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Abstract 

Thin-film optical and non-optical multilayer coatings are deposited onto flexible 
substrates using a vacuum web coater developed at Pacific Northwest 
Laboratory. The coater’s primary application is rapid prototyping of multilayer 1 ) 
polymer coatings, 2) polymer/metal coatings, 3) ceramidmetal coatings, and 4) 
hybrid polymer, ceramic, and metal coatings. The coater is fully automated and 
incorporates polymer evaporation and extrusion heads, hig h-rate magnetron 
sputtering cathodes, and e-beam evaporation sources. Polymer electrolytes 
are deposited by extrusion techniques. Flexible plastic, metal, and ceramic 
substrates can be coated using roll-to-roll or closed-loop configurations. 
Examples of multilayer optical coatings demonstrated to date are solar 
reflectors, heat mirrors, Fabry-Perot filters, and alpha particle sensors. Non- 
optical coatings include multilayer magnetic metallceramic and lamellar 
composites. 

The optical and non-optical applications for multilayer coatings which are 
deposited onto flexible webs are increasing rapidly. In many cases, coatings on 
webs can replace those on rigid substrates. Historically, physical vapor 
deposition (PVD) processes are used to apply low-e optical coatings [l], 
aluminum coatings [2], and dielectric barrier coatings [3] onto flexible 
substrates. Deposition onto flexible webs has the advantages of 1) being able 
to retrofit coatings to existing structures, such as windows, 2) contouring the 
coating to irregular shapes, 3) use of low cost substrates, and 4) coating of large 
areas. These coatings are fabricated either by reactive magnetron sputtering or 
e-beam evaporation, and usually consist of three layers or less. 

Pacific Northwest Laboratory has developed a unique vacuum web coating 
facility capable of combining magnetron sputtering and e-beam evaporation 
PVD processes, and polymer evaporation and extrusion processes to coat a 
flexible substrate in the same chamber and pumpdown. The facility is used for 
rapid prototyping of new multilayer coating designs and materials. Use of 
polymer coatings provides the additional advantages of 1) ultra-high deposition 
rates, 2) lower manufacturing costs, and 3) reduced optical absorption at 
ultraviolet, visible, and near infrared wavelengths. Increased flexibility of 
coating materials, design, and applications is achieved by incorporating these 
deposition processes. 

To date, a variety of optical filters, solar reflectors, magnetic multilayers, heat 
mirrors, and electro-optic coatings have been demonstrated in the vacuum web 



coating facility. Examples will be presented in subsequent sections. 
Evaporated and extruded polymers form the basis for most of these multilayer 
coatings. A large number of polymers can be deposited from monomer starting 
materials, ranging from low-refractive-index fluorinated acrylates to 
methacrylates to high-index halogenated acrylates. At ultraviolet to near 
infrared wavelengths, the refractive indices of polymer coatings range from 1.31 
to 1.7. Optical absorption is exceptionally low. Extinction coefficients of 
acrylates in this spectral region are near orders of magnitude less than 
conventional PVD-deposited dielectrics. Thousands of polymer layers with 
varying thicknesses and optical constants can be deposited in a matter of 
minutes, or polymer layers can be alternated with PVD-deposited metal, 
dielectric, and semiconductor layers. 

Polvmer Multilaver Procesq 

The Polymer MultiLayer (PML) process incorporates the simultaneous 
deposition of polymer, sputtered, and e-beam evaporated coatings. The 
coating materials can be polymers, dielectrics, metals, or semiconductors. 
Figure 1 schematically shows the deposition chamber, and Figure 2 shows a 
picture of the inside of the chamber. The machine, used for rapid prototyping of 
advanced coatings, is identical to what would be used in full scale 
manufacturing, with the exception of web width (6 in). The coater can be used 
in the roll-to-roll configuration to produce thousands of feet of material in one 
run, or in a fixed-drum (continuous-loop) configuration. The deposition sources 
are placed around a four-ft-diameter heatedkooled drum. In the configuration 
shown in Figure 2, the machine can continuously apply three layers (polymer, 
metal, dielectric) in .one pass. The central drum can be heated to 180°C and 
cooled to -1 1 "C. 
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Figure 1. Schematic of the PNL vacuum web coater, showing placement of 
deposition sources, polymer curing equipment, and web drive. 



Figure 2. Picture of the interior of the PNL vacuum web coater, showing two 
magnetron sputtering cathodes with enclosures, polymer evaporator, and e- 
beam curing stations. 

Polymer coatings can be either be flash evaporated or extruded. To form the 
polymer coating, a liquid monomer is evaporated (or extruded) and then cured, 
or cross-linked, with either an electron gun or a high intensity UV source. 
Coating thicknesses per pass range from typical optical thicknesses (-500 A) to 
tens of microns. Thousands of layers can be applied onto flexible substrates 
with thickness uniformities better than f 1 %, at web speeds of 1000 Wmin. 

The polymer deposition process is performed in vacuum, and therefore is 
compatible with conventional PVD processes. The incorporation of PVD layers 
slows down the deposition rate, but makes the PML process extremely versatile. 
Using this configuration, multilayer metallized reflectors, heat mirrors, laser 
filters, and electrochromic coatings can be deposited. Multilayers are applied 
by simultaneous deposition from the various sources. Enclosures, shown in 
Figure 2, permit isolation of reactive from nonreactive gas environments, and 
simultaneous deposition of metal and dielectric layers. Nonlinear optical 
polymers and polymer electrolytes can be co-deposited with the active layers to 
form complete devices on flexible substrates. 

Applications 

To demonstrate the versatility of the vacuum web coating chamber, the 
following multilayer coatings were fabricated: 

Fabry-Perot optical filter 



magnetic metaVinsulator shielding coating 
solar reflector 
alpha particle sensor 

The Fabry-Perot filter is the simplest type of narrow-band optical filter. The 
basic structure consists of two identical reflecting surfaces separated, or 
spaced, a specific distance. The spacer (cavity) can be either air or a 
transparent material. The filter has narrow transmission bands at wavelengths 
determined by the thickness and number of the spacer layers. Increased 
numbers of cavities broaden the transmission pass bands. The three-cavity 
Fabry-Perot filter consisted of semitransparent metal layers separated by three 
polymer or dielectric layers. Four silver (Ag) layers and six methacrylate layers 
were deposited on a 6-in mylar substrate to form the filter. Two of the 
methacrylate layers were used to smooth the substrate and to protect the top 
metal layer. The Ag layers were 0.028-pm thick and the polymer layers were 
1.54-pm thick. Figure 3 compares the predicted (upper) and measured (lower) 
reflectance spectra of the filter. The two spectra agree well at wavelengths 
above 500 nm, but peak broadening occurs at ultraviolet wavelengths. The 
peak broadening may be due to a non-collimated light source used for the 
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Figure 3. Comparison of the measured and predicted reflectance spectra of a 
Fabry-Perot filter. 
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Magnetic multilayer coatings have applications in shielding of electromagnetic 
fields to mitigate possible harmful biological effects due to these fields, and to 
reduce electromagnetic interference (EMI). The coating under development 
consisted of alternating permalloy (Nio,Feo,) and insulator layers . The insulator 
layers were either Ta205 or AI,O,. The demonstration coating had 300 layers, but 
once shielding performance is verified with this number of layers, 2000-layer 
coatings will be fabricated. The permalloy and insulator layers were 
simultaneously deposited using magnetron sputtering at a web speed of 1 m/min. 
Cross-field magnetrons were used to deposit the permalloy layers. This low web 
speed was required to fully oxidize the Ta and AI. Cathode enclosures were 
used to isolate the oxidizing from the metallization sputtering environments. 
Ultimately, polymer layers will replace the dielectric layers. 

Figure 4 shows a 40,OOOX scanning electron microscope picture of the 
multilayer Nio,Fe ,JTa205 electromagnetic-field shielding coating. The Ni,,Fe,, 
layers were 500-1 thick, and the oxide layers were about 1600-A thick. Note 
the excellent layer-to-layer thickness uniformity. The adhesion of the coating to 
the mylar and kapton substrates was excellent. The coating did not delaminate 
or crack after repeated bending, folding, and crumpling. 

Figure 4. 40,OOOX scanning electron microscope picture of multilayer 
N io, Fe,.JTa,O, e lect ro mag ne tic s h i e Idi ng coating. 

The fabrication of metallized coatings on flexible substrates for solar reflectors is 
not new. However, the use of polymer layers to smooth the substrate and to 
protect the metal layer is a significant advancement in performance and 
manufacturing cost. Most commercially-available plastic webs have some 
degree of surface roughness which degrades the specular reflectance of 
metallized coating. The intrinsic surface roughness of the web can be 
significantly reduced by application of a polymer smoothing layer before 
deposition of the metal layer [4]. Figure 5 shows the reflectance of Ag layers 



with and without a polymer smoothing layer. At visible wavelengths the 
reflectance of the coating with the smoothing layer increased by as much as 
3%. Manufacturing costs and time for this coating are expected to be 
significantly reduced by using polymer layers [5]. 
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Figure 5. Reflectance enhancement of Ag layers due to the use of a polymer 
smoothing layer. 

Polymer layers were applied over Ag and AI layers to provide environmental 
and abrasion resistance. Although data is not available to date, vacuum- 
deposited polymer layers are expected to be more robust than those deposited 
in air. Before vacuum evaporation, the polymer is degassed to prevent pinholes 
which result from spitting during deposition. The degassed polymer is expected 
to have a higher density, and therefore, be more resistant to abrasion and 
moisture attack, than material deposited in air. 

The improvement in reflectance resulting from the polymer smoothing layer is 
particularly dramatic when used with unpolished metal substrates. Before 
application of a urethane smoothing layer, the reflectance of an Al-coated AI 
substrate was 20% at visible wavelengths. After application, the reflectance 
was the same as that of AI on ultra-smooth glass. 

The final application discussed here employed the web coater and PML 
coatings to fabricate improved large-area alpha particle sensors. The sensor 



design consisted of ZnS on a mylar web, with an overcoat of an AVacrylate 
(polymer) multilayer. The purpose of the AVpolymer multilayers was to reduce 
pinholes which permitted light transmission through the coating. Pinholes 
increased the signal-to-noise ratio at the detector. The ten nonaligned 
alternating polymer and AI layers blocked any pinholes formed during 
deposition. The surface of the polycrystalline ZnS was smoothed by a 2- to 4- 
pm-thick polymer layer. 

Summary 

A unique vacuum web coating facility is available at Battelle’s Pacific Northwest 
Laboratory for rapid prototyping of multilayer polymer and PVD coatings. The 
facility is used to develop manufacturing processes on a small scale. In the 
short time the facility has been active, solar reflectors with improved optical 
performance have been demonstrated. Other coatings include Fabry-Perot 
filters, electromagnetic-interference shielding coatings, and alpha particle 
detectors. Present and future applications include electrochromic devices with 
polymer electrolytes, thin-film large-area lithium polymer batteries, and 
environmental packaging . 
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