
change in Table | are rather large, the error in the times (duge :
er back to the substrate, but once leaving the evaporator

toweb speed fluctuations) are very small, on the order of 0.0 osition the condensed film rapidly evaporates until itis cured

seconds or around 0.01 um. Table I also contains the resuff .
at the electron-beam position.
from the spreadsheet model of the substrate temperature

variation experiment on the SPI system. The model agree-

ment with the measured thickness decrease due to monon&r]e advertised in-line PML process tool design can be found

re-evaporation is about 20%, which is fairly good considerin%n the World Wide Web [18]. This design shows the PML

the uncertainties in the geometry. With a continuously mov-, . S L
. . . .deposition station in one chamber and the cure station in a
ing web, thickness errors, due to time and temperature varia- .
. . Separate chamber, with a chamber length tunnel between the
tions, are equivalent for both PML and VMT sources.

evaporator and cure chambers. Table Il contains model

However, for batch coating tools (either central hub cluster orreSUItS for a similarly constructed in-line PML tool for two
o - ; 9 ST : different monomers (HDODA and TRPGDA) at two substrate
in-line configurations) there exist distinct thickness control . : .
differences between the PML and VMT process a roache’gsemperatures. For Table I, pumping and line speed specifi-

P PP cations were taken as higher and faster than those of the CPA

These differences are largely due to the increased time bggoo series of in-line sputter tools [19]. Each monomer is

tween condensation and cure that the PML process requires o .
. L ; : Calculated at 20°C and at the lowest possible temperature

coupled with the fact that it is not practical to actively cool the .
allowed before monomer mobility on the substrate would

Rotating Chill Drum
Substrate Platen

439



interfere with polymerization. Table Il assumes a 25 cm by 26low would thickness control in a VMT batch process com-
cm substrate area, 10,000 I/s pumping speed, and a 60 secqadle to that in a PML batch process? Mass balance calcula-
transit time between the evaporator and cure positions. Th®ns show the difference betweegpasTn a VMT evaporator
volume of monomer that escapes to the chamber prior t@and 'I;asof a closed system in equilibrium is dependent upon
starting the substrate moving from the deposition chambehe ratio of the evaporator aperture area to the evaporator
toward the cure chamber is ignored. However, the effectiviquid area, or elAnq. For A <5% of Ay calculations show
monomer flow and chamber pressure during this ignorethe difference betweeng;in an evaporator with an open
interval will be greater than that during the inter-chambeaperture and the equilibrium system value gagz'll'“q for a
passage. Clearly, neither monomer in Table Il will be adelosed evaporator agq‘l':SO"C is less than 0.25°C. Under the
equate for deposition of 1 um thick coatings under the type afonditions of Figures 1 and 2, this would mean an initial
in-line PML tool configuration outlined above. The minimum thickness error of 0.9% for HDODA and 2.2% for TRPGDA
variation of d with variations in J is 70% of the target when the shutter is first opened. Further, kinetic arguments
thickness per °C, and ranges as high as 1200%. The variatidnsm the Moltech publications [16, 17] indicate that the time

in d with variations in transit time are somewhat better (10%equired for the gas to reach steady state, for such small
to 600% of target d per second). However, it is doubtful thaperturbations from steady state, is much less than a second
T_,could ever be controlled to even 1°C in such a system, arafter the source shutter is opened. Thus, if a sealed evaporator
+1°C variations produce nearly 2d or 0d (Double or Nothing)is opened the change i@a;lbetween whenitis firstopened and
This makes the time derivatives negligible compared with théhe steady state value is small, and the time needed to reach
temperature derivatives. this value is short. Therefore, the ideal VMT evaporator
would be a sealed system with a variable area aperture. Since

- M . the temperatures are always less than about 80°C, a simple

SPECTRUM POLYTRONICS (SP1) DATA o-ring sealed plate would be adequate for the aperture. Based
Transit time between evaporator aml cure positions is msaally bes upon the substrate speed argadg The aperture can be opened
thai a seesid, However, Tor HIEMNY &0 2080 Il sich <647 to the desired width to produce the desired thickness. The

beiween evaporator and e-gun (LIKE AT SPIL we fiml the

follawi S above analysis of the SPI data indicates that the model fits the
illaing valwes For the derivalives:

data reasonably well. Figures 1 and 2 show that VMT

AT, =07C At T, =20°C evaporators have reasonable net deposition rate and good
%) oo | ce ono3Tg | M process thickness control characteristics. Since VMT evapo-
& e i ar r rators are “instant-on”, the shower-head apertures and stop

and go process required with a PML batch system are not
., ) needed. The substrate is simply moved past a close-coupled
Il | ) A .
e S [ ~ 63l [ == ] VMT evaporator/cure station at a constant speed. The aper-
of . e 5 ture is opened just as the substrate arrives and is closed
ML Measurcments at SPL{an 20 fect/mis) with a 119 second - jmmediately after it passes. To minimize thickness variations
iransit fime between evaparator and cwre, show thad d doops fron S .
et g : PRk due to process variations, the speed andfe set as high as
I wm b 855 wmoas T 8 varied from O °C fo 21 °C and, a1 T, A . gas g
=0 °C, the chamber pressare ran in the high 10° torr range. The possible while T, an_d the evaporatqr-to-cure sepa_ratlon are
resulis of the spremdshect maslel caboulations Fr the Speciram set as low as p085|ble. The maximum value (;Sflg the

SVELEM ||I.':l.l'|||I are seEn i he NETY close i the meassred valises, hlghest poss|b|e temperature at Whlch there |S no danger Of

fa alas .;.'|||II

; o ; N o
i P ) vt P polymerization within the evaporator (generally between about
Fivctiur Calalawl  NMEASLHRED LI T Calalael  NEASTTRETY 50 C and 80 C' dependlng on the monomer)_ The mlnlmum
1 -.un'rmr;" S| ot -..1“”: gl o vy value of T _is the lowest temperature at which the monomer
Y | M - —— Yy — sapereer | Thickecs | Thitknes Lo
= it 'H’l'_ ”:";I‘:_ — e L mobility remains high enough to permit proper polymeriza-
I IV Va1 bz i tion (typically between 0°C and 20°C, depending on the
- _ monomer). Calculations then show thickness control in VMT
JABLEN batch processes is the same as in VMT, or PML, web pro-
o e e R e BT = cesses (at equal substrate speeds), which is much better than
Condensed monoener required to be on the subsrate at the ume that i )
Bezpeand. iy g Weands e cure posilicn Gam escedd several Bundrid in PML batch processes.
miicroms im arder obinin a | am iback Dlen o wiis PMIL process
B getn® - ar | &g The advqntages of VMT thermal evaporation over PML flash
Bosomer | Chentar | Thakemo |Polpresced 5 evaporation at the very low line speeds and film thickness’
T Flime Pricidaire A0 Evapesakei Thaibisiria - LR . . .
powomEn G sy |,'i1!'?a;3 i e pom), s needed to matph rates with slower processes, like sputtering,
ooOh -3 1 miﬂi 3 por can now be discussed. In terms of the vapor pressure/re-
— pLA (3 T s ¥ emission calculations, there is no difference in the ability to
W x| wa 1.24E4 218 -1 2m | ans trol film thick the si It . tio) bet VMT
o ey st control film thickness (the signal to noise ra i0) etween
svap-o-cumiime= B =  Substramw= 25 cm and PML processes. However, there is a great difference

P Kpecl o TBONN .ty Lo o between the mechanical constraints imposed by the two
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methods of evaporation. The PML process requires that liquidPPENDIX ON PROCESS GRADIENTS
monomer be pumped down a capillary, and through an ultra-

sonic (or other type of) atomizer, the fluid is atomized, thet _='“'
the atomized mist must strike as large a surface area I
possible in order to flash evaporate. A simple calculation Equation Al
indicates that, on a 20 cm wide web, a flow of 3.3xdi®¢/s -, 101 10" b 4w}
of monomer is required to deposit 1000 Angstroms at 1 m/mi--= . L LT, )

Ind L0 ) 10 - e ! A 1.5 LA 1) & I
W H =
J T T, 101 C

(without re-evaporation). Unfortunately, the lowest, smoott* iy _ p-¥ _ Equation A2
and continuous, flow specified for the lowest flow Sono-Tel B 05 LOG 0| [ e 1t
atomizer is 1.2x180cm?/s [20]. For lower flows the atomizer i T. 18] i

pulses and does not deliver a smooth output. In practice, lower

flows are used by employing conductance limiting baffles o

placed within the PML evaporator. The baffles build up SIS (= Equation A3
pressure within the evaporator and damp out fluctuations o ' r:i'"

caused by the atomizer pulses to some extent. However, as the

inter_nal_pressure rises due to the conductance limiting b_afflgs, £l s _|” ir Y wir L[5 m | Equation A4
a point is reached when the monomer vapor pressure is high w6 ' =HLm) | em

enough that the monomer residence time on the surface is long

enpugh to_ pe_rmit polymerization to occur, and the monomer 1% L A Equation A5
builds up inside the evaporator. Then the problem of surface it ol 1o o

cooling, followed by more internal polymerization, occurs.

None of these problems are associated with the VMT source— )

the aperture is simply opened and gas escapes. The model i Equation A6
calculations indicate that thickness variations of 10%, or less, °F
can be obtained for 1000 Angstrom thick films of Propoxylated
(3) Glyceryl Triacrylate at 1 m/min, while 2%-3% variations o -

are easily attainable at higher line speeds. i o | — Equation A7
Multi-Component Monomer Mixtures Al - 1)) N b T b, LT e am
Implicitin the above analysis, but not yet explicitly discussed ' ol o L T, i
is the problem of multi-component monomer mixtures. When Equation A8
two or more monomers are mixed, unless the mixture is an

azeotropic composition, the reservoir liquid composition, and

the composition of the evaporated material, is continuously EY I | AN wi | Equation A9
changing. Each component will evaporate at a different rate, Eraiai Awlr )-wirL ) :

and these rates will be temperature dependent. To first order

these rates can bg determi_ned by modified versions of Equa- Bt ] wir ] [*] Equation AL0
tions 3 and 4, with effective areas related to the relative i 0 5

volume percentages of each component in the mixture. This

correction is analogou_s to a fugacity calculation [2_1]. Wlth_ & ONCLUSIONS

VMT source, reservoir and evaporated composition, while

possibly calculable, will be constantly changing as monomelit was found that, in a PML web coating process, the back-
evaporates. For multi-component mixtures in a PML procesground monomer vapor pressure can be lowered by reducing
each component can be independently fed from its owthe evaporator-to-cure station distance/time, lowering the
atomizer into a common evaporator, but if a critical composisubstrate temperature, or by employing a monomer with
tion is required in the polymerized film, another problemlower vapor pressure at the substrate temperature. Analysis of
arises with the PML process. The liquid composition on théhe evaporation process did not lead to any viable method for
substrate will be continuously changing (due to differentiaconstruction/operation of an instant-on/instant-off PML flash
evaporation rates for each component) right up until polyme©vaporation source. This shortcoming is seen to limit the
ization occurs. Thus, very precise control of both substratetility of PML sources in either central hub or in-line batch
speed and temperature, and initial composition, are requirgating processes. Similarly, no technique for eliminating
for a multi-component PML process to be successful. Thpolymerization within the PML evaporator emerged from this
VMT process is not readily applicable to multi-componentwork. Thus, continuous, and variable, deposition rate reduc-
evaporation, unless an azeotropic composition is utilizetion over the duration of a run remains a problem with PML
within the evaporator. sources. The thickness control, in PML processes at low line
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speeds, was seen to be limited more by the mechanical
constraints of the liquid monomer delivery/atomization hard-
ware than by the intrinsic vapor pressure characteristics of the
monomer-substrate combination.

Detailed mathematical analysis of the evaporation proceds
indicated that an entirely new process approach could be
employed for delivering monomer gas to the substrate. This
process, labeled the Vacuum Monomer Technique (VMT), is
seen to overcome many of the process problems and stability
issues associated with the PML process. The instant-o6/
instant-off nature of the VMT method should prove very
effective for batch processes. Without the mechanical con-
straints of the capillaries and atomizers of PML sources, VMT
sources should prove much more effective at the low substrate
speeds, and low film thicknesses, required to match rates aid
line speeds for in-line deposition with lower rate processes
like sputtering. For higher speed web coating processes the
film thickness control issues/errors were seen to be manage-
able, and equivalent, in both VMT and PML processes.

8.
Unless azeotropic compositions are employed, neither the
VMT or PML processes is ideally suited to multi-component
monomer mixtures — particularly at lower substrate speeds.
Of the two processes, the PML approach is the better suited to
multi-component mixtures since, with multiple atomizers, the9.
flash evaporation process can at least, initially, deliver the
correct monomer composition to the substrate. After conden-
sation onto the substrate, detailed measurements and calcula-
tions are required in order to know what initial composition is
required in order to attain the proper composition in the final
polymerized film. This final composition will be a strong 10.
function of the substrate temperature, and evaporator-to-cure
station distance/time, according to the rules outlined in Equa-
tions 1-7 and A1-A10.
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