© 00 N O O~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

DRAFT — PRE-DECISIONAL — DRAFT

Roll to Roll (R2R) Processing
Technology Assessment
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1. Introduction to the Technology/System

1.1. Introduction to R2R Processing

Rolko-roll (R2Risafamily ofmanufacturing techniguginvolvingcontinuous processing of a flexible
substrateas it is transferredetween two moving rolls of materigll]. R2R is an important class of
substratebased manufacturing processes in which additive and subtractive processes can lhe used
build structures in a continuous manneOther methods include sheet to sheet, sheets on shuttle, and
roll to sheet; much of the technology potential described in this R2RribdmyilyAssessment conveys to
these associated, substratiased manufacturing method2.R2 R i s a “pr onang s s
technologies that, when combined, can produce rolls of finished materehefficientand cost
effectivemannerwith the benefits othighproduction ratesandin mass quantitiesHigh throughput and
low cost arehe factors that differentiate R2R manufacturifpm conventional manufacturing which is
slower and higher cost due to the multiple steps involMed instance in batch processingnitial capital
costs can b high to set up such a system; howeubese costs can often be recoverdéitrough

economy of scalerigure 1 illustrates an example of R2R processingtate-of-the-art nanomaterial
used in flexible touchscreen displays. [3]

compr

Figure 1 — R2R processing gfaphene film for flexible touchscreatisplays J].

Today, R2R processing is applied in numerous manufacturing fields such as flexible aak&arge
electronics devices, flexible solar panelsnfed/flexible thinfilm batteries,fibers and textiles, metal

foil and sheet manufacturingnedicalproducts energyproductsin buildingsandmembranego name

a few. In the field of electronic deviceR2Rprocessing is methodof producing flexible and largarea
electronic devices on a roll of plastic or metal fSillbstrate materials used R2Rprinting are typically
paper, plastic filmsor metal foils. Stainless steel is sometimes used because it is durable and has a high
temperature tolerance4]. The global flexible electroni¢Bexible display, flexible battery, flexible

2
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sensor, flexible memory and thin filphotovoltaic P\}) market revenuewvas estimated to grow from

$3.4 billion in 2013 to $13.23 billion in 2020 at a compound annual growth rate (CAGR) of 21.73% from
2014 t02020. The consumer electronics market is expected to grow at a CAGR of 448896

supported by advancements flexible displaysflexible sensors anthin-film solidstate batteries that

can beproduced using R2R processd$.[5]

Further develoment of R2R production capabilities that are energy efficient, low environmental impact
and lower cost andthat areemployed to manufacture technologies and productsdigan energy
applications wi | linthk mangactaring irgllstoyfherdare hugemsavings in energy
just from higher throughpugsince the toat and equipment used in R2Ranufacturing(per unit area of
manufactured rollare usinglessenergy for a much shorter period of time relative to conventional
manufacturingoroceses. Additionally, efficiendes areobtained from more efficient deposition
processes, for example, that would provide additional savings in en@rgskthroughs that will have

high impact, and therefore high value, are in the nananufacturing community[1]

The R2R Tech Assessment reviews current-stitlkee-art technologies, clean energy applications, and
industry investments to categorize advances in R2R manufacturing in the areas of metrology,
equipment, carriers/webs, substrate materials, procesprovement, alternative applications and other
possible innovationsThese effortsvill serve to enable and maintain the competitive nature of R2R
manufacturingfor the domestic U.S. industry.

1.2. R2R Processing Mechanisms
Silicon waferscadmium+telluride solar cells, battery electrodes, fuel cell membranes, and high
performance window films are just a few examples of materials llaae clean energy applications and
are characterized by a twdimensional functional surface, often with one or maated or deposited
layers. Not surprisingly, these materials are often made using similar proeesaasly continuous roll
to-roll, belt-fed, or conveyoiased processes that enable successive steps to build a final construction
at high throughput.

As acomparison of the variety of processes that can be use®fRmanufacturing, a brief description
of each are provided here.

1 Deposition —Evaporation, sputtering, and chemisapordeposition (CVD) can all leasily
implemented in R2R processidultilayer sputtering systems are the most common. The entire
roll is loaded intaa vacuum systemvhereit is relatively easy to sputter or evaporate different
materialsonto a substratevithout crosstalkas shown in Figure Zhis is more difficult in CVD
where reactive gas barriers are needed within the vacuum syqtgmivhenthe substrate
moves past the sputtering sourdie deposition rate of mataal varies. The processing rate
influences the thickness and sezpce of layers in a multilayer coatindniwh also depends on
rotation speed initial position and orientation of the substrat€VDcan be used taleposit
materials on a continuous roll of flexible metal foils, plastics, and other materialsde pfa
individual substrates. Thischnology has been used for superconductor tape production and
nanomaterial synthesis and is growing in popularity for thin film solar deposition.
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embossed coated
y'd substrate  substrate
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sputter sources vacuum
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Figure 27 Inline vacuum coater and sputtering process [1].

1 Gravure - A type of printingprocesswhich involves engraving the image onto an image carrier.

In gravure printing, the image is engraved onto a cylinder because, like offset printing and
flexography, it uses a rotary printing pre3$ie entire patterned cylinder is covered with ik

shown in the upper left corner of Figure 3. The excess ink is doctored off, leaving ink inthe cup
shaped engraved pattern. The plate cylinder is brought into contact with the impression cylinder
to transfer the ink to the substrat¢8] Once a staplefmewspaper photo features, the process

is still used for commercial printing of magazines, postcardspandlict packaging.

Flexographic Printing - Aform of printing process which utilizes a flexible relief plaseshown

in the upper right corner of Figure 8 is essentially a modern version of letterpress which can

be used for printing on almost any type of substrate, including plastic, metallic films, cellophane,
and paper. It is widely used for printing dmetnonporous substrates required fararious types

of food packagingOnly the raised area in the pattern cylinder is inkewl the pattern is

transferred to the substratd8]

Flatbed and Rotary Screen Printing — In flatbed prirting, asqueegee, moves relative to a mesh,
then forces the ink through the open area and onto the substrate. The wet layer thickness is
defined by the thickness as well as the open area of the mesh and generally relative thick wet
layers can be achieved (800

U my9 <"1 In rotary screen printing,
the - messorl - substrate moves through
roIIe_rs e — = G past the squeegee forcing
the ink oyinder Prining plate oyinder onto the substrate. Both

ravure

of these orinder
in the

™ Anilox rofler

processes are illustrated
lower half of Figure 3.

Fountain roller

[RRRENRY_SWV_NT

Gravure printing Flexographic printing

Screen | Squeegee\ « >, Ink / paste Rotating  Squeegee , Printed pattern
/ screen \ /

I\ \&/_,m Y

Printed pattern

Screen printing Rotary screen printing
Figure 3 - R2R Processing diagrams for organic
electronics/thin films [6].
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Imprint or Soft Lithography — In soft lithography (e.gself-alignedimprint lithography(SAlL),
multiple mask levels are imprinted as a single three dimensi@l) structureas shown in
Figured. The photopolymer layer is heated above its glass transition temperature to allow it to
flow into the crevices of the stamp. The stamp/ polymer sandwich is curedutittviolet (UV)

light as the polymer cools and hardens, allowing the stamp to putledinly. The process is
completed with standard wet and dry etch processesyieg an accurately reproducedl3,

high resolution pattern on the substrat@he technology is called saligning because the mask
would deform with the substrate during therbossing heat treatment stepl0]

imprint etch
Multiple mask
levels imprinted
as single 3D
structure

Vacuum deposition of
metals, dielectrics, &/
semiconductors

Patterning contpleted
w/ wet & dry
processes

Conventional Photo-Lith SAIL

—_—r )deposit. —_— —P gy deposit imprint =Py ctch
strip/clean spin fm
T align/expose etch

etch
mask
develop

Figure 4 — SelfAligned Imprint Lithographyifl].

Laser Ablation - A technique that would eliminate both the photoresist coating and wet etching
steps is called laser photoablatiand is illustrated ifrigure 5 This technique is used to write

directly into a polymer layer using a high powered laser. The photoablation works by breaking
mol ecul ar bonds in polymer | ayer, fracturi

ng

t
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upon

removal

the xenonflouride (XeR excimer lasea form of
UV laser which is commonly used in the
production of microelectronic deviceayed for

ablation and is capable of reproducing ablation
depth
substrate. Examples of ablatable polymers are

t o

A

t hi

0.1

polyimides (e.§ K a p”"t )o rmlgethylene
terephthalate PE7J (e.g Mylaf), which are also

commonly used substrates in flexible electronic

[10].

which the inked image isarn s f er r e d
from ablanket cylinder that bridges the plate
cylinder and the substrate. The pattern is
transferred to the blanket (usually made of
rubber), and then transferred to the batrate

[8].

1 Inkjet Printing - While laser ablation may be called a subtractive technique, inkjet printing can

H

Iradiation

Absorbtion

i,

Mask
5_ g

ateri al
Fulsed
Laser Beam
Y, Prtl:ujemmn
2ns
c2as of
Organic
— Palymer

1 Offset Printing - A commonly used technique in

Figure 51 Schematic of the laser
ablation process [10].

be considered an additive technique. Rather than your home, graphiested inkjet printer,
an array of piezoelectric prifiteads are requirefbr the deposition ottonducting organic
solutions at precise locationsQ]L

Table 1 provides aomparison betweersome of thesalifferent printing methods in terms of their
theoretical capacity and practical applicability for lasgale R2R production

Table 1 —Comparison between different printing methods in terms of their theoretical capacity and practical

applicability for largescale R2R production

Printing Speed Wet Resolution Start/Stop Complexity Applicability
Method Thickness (um)
(nm)
Flatbed Screen Low 5-100 100 Yes Low Limited
Printing [5]
Rotary Screen High 3-500 100 Yes(a) Medium Very good
Printing [5]
Inkjet Printing Medium 1-5 <50 Yes High Limited,
[5] materials must
be jettable

Flexography [5] Very high 1-10 <50 Yes(a) Medium Very good
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Imprint or soft High (>5 0.1 @00nm New

lithography meters/min) demonstrated technology

[20]

Laser ablation Low ~10 Thermal effect

[20] sensitivity

Gravure [12] High >0.07 (70 nm Very Good
demonstrated)

239 (a) - Stopping should be avoided. Risk of registration lost and drying of ink in anilox cylinder. Skinrength

240

241  Substrates that are used in R2R processing may be made of a variety of materials depending on the
242  application and processing steps involvadabrication. Plastic films are desirable for their

243  transparency, flexibility and toughness, but are often susceptible to degradation and dimensional

244  distortion at high temperaturg¢10]. Where transparency is not required, stainless steel foils may be

245  chosen as they tolerate higher temperatures than plastics. Other materials, such as aluminum and
246  copper alloys, may also be used.

247

248  Circuit patterns may be formed on the flexible substrate in a variety of ways. Some such production lines
249 employ inkjet techntogy to deposit material onto the substrate. This process is similar to how an inkjet
250 printer deposits ink onto paper. Some facilities employ photolithography, using light to etch away a
251 pattern on the substrate that may then be filled with another mater@ather techniques using

252 ultraviolet light, lasers, and so on, may also be used to imprint the substrate withiedécircuitry.

253

254 A variety of other manufacturing steps may also be accomplished using R2R processing. In addition to
255 laying down circuipatterns, such steps as die cutting, laminating, placing labels, cleaning, and more
256 may be performed. Heat sealing and application of a variety of coatings may also be included-o-a rol
257  roll processing operation.

258

259 2. Technology Assessment and Potential
260

261 2.1. Benefits of R2R Manufacturing

262

263 Benefits 0fR2Rprocessing include high production rates and yieltés technique can help reduce the
264  cost of manufacturing through economy of scateit allows devices to be fabricated automatically in
265 mass quantitiesAlthough initial capital costs can be high to set up such a system, these costs can often
266 be recovered through the economic advantages during produdfi8h For conventional sheded

267 systems, sheet handling and 4ifie drying consume a good portion thie overall cycle time.

268 Continuous production can be achieved on atwifoll system due to ifine hot air drying and

269  sophisticated wekiension controls.

270

271 2.2. R2R Processing Applications

272

273 TheR2Rechnology has evolved to support a wide range of indusaipalicationsused for both

274 traditon al ande d ge’t t ph@vwbdegiltlesthin film products made by R2R processing are
275 shown in Figure 6.
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Figure 6 1 Example battery electrode (left) and thin film (right) photovoltaic materials.
Photo from David Wood, Oak Ridge National Laboratory (L) and Warren Gretz, NREL

The major technology areas with clean energy applications that have been produced using R2R
manufacturing are as follows:
1 Flexibleelectronics- super-capacitorsglectronic circuitsradiofrequencyidentification
(RFID) chipgirganiclight emitting diodes (OLEDg]isplayssensorsetc.
1 Flexiblephotovoltaics- Copperindium GalliursSelenide Photovoltaic (CIGS PV) and other
flexible PV producté~iguret),

1 Printedfflexiblethin-film batteries- laminar Lihium-ion, etc.(Figureo),

1 Fuel cel- laminar solid oxide fuel cells (SOFC), proton exchange memb(Risg,
membrane electrode assemblies and gas diffusion media

1 Multilayer capacitors(MLQ, (i.e. dielectrics such aNPGX5R/XR7/Relaxer/etc.)

1 Thick andhin-film substrates (ADs;, AIN, SN,, SiC, GaN, MgO, ZrO, etc.)

9 Thickfilm sensor materials (temperature sensors, positioners, transducers, e.g. negative
temperature coefficient therristors,piezoelectric/lead zirconate titanate (PZT),
active/passive, selective gas)

9 Fabric (clothing textiles, fiber reinforce mat/fiberglass/carbon/polymer)

f Anti-static, release, reflective and antflective coatings (glass, Myfapolyethylene)

1 Barrig Coatings (thermal and environmental)

1 Buildingproducts, films (electrechromic, reflectives, etc.), composite structural members,
etc.

1T Met al ri bbon (transformer “coils”, etc.)

1 Paper industry

1 Chemical separation membranagyerse osmosjsatalyst)

All are considered to b2-D processed using continuous shemsed manufacturing lines which have

been developed in a variety of formsigure 7 showsvo genericR2R processes s€reen printing and

tape casting.R2Rlines are used when a continuousshe , or “web”, can be convey
unsupported fashion. In addition to the web speed, the tension of the web is typically controlled to

ensure that the motion of the web across and around a multiplicity of rollers is done in a way that does

not cause stretching or wrinkling of the web. Bdtl lines are similar and are used when support of the

web during processing is required, for example duringéghperature process steps. Float lines are
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similar in concept and allow long sheets of madesuch as glass to be processed while moving and

supported on a liquid surface. Finally, conveyors are used for cases such as silicon photovoltaic wafers
wherein discrete parts are processed in a continuous fashion, although nmacégsing is accomplished

usingbatch process methods.

Many different permutations of processes are used on these continuousHits@smanyto review in

Figure 7 - (Left) screen printing and (right) tape casting.
Photos from M. Richards, Versa Power Systems

detail. Instead, broad categories of processes are highlighted beddvigh level discussion on various
printing/coating/deposition mechanismsasalready covered in section 1.2. Most of the materials of

interest involve some kind of coatiror depositior—often several in seriesto create functional layers
and surfaces?]. These additive processes are categorized by the pressure at which the coating is

applied: either at atmospheric (room) pressure or in a vacuum. Atmospheric coatingsctadeal
generic forms. Roll coating is characterized by two or more rollers, in a wide variety of configurations,
of Iiquid fr

being used to “pick up”

is similar to roll coating, whehe a stationary bar orroet h e
Bl ade” tesainstansoff tistance from the web and is used to control the amount of liquid
deposited onto the web from a reservoir in process referred to as tape cd&dhg-gure8 illustrates

this process.

a thi

n

ayer

“*k nicfoemonl y

known as :

Figure8-Tr adi ti onal, currefStatethinmabegfCasSbLabonalybEDPr . Bl ac

used to deposit thick i | m

slurry

on

moving

we b

substra
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Various masks or other limits to the locationgwsition of the coated liquid can be employed, as in

screen printing. A wide variety of techniques are generically referred to as die coating, characterized by
a sheet of coating being dropped or laid onto the web. The die comprises two or more typietdly

plates with machined floviields between to enable the creation of a highly uniform sheet of coating.

And finally, for the atmospheric coatings, spray methods are often employed using one or an array of
spray heads to coat the web from side to sidew temperature systems are used most often, including

a variety of jet methods as well as systems where the head is ultrasonically actuated to break up
droplets and particles into a very fine spray. In cases where the substrate or base material caandithst
the thermal load, high temperature sprays can be used, including electrical arc and filaseth

methods. In almost all cases of liquid coatings applied under atmospheric pressure, some kind of drying
and/or curing of the coating is required. Dryingiged to drive off solvents that are used to make a
coatable mixture but are not desired in the final layer and is typically accomplished using heated gas or
infrared heat sources. Curing is a ptstatment process to finalize the chemical or morphologica

nature of the coating by irradiation with an energy source such as infrared or ultraviolet lamps, or an
electron beam.

Vacuum coating techniques incorporate a number of vapor deposition technologies, such as sputtering
and evaporative coating. These passes are typically used for very thin coatirgsually less than a
micrometer in thickness, referred to thiiiim processesl5]. Importantly, when vacuum processes are

used in continuous production, complicated and expensive line equipment must be ysdpio allow
movement of the web while still maintaining very low pressure. Several mechanical processing steps are
also used including cutting or sawing processes, texturing of the surface, and creation of electrical
junctions. Figure 9 shows a retel-re_el_vacuum deposition process.

_

Figure 9 - Reelto-reel vacuum deposition line.
Photo from Global Solar Energy, NREL 13414

Many of the described processes have been available to the manufacturer for manyQ.gears.

An idealized R2R manufactugiprocess with the essentiateps from the raw materials to the

finished product is illustrated in Figure Howeverbecause oflemand for increased process
competitiveness, new applications and equipment, researchers have continued to evolve the wide
range of processes to meet innovation challenges. Whereas in the 1970s one was barely able to
print 25um wide lines and traces on a 2ff thick substrate, today, it has been demonstrated that
investigators can routinely printi st200 nm features in a comuous web 16)].

10
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Raw Materials Finished Product

Deposition Patterning Packaging

Figure 10 - Idealized Rofto-Roll manufacturing process flow][

Regardless of the process, each technology whddggbcessing is used exhibits a wide range of

net process yields. In both the thiékn and thinfilm microelectronics industries substrate surface
imperfections, chemical impurities inconsistencies in substrate thickness, flatness and planarity can
all result in considerable yield loss. These losses do not include additional issues due to improper
deposition of conductors, devices, vigsnall opening for an electrical connecti@rd other

through-holes, mask alignments, etch issues, oxidation, etc. dord hese | osses i ncl ud
fabrication” yield | osses during ingot preparat:.
other more mechanical i sSsuesyiael g "Hilpftrearsdadeh i“ dok e a k

and thermistor products wes as low as 25 to 30 percent, while those encountered for select

discrete thinfilm fabricated products ranged to lows of 40 to 60 percent. Indeed 2 dimensional R2R
processing is one which provides a manufacturer with a means to rapidly increase capdcity

productivity. However, the specific processuse and all tools, materials, designs, etc., must be

reliable, reproducible and be capable of consistently yielding product to the prerequisite
specifications. The “ opendoeenspartnershipswidlsolve r nment anc
challenges with substrate materials, morphology, and hardware/software that are common in all
applications[4]

2.3. Challenges to R2R Manufacturing
The following summarizes some of the challenges faced by industry when consi2Rng

manufacturing to produce a technology.

9 Inorder to succeed as a viable manufacturing alternative, R2R processimplogies needb
show a dramatic reduction in cost comparedthe traditional technologie§l0].

1 In most caseshe low cost oR2Rmanufacturing can only be exploited if the faciligypperating
close tothe full production capacityin R2Rprocessing the challenge is in the limited variety of
products that carbe run, and the large capacity of any one facility. The variety of mteds
limited because the sequenad process steps is fixed. This is in contrast to a typical
semiconductor falication, where the individual pieces atuitomated equipment stand alone
and multiple pocess sequences are supportethe advantage ahultiple process sequences is
that a much larger number of products can be manufactured in the fab#ipying to keep it
fully utilized.[7]

1 The other challenge is that the low costR2Rresults from the rapigrocess time, that means
that even more produdbnis neecedto fully utilize the facility. Therefore an application must
have very high volumes and /targe areas to utilize R2Rfabrication supporting a single
process sequence. Solar cells and display filrmswo applications where the devices dagege
area and the potential markets are also very lafge

11
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1 The infrastructure for manufacturing large area flexible displays does not yet exist, so factories
wishing to incorporate R2R processing technologies would have to deal with very highpstart

costs due to custonbuilt tools [10] [17].

1 As R2R manufacturirgocessesranscend from fundamental science to laborategale

production platforms within academia and industry, the transition to piloale production is

hampered by several factors thaan benefit from standards. The resulting delay in the
commercialization cycle includes losses resulting from incoming materials variations, process
technologies, process tolerances, equipment and operator inconsistencies, atiodddt

variations, makig it extremely costly and difficult to scale to R2R production capacity.
Standards are necessary to assist in the translation of discrete processes to an integrated

manufacturing flow1].

2.4. Public and private activities to date

The

“additionality”

for

R2R manufacturi

ng

resi

NSF, DOE Officesptional labs (BNLORNL, NRERNNLetc.)large companies (PlasticLogic, POLYIC,

Philips), and academia (University of Mass Amhersiydgsity of Kentucky, Binghamton University)

have current interests in energy saving technologies that can be produced by R2R manufacturing

processes.

A 2013 report by Information Handling Services (IHS) stated tfid@B3 roltto-roll processing
technobgy patents, 23 flexible OLEBlated U.S. published/issued patents and 9 international patents

were extracted as key patentsooking at the application trend of 483 patents (Figlieon roltto-roll
processing technology, the number of applications é@stinuously increased since rid00s, and

many were applied in the U.S. Major applicants include 3M Innovative Properties, SiPix Imaging, Fuiji
Film, and General Electric. Amid vigorous developments efarebll processing technologies,
competition anong companies in the U.S., Japan, and South Korea gets increasingly [fi&ce.
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Although R2R processes have been used in vaaipplcations for decades, very few patents have been
filed unti |l,astcénde seaninlFigureZBRddsOstealily increasing over the last decade

2.4.1. Current Research Efforts by DoD

The combined services, includitige Air Force Researdtaboratory (AFRL), t the Army Research
Laboratory (ARL) and the Naval Research Laboratory (N&le)all been actively cooperating in
research on micrelectronics, focused on flat panel displag9][

1

More recently, ARL has sponsored research in fhintfansistor arrays for dispja and digital

x-ray detectorsCurrently, ARL manages The Flexible Display Center (FDC), based out of Arizona
State University. The FDC is a unique pybiicate partnership with the goal to accelerate the
availability ofthe flexible display technology for the Soldier (FFYA3). Some of the results of

the FDC work, include demonstration of tive r | ficst flexible electrophoretic displayink
Corporation using the ASU patented bowulbond manufacturing process, dégpment of the

ultral ar ge format flexible full aaytetectorddbys D di spl a
(FDGDefenseThreat ReductionAgency (DTRA) and tialo Alto ResearchCenter (PARQC))a

range of haneheld devices with an integrated flexikleflective displays @bk Corporatiof,

flexible reflective displays used in an Army field experimentations (Physical Opticsation)

and the fully flexible tablet for Soldier experimentations (Physical Opticso@ign), flexible
microelectromechaital systemsMEMS, among other$20]. Figurel2illustrates an R2R

processed Silicon Radio Frequency ldentificatiRifl chips.[21]

Figure 12 - Silicon Radio Frequency ldentification (RFID) chip with anterowgsed using R2R technology][20

T

Further, starting in FY11, DTRA and ARL are collaborating on developing flexible-digital x
detectors using the display manufacturing process, although currently the manufacturing
process is plate to plate lithography, R2R is under consideration.

A prgect with HewlettPackard (HP) and PowerFilms which was designed to advance plate to
plate and R2R, SeMigned Imprint Lithography (SAIL) process for display applications based on
amorphous silicon (Si) thin film transistofHJ arrays. Although the gram was concluded
without any commercialization of technology in FY11, process feasibility was demonstrated.
Effort is now continuing via an ARL and FlexTech alliance focused on SAIL development.

The ARL has investments through the FlexTecdmadi a 30 industrial member consortium of
both domestic and international organizatiaf&heir bcus includework on zinepolymer

battery chemistries (referred to as Imprint Energy) that can be processed using screen printing
fabrication approaches. Ugirsome of the more maturgnc-polymer chemistries, battery

process development has advanced enough to demonstrate prototypes which provide

13
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reasonable performance. The effort also included TEHRBIR2R processed OL&EAINONg others.
The FlexTech Alliancesalsponsored flexible 8omplementary metaloxide-semiconductor
(CMO$chips on paper, soldier health monitoring systems and other electronics designed to
provide and enable prognostics and diagnostics. Many of these exploratory programs are at a
Technology Readiness Level (TRR) The papebased fleible Si project is ftther advanced at

a TRL 6 and Manufacturing Readiness Level (MRL)t8s project represents a naraditional
flexible Electronic Manufacturing Servi¢gMS)rogram.

2.4.2. Current Research Efforts by DOE

The BDEsupports research and development (R&D)ha area of fuel cells, energy efficient buildings,
solar energy, batteries and electric vehicles, advanced manufacturing technologies and fossil fuel energy

as

part of a broad portfolio of activities to

9 The Fuel Cell Technology Office (FCTO) develops fuel cells, which use fuels from diverse
domestic resources to generate electricity efficiently, and hydrogen, acaatwon fuel when
produced from renewable resourceshese technologiesomprise key elemen of the DOE
portfolio. Fuel cells address energy setyuby reducing or eliminatingil consumption in
transportation energy generation applications. Fuel cell electric vehicles (FCEVS) operating on
hydrogen from distributed natural gas can almost costglly eliminate petroleum use. At 25%
market penetration by 2050, FCEVs can reduce consumption of petroleum by more than 420
thousand barrels per yeaMbbl/yr) compared to 435 Mbbl/yr consumed by the same number
of internal combustion engine vehicles MG Fuel cells can also provide highly reliable grid
support;for example during Hurricane Sandy, 22 of the 23 40@watt (kW) United
Technologies Corporatiqy TG Power (now ClearEddeowel) stationary fuel cells in New
England and New York providedntinuous power to buildings.

Assuming 15,000,000 fuel cell vehicles are manufactured per year (10% of the world market in
2030), 4.5 billion membrane electrode assemblies per year produced at a rate of 11,700
membrane electrode assemblies (MEAinute are needed for the fuel cell stacks. To achieve a
guality requirement for MEAs of 0.1% stack failure, only one critical MEA failure in 300,000
would be allowed; and for six sigma stack quality, only one critical MEA failure in ~90 million
would be allowedQuality control (QC) is critical and tools are needed. However, efforts like
these exemplifyan “enduring economic benefit” for both the public and commercial sectors.

As an example of R2R manufacturing challenges, Ballard Material Products (now A#Sarb) w
funded to develop a continuous mixing and coating process to manufacture gas diffusion layers
for polymer electrolyte membrane fuel cells. Enhancements to the coating line included
modified solutions (e.g. increase solids to reduce-lwad) and optimied dryer profile utilizing
dew point sensors to preventremature drying othe top layer.Using modified slot heights and
a multilayer coating head, defeftee coatings and improved cresgeb-basis weight uniformity
resulted in successfulyroduced defet-free anode and cathode materials. Improved
repeatability of basis weights was achieved by installing Mimtion flow meters for each
solution. Issues still to address include formation of small agglomerates in-time iimk due to
solution modificaions, tradeoffs between modified solutions and mix quality, high amount of
entrained air present with #ine ink, and examination of methods to improve aghes

technique to remove air more efficiently, Bottom linghat gas diffusion laye!iGDI) costshave
been reduced over 50% since the start of the project and Manufacturing capacity has been
increased nearljour-fold since the project began.

14
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There is &proper role of government” in transitioning technology to the commercial sector.

One example as through the DOE Market Transformation Appropriations and the American

Recovery and Reinvestment Act (ARR®E successfully deployed nearly 700 fuel cell material

handling units with such customers as FedEx, Sysco, and Whole Foods. These deplogments le

to al most 5,400 industry funded and “on order?”
investment for these fuel cell powered lift trucks is about $9.7M with an industry cost share of

$11.8M. ARRA support was used to demonstrate the commercial competitvefi@sel cell

backup power for telecommunications with over 820 fuel cell units and more than 80 units from

Market Transformation Appropriations. As a result of government funding, sales of these

technologies continue to grow without federal suppw@rith almost 3,600 industrfunded and

“on order” fuel cel | units for backup power.
Solar Energy Technologies Office (SETO) (through the SunShot Initiative) invested $30 million

(with 50% cost share matching) in establishing a consortium called.gh@hbtovoltic

Manufacturing Consortium (PVMC) in Albany, New York to support capgiem-gallium-

selenide (CIGS) photovoltaic (PV) products. Initially, a Manufacturing Demonstration Facility
(MDF) was established for manufacture of CIGS on a steel wdindé8 companies (Global

Solar, MiaSole, NuvoSun and Ascent Solar) were interested; however, the dramatic price
decrease of conventionatystalline silicophotovoltaics has led to several otherSJbasedR2R

CIGS staftips going out of business over thast two years. There has also been Asian

acquisition of all the companies still in business in thidad Stategexcept NuvoSun).

U.S. companiestill working in the CIGS R2R gra@ not prepared to use the PVYMC MDF and
share what they consider toe proprietary processes in the context of a consortium. This is an

example where “openness” was hot a contributin
these companies intend to scale in Asia and other developing nations. As a result, SETO has
redr ected the consortium to work on “downstream

establishing the methods for installation of flexible PV modules and determining the reliability of
flexible PV.

The Building Technologies Office (BTO) has a numbeof existing Investments in R2R
manufacturing including architectural applications reseavdth Lawrence Berkley National
Laboratory (LBNL) regarding airflow panel membranes, with Oak Ridge National Laboratory
(ORNL) in®Rsensors for building applicatns, with the National Renewable Energy Laboratory
(NREL) investigating VI window film, with ITN Energy Systems and the Electric Power research
Institute (EPRI) work on Lesnergy/Electrochromic window film, with 3M/LBNL investigating
daylighting film fowindows,with 3M/ORNL (within the Chin@lean Energy Research Center
(CERYprogram) work focused on primdess, seHadhered air sealing membranesith

PPG/Pacific Northwest National Laboratory (PNNL) developing infrared (IR) responsive window
coatings, and with Heliotrope Technologies work on near IR Electrochromic (NIR EC) window
coatings.

The Advanced Manufacturing Office (AMO) (through prior programs supporting Inventions and
Innovation as well as Industrial Sensors &ndall Business Innation ResearchSBIR) invested
approximately $1 million in cadmiutellurium (CdTe) solar cell development and
manufacturing approximately $1 million in advanced sofaactive glazing, coating and
manufacturing technologies to reduce unwanted solar ghrmugh windows skylights and

15
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automotive windowsapproximately $1 million among battery technologies, supapacitor
technologies, superconducting cable technologax approximately $2M in advanced sensor
technologiesAMO nvestments focused olithium-ion (Li-on) battery technology incorporatg
R2R processing in the effort. A MDF has been established atv@®RNacus on electrolyte
materials used in laminated planar battery pack assemblies.

9 The Office of Fossil Energy (FE) has investmentsoncerning Comembranes Those involving
R2Rmanufacturing processes are being considevedsed to manufacture several different
polymeric and ceramic/metallic membranes for S@paration for power plantsSimilar
processes are used to manufacture &rig commercial water filtration and natal gas
processing membrane&E has not been investing in the commercial production of membranes,
but rather left the commercialization of the materials to the projpetformers and their
partners.lssues such atefect control during coating and drying, substrate and active layer
bonding, andjuality control/quality assuranc&)C/QA are consistent issues with
manufacturing Co&membranesMany of the technologies are at the pilot scale and much of the
manufacturirg processes efforts are considered at a similar scale of developme-8)RThe
investments in membranes detailed in TaBlfor postmarket and premarket applicationhave
been made to date and may benefit from a concerted effort to improve the R&Rufacturing
processes.

Table 2 - Office of Fossil Energy Investments in, ®@mbranes
Application Company/Agency Substrate Active Layer Type
Post Ohio Sate University | Polymer- Zeolites Spiral Wound
Polyethersulfone

Post Membrane Polymer Polymer Spiral Wound
Technology &
Research, Inc

Post CGeneralHectric Polymer Phosphazene Hollow Fiber

Post GasTechnology Poly ether ether Perfluorcoligimer Hollow Fiber
Institute ketone (PEEK) Gas/Ligid

Post ArgonneNational AluminaZirconia Pd/TZ3Y cermet Longtubes
Laboratory

Post PacificNorthwest Ceramic/Metallic lonic Liquid Sheet/Plate
National Laboratory

Pre Praxair Ceramic Pd alloy Shell and Tube

Pre Eltron Metal Alloy Not Applicable Shell and Tube

Pre WorcesterPolytechnic | PSS316L Pd Alloy Shell and Tube

Institute
Pre PallCorporation Ziconia Coated SS | Pd Alloy Shell and Tube
Tubes
Pre Los AlamosNational Polybenzimidazole | PBI Polymer Hollow Fiber
Laboratory (PBI) Polymer

9 National Renewable Energy Laboratory (NREL)

NREL #orts developed a defect diagnostic in house by applyidgect current (DChotential
to a membrane electrode assembly and then monitoring the heat generated in the MEA using

16
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anlR(heat) detector. Areas in which there is a defect generate no heanargignal for the
demonstrated
detection of electrode (on decal) defects.

detector. NREL

the | R/ DC

techni

R&D at NREL is addressing quality control needs for-spadé fuel cells and cell component
manufactuing on weblines. Thapproach includeanderstanding quality control needs from
industry partners and forums, developing diagnostics, using modeling to guide development,

using in situ testing to understand the effects of defects, validating diagnasticej and

transferring technology to industry.

National Science Foundation (NSF)
NSF gpports fundamental and translational research efforts within the Center for Hierarchical
Manufacturing, an NSsupported Nanoscale Science and Engineering CEN®EC), leveraging

$4 million/year of federalffunded nanomanufacturing research, The research program focuses
on the integration of nanofabrication processes for Zhameter and smalleelements based

on directed seHassembly, additiv@riven assemblynanoimprint lithography, high fidelity-B

polymer template replication, and conformal deposition at the nanoscale with Si wafer
technologies or highate R2Rbased production tools.

NSF alsoupports fundamental and translational research efforts wittiie Nanomanufacturing
Systems for Mobile Computing and Mobile Energy Technologies (NASCENT)}sapf¥d8Ed
Engineering Research Center (ERC) leveraging $4 million/year of fetierdéig research on
innovative hanomanufacturing, nanosculpting and nametrology systems that could lead to
versatile methods for the highiolume nanomanufacturing of mobile computing devices such as
wearable sensors, foldable laptops dftekible batteries.

Other

Over the last 10 yearthe European Union has had signifitamvestments in R2R
manufacturing and related printing plate-plate using organic based TFTs for displays and

RFIB. Some organizations involved, include: PlasticLogic (focused or@iptate), POLYIC

(involved in R2R RFIBhdPhilips and one ofstsubsidiaries, PolymerVisioie former
company has recently introduced a range of flexible electronic OLED displays designed as

wearabl e dev

i ces.

Commercial alkaline battery manufactures focus on processes using R2R process techniques.
Goal bius Itdo® “structur e,
process, with individual assembly achieved via a mechanical formatting operation at the end of

the R2R process.

whi ch

i ncludes

The University of Massachusetts (d88Amherst) within the Center for Hierarchical

Manufacturing

sponsors

t he

“Research

Cl

can’”

uster

facility supports efforts focused amno-imprint lithography(NID process and development.

Current investment allows ark up to 60inch wide format using a range of R2R equipment and
analytical tools. Focus areas include; planarization, imprint embossing and patterning,
alternative materials and membranes, functional hybrids, viscoelastic fluids, R2R integration and

desig for manufacturability.
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The University of Kentucky Center for Applied Energy Research has a significant effort underway
which focuses on a range of energy applications, some of which involve R2R. Areas of interest
include lowcost carbon anode precursqQrgRF, Thermoelectrics, etc.

FIl exi bl e “heater circuitry ffoomcompagigslsiclyas h a s
All Flex Flexible Circuits, Lfio€over 25 years. These products are fabricated usimgxtéure of

R2R and bat c htechnmuesinvelving micrepléctaonias lithography printing and
chemical etching processes.

The Center for Advanced Microelectronics Manufacturing (CAMM), a partnership between
Binghamton University (BU), Endicott Interconnect Technologies (El), IGdnnhadrsity and the

Flex Tech Alliance, is a prototype R&D facility in large area flexible electronics. The CAMM is part
of BU' s New York State Center of Excellence
(S3IP), which serves as an internatiaeaburce for systems integration and packaging R&D.

2.5. R&D in R2R Processing

2.5.1. Technological N eeds of R2R Processing

i Providing a connection between emerging R2R process R&D and scaled manufacturing: In
order to extend R2Ranufacturingechnologies to volume manufacturing, several
infrastructural needs must be established relevant to emerging processes andlpols

0 R2R manufacturing traditionally consists of coating and printing processes. While there
are many companies engaged inRR@anufacturing, there remains a general lack of
standardized infrastructure in some cases, and most academic institutions do not have
R2R fabdation facilities. As a resuR&D data are still lacking on what are achievable
with R2R processes and whaedhe limitations, especiallin the context of throughput

[1.

o Parameters affecting throughput and defects control for various processes need to be
established. In addition, the necessary supply chain is lacking, and needs to be broadly
establishedalong with standards. Standards developments cannot be underestimated,
and a more concerted effort in this area is necessary. One way to address these issues
may be through the establishment of pilot line facilities for development,
demonstration and optirization of full processes. This infrastructure component would
provide a vital step between lab coupacale development and production line scale
up, ultimately reducing risk and cost, and providing a more rapid development path for
product commercializabn. This is due to the high cost of ratroll instruments. This
can be alleviated by creating shared facilifiggch as the Research Cluster RRoltto-

Roll Processingt UMass Amhersthat will be accessible for academics and for
industrial partcipants to try out some ideas, as well as establish emerging processes and
materials for broader usgl].

0 Previous DOE sponsored workshopg have identifiedaneed to address equipment
and quality issues. Equipment needs to support formats sufficient to meet-scale
atomic layerdeposition(ALD)andsmallscale (e.g. microelectronics thin and thidkn)
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to mediumscale (windows and window films) to largeale (membranes for biofuel and

natural gas processing) fabrication.

Investigations for manufacturing development should focus on tools to feed pre
requisite solutions, slurries at sufficient rates while controlling rheologies of these
materials, webs @nsile strengths, surface finish and release, materials, zero defect,

etc. ),

motor control

S

motor s

(web,spestd

formatting, etc.), metrological instrumentation, simulation and design tools, control(s)
feedback ad adjust, materials drying accessories, ventilation and effluent treatments,
incorporation of concurrent/simultaneous process using additive and subtractizy,in

other atmosphere and vacuum processing, precision alignment, lithographic imaging

and etd/deposition, etc.

9 Tackling challenges related to process tools and core capabilities: [1] These include:
Largearea, costeffective ebeam patterning tools/capabilities
Plasma etching tools for largerea, uniform R2R processing

Ink jet applicators compatible with wide range of UV monomers
Development of higiguality nickel metal electroforming processes for high aspect ratio,

(0]
(0]
(0]
(0]
(0]

(0]
(0]

large pattern volume structures

Highdurability, lowcost transparent imprinting of molds, or, inexpéredfast

replacement transparent molds

Fabrication of seamless cylindrical imprint molds

Largearea, realtime metrology and process characterizati

9 Further developing emerging process tools towards large area processes: [1]

(0]

(0]

(0]

Precision ink jet fluid applicators

A Any dot, anywhere; high uniformity and thickness control

Atmospheric plasma etching

A Lowercost surface processing with elimination of vacuum step

R2RALD

High film density, low film stress

> > > >

Continuous, pinholdree ultra-thin films

Precision application of very thin layers at high rates
Highconformality; uniform coating of aspect ratios up to 1000:1

1 Developing imprint and web materials: [1] Materialsare critical for the extension of R2R
manufacturingprocesses to large area and high throughputs.
In nanoimprint technology, the imprint materials need to be developed (especially for WV roll
to-roll imprint). There is also a limited supply of suitable web materials. Examples for a

mat eri al cludavi shl i st

n

o UV polymers that resist plasma crosslinking
o Transparent conductive polymers having:

(0]

A Higher conductivity and light transmission

A Improved durability/stability
A UV curable

Less costly, highgemp substrates
A (>250C; preferablg | e ar

19

)

c

(0



773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820

DRAFT — PRE-DECISIONAL — DRAFT

1 Tackling metrology and instrumentation challenges:

o Commercial enterprises which incorporate R2R into their product process routes ha

serious controlssuegegarding means to detect, control, and otherwise eliminate
potential quality issues within products pritw investing additional value add. Cress
cutting needs include items such as; thickness measurement, inspection for mechanical
defects such as pinholes and cracks, measurement of electrical properties such as
resistance measurement of surface textureusture and morphology, inspection for
inter-layer delamination and voids, etc. Prograame highly desirable thajenerically
investigate these issavith respect to differences in scale, criticality, applicatior, ex
situ measurement while advancing to@sd methods for the collection, analysis,
storage, and use (either in real time or for later data mining) of high volumesliokin
QC dataand for the integration of these data into process control and feedback
systems. Ultimately determinations of mesto predict/correlate defects to
performance would be one of the prime measureable program metrics.

Defects are undesirable for printed electronics since they cause open and short circuits,
thus destroying the performance of devices. There are seVactdrs that cause defects
such as missing nozzles in the print head, particles on the substrate, particles on the
screen/stamp, web wander, nemniform web tension,

mis-registration, etc. A few example$ defects are shown in Figure .13

Figure B - Optical microscope images of (a) an intended pattern, and) @wow defects
in the pattern [23

Metrology and inspection incorporating-ime optical techniqueare presently being
developed, but significant challenges remain for monitoring of high throughput
processes having nanoscale features. In combination with this, riizdeld reatime
diagnostics and control would complement the development of process mapafid
control methodd1].

For high rate R2R manufacturing, inspection and quality control is a caitezathat
determines successful outcome. These include defect detection, surface roughness
measurement, inspection of layer quality, measurement ettlcal properties to
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ensure proper functionality, registration control, possibility for repair/correction,

product testing, etc[23].

Metrology and instrumentation challenges include availability of particdiigge high
quality substrate, developmerand implementation of higispeed inline and offline

inspection and diagnostic tools with adaptive control for patterned and unpatterned
material films, development of reliable hardware, etc. These challenges need to be
addressed and overcome in orderrealize a successful manufacturing process. Due to
extreme resolution requirements compared to print media, the burden of software and
hardware tools on the throughput also needs to be carefully determined. Moreover, the
effect of web wanderand variatims in web speed need to accurately be determined in
the design of the system hardware and softwdR3]

Realization of successful metrology and instrumentation by overcoming the challenges

for the development of &2Rmanufacturing system for flexible electronic systems

opens limitless possibilities for the deployment of high performance flexible electronic
components in a variety of applications including communication, sensing, medicine,
agriculture, energy, lightingtc. [23].

Metrology, standards and inspection requirements R#R arg24):

> > > > >

smal |l est

defect inspectiorpattern defects
characterization/pattern inspection
laser scattering/particle size distribution

final yield as means to identify defects

cost involved for novat micron scale for adapting tools to R2R web platforms

features

i.nspected

can

reach t

Asummary ofindustry inputs on idine QC techniquedirectlyf r om EERE’' s Qual i

Control Workshopwhich was held in 2013 iGolden, Colorad{22] are as follows:

A Techniquescurrentlyused in industry to identify and quantify defects in

materialsare:
1
1
1
1

of coatings

Vision detection systems for cracks

Fluorescence of functional coatings applied to textiles
Non-contact eddy current measurements for surface sheeistasce
Non-contact optical measurements for band gap and relative thickness

1 Non-contactx-ray fluorescenceXRFfor composition and also thickness

of coatings

1 Photoimaging for physical defects

A Existingssues with the current quality assnce/quality control techniques

9 Lack of standards. A few companies sell cameras and algorithms, but
not necessarily tuned to the application
1 Hardware exists. Main gap is software relevant to specific application
1 Need to be able to scan for the compasit of coatings (for muki
material coatings) and physical defects across full width and length of
web while web is in motion
A Measurements needed for4iine quality control that ctrent techniques do not

address
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Physical defect density and/or pinholerdsty

Band gap measurements

Surface sheet resistance of coatings

Optical transmission

Relative thickness of coatings across and along the length of the web
Material composition measurements

Networkingcloud data transmission

=A =4 =4 =4 -8 -8 =9

2.6. Emerging Processes and Tools for R2R
2.6.1. Atomic Layer Deposition (ALD)

ALD is a thin film deposition technique in which films are grown by the sequential pulsing of chemical
precursors onto the surface of a substrate. A typical process sequence involves introduction of precursor
A, followed by a system purge, thentinduction of precursor Bfollowed by another system purge,
after which the steps are repeated. The precursor reactions on the substrate surface lead to the growth
of the thin film on a layeby-layer basis, with the resting film thickness controlled by the number of
cycles of the process sequence. As the deposition process-isrseifg, the films are extremely
uniform, pinhole free, and exceptionally conformal. ALD is capable of depositing a range of metal oxide
films, as well as a limited number of metal coatings, and has the further advantage of relatively low
temperature processes and reasonably lowst precursors for most applications. As a result, ALD is
finding traction in the semiconductor industry, and Hagher been scaled to largarea substrate
processes for thin film photovoltaics and displays where the metal oxide coatings yield superior barrier
coatings and dielectric filn4].

2.6.2. Potentiometric Stripping Analysis for Electroplated Alloys

Electroplaing represents an additive, solutidrased deposition process suitable for R2R platforms for a
range of metals and alloys. A key challenge for continuous;dgighd coating systems is the control of
stoichiometry and the depletion the plating baths in wieised systems. The potentiometric stripping
analysis (PSA) techniques precisely control both stoichiometry and uniformity of metal and alloy
coatings on flexible webs. Keys to maintaining sufficient process control in the electroplating steps
included keging the solution at the work surface fresh and evenly biased by agitating the bath,
providing adequate circulation, further utilizing an inert environment such as an argon blanket to
minimize the effects of oxidation, and utilizing a separate anode fecipe control of field distribution
[1].

2.6.3. High Temperature R2R Processes

ORNILis conducting the research in the development of Higimperature R2R processes suitable to
create crystalline, higiperformance semiconducting materials. The higimperature pocess capability
can exceed 1200°C through the use of a Haghperature metal or suitable substrate; calendaring of

thin film coatings then occurs, followed by a thermal pressing step. Because typical processes tailor a
series of functional layers, int@liffusion becomes a significant concern. This issue is resolved by
depositing a stack of buffer layers to provide the required crystal orientation that include deposition of a
diffusion barrier and then active layer coating. The Higimperature R2R process can be used to
develop hybrid solutiosbased approaches as well. The higmperature processes are suitable for a
range of thin film crystalline materials, including silicon for solar PV, diamond, and other
semiconductors. This R2R process capaloiigns up opportunitiegor largearea, highquality
semiconductors having electronic transport properties approaching those of bulk materials, thereby
enabling higkhperformance electronic devices and systejtis
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2.6.4. Standards Development

Standards are aimportant aspect of the successful commercialization of any product, and typically are
underestimated. Benefits of standards include building end user confidence, creation of a common
language between producers and users, promotion of product compatibititinteroperability,
overcoming trade barriers to open markets, and fostering diffusion and adoption of technology. As
printed electronics and R2R manufacturing transcend from fundamental science to labesesbey
production platforms within academiand industry, the transition to pilescale production is hampered

by several factors that can benefit from standar@lke resulting delay in the commercialization cycle
includes losses resulting from incoming materials variations, process technologiessptolerances,
equipment and operator inconsistencies, andtotlot variations, making it extremely costly and

difficult to scale to R2R production capadity.

2.7. Key Technology/Application Opportunity Areas

2.7.1. Membranes
Areas of interest mightincludebut not | imited to); high press
guality and dehumidification membranes for applications in buildings, other water processing, gas
separations for natural gas processing and €pture application s (GM,, CQ, H, andCQ/CH,), and
liquid/gas separation membranes (£l@aded solvents), forward osmosis capacitive polarization
membranes, and other multilayer systems such as those used in battery applications, i.e. VRF which
support high permeability rates, resistrejgotat er i al “bui |l dup” and ar e
Current production cost of membranes is ~$108/m\dapted manufacturing processes used by the RO
industry are needed to reduce costs by at least 50%. Current membrane market is $16.5B-globally
United States demand is approximately $1.7B tetialuid separation is $1.5B and ~$0.15B for gas
separation Expected to rise ~7% per ye@lobal membrane demand is expected to be $25.7B in 2017
andcontinue to rise ~10% per yedq].

2.7.2. Advanced Deposition Processes
Formatted,higherquality depositions are needed. Equipment needs to support formats sufficient to
meet microelectronics to building sector requirements. Investigations/development will focus on tools
to feed solutionsandslurries athighrateswhile controllingsolutionrheologiesweb properties, motor
controldorwe b speed control, -tephsipns nnodraogiah tetr i & d
instrumentation control feedback angrocessadjusiment; materials dryingventilation and effluent
treatments,andincorporation of concurrent/simultaneous process Emphaticallyall of the
aforementioned is needed at adize scales, i.écom the nano/atomic scaléhrough thinfilm to thick
film sizescale.

2.7.3. Flexible Electronics
An intrigue space R2R additive manufacturing for EMS. The technology applications are well defined,
most of the materials are well defined in manufacturing, mostly the technologies, with exception of
interconnectghat are mature (MRL-%). Howevergovernment investmentsre necessary to reduce
risk for industry to participate. EMS is a $300B/year industry. The marikepigited circuitboard
population with Si CMOS and passive componentsa [Pnited basis, R2R is used in single chip
integration for smart labels (RFtBgs and antennas), such as products offered bylklauer High Tech
International[26]. Another area of possible manufacturing development involves OLEDS which can be
processed on flexible sulvates[27], as shown in Figurk4. Systems have been developed which have
exhibiteda brightness as high as 10,06@ndela per square meteDOE projects the benefits of
replacing traditional systems with phosphorescent Olifiding,in the time frame of 2012 to 201&s
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962 reducingenergyse by 0.22 quadrillion Btu’s, saving dome:
963  environmental pollution emissns by 3.7 million metric tor28].

964

965
966 Figure 14 - Demonstration of a flexible OLED devieboto: General Electric

967

968 The second area d@fiterest focuses on larger format flexible displays, detectors and other sensors, such
969 as used for neutron and otherM arrays. This path will be to move from plateplate standard

970 lithography as used in the industry to continuous R2R processing.pfiisagh leverages $90M of

971 existing US Army investments, and $1T+ of industrial private sector investments in traditiongldte!

972 glass manufacturing. The current TRL levels akéd3 emerging applications, TRi6 5or the maturing

973 flexible digital xray technology. The MRL leveb, with development necessary to broaden the

974  application space, reduce cost and improve yield. Here the work would attempt to merge traditional

975 processewvith some R2R technologlf.a major thrust involves sensors, oppamity to continue

976 development of materials (incorporating new material sets, enhanced efficiency of traditional types, i.e.
977 substitutional elements, enhanced process, etc.) will be investigated. Sensor efforts ifrolide

978 MRL/TRL 1 to fully commercializéhose efforts within the MRL/TRL 4 to 7 include those that would

979 serve to incorporate program information to feed MetaData collection, design of more

980 efficient/selective devices, develop imbedding processes within other matesaismblies, means to

981 enhance signal processingnd col |l ected data “Cyber Security”. T
982 need to collect data remotely to gage quality, statiethe condition to enable state of process or mean

983 time to failure, response characterization, etc.vilne “ i nt er net cloud” to be su
984 thin-film MEMS sensors and devices within the scope of this sector, the market could exceed $1 trillion.
985

986 A third area would be to focus on the advancement of materials with associated equipmeméalbe

987 commercialization of Nland patterning with 50 to 100nm print resolution at process rates of 3to 5

988 meters per minute. Fourthly, flexible electronics need to include investigation of lighting technologies.
989 This would include moisture and environniahbarrier materials/layers with ALD of LED and OLED

990 technologies with associated packaging systems, which are fabricated in multilayer fashion to achieve a
991 hermetic, moistureproof package.

992

993  The current research work is focused on the following topR2g:

994 1 Developing rolto-roll manufacturing of thin film electronics on lewost flexible substrates

995 using Pulse Thermal Processing (PTP) technologies coupled watlacumm low temperature

996 deposition technigues.

997 1 Developing nofvacuum, large scale depositi and processing techniques for nanoparticle

998 based inks and pastes that reduce cost and energy requirements associated with processing of
999 thin film electronics.
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1 Ink development and annealing studies to increase the crystallinity and photo luminescent
efficiency of Zin&allate coatings.

2.7.4. Battery Technology
Including existing agency investments and commercial development results, work should focus on a
wide range of battery chemistries, i.e-ien, Zinepolymer, Li/CFx, Vanadium Redox Flow (VRF) systems,
andadvanced al kaline systems. Continuou-bawaterial s
configuration usingape cast, screen print, vapor or wet chemical deposition or evaporative/sputter
techniques could be included. Of special interest wdaddleposition of carbon nantubes and
whiskers on graphene for certain applications.

The current research work to apply R2R processes in flexibldilthibattery manufacturing is focused
on the following topicsf30]
1 Reducing excessive scrap rateslet&ode coatings
1 In-line quality measurement and contrelFor example: kine laser sensing for thickness
monitoring, insitu materials diagnostics with esitu structural characterization.
1 Reducing manufacturing as well as associated system casipgbgmenting inline Nor
Destructive Examination (NDE) and QC].
9 Scalingup, Industrial issues of yield and throughput.

2.7.5. PEM Fuel Cells
The manufacture of fuel cell stack components utilizing continuous, high volume, lowercossg
technologies is neede€urrent R2R technology and methods need to replace the manual preparation
of layers, such as painting catalyst ink by hand onto decals that are then thermally pressed onto
membranes. The process should also address-$pgied sealing of assemblies whazn be
accomplished using R2R procesdéigurel5 shows an appmyach that WL Gore & Associated]&
working on to coat electrodes directly onto membrane material saving steps and material thus saving
money.

Figure 15 - Approach to coat electrodes directly onto membrane material saving steps and material

In 2012, the domestic fuel cell and hydrogen energy industry was expectgddace $785 million in
revenue [2]. Funding from DOE EERE for hydrogen and fuel delha& played a critical role to enable
this emerging fuel cell industry. According to Bloomberg New Energy Fifg8cBOE funding was
approximately equal to venture capital and private equity investment in thiged Statesn 2011 EERE
funding has ledo more than450 patents, 40 commercial technologies, and 65 emerging technologies
for hydrogen production and delivery, hydrogen storage, and fuel cells.
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2.7.6. Photovoltaics

In addition to efficient processing, efficient process control during manufactuesgisred, and

new materials angbrocesses are urgently needefiome of the most important materials and
processes are those that will enable the printing of semitransparent electrodes and complete
processes that are built around enabling complete fabricatibefficient solar cells. The

materials and processes should of course give access to organic photovoltaic (OPVs) that
provide operational stability ahore than10 years and they should be efficientl® %). A

particular requirement to the OPV is that it has as thin an outline as possible with low materials
consumption, to achieve a low embodied energy. The processing should not be environmentally
harmful and should, through use of the lowest posstblmperatures, require a very low input
energy for manufacture. This will enable short energy payback times. Manufacture of the entire
solar cell stack at an overall speed of > 10 m/min will enable the manufacture of a daily energy
production capacity of me than lgigawattpeak and thus, in principle, fully address manksnd
future energy needs3d]. Figure l@llustrates the assembly of a scalable, encapsulate, large
area, flexible, organic solar t¢eroduced by a R2R process.][35
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Figure 16 - Scalable, ambient atmosphere roll-to-roll manufacture of encapsulated
large area, flexible organic tandem solar cell modules [35].
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9 The scientific thrust should be with the final form and processing methods in mind and not as it
has beeruntil now with a blind focus on high performance in an often unrealistic and not
scalable setting3g.

1 The active materials and inks needs to be developed specifically with the theeubanical
properties of the multilayer structure in mind. The compdenultiHlayer structure with different
thermal expansion coefficients and moduli for the individual layers and different adhesion
energies at each interface are likely to present an enormous challenge for the manufacture of a
robust flexible tandem organolar cell 35].

1 Research efforts are needed on the control of film thickness and especially the evenness of the
dry films for the multilayer stack through proper ink design. This involves control of viscosity,
ink stability over time, ink rheologyuring deposition, ink rheology during drying (i.e. heating
and upconcentration of solutes in the wet film), wetting behavior during deposition and drying,
control over morphology formation and of course it must all work inZ8t.

2.7.7. Metrology and Qualit y Systems
1 Commercial enterprises which incorporate R2R manufacturing into their processes must
detect, control, and otherwise eliminate potential quality issues within products.

1 Technology development needs include inspection for mechanical defectasyshholes
and cracks, measurement of electrical properties such as resistance measurement, and
inspection for intedayer delamination and voids.

1 All data would be integrated into process control and feedback systems. These technologies
will be usedo correlate defects to performance.
24.1.1. Embedded Thermal Energy
1 There is a need toavelop R2R additive manufacturing for electronics applications such as
larger format flexible displays, detectors, and stretchable/conformable sensors.

9 This technology wilkad to a fundamental change for manufacturing these systems from
plate-to-plate standard lithography to continuous R2R processing.

2.8. Technology Roadmaps Applicable to R2R Manufacturing

R2R is a type of process, not a technology, and therefopaoific technology roadmap exists for
developing R2R processes in general; instead, roadmaps exist for specific technologies that would use a
R2R process as the manufacturing method. R2R processes can be improved by insertion of technologies
that make theprocess more efficient and less costly. The International Electronics Manufacturing

Initiative (INEMI) developed a technology roadmap for flexible electronics that addresses materials
(nanoparticle suspensions, particle blends, and small molecular swdtiprinting technologies (contact

and noncontact), and processes (roll to roll, rall $heet, and sheet). [36n the United Kingdom, the

Centre for Process Innovation developed their technology roadmap to expand R2R and encapsulation
processing techrogies to target the development of flexible optoelectronic devices for the emerging
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printed electronics markets and to address many of the challenges encountered in scaling up emerging
technologies to commercialization by adopting R2R processoitiques.[37]

From an industry perspective, Baker ™ Wet Process
understand and manage the issues associated with conventional versus R2R processing for

manufacturing lexible printed circuits. [38Their roadmap fagses on the core of current manufacturing

trends toward producing thinner, lighter and higher density printed circuits by use of effective handling

and processing of a thin core material. R2R processing equipment will need to focus on the smooth, yet

firm, transport of films through various wet processes in both a horizontal and vertical plane and will
require “ next -ogimmesiorypeitechmdlogisspFtexdbye printed circuit fabrication

using batch processing and antiquated rigahel procases is responsible for the failure to produce the
necessary technologies in the last century and will be superseded by R2Rltgghim the future. [3P

Additionally, the National Aeronautics and Space Administration (NASA) has drafted integrated

technd ogy roadmaps for 14 Space Technology Areas, wl
strategies and considers a wide range of pathways to advance their current capabilities in space.

Technology Area 12 addresses materials, structures, mechanical systethmanufacturing. Although

R2R is not specifically addressed as part of the roadmap, several of the technologies and processes, such

as hybrid laminates, polymer matrix composites, miultictional thin films, flexible materials for entry
descentlanding, photovoltaics, lightweight aluminized thin film systems for solar sails and large ultra

light precision optical materials are all directly applicabl&2R manufacturing.[40

2.9. Workshops on R2R Processes and Manufacturing
Workshops are not hdlspecifically on just R2R manufacturing. Usually a workshop is convened on a

technology area such as Nanofabrication Technologies for R2R Processing [second ref] or the DOD and
DOE Manufacturing Innovation Topics Workshop [third ref] where R2R manufgcisidn agenda topic

or a separate breakout session. Discussions typically focus on using a R2R process for coating of polymer
films, device level patterning, imprint lithography methodology, patterning limitations, and NIL for R2R
processing of nanotectutogies.[1] Workshops also address programmatic issues for R2R manufacturing
such as R2R process technology needs; manufacturing challenges, and investments; process deficiencies
and metrological needs; and quality systems and syn¢4dyWorkshops aréneld annually on
nanomanufacturing that provide opportuniti¢e share information on emerging processes and scaled
manufacturing platforms wher®2R may have a role. [423] They can also focus on specific

technology areas that have immediate applicagdo clean energy initiatives such as biomass indirect
liquefaction that focuses on pathways that convert biombased synthetic gases to liquid

intermediates. [44]nevitability, the common areas of interest lie in overall technology needs,

manufacturirg challenges, and investment levels.

3. Risk and Uncertainty, a nd other Considerations

3.1. Risks and Uncertainties of Using R2R Processes and Manufacturing
The risks with using R2R processes are defined in the challenges. R2R manufacturing is not ideal for

every type of material manufacturer, but it is ideal for thin and thick film materials with large areas that
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1157 are required for high volume production withinimal defects and waste. R2R processes, in general, are
1158 energy efficient and environmentally friendly. However, as with any type of manufacturing, there are
1159 associated risks and uncertainties.

1160 9 High Startup Costs - A combination of high costs and pooraéiability of production tools are

1161 hindering the adoption of roflo-roll manufacturing. For example, setting an actimatrix

1162 flexible organic lighemitting diode (OLED) substrate line amounted to roughly $177 per square
1163 foot. The cost of tooling a passtmatrix polymer lightemitting diode (PLED) line is far less, at
1164 $45 per square foot. Still, the loigrm promise of rolto-roll manufacturing is propelling it to
1165 the forefront of flexible substrate R&D activity. The Center for Advanced Manufacturing

1166 (CAMM), Binghamton, NY expanding its tooling capability to actively research R2R

1167 manufacturing for emerging technologies such as langea LED lighting, photovoltaic cells on
1168 plastic, lowcost RFID tags, and lightweight electronics and packaging platrmsgyged,

1169 flexible substrates. Also, scientists at HewAe#tickard Laboratories and lowa, Thin Film

1170 Technologies, are developing largeea arrays of thifilm transistors on polymer substrates

1171 using R2R techniques. The approach combines plasma depa@sitlogiching with selaligned

1172 imprint lithography to produce a cost effective end prodydt] Further research in specific

1173 applications that employ R2R processes will provide the data needed to reduce the costs of
1174 startup.

1175

1176 9 Speed of High Volume/Large Area Process vs Low Volume/Small Item Stand-Alone Process -

1177 The speed and capacity for R2R manufacturing versus a batch process is dependent on the
1178 material requirements for the end product and is directly related to costs. As an example, if an
1179 assumption isnade that conventional operations such as lithography, etching and sputter
1180 deposition are used in the R2R process, and #880by twofeet rolls of polymeric substrate
1181 are used to make a final product of 3:2&h by 3.25nch LED display on an-if&hby 24inch

1182 format, then the cost per square foot of active and passive matrix displays are expected to
1183 decline with increases of volume. Indeed, studies have shown that the minimum efficient scale
1184 for the operation of a R2R display manufacturing facsitground 20,000 square feet per week.
1185 Many markets and application areas could support a plant operating at this capacity if the
1186 displays could be sold into these markets at a sufficiently high volume to sustain the

1187 manufacturing operation. If the plant @pated at a capacity of 100,000 square feet per week
1188 over a twayear period, the cost of producing LED displays would be about half the cost of a
1189 display produced by a conventional staalbne batch manufacturing approach. Nearly every
1190 model in the displayndustry predicts that a R2R manufacturing facility could offer significant
1191 cost savings if it can be irgeated succesfully. [44

1192

1193 1 Material Variations/Tolerances/Lot Variations/Scrap - Variations in substrates and production
1194 lots of the end products from R2R manufacturing can be caused by several factors depending on
1195 the materials being used, the machinery involved, the control of the web, and the process(es)
1196 employed (lithography, deosition, etc.) just to name a few. Even the configuration of the rollers
1197 (double side mounted or cantilevered) will produce variations. In some applications such as thin
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1198 films and nanematerials, the tolerances must be closely controlled in order to ggtadity end
1199 product. If tolerances and variations are significant, then the R2R process can result in a lot of
1200 scrap and waste material that may not be recyclable. This also adds to the cost of manufacture.
1201 As the R2R process becomes more adapted t@timnalies in the initial production phases, the
1202 material and lot variations are usually reduced and the end prada well within tolerances.
1203 Research is needed oanious types of instruments cdpe incorporated into the R2R process to
1204 further reducevariations and eliminate scrap.

1205

1206 1 Metrology - As previously discussed in this section, the success of employing a R2R process in
1207 manufacturing a specific technology is heavily dependent on process and cost control. At high
1208 rates of R2R manufacturing, metogly is needed to address defects (from static buildup and
1209 missing or disconnected patterns), quality of substrate, registration (pattern position), and in
1210 line and offline optical inspection for quality contrdi7] This can go beyond just looking for
1211 material defects such as pinholes, naniform thickness, and impurities. As an example, at the
1212 end of processing polymer solar cells usingtmitoll methods, one ends up with a roll of

1213 material. While some testing can be carried out during the processitite individual layers,

1214 the functionality of the solar cell itself, i.e., the production of electrical energy upon being
1215 subject to illumination, has to be carried out at the very end, on the very roll that is the end
1216 product. Inline monitoring technices are useful for guiding the process, but they cannot

1217 guarantee the final performance. Therefore R2R instrumentation is also needed to test

1218 functionality. The techniques that have proven useful for process control are the camera

1219 techniques, providing twalimensional information using transmission, reflection, and dark field
1220 imaging of the printed or coated films, and revealing detail on film thickness variations,

1221 registration, and particle detection. These techniques are-oomtact techniques and apply to
1222 individual layers during manufacture. Methods such as light beam induced current mapping,
1223 dark lockin thermographic imaging, electroluminescense imaging, and photoluminescence
1224 imaging are being used successfully today in R2R manufacturing ofedbtaaterials. [48

1225

1226 DOE’' s Manufact ur i ndMDP)establisted at @RNL, providésairdqud i t y
1227 capabilities to assist industry in adopting new manufacturing technologies to reducydife

1228 energy and greenhouse gas emissions, lower productishamd create new products and

1229 opportunities for high paying job§t9] The MDF can be a tremendous asset in addressing the
1230 above risks and uncertainties.

1231

1232 9 Proprietary Information and Intellectual Property — Successful implementation of R2R

1233 processes witin the manufacturing industrwill require information exchange, resource

1234 partnering, open discussion of ideas, discoveries, and best practices. Key challenges exist in
1235 providing an open forum for networking while protecting the proprietary informatiod an

1236 intellectual property of the community

1237

1238 9 Technology Characteristics That Impact Policy
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The Pr e28li2Natonal Strategic Plan for Advanced Manufacturemgphasized the need
for increased R&D on advanced materials and innovative manufact@ghgologies that have
the potential to reduce U.S. manufacturing energy use while enhancing product quality and
shortening design cycle timg&0] DOE is responsible for executing programs resulting in the
development of competitive new manufacturing pesses for U.S. industry to provide stafe
the-art technologies in advanced vehicles, biofuels, solar energy and other clean energy
technologies. &chnologies areas, such advanced lightweight materialmjembranesand TFTs,
have an immediate use for jpnoving products for clean energy applications and are
appropriate for manufacturing using R2R processes.

4. Sidebars: Case Studies

4.1. Thin -Film Solar Cell Efficiency Record Set By First Solar (Again) [51] [52]

Figure 17 - First Solar, Inc. Solar Cell Array

Working with DORational Renewable Energy Laboratory (NRELSt Solarnc. set a world recorth
2013for CdTePV solar cell conversiatificiency, achieving0.4 percent conversion efficiencihe US-
based compny recently announced that a cell manufacturedtsimanufacturing fatory and R&D
center achieved an efficiency of 21%, the highest on record by a&ocentrating cadmiunrtelluride
(CdTe) cellmprovement in CdTe PV performaneas demonstratect arate that dramatically
outstrips the trajectory of conventionahulticrystallinesilicon technologies, which have already
plateauednear their ultimate capabilities=irst Solarinc.has also gone a notch up on medtystalline
silicon cells, whose efficiency peaked at 20.4% in 2004.

The encouraging fact about the cell is that it has been constructed using processess rofto-roll,
and materials designed for commeresdalemanufacturing, thus making is possibly easier for First Solar
to quickly switch to the cell’”™s mass producti on.
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First Solar, Inc. alsynergy realized synergy by partnering with GE Global Research in 2013 with
consistent and strong investmesin R&D. Th advancd technologies and processdsveloped for the
CdTe PV solaell are already being commercialized and will fhesly impact performance diture
productionsolar celmodules and power plants.

First Solahas continued to transfer success inlR&tocommercial modules, increasing its average
production module efficiency to 13.4 percent in the fourth quarter of 2013, up 0.6 percent from 12.9
percent in the fourth quarter of 2012. The company's lead line was producing modules with 13.9
percent aerage efficiency at the end of 201[31]

4.2. Commercial Buildings Integration of Energy Saving Window Coatings [52] [53]

TheDOBBuilding Technologies Office (BTO) works with the commercial building industry to accelerate

the uptake of energgfficiency technologies and techniques in both existing and hew commercial

buildings. By developing, demonstrating, and deploying-efisttive solutions, BTO strives to reduce

energy consumption across the commercial building sector by at least 1,60098(The BTO has

several projects in R&D for electrochromic windows, higulating windows, and narlens window

coatings for daylighting and lees/storm windows adoption. [53R2R manufacturing is used faiogducts

li ke 3IM™ windowO%i d¢dfmst bhe oxkn'up heatt. Transparent,
of cooling are saved without sacrificing passive lighting or vigSAk.
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