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Chapter 1: Introduction to Flexible Electronics

1.1 What are Flexible Electronics?

The study of flexible electronics is the culmination of the materia¢nsei

electronics, mechanics, and manufacturing fields toward the creation tobeilec
circuits fabricated on flexible substrates. Flexible electronics tievpotential to
outperform their traditional rigid counterparts in terms of flexibility, visgigind cost.
Potential applications of flexible electronics include paper-like video gspdkin-

like smart prosthesis, and printable thin-film solar cells, to name a fé\lv [1-

Flexible electronics displays or screens as shown in Figure 1 couldtoatinnall

volumes saving both space and weight. This would reduce the need for large, bulky
traditional screens. Rollable screens could create space savings feidelegreens,

computer monitors, or solar panels [2,6].

(http://www.psfk.com/2008/12/hp-and-asu-releasst-farototype-of-flexible-electronic-display.html)
Figure 1. Flexible electronic displays

Flexible electronics are emerging into the mainstream marketxgorpte, Figure 2
shows a flexible solar panel currently available to the consumer. A conventitaral s
panel typically consists of a large rigid rectangular plate; by comtrietible solar

panel can be rolled into a tube that is a fraction of its normal size. Additiomhally, t



flexibility of the solar panel could allow it to nform to various shapes (like roofs

cars and houses).

(http://www.brunton.com/product.php?id=256)
Figure 2. Flexible solar panels

Polymer Vision Inc., a spi-off company of Philips, Inchas created the Readius
pocket reader capable of holding 8 Gigabytes alirgamaterial shown on a !
folding displayas shown irFigure 3 The flexibility of the screen allows for a wic

display area stored inside a smaller pack

(www.readius.com
Figure 3. Readius pocket reader

Samsung has unveiled prototype flexible organietlgmitting diode (FOLED

displays, as seen Figure4, at conventions. Although they are not quigady fol



commercial sales, as explained later, there is much interest in pylihe for thin

flexible displays.

(http://www.oled-display.net/flexible-oled)
Figure 4. Samsung FOLED

Flexible electronics could also be used to simulate a sheet of paper, as shown in
Figure 5. With electronic media readily available, one could receive g,

books, or other reading material through wireless communications. Unlikeemissi
displays that can create eye strain, electronic paper would allow comdarading

using reflected light and increased resolution.

(http://e-paper23.blogspot.com/)
Figure 5. Flexible electronic paper

Plastic Logic plans to start selling its version of an eReader in a pilogpnagrthe

second half of 2009 while increasing the sales in 2010 according to their website



(http://www.plasticlogic.com/ereader/index.php). Figure 6 shows girck eReader
planned for sale on the left and the flexible inner working layer on the right. Their
literature claims to use “high-resolution transistor arrays on flexibkipl
substrates,” however, the working layers are encased in a rigid framkmied

flexibility.

..‘
(http://www.gizmag.com/plastic—logic—ﬂexible—eleonic—reading—device/9963/galIery/)-
Figure 6. Plastic logic reader

A different use for flexible electronics involves placing an electronit atound
prostheses as shown in Figure 7. Flexible electronic sensors could permiinhe “s
of the prosthesis to bend and flex like normal skin while allowing for electronic
feedback with regard to pressure, temperature, and moisture. Likewidalgflexi
electronic clothing could provide an array of functions including generatingrpowe
from solar cell patches and monitoring human health through heart, lung,

temperature, and perspiration sensors [7].



(http://radio.weblogs.com/0105910/2004/09/22.html)  (http://www.plasmaquest.co.uk/news.shtml)

Figure 7. Flexible skin-like sensors

The above examples illustrate the plethora of uses for flexible elexgtréitexible
electronics differ from conventional electronics in their ability tovalfor large
deformations. They tend to use more compliant materials as the building blocks of the
circuits like polymers and elastomers which sustain large deformatidmsutvidracks

or failures. Flexible electronics often consists of a large amount of electoonic
components integrated over large areas such as video or reading displalys. Final
flexible electronics often have thin profiles, to achieve better fleijit@hd to reduce
volume (also weight).

Existing work in flexible electronics mainly focuses on the development and

prototype phase. The products that do make it to the mainstream market tend to have
a limited radius of curvature as shown with the Radius and the eReader, and a high
price tag. The next section describes some of the challenges faced tig flexi

electronics in their advancement to the mainstream market.



1.2 Mechanics Challenges in Flexible Electronics

1.2.1 Challenges of Poor Deformability

Traditionally, electronic circuits have been created using rigid, non-camtpli
materials such as silicon, as shown in Figure 8. Silicon has an elastic modulus of

about 130 GPa, with a maximum failure strains about 4% [8].

Silicon  Source Gate
wafer \ / Drain
i
\

\

Gate dielectric ’/ (http://www.nature.com/nature/journal/v406/n6799
and electrode ffia tab/4061023a0 F2.htr

Figure 8. Cross-section view of a typical transisto

Silicon wafers are not the only material used to make in electronic dewviceganic
materials such as gold (Au) and indium-tin-oxide (ITO) are used extensively
electronic circuits as conductors. For example, ITO conductors are tramspa

allowing interconnects to be used in front of or behind the emissive layers in display
without interference. Both types of conductors are brittle in the nang-Hualefore

susceptible to cracking, as shown in Figure 9 and Figure 10.



Figure 9. Crack resulting from a tensile test of dree-standing aluminum film 100nm thick [9]

Figure 10. Cracks resulting from a biaxial tensiortest of a 100nm thick ITO film [10]

The maximum tensile failure strains of the above materials aed listTable 1 [8-
10]. Notice how the the commonly used conductor materials can only sustain tensile
strains of approximately 1% before failure. This leaves practically tioyabi

stretch, bend, or twist without complete failure.

Table 1. Maximum failure strains for free-standingAu ,ITO, and Si [8-10]

Material Maximum failure strain
Au ~1%
ITO ~1%
Si ~4%




Flexible electronicshoulc be able to flex, stretch, and beilmdarge amplitucs. As
an example, Figure 11 shows the maximum strairtatige bending of 1mm-thick
layer. The maximum tensile strain in the layerp to 5% when it igolled into a
circle with radius 10mmFor a bending radius of 1mm (imagine folding a
flexible display), maximum tensistrain in the layecould reach up to 50, much

higher than the failure strain of traditional etectic material.

Strain Caused by Pure Bending of
L9 1mm Thick Film
Yrmax '_;le'ufml
0.8 - | [k
.% \__._ ,,--""_?___E“"“"---H_\___r___.....
© R
g 0.4 - c _Ymax
- 0.2 - +
0 .
0 10 20 30 40
Radius of Curvature (mm)

Figure 11.Maximum induced strains due to the pure bending of a 1mm thickayer.

In summary, the mechanics failure of traditional ekctronic materials under
large deformation poses a significant mechanics chenge to the future succes

of flexible electronics.



1.2.2 Challenge for New Manufacturing Techniques

Traditional microelectronics are fabricated in expensive fabricédicilhties (e.qg.,
Figure 12). The process utilized to fabricate electronic chips esplbptch process
where one batch at a time is taken through a multi-step process to add eaohduncti
layer into the microelectronics components, leading to a time consumingproite

high costs.

(http://Thsma.hynix.com/hsma/about/corporate_inf).js
Figure 12. Electronic chip fabrication laboratory

There are two problems with microelectronics fabrication faeslithat hinder their
ability to fabricate flexible electronic devices. First, the factitee designed for
certain silicon wafer sizes — typically smaller than that needed fabliéeelectronic
devices. Such facilities are often not scalable to large areas. Secdiadbritegion
process typically uses high temperatures during thin film deposition. These high
temperatures are not suitable for most of the organic materials thaedria Giexible
electronics.

Most flexible circuits employ compliant organic material such as polietb
terephthalate (PET) and polymethylmethacrylate (PMMA). Theimgeiémperatures

of these organic materials are often lower when compared to silicon and gold (se



Table 2). Conventional manufacturing processes can expect temperatw&dQp t
°C [11]. Therefore, conventional deposition methods cannot be used to fabricate thin

films of organic materials to be used in flexible electronics.

Table 2. Electronic material melting temperatures

Material Melting Temperature
(°C)
Silicon 1410
Gold 1065
PET 260
PMMA 254

Alternatively, a roll-to-roll printing fabrication process is envisiong@ gossible
manufacture technique for flexible electronics, as shown in Figure 13. Rolls of
flexible materials are placed in an assembly line similar to a newspap@argpress.

The functional layers of the electronic devices can be rolled and presséuktdget

form a functional flexible electronic device. This high speed, efficiehnigae, if
mastered properly, could lead to dramatic cost reductions. Such cost reductidns coul
potentially make flexible electronics more affordable than conventional rigid
electronics. Although roll-to-roll printing has not been demonstrated on a fid| scal

the promise for low cost flexible electronics drives the research into teigem

field.

inked ewagrophic plale
subshate

Flabs cyinder

doctor biade Pl

\ impression cylindar
|

fountai rall \ fﬁc{

(LN

printed imoge

ink Tountain onilo o8

(http://foulger.clemson.edu/article.php?story=200/0121844925)
Figure 13. Roll-to-roll manufacturing of flexible eectronics
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In summary, the traditional manufacturing techniques are not suitablexdoldl
electronics. New manufacturing methods have been envisioned that utilize the large
area, flexible materials, and low working temperatures associated exibld
electronicsThere is a need to develop low cost, large area, low temperature
fabrication methods to address the mechanics challenges of flexiblearonics

production.

1.2.3 Challenge for Flexible Device Reliability

To make flexible electronics truly advantageous to conventional rigid elexgroni

they must show similar performance capability at reduced costs eidldl displays,
organic light emitting diodes (OLEDs) can be used instead of the convent{©bal L

or plasma screens. The OLEDs have shown increased performance caphgilitie
measuring display contrast ratio, brightness, and efficiency [2,12].

However, experiments have shown that OLEDs will corrode when not protected
adequately from water vapor and oxygen [13-15]. Figure 14 shows the corrosion
spots that occur in an OLED coated with a thin barrier layer of ITO on both sides
after hours of exposure to the atmosphere. As the spots grew, the luminesceace of th

OLED decreased until it was deemed unusable.
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! PE—— . ——
50 pm 50 pm 1 | 50 um
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Figure 3
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(a) t=6 hours (b) =29 hours (c) t=44 hours

Figure 14. OLED corrosion spots [13]

Traditionally, the entire circuit could be encapsulated in a thick, rigid glassramic
coating, however, the rigid coating prevents flexibility. To make FOLEDs, it i
therefore favorable to create a barrier layer that is impermeabledowagior yet

flexible. Table 3 below shows the general functionality of various mateltiglsows

that both bulk organic material like PET and PMMA along with thin (10 nm)
inorganics such as aluminum-oxide (AJ@nd ITO are not impermeable to water

vapor transfer but are flexible. They could be used to create FOLEDs capable of
functioning on the order of hours before corroding. On the other hand, bulk inorganic
materials are impervious to water vapor transfer yet not flexible. 3ty be used

to make traditional OLEDs that can function for years yet unable to flé&outit

failure.

Table 3. Barrier layer functionality

Material Water impervious | Flexible
Bulk Organic No Yes
Bulk Inorganic Yes No
Thin Inorganic No Yes
Ideal Yes Yes

12



More details associated with barrier layers are discussed in chapterabhoMee
description however shows the difficulty associated with barrier laylendéagy and
the need for barrier layers in FOLEO%ere is a need to overcome the reliability

challenges associated with the mechanics of flexible thin filbarrier layers.

1.3 Research Topics

This thesis aims to advance the field of flexible electronics by explpaagible

solutions to the above three mechanics challenges. First, challengesutiodstd
enhance the deformability of thin stiff films are presented in Chaptere2eTh

solutions allow conducting materials like Au and ITO to be used without fracture at
large deformation. Next, Chapter 3 describes challenges and proposed solutions to a
nanofabrication process called transfer printing. Developments in this naoafalori
process can potentially enable roll-to-roll printing which promises to provide

dramatic reductions in production costs. Finally, Chapter 4 shows challenges and
solutions with regard to a high performance multilayer permeation barrier.
Advancements in permeation barrier technology will allow flexibletedas to

function reliably over long periods of time while remaining flexible in nature.

Figure 15 depicts the research framework of this thesis, as discussed above.
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Deformability Manufacturing Reliability

Propose techniques for
manufacturing
improvements

Reduce barrier layer
failure mechanisms

Increase the elongation
of thin film materials

Figure 15. Three enabling technologies addressed develop flexible electronics; Increased deformabtly,

enhanced manufacturing techniques, and increased liability through barrier layer coatings.
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Chapter 2: Strain Deconcentration in Thin Filmsétaed with
Circular Holes

2.1 Introduction

Flexible electronics requires the thin film of functional electronic melge(bi, metal,
etc) to sustain large elongations during service. Typical thin filmseofrehic
materials fracture at low strains, while flexible electronicgineavithstand high
strains when they are deformed. Recent research efforts have led to scevesals

to improve the deformability of thin stiff films. In an island concept enabling
stretchable electronic surfaces, thin device islands of a stiff mlafeng., SiN) are
fabricated on a compliant polymer substrate [16-18]. When the entire structure is
stretched, the deformation is mainly accommodated by the polymer sulkestichtae
induced strain in the majority part of a stiff island is small. The residtnagn near
the island edges, however, can be significant and may cause the island crablng if
island size exceeds a critical value (e.g., a few hundred microns).

Li et al. showed that bonding a thin ductile film to an elastoms&uigstrate can
increase the overall elongation of the film without fract/@.[As the film begins to
elongate, a single incipient necking region begins to form, althdugharrested by
the resistance in the well-bonded elastomer. This gives the opportonigyother
necking region to occur. Figure 16 below shows the results fromesearch where
stiffer substrates allow for longer elongations. The stretcivabdf this film,
however, relies on its ductility. Once the film is stretcheyond its yield point,
permanent deformation occurs. For flexible electronics, a r&peatlongation

method is needed for the thin stiff films.
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Figure 16. Thin metal films stretchability on elasbmeric substrates [19]

In a pre-stretch concept, a thin stiff film is deposited on a rulifeesubstrate that is
pre-stretched. Upon release of the pre-stretch, a wavy syditteen forms due to the
film wrinkling under the substrate contraction as shown in FigureQ@28]. Such
wavy structures can then be stretched up to the pre-stretch stréattdryig the film
wrinkles. By controlling the wrinkling shape of the film via catied interfacial

adhesion, uniaxial deformability up to 100 percent can be achieved f2g]ot of

such stretch magnitudes is shown in Figure 18.

Y (um)

X (um)

Figure 17. Pre-stretched film after release [23]

16



420 + T 3 e
S 400 - ;f 20 :
© 380} $ .
g 316 g
8 360+ 0 a5 30 135 180 s
g L time (s)
© 340 -

300 " 1 L | L | 1 1 L | L | L 1 L | L | L
0 10 20 30 40 50 60 70 80 90 100
strain (%)

Figure 18. Pre-stretched film resistance plot [23]

The pre-stretch concept, although extremely capable of exceksigmatons prior to
failure, suffers from a couple of disadvantages. The concept showigure A7 is
only wavy in one direction thereby allowing for increased elongation®ne
direction. Secondly, in its unstretched shape, the film buckles out-of-plane. Ini-a mult
layer electronic functional device, printing or stacking layersopnof a surface that

is not smooth poses many challenges. Ideally, all layers ileamamic device should
remain planar in their native state for stackability during fabrication.

Recently, Li et al. proposed a general principle to achieve tefggmability of thin
films of stiff materials by suitably in-plane patternirZb]. As an illustration of this
general principle, Figure 19 shows a piece of paper cut into a serpentine, addpull

the two ends.
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Figure 19.An initially planar paper serpentine elongates by éflecting out of plane. The resulting

strain in the serpentine is small even though theverall elongation is large.[25]

While initially planar, the serpentine elongates by daftgcout of plane, so that a
large elongation induces only small strains. Simulations show hbeamaximum

strain in the serpentine is ~1% at an elongation of 25%. By cqrdrastight paper
stripe breaks at an elongation of only several percent. This aboveplariscives the
problem of increased elongation of thin stiff films, repeatable oeftons, and

starting off in the planar configuration. The one drawback to thisoappris the lack
of surface area of the gold film. If this film were to be duss a conductor of
electricity, it seems there is more area of substrate ¢baductor. Likewise, the
serpentines would have to be patterned apart from one another to atldtvef
compliant out-of-plane deformation that reduces local strain in the film.

The patterning principle for increased elongation is also demormktbgterecent

experiments of thin gold films (25 nm thick) on elastomeric sutestfd mm thick)

[26]. The surface of the as-fabricated gold film is coveredh wit-branched

microcracks randomly distributed throughout the film. The gold ligasneénat

demarcate the cracks, however, form a network that percolsewtole film as

shown in Figure 20.
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Figure 20. Tri-branch cracking in a gold film bonded to PDMS stretched in tension 20% [26]

Such thin gold films on elastomeric substrates can sustain edpslangation of 32%
for more than 100 cycles without appreciable fracture or fatigughér simulations
show that the gold ligaments deflect out-of-plane to accommodatelatbe
elongation. As a result, the majority part of the gold film undergdastie
deformation even though the overall elongation is large. Instead nofomrdy
patterned tri-branched cracks forming during the fabricationgsscit would be
beneficial if a controllable pattern could be engineered to cireateased elongations
of thin stiff films.

Mandlik et al. recently fabricated thin gold films with pyrantideatures in a
geometric pattern on elastomeric substrates as shown in Figuf27R1 Such
patterned thin gold films can sustain elongations of up to 25%rtaircalirections
while remaining electrically conductive. The enhanced defornaloli the gold
films is attributed to the pyramids that impede crack propagatidhe gold films.
The fabrication of such pyramidal features in thin gold filmgolves multiple

lithographical steps, thus is not suitable for high output manufacture.
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Figure 21. Pyrimid features manufactured into an Aufilm on PDMS to reduce crack propagation [27]

The above examples demonstrate that the general principle of aghierge
deformability of thin stiff films by suitably patterning issentially geometric, thus
independent of materials and length scales. Therefore, ithefytoposed that such
a deformable thin stiff film can serve as a platform, on wiighwhole integrated
circuit can be fabricated. The resulting architecture can isutdage, repeated
deformation without device materials fracture.

In fact, a large variety of patterns allows substantial elomgaf thin stiff films by
the abovementioned general principle. This chapter investigeeaseformability of
thin stiff films patterned with an array of circular holes. Spatterns are planar, thus
can be easily fabricated with two-dimensional microfabricatemhniques. Recent
experiments (see Figure 22) demonstrated that, a thin gold (fisnnm thick)
patterned with circular holes (about 5 um in diameter) on an elastosubstrate
(250 um thick) can sustain elongations of 30% [28]. Under such a large eborgati
microcracks appear near the edge of some holes but the gngaritof the film
remains intact. In contrast, a continuous thin gold film of same thsskoe a same
substrate suffers from cracking all over the film when subjecsuch a large

elongation. These preliminary experimental results demonstrate ldhge
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deformability of thin stiff flms patterned with rciular holes. So far, howeve
guantitative understanding of the parameters tloaein the deformability of th
patterned thin films (e.g., hole geometry and distion, tensile directions, ar

film/substrate relative stiffness etc.) remains elu:

Continuous Au films Au films with holes
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Figure 22. Experimental results of a thinAu film before and after tensile elongation. ajContinuous film
prior to elongation. b) Film with patterned holes prior to elongation. c) Continuoudilm after 30% tensile
elongation. d) RIm with patterned holes after 30% tensile elongation(Courtesy of Prof. Sigurd Wagner,

Princeton University)

To address the above issues and plan further sgtepxperimets, he rest of the
chapteris organized as follows. Secti2.2 discusses why patterned circular hole
a thin stiff film lead to strain deconcentratioathrer than cause strain concentra
near the hole edges. Using finite elemanalysis (FEA) snulations,Section 2.3
studies the effects of hole size, hole spe, and loading directions on the resulti
strain in a thin stiff film with circular holes gatned in a triangle lattice and subj

to uniaxial elongation. These results are thenpgared with those for a thin stiff filn
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with circular holes patterned in a square lattice in Section 2.4. Further thasuss

the driving force for crack growth in the patterned thin films are given indbezis.

2.2 Strain Concentration vs. Deconcentration

It is well known that a circular hole in a thin blanket film uks in strain
concentration near the hole edge when the film is under tension. ovidrall
elongation of the film is accommodated by purglane stretchThe strain level near
the circular hole can be as high as three times of the apphsilet strain (see Figure

23a).
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Figure 23.(a) Under tension, a blanket thin film with a circdar hole stretchesin the plane, leading
to strain concentration near the hole edge up to tiee times of the applied tension. The strain
concentration decays at locations away from the heledge. (b) In a thin film patterned with an

array of circular holes, the film ligaments that demarcate the holes form hidden serpentines (e.g.,
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dotted curves). Such serpentines deflecut of plane when the film elongate. As a result, the

strain in the film is deconcentrated, even near théole edges.

The strain concentration near the hole becomes more significduat ifole assumes
an elliptic shape. For a thin film with a sharp crack, thetiilgicase of an ellipse,
the strain at the crack tip tends to infinity when such a film is under a &nis&on.

In contrast, for a thin film patterned with an array of circhlales, the film ligaments
that demarcate the circular holes form a network of hidden sarper(see Figure
23b). When such a film is subject to tension, these hidden serpentmdsfleact
out-of-planeto accommodate the overall elongation (e.g., to be shown in Figure 26a).
The resulting strain due to deflection scales with the ratiwdsst thin film thickness
and radius of curvature of the deformed film. Under a modestatiom, the radius
of curvature of the deformed film is comparable with the featizes &f the pattern
(e.q., spacing between holes), which is often much larger thahithi@rm thickness.
Consequently, the resulting strain in the film can be significamdlgoncentrated,
compared to the highly concentrated strain when the film streichibe plane. For
example, as will be shown later, the maximum strain in the fhtterned with
circular holes can be as low as only half of the applied strain due to tension.

It has been shown that the strain deconcentration in a serpentee tension (e.g.,
Figure 19) becomes more substantial if the ratio between thetashepand the pitch
of the serpentine increases (i.e., a more tortuous serpentine) [@3)arlg, for the
film with patterned circular holes under tension, the strain decdration becomes
more substantial if the circular holes are more densely paclkednjore tortuous

hidden serpentines). The pattern distribution and the tensile diratsiomnfluence
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the strain deconcentration in the film. There are hidden serpentines in mestiods
given a circular hole pattern, as shown in Figure 24, that allow sthen

deconcentration to take place given many tensile strain directions.

Q
QQQ

__\

Figure 24. Serpentines in various directions

In practice, patterning a thin stiff film with in-plane feges needs to be carried out
on the surface of a substrate. The mechanical interaction doetive patterned thin
stiff film and the underlying substrate strongly influences tHerdetion behavior of
the thin film. If the substrate is too stiff, the film defotioa is mainly confined in
the plane of substrate surface. As a result, the overall elongattmeommodated by
the in-plane stretch, leading to large strains in the filmthdfsubstrate is sufficiently
compliant, its surface can be pulled up or pressed down, followinguthef-plane
deformation of the thin stiff film. For example, recent simoladi show that, under
tension, a patterned thin gold film on an elastomeric substrate deédmost like a

freestanding thin gold film with the same pattern. [29]
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The next two sections quantify the effects of pattern geomletgling direction and
substrate stiffness on the strain deconcentration of thin filmerpat with circular

holes.

2.3 Thin stiff films with circular holes patterned in a triangular lattice

2.3.1 Simulation Model

Figure 25a illustrates a thin stiff film of thicknespatterned with circular holes of

radiusR, whose centers coincide with a triangle lattice of lattice spacing

Q Direction 1 ? Q
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(b)
Figure 25.(a) A thin film patterned with circular holes whosecenters coincide with a triangle

lattice. The two shaded areas illustrate the simutéoon models under two representative tensile

directions, respectively. (b) Schematic of the sintation model.

Due to the symmetry of the pattern, only a shaded area of tieeneat thin film is
simulated. The deformation of the shaded area under tension is sindied
different directions as defined in Figure 25a. These two directiepgesent the
limiting cases of all possible tensile directions. The filgarients along the two
long parallel sides of the shaded area are subject to displaceaseshown in Figure
25b. To avoid confusion with the microscopic strain in the film, wetballquantity
2u/d the relative elongation of the film, whedeis the undeformed width of the
shaded area. The shaded area is meshed with three-node slagigEements with
about 100 elements along one semi-circle hole edge and size-magtbmgnts
everywhere else. The film is modeled as a linear elaséterial, with Young's
modulusE=100 GPa and Poisson’s ratts0.3. In simulationsl./t=100, R/L=0.25,
0.35 and 0.45.

To study the effect of substrate stiffness, two deformatiodas of the patterned thin

stiff film under tension are studied: pure in-plane stretchcanef-plane deflection.
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These two deformation modes represent two limiting casestterped thin stiff film
on a rigid substrate, and a patterned thin stiff film on a safftgt compliant
substrate, respectively. To allow the out-of-plane deflection inniially planar
thin film, an imperfection of small amplitude, obtained from a hungkeigen-mode

analysis, is introduced to perturb the deformation of the shaded area.

2.3.2 Results

Figure 26a shows the deformed shapes of the shadedRite®.45) at a relative

elongation of 30%. The color contour depicts the localized strain in the FEA model.

a)

Strain
0.3

In-plane stretch 0.2
0.1

b)

-0.1

Out-of-plane deflection

Figure 26.Deformed shapes of the shaded area ifigure 25b under a relative elongation of 30%,
for two deformation modes;(a) In-plane deflections; (b) Out-of-plane deflectins. Note the difference

in the strain level in the film, as indicated by tle color shades.

At each point in the film, the strain has two principal componemslarger of which

is indicated by the shade in Figure 26. If the deformation of ltinediconfined in the
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plane, the resulting strain can be as large as the applied édonigatertain locations
near the hole edges. Note that such a strain level in the pdtt@meis already
deconcentrated by about three-fold, compared to that in a thin blamkewvifih a

single circular hole subject to the same elongation. Furthermhdne, patterned thin
film deforms out-of-plane to accommodate the elongation, the ressttiig can be
further deconcentrated. For example, at the relative elongation qftB@%train in
majority part of the film is below 10%, with a maximum value of about 20%.

Figure 27 plots the maximum principal strain in the fdp,, as a function of

relative elongation, for both in-plane stretch mode and out-of-planectiefi mode.

If the film deformation is confined in the plane,_ is comparable to the applied

elongation, with a roughly linear dependence. If the film caredetiut-of-plane,

E..ax 1S ONly a fraction of the applied elongation. For example, at a relatimgaglon
of 10%, ¢,,is only 4%, while the majority of the film experiences lesatBéo

tensile strain.
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Figure 27.The maximum principal strain &, in the film as a function of relative elongationFor

a blanket thin film with a single circular hole, ¢ __. is three times of the relative elongation. For a

max
thin film patterned with an array of circular holes, in-plane stretch of the film leads tog,,

comparable to the relative elongation, while out-eplane deflection of the film further

deconcentrates the strain to only a fraction of theelative elongation.

To further quantify the effect of circular hole geometry and terdiflection on the
strain deconcentration in the film due to out-of-plane deflection, €ig8rplots the

maximum principal strairz, ., as a function of relative elongation for various circular

hole size/spacing ratid?/L and under uniaxial tension in the two directions defined

in Figure 25a.
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Figure 28. &,,,,, in a thin film with circular holes patterned in a triangle lattice as a function of

relative elongation, for variousR/L ratios and two representative tensile directions.

In all cases, ¢,,, increases monotonically as relative elongation increases.a For

given relative elongation in a given tensile direction, the largerdrcular hole
size/spacing rati®/L, the smallere, .. The more substantial strain deconcentration
results from the more tortuous hidden serpentines in a film wotie mensely packed
circular holes. Furthermore, the maximum strain in the film utefesion in direction

1 is smaller than that in the film under tension in direction 2, with all other paramete
remaining the same. For a giv&iL, the ¢, vs. relative elongation curves for
tensile directions 1 and 2 define the lower and upper limits ofuhees for all other

possible tensile directions.

30



2.4 Thin stiff films with circular holes patterned in a square lattice

Figure 29a illustrates a thin stiff film of thicknespatterned with circular holes of

radiusR, whose centers coincide with a square lattice of lattice sphcing

0.6

Square lattice

= =Dijrection 1
==Djrection 2

0.4

gmax

0.2

0 0.1 0.2 0.3

Relative elongation

(b)

Figure 29.(a) A thin film patterned with circular holes whosecenters coincide with a square

lattice. The two shaded areas illustrate the simutaon models under two representative tensile
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directions, respectively. (b)¢. ., as a function of relative elongation, for varioudR/L ratios and

max

two representative tensile directions.

The simulation models are shown as the shaded areas. Thagestrains due to
out-of-plane deflection when the film is under tension in two diffedémctions as
defined in Figure 29a were studied. The element type, mesttieghe and material
properties used in the finite element models are the sanm@ses defined in section
2.3.1 Simulation Model In simulations|/t=100,R/L=0.25, 0.35 and 0.45.

Figure 29b plots the maximum principal straiy,, as a function of relative

elongation, for various values &/L and two tensile directions. In all cases

max

increases monotonically as relative elongation increases. UWndgven relative

elongation in direction 1g, . decreases aR/L increases. Under a given relative
elongation in direction 2¢,  decreases aR/L increases in a modest range (e.g.,

R/L<0.35), but increases R/L is rather large (e.gR/L=0.45). The increased strain
level in a film with a largdr/L value under tension in direction 2 can be explained as
follows. As shown in the shaded area in Figure 29a, there is no hsgdpentine
along the tensile direction 2 for a square hole pattern. Therd¢fmeslongation is
accommodated by the pure stretch of the film ligaments thaardate the circular
holes. The pure stretch concentrates near the thinnest segmentigatments (e.qg.,

all edges along the two long parallel sides in the shadedad#ection 2), resulting

in strain higher than the applied elongation.
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2.5 Discussion

In the models, the edges of the circular holes are smooth andffeefects. In
practice, microfabrication procedures during film patterningvitably introduce
defects near the hole edges, such as missing grains, sharp cmewWhen the film

is subject to tension, these defects can initiate crackirtgeirfilm. Crack growth
eventually leads to the failure of the whole film. In recensite experiments of thin
gold films patterned with circular holes on elastomeric substraterocracks appear
near the edge of some holes but the majority of the film rematast [28]. To
further understand why such patterned thin gold films can sust@je elongation
without crack growth, the following simulations were performed.

A microcrack of lengtha, equal to one tenth of the film thickness is introduced at the
edge of a circular hole. Two representative locations and oriemgaitd the
microcrack are considered: a microcrack perpendicular to the tensdeatirat point

A marked in Figure 25b, and a microcrack orienteti fd@&m the tensile direction at
point B marked in Figure 25b. Here we consider a thin film pattesmédcircular
holes in triangle lattice and witR/L=0.45, under two deformation modes: in-plane
stretch and out-of-plane deflection, respectively.

Figure 30 plots the energy release r@geat the microcrack tip, normalized BER (E

is the elastic modulus of Au ailis the radius of the holesgs a function of relative
elongation. G is calculated by the contour integral in ABAQUS codes. Figure 31

shows a stress contour plot that focuses on the crack tip.
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Figure 30.Normalized energy release rat&/ER at the microcrack tip as a function of relative
elongation. Note the significant difference in thelriving force of crack growth for the two
deformation modes. G, denotes the threshold value above which the microack grows under

monotonic loading.

Figure 31. Crack tip stress contour
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The quantityG/ER measures the driving force for crack growth. OBaeaches a
critical valueG, the microcrack grows. The larger the relative (macroscopic)
elongation of the film, the larger the driving force for crack growth. FigQre
reveals that, if the film can deflect out of plane, the energy releasat tae
microcrack tip is much smaller than that due to in-plane stretch. Fopexaha
relative elongation of 20%, the energy release rate &t erdék tip due to out-of-
plane deflection is only one-seventh of that due to in-plane streteta thin metal
film of thicknesst, G; scales withoy andt, whereoy is the yield strength of the metal.
With oy = 1GPat = 100nmE = 100GPa, an®& = 4.5um, we have
G./ER=22x10". With such a critical value, the maximum relative elongation
without microcrack growth is well beyond 30% if the metal film can deteat of
plane. In contrast, if the film deformation is confined in the plane, the maximum
relative elongations are only 18% and 25% to prevent microcrack growth athe tw
representative locations A and B, respectively.

G estimates the threshold of crack growth under monotonic elongation. tjtier
loading, the fatigue crack growth threshdlg is not well understood for thin metal

films, but nonetheless is a fraction®{ [7]. From Figure 30, foG,, = G//10, a film

patterned with circular holes can still be cyclically elondate to 16.5% without

crack growth if it can deform out of plane.

2.6 Conclusion

The deconcentrated strain in thin stiff films patterned with circular holésrdarge

elongation was studied using numerical modeling. A suitably patterned fim ca
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elongate by deflecting out-of-plane. Consequently, large elongations indatle s
strains in the film. Using finite element simulations, the effects oépageometry,
loading direction, and substrate stiffness were quantified on the straimcdat@tion
in these patterned films. The calculation of the driving force for crack gromth nea
the hole edges further explains the large deformability of the padtérimestiff films
demonstrated in recent experiments. The quantitative results from this @agper (
Figure 28, Figure 29b, and Figure 30) can serve as guidelines in dgdigrihle

thin films patterned with circular holes to satisfy certain deformglatiterion.
Furthermore, the general principle of achieving large deformabilityiofstiff films

by suitably patterning (e.g., circular holes) is essentially geam#tts independent
of materials and length scales. The 2D planar configuration with circnlles makes
the fabrication process for this film pattern effortless when compared topsevi
patterning or pre-stretching efforts. Therefore, such a structuralgarcan be
potentially applied at both device and component levels in designing architecture of

flexible electronics.
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Chapter 3: A Quality Map of Transfer Printing

3.1 Background

As described in the Chapter 1, transfer printing is a falwitanethod used to
assemble one working layer onto another in an effort to produce a ayeitil
functional electronic device. The mechanics of transfer printgligs on Van der
Waals forces between two separate materials as theyaarghbtogether to construct
layered electronic circuits [30,31]. Transfer printing prinyarélies on differential
adhesion for the transfer printing of a printable layer from astea substrate to a
device substrate. Figure 32a depicts the two steps involved in etrgmshting
process in a simplified form. A film (or any desired printdblger) is fabricated on a
transfer substrate (TS). A typical TS is a silicon wafghwa thin SiQ layer, while a
typical film could be an Au conductor or Pn semi-conductor. The TS wiritapte
layer attached is place over the device substrate (DS), whittbe a polymer or
elastomer. The two materials are brought together with the printabteskygwiched
in the middle and placed under high pressure and temperature. Akertiene, the
assembly is cooled down to room temperature, and the TS is peagdampleting

the transfer process.
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Figure 32. (a) Schematic of a transfer printing pocess that consists of two steps: (1) A printablayer is
sandwiched in between a transfer substrate and a diee substrate under pressure and elevated
temperature; (2) The structure is cooled and the @nsfer substrate is lifted off. After such a procss, the
printable layer can be either successfully transfeed, or partially transferred, or unsuccessfully transferred
onto the device substrate. (b) (From right to leftOptical images of the silicon transfer substrategbright
region) and the remaining printable layer of poly(methyl methacrylate) (PMMA, dark region) after
successful, partially successful, and unsuccessfransfer printing onto a poly(ethyleneterephthalatg (PET)
device substrate, respectively. The percentage aref PMMA layer transferred onto the PET substrateare
95%, 67% and 5%, respectively, in these three caseBhe size of the silicon transfer substrates areoughly
1 cm by 1 cm. The thicknesses of the PMMA layer anithe PET device substrate are approximately 600 nm
and 150um, respectively. In the successful case, the suréscof both the printable layer and the device
substrate were Q plasma-treated to improve adhesion; in the partiatransfer printing case, only the device

substrate surface was @plasma-treated; while in the unsuccessful case, sorface treatment was applied.

In practice, a transfer printing process can results in successful, unfuicoess

partial transfer printing of the printable layer onto the device substrateoas in
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Figure 32a. In the first case shown on the left, the printable layernemdiered to

the TS producing a completely unsuccessful transfer. In the second case, #ieprint
layer is partially transferred to the DS as depicted in the middle photograpk. In t
final (most desirable) case, the printable layer is nearly complegelsferred from

the TS to the DS as seen in the right photograph.

The transfer printing process has promising features like lower workimggetatures
and flexible materials that may be streamlined into a roll-to-roll pringnogess

instead of the current high temperature batch process. The batch process involves
printing one layer at a time, whereas the roll-to-roll method is a continuousldgse
line where each layer is added in succession. Roll-to-roll printing prodriaestic

cost reductions over the current production methods thereby making flexible
electronics more attractive to the average consumer. Unlike inkjet printiB§]3hd
microcontact printing[37-39], the transfer printing process is inherently dditga

with nanoscale features and the resulting devices are as good as thosethbiaca
traditional processing methods [40].

Research has shown that Au films can be transfer printed onto substratesTlike PE
PMMA, and poly (4-vinylphenol) (PVP) [40]. Similarly, semi-conductors, like
pentacene (Pn), have been shown to transfer print onto Au and PMMA [40]. The
correct combination of multiple material layers could create an inheffeatile,

fully functional circuit.

One of the problems facing transfer printing is quality. Previous transfeingrint
methods use the work of adhesion between an interface and the material cohesion of

the materials being printed to predict successful transfer. Figure 33 shows
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different transfer printing cases. In the caseha right, the work of adhesion the

top interface (Wa) is weker than the work of adhesion of the bottom integf@\Vb).

When the TS is lifted off, the top interface wilielak creating a successful trans

print. The case on the left shows the opposhere the weaker bonds are on

bottom interface creating an unsuccessful transfet.
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Figure 33. Differential adhesion of two different materiab

A complete understanding of 1transfer printing conditions governingint quality

is still unknown as much of the knowledge comesfexperimental tria. For

example, enhanced interfacial adhesion betweeprth&ble layer and the devi

substrate through plasma treatment can lead taowegrtransfer printing qualit

[40]. This shows one method ' controlling transfer printing qualityy means o

altering theadhesion between materials through surtreatment [4Q]Hines et al

have conducted extensive research on the workhesaoin betwen different printing

materials [40]Further experiments have shown that the printirgityuis also

sensitive to both the detail geometry of the pbtedayer and thmechanica

properties of the organic/inorganic hybrid material the transfer printing structui

with quantitative dependence remaining elusAnothermethod to control transft
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printing quality uses the separation rate to control which interfaceracliure as

shown in Figure 34. Feng et al. have shown that damping ratios disparity between t
interfaces applies different forces to each interface thereby comgrphinting

quality [41]. The interface between the film and the stamp is viscoelastia ke
stamp is lifted with high velocity, the force in the viscoelastic interfatégh

causing the interface between the film and substrate to fail. When the stigite is
slowly, the viscoelastic force between the film and the stamp is low allowing
separation. Again, much experimentation is needed to determine the corsetd rate
apply to various material interfaces to obtain successful transfer piumteermore,

the viscoelastic interface must be easily controlled and alteredatie cueccessful

transfer prints.

(a)  Pickup (© Results

Gt strong film/substrate interface

tampifilm
G:Fﬁ {1‘0" }_‘_‘_'_""I- -

o film/subsirate
(b)  Printing Gm-t

"‘E*.?'rr]iinj"-"

Wealk film/substrate interface
Stamp

0 v, v v

Figure 34. Kinetically controlled transfer printing a) Fast rate picks up film; b) Slow rate prints flm; c)

Film/substrate energy release rate vs. velocity [41
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To get a comprehensive understanding of the factors that affect transfieigprint
many experiments must be conducted on a wide range of material combinatbns; ea
having different surface treatment options. This involves time intensive
experimentation and limited material/treatment options. Even with the various
methods to help control transfer printing, there are still difficulties tstea print
successfully. For example, it is often more difficult to transfer print ontora
compliant device substrate. Therefore, there is a need to create refiabfertprints
on materials with various mechanical properties to further the field obRexi
electronics.

A successful transfer printing is essentially a well-controlled iate&f delamination
process along the interface between the transfer substrate and the prigéble la
instead of that between the printable layer and the device substrate. Durifeg trans
printing, initial interfacial defects (e.qg., cracks, voids) are highly likelgxist along
the two interfaces in the tri-layer structure. Such interfacial defealy result from
unmatched surface roughness or uneven registration when printing over éage ar
During the lift-off step, the interfacial defects, especially those theaedges, cause
stress concentration and may lead to unstable interfacial delamination.oféetted
initial interfacial defects can have pivotal impacts on the transferiquality.

One method for controlling transfer printing includes the fracture mechahtbe
inherent cracks along the interfaces. These cracks could be detrimdmal if t
interfacial defects are along the interface between the printablesiage¢he device
substrate (hereafter referred to as “the bottom interface”), but also caodshékcial

if the interfacial defects are along the interface between the trandfstrate and the
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printable layer (hereafter referred to as “the top interface”). Ietipe initial
interfacial defects exist along both interfaces, therefore it is the coiopéetween
the above two opposing defects that crucially determines the transfer pguaélity.
Earlier studies have shown that the substrate stiffness camrstiddbt influence the
driving force of the film-substrate interfacial delamination [2%442. Most existing
studies, however, deal with the interfacial delamination imadh-substrate bilayer.
The knowledge from these studies sheds light on, but is still icsuff for,
understanding the competing delamination along the two interfactee itri-layer
transfer printing structure. While the transfer substratetemnohade of Si@which is
stiff, the device substrate material can range from modesthpliant polymers (e.g.,
PET, polyimide) to extremely compliant rubber-like elastomerg.( PDMS). The
wide range of the device substrate stiffness (e.g., from 10 GRaviBa) and the
huge stiffness ratio between the transfer substrate and the dabsteate (e.g., from
10 to 16) lead to rich characteristics of the competing delamination, hwéie far
from well-understood.

If crack lengths and locations could be controlled between the various interfaces of a
transfer printing process, the quality of a successful transfer printing could be
controlled.If intentional defects could be created between normally incompatible
materials, the driving force created by the intentional defects could beousiaibly
create quality transfer printing. The results of this research are tdid=iodt, given a
set of materials with tested work of adhesion values and average crackasigeba
interfaces, this research shows the designer if successful tramsfegps likely to

occur. This could save time and money spent on experimentation. Secondly, this
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research shows the designer what modifications are needed to createsafaticc

transfer print. Would increasing the defect size on one interface help, or would
increasing the work of adhesion at an interface be more effective® hegaird, this
research can provide instant feedback on success, and guidance on how best to adjust

the results.

3.2 Methods

FEA modeling with ABAQUS software was used to determine the effects aftslefe
(cracks) ideally located along the interface between two layers as tedifi&li off

of the assembly. Figure 35 shows the location of the two cracks and the associated
geometric dimensions. The length of the top cragkand the length of the bottom
crack,Lp, were both normalized with respect to the height of the film, h, during the
analysis. The lengths and heights of the substrates were fixed to 100¢herhesght

of the film (h), while the crack lengths never exceeded 4% of the length of the
film/substrate interface. In real transfer printing processes, tHendss of the

printable layer is about 1G@mwhile the substrates are on the order of 1@0s
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Figure 35. Schematic of the interface cracks in theansfer printing computational model (not in scak).
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The defects (cracks) were controlled by settingnd varyingd-, in multiple models.
Similarly, another set of models were created with a diffdrevellue resulting in a
complete matrix of defect sizes. During the analysis, the driving forchdor t
interfacial crack at the top interface (or bottom interface) to propaggteantified by
the energy release rat8)(at the crack tifis; (or Gp). The energy release rates of both
cracks were analyzed using the J-integral calculated in the ABAQUSaprogr

If the driving force for the top interfacial crack,, is greater than the interfacial
adhesion energy between the transfer substrate and the printabl&fayer,

delamination along the top interface occurs. Similarlyjfs greater thar; , the

interfacial adhesion energy between the printable layer and the deviaatsbst
delamination along the bottom interface occurs. In practice the lift-gffisteot
force-controlled; the competing delamination is thus governed ldiffeeential

driving force for crack propagation at the two interfaces, rather than tiseiugd

values. It can be presumed that the two interfaces have different inlesfadi{aof
adhesion values. Therefore, much of the analysis will be based on ratios between the
two interfacial works of adhesion and the energy release rates. h@na gi

combination of the interfacial adhesion energies in a transfer printingusgce.,

GSandGy), if

G /G, >Gf /G, (1)
the top interfacial crack will propagate and initiate the dalation along the top

interface. Alternatively, if

G /G, <G /G, 2)
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the bottom interfacial crack will propagate and initiate the delation along the
bottom interface. In Eqgs. (1) and (2), the left-hand side denotesxtémal driving
force for delamination, and the right-hand side represents theiatgf@operties of
the transfer printing structure. As will be shown later on, ondelamination starts to
propagate along an interface, the driving force keeps increasintdpeasrack
advances, leading to a steady delamination along that interfacé&nantseparation.
This said, the transfer printing quality can then be chariaeteiby the differential

driving force of interfacial delamination in the following way:

G, /G, > G /G — Successful transfer printing, and

G, /G, <GS /G — Unsuccessful transfer printing.
For example, for a transfer printing assembly with equal interfaciakamhenergy (

G/ /G; =1), the transfer printing will be successfuldf /G, >1, and otherwise

unsuccessful i, /G, <1. In practice, a steady delamination along one interface

could give way to the fracture of the printable layer itself and the subsequent
delamination along another interface, leading to the partial transfengririthe
fracture of the printable layer may result from the stress concentraar its own

initial imperfections (e.g., microvoids, microcracks). The study of igatransfers

is beyond the scope of this report.

Three-node and four-node plane strain elements were used in the FEA aiabgsis

it modeled a thin blanket printable layer. Figure 36 shows the full FEA model which
is too large to see the thin film region. Figure 37 shows a close-up image of the

regions near the crack tips. Large three-node triangular elemeniseat far away
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from the crack region, and the mesh density increases closer to the filminT ree fi
composed of four-node elements to increase the fidelity of the results. Extrem
dense mesh regions were created around the crack tips. The uniform nature of the
mesh patterned allowed uniform contour integral regions to be created for the
integral analysis. For each crack tip, 20 layers of elements emergedanside
allowing for 20 contour integrals. Therefore, the mesh size for most contour regions
was h/20. As the crack lengths become very short (i.e. < h), the contour regions and

meshes were scaled down to match the crack length.

1000h
>

A

1000k

Figure 36. Transfer printing FEA model mesh size
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Figure 37. Transfer printing FEA crack mesh size

The modeling was first performed to characterize the effect of érgpsghting an Au
film from a SiQ transfer substrate to a PET device substrate. Au was given an elastic
modulus of 78 GPa with a Poisson’s ratio of 0.44, while the PET andix®if@ given
elastic moduli of 2.6 GPa and 71 GPa and Poisson’s ratios of 0.37 and 0.16
respectively. All material was assumed to be linear elastic and isowidpirespect

to their material properties. The vertical displacement is set to be zeralaong
bottom surface of the device substrate and set toabeng the top surface of the
transfer substrate. This simulates the lift-off step of the transfemgyiptocess. The
quantity ¢ =u/200h will be called the applied strain.

Three more defect matrices were created using different DS matenerties. The
PET was replaced with PDMS, while the Au film and Si@nsfer substrate
remained fixed. Because PDMS can have many different mechanical propasees
on the degree of cross-linking in the polymer, PDMS was modeled with an elastic
modulus of 1, 10, and 100 MPa and a Poisson’s ratio of 0.5. This gave a range

starting with an extremely compliant to a moderately compliant devicgraten
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The energy release rates of the two interfacial cracks are cattbhathe contour

integral in the finite element code ABAQUS. In describing the simulatsultse the
following dimensionless groups were us&j/ Ep s°h,G,/Ep e%h,G, /G, L, /h
and L, /h, which denote the normalized driving force of delamination along the top

interface, the normalized driving force of delamination along the bottom ic¢etfze
differential driving force of delamination, the normalized length of the topfacial

crack and the normalized length of the bottom interfacial crack, respectively.

3.3 Results

First, the two limiting cases are considered where an interfalgal @ack exists only

in one of the two interfaces in a transfer printing structure. Figure 38 plots the
normalized energy release radg/Ep °h (or G,/ Ep eh) of an edge crack along
the bottom (or top) interface as a function of normalized crack lehgtth (or

L; /h) for various device substrate materials. Heréh=0 if L,/h= 0 (all solid

lines), orL,/h=0if L, /h=0 (all dash lines). In both cases, for a given device
substrate material (i.eEpgandvyg), the energy release rate at the interfacial crack

tip increases monotonically as the crack length increases, and saturatekevhen t
crack length reaches a few hundred times the thickness of the printable layke As
device substrate stiffness decreases, the energy release rateodsigsrably. This
can be understood as follows: For a given applied stramdefined earlier, a more

compliant the device substrate (i.e., smaligg ) accommodates more of the applied

strain through the bulk deformation of the device substrate; thus the drivingdorce f

49



interfacial crack propagation is smaller. The comparison between the tvgo case
shows that if the device substrate is sufficiently stiff (e&g,s >100MPa), the
difference between the energy release rate of a top interfaat and that of a
bottom interfacial crack of the same length is negligible. However, if thieede
substrate is compliant (e.d5,s =10 MPaor 1MPa), the energy release rate of a top
interfacial crack is much smaller than that of a bottom interfacial cfatie same

length when the crack is short (e.t,/h (or L,/h) < 20). Such a difference
diminishes and becomes negligible when the crack is significantly long (el
(or L,/h) > 100). The trend can be explained by the increased deformation

accommodated by the bulk device substrate as its stiffness decreatfesbégom
crack gets smaller, there is less of a free edge capable of accommdtuatiegded
strain which leads to increased stress. So instead of the energy rateageng

down to zero for the compliant materials, it remains flatter.

1 E+02 - Eps= 2.6 GPa
/ 100 MPa

1.E+00 #
1 MPa

— DOttOm
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Figure 38. Solid lines: normalized energy releasete Gb / EPngh of an edge crack at the bottom

interface as a function of normalized crack lengthL, / h, for various device substrate stiffness. No crack
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exists at the top interface; Dashed linesG, / E, &°h as a function of L, / h for an edge crack at the top

interface, for various device substrate stiffnes$\No crack exists at the bottom interface.

Next, the competing interfacial delamination during lift-off @nalyzed by
determining the driving force for the propagation of interfacigleecracks of various
lengths along the two interfaces in a transfer printing stractGiven the monotonic
increase of the energy release rate of the interfaciakeravith increasing crack
length (as shown above), we focus hereafter on the competing imtierfac
delamination at the early stage of lift-off (i.e., smallg/h andL, /h).

Figure 39 plots the normalized energy release r@{g<E,, s°h of an edge crack at
the bottom interface an@, / E, £°h of an edge crack at the top interface as functions
of the normalized bottom interfacial crack lenggith for various top interfacial
crack lengths (L, /h=4,20,40 ) and various device substrate materials (

Eps = 26 GPa, 100MPa,10MPa,1MPa). Take the case oE,s=26GPa as an
example. For a given length of the edge crack at the top irgeféag., L, /h= 20),
the energy release rate of the bottom interfacial cilBgkE, s°h remains nearly
zero while that of the top interfacial cragk/ E, ¢°h remains nearly a constant if the
length of the bottom interfacial crack is much smaller thandh#te top interfacial
crack (i.e., L,/h<<L,/h). As L,/hbecomes comparable tb /h, G,/Ep e°h
rapidly ramps up whileG,/E, ¢*h abruptly drops down. Wheth, /h becomes
slightly greater thanL, /h, G, /E,s’h becomes negligible whileG,/Ey °h

converges into the curve correspondinggQ = 26 Gpa in Figure 38, regardless of
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the top interface crack length. As the device substrate ssffiecreases, the overall

level of the energy release rates for both interfacialksratecreases for a given
applied straing, and the ramping up on/EPnghand the dropping down of
G, /E,&’h as L, /h increases also becomes more gradual. It is interestingtéo

that originally G,/ Ep, £°h tends to zero fol, /h= when E, = 26GPa, but it

starts to level off for more compliant materials due to ticeeiased deformations and

stresses around the cracks.
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Figure 39. Normalized energy release rate§, / EPLgZh of an edge crack at the bottom interface and
G, / EPngh of an edge crack at the top interface as functionsf the normalized bottom interfacial crack

length L, /h for various top interfacial crack lengths and deice substrate materials.

The figures above show a fairly consistent trend, however, it is hard to unddista
interplay between the competing cracks. The graphs showing a 2.6 GPa D@mlepict
extremely sharp rise (or fall) in energy release rate, while the coonpliant material
have more gradual slopes. It will be shown later that the ratios of the ealager
rates are a more useful tool for predicting failure.

To further elucidate the interplay between the two interfacial cracks shdvigure

39, Figure 40 plots the Von Mises stress field near the interfacial cracksitmrsva
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crack length combinations (i.e., /h=20 andL,/h=4, 8, 12, 16, 20) under the same
applied strain. HereEpg = 26 GPa. If L, /h<<L,/h, the stress concentration only
occurs near the tip of the top interfacial crack, while the low stress levetheety

of the bottom interfacial crack is comparable to that in the bulk substratés/As
increases (but is still smaller than/h), the stress fields near two crack tips remains

approximately unchanged due to the shielding effect of the long top interfaclal crac

When L, /h=L,/h, stress concentration occurs at both crack tips,/h>> L, /h

(not shown in Figure 40), the top interfacial crack, in turn, is shielded by the long
bottom interfacial crack, leading to high stress concentration near the lwo#okrtip
but low stress level near the top crack tip. Since the energy release legensita

the square of the overall stress level near the crack tip, the trend of change in
G,/Epe”h andG /E, ¢’h asL,/h and L, /hvary, as shown in Figure 39, can be

readily understood.
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Figure 40. Von Mises stress field near the interfaal cracks for various crack length combinations. Hre

Eps = 26 GPa, L, / h=20. Color shades: red indicates high stress levahd blue indicates low stress level.
When L, /h< L, /h, the high stress concentration near the tip of theop interfacial crack remains
approximately unchanged, while the stress level neghe tip of the bottom interfacial crack is low. When

Lb /h= Lt / h, stress concentration occurs at both crack tipsNote the maximum shielding effect of the

top interfacial crack to the bottom interfacial crack when L, /h=16.

Figure 40 shows the energy release rate (hence stress) around the kautkois cr

always less than the top crack until the bottom crack reaches a length of 20ofm the t
three contour plots, bending stresses in the film are transferred to small stres
concentration around the bottom crack, highlighted with a white circle. In the fourth
plot from the top, the stresses on the film change from a bending pattern, noted by the

high stress regions on the top and bottom of the film, to a shear pattern, noted by the
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vertical stress wave front. The high stress region of the shear stress d&xhahe
bottom crack at all. The bottom crack experiences less stress in this candigur

than in all the other plots. The decrease in stress around the bottom crack while the
stress around the top crack remains the same suggests a spike in enegyateleas

when the bottom crack is 4 units below the top crack length.

3.4 Discussion

As discussed above, the transfer printing process is governed by the competing

interfacial delamination as determined by Eqgs. 1 and 2. Based on the energy release
rate of each interfacial crack, Figure 41 pl@s/ G, as a function oL, /h for

various device substrates. Hdrg h=20. For a given combination of interfacial

crack lengths (i.e.l,/h and L, /h), the differential driving force of interfacial

delamination increases as the stiffness of the device substrate incrdasghydical

significance of Figure 41 can be further explained as follows, using $kectaqual

interfacial adhesion energ${ /G, =1) as an example. Th@, /G, - L, / hcurve for

E.s = 26 GPa crosses the line dB, /G, =1 atL,/h=18.9. Thatis, for a given

edge crack of length B(along the top interface, there is a critical length of an edge

crack along the bottom interfadé =18.9h, shorter than which transfer printing is
successful (i.eG, /G, >G/G;) and longer than which transfer printing is

unsuccessful (i.eG, /G, <G /G;). Similarly, as shown in Figure 41; = 15.3 and
8.5h for E_ =100MPa and 10MPa, respectively. In practice, the interfacial

adhesion of the top and the bottom interfaces can be considerably different (e.qg.,
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plasma treatment of the bottom interface can lead to significant deof€&z{ses; ).
Values ofL; in those cases can be determined from Figure 41 in the similar manner.
For example, forEpg =10MPa, L; increases from 8tbto 14.&if G° /G,

decreases from 1 to 0.1; meaning, an enhanced interfacial adhesion along the bottom
interface results in a transfer printing process that is more tolerdré défects at the

bottom interface.
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Figure 41. G, /G, as a function of L, / h for various device substrates. Herel, / h=20. The dashed line

denotes the case of equal interfacial adhesion eggiG /Gy =1.

The spike in the energy release rate ratio curve predicted by the sttaasHjjure

40 is shown in the EDS=2.6 GPa curve in Figure 41. When a more compliant device
substrate was modeled, decreases in stress around the bottom crack ang the shar
peaks in the energy release rate ratios were not observed as shown in Figure 41.
Furthermore, the plot shows the trend of decreasing energy releassicgtas the
stiffness of the DS decreases. The shifting of the curve down is not ideal for

successful transfer prints. Lowering the curves essentially i ¢as energy
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release rate for the bottom crack creating the potential for cradking the bottom
interface leading to an unsuccessful transfer print.

The above plots only provide meaningful results for situations where the top crack is
fixed at a length ratio @h) of 20. To obtain a more universal map, multiple plots

like the one shown in Figure 41 were combined into a contour line plot to create a
printing map for the SiO2-Au-PET system. Each line depicts a constanyenerg
release rate value for multiple crack length cases similar to thénona $n Figure

41.

Figure 42 shows the map for this system with the bottom crack length plotted on the
y-axis and the top crack length plotted on the x-axis. Five constant energg rekeas
ratio lines were plotted for this combination. The region between thé*&En®

1*10° energy release rate lines is extremely narrow. Therefore, iclgathe crack

sizes can have a major effect on the quality of the transfer printing whibgicly the
interfacial adhesion energy will only have a small effect. For an atieifwork of
adhesion line equal to one of the energy release rate ratio lines, any camlohat
crack lengths to the right will create a successful print while arhettett will create

an unsuccessful print.
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Figure 42. A quality map of transfer printing. Each curve defines a boundary line in the space oLb /h

and L, /h, for a given Epgand GtC /Gg , below which transfer printing is expected to bewsccessful and

otherwise unsuccessful.

The upper left graph in Figure 42 shows the quality printing map for PET while the
other three graphs show the quality printing maps for PDMS with varyingestgiés.
These plots illustrate the effect the DS has on the printing quality map. ASthe D
gets more compliant compared to the constant film and TS stiffness, it beconees mor
difficult to produce quality transfer printing. Not only do the constant enelggse

rate ratio lines shift to the lower right, the width between the lines irese@ke

increased width between the constant energy release rate lines iimgliakeration
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of the interfacial adhesion energy can have a greater effect on thegpguodlity as
opposed to the PET system shown above.

When a very compliant PDMS (1 MPa) is used as the DS, the top crack must be about
7 times longer than the bottom crack to create a successful transferhgimtpf=4
while assuming equal interfacial adhesion energies. Transfer printing DM8 P

with a stiffness of 10 MPa gives slightly more reasonable results. Craythdenf 4
times the average top interface crack length must be seen along the botttamaenter
to create a successful transfer wihgtn=4. Finally, as the stiffness of the PDMS
increases to 100 MPa, the printing map begins to look more like the PET substrate
map.

The significance and implication of the quality map of transferting depicted in
the figures above can be further delineated as follows.

(1) The transfer printing quality is determined not only by the relative
interfacial adhesionG’/G; in the tri-layer transfer printing structure, but also by
the defects (e.g., cracks) along the two interfacés. certain cases, the transfer
printing quality could be dominated by the interplay between thefantal defects.

For example, for a stiff device substrate (e.B,=2.6GPa) all boundary lines
ranging fromG’/G; = 0.01 to 100 form a narrow band width. In other words, even a

huge difference in the relative interfacial adhesion leads iasagnificant change in
the transfer printing quality. In contrast, the quality of trangirinting is rather
dominated by the relative length of the interfacial crackswehstiff device substrate

is used.
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(2) Transfer printing onto a compliant device substrate is more challenging
than onto a stiff device substraté&his is evident as the decreasing successful transfer

printing region in the space df, /handL, /h as the device substrate becomes more

compliant. Such a prediction in general agrees with the expeamenservations
[40]. Also evident is that for more compliant device substratestrémsfer printing

guality can be further tailored by improving the interfacai@sion along the bottom
interface or worsening that along the top interface as itatichy the increasing

spacing between the boundary lines in the spadg bfiandL, /h for variouss’ /G;

(3) Transfer printing quality can be enhanced by controlling the interfacial

defects. All boundary lines show a monotonic increase trend in the sgacg/ h -
L; /h which suggests a practical strategy to improve the trapsfeing quality by

introducing initial defects along the top interface of a transfi@ting structure. This
can be achieved by controlled surface treatment of the transfer substheedagions
to be registered to the edges of the printable layers. Theygoaips offer a
guantitative guideline for the size of the top interfacial lcrae be introduced to
achieve a certain tolerance of the natural interfacial detdohg the bottom interface
in a transfer printing process. Conversely, transfer printing guedih also be
improved by reducing the size of possible interfacial defeldagathe bottom
interface (e.g., via minimizing the surface roughness of theeeuibstrate). In this
regard, the quality maps shed light on the desired device sebstirdace roughness

to control the interfacial crack size along the bottom interface.
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3.5 Concluding Remarks

From the results, transfer printing quality maps can be created for anyaireser
long as the material properties can be adequately modeled using FEAdPesi
flexible electronics can benefit from such material maps when choosingaisaded
fabrication processes. This could decrease the design and experimentaion tim
needed to develop the transfer printing technology.

Certain assumptions were made in the FEA modeling to simplify the process. The
models did not take into account stresses created by thermal mismatch. Teoget a
detailed picture of the stresses created at defect locations, the theaimasl created
during transfer printing can be modeled. Secondly, the models were treated as though
the transfer print was either successful or unsuccessful. In realiiy| paftesion and
material cohesion can also be considered.

Finally, further investigations into creating defects along interfamede studied.
This research presented a possible method for controlling transfer printing quali
through defects. For this idea to become a reality, manufacturing techmgsetbe
designed to intentionally apply defects along a specified interface. fadie much
experimentation is needed to verify the FEA modeling.

This chapter presented a method to control transfer printing quality throatggitr
defect placement. Intentional defects can be used as a tool to control successful
transfer printing. FEA modeling can show where cracks need to be locatedt® c
high energy release rates. Combining these plots can create a tpainsiey quality
map that can be used to strategically evoke defects in one interface. Mudinghetr

printing quality maps show trends towards increased difficulty when attemgting t
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transfer print onto extremely compliant substrates. However, properly sided a
placed defects have been shown through modeling to increase the ability tr transf

print onto compliant substrates.
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Chapter 4failure Mechanisms of Barrier Layers for Flexi
Electronics

4.1 Background

As noted in the introductioiflexible electronics are much more vulner: to the
attack of environmental moisture and oxygen thair timicroelectronics counterp.
The functional layers dfexible electronic devicege.g., the light emitting layer i
OLEDs)are vulnerable to oxidation and corrosion when erggdo nature
environments containg water vaporFlexible electronics often usgganic layer:
(e.g., PET) as substrateghich is much morsusceptible to water vapor permea
than the conventional substrate materials (e.y[48]. Waterpermeatiorthrough the
organic layers of flexible electronics has beennshto significantlydecrease th
lifespan of sucltomponent{48-50]. For example, when exposed to amb
environnent, unprotected bare OLEDs form dark spots irr thigjanic
electroluminescent layers, leading to a servieedifonly several days (as showr

Figure 43).

Figure 43. Top: Picture of a set of OLED pixels a-made; Bottom: After only 140 hours of operation, dak
spots appear in the OLED pixels. The size of the daspots continuously grow with time. [51]

The vulnerability of flexible devices to moistunedaoxygen motivates tt

development of high performance permeation barrFigure 44shows the
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performance of various barrier techniques for OLED devices. The mostwffec
method involves a glass-to-glass barrier with a desiccant which de&Gides a

year, while the OLED encapsulated in plastic degrades 50% in 100 days.
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Figure 44. OLED luminance versus time using differet barrier layers technology [48]

While glass has been shown to be highly effective as a permeation barriealiate

is brittle and easy to fracture at small strains. The large and cyfbicragion of

flexible devices requires permeation barriers of both high performance altestff
deformability. To this end, hybrid permeation barriers have been proposed to impede
the water permeation into flexible electronic circuits while remagirfiiexible by

stacking thin (~10 nm) rigid inorganic layers alternating with compliagdrac

layers. The stiff inorganic layer is typically made of oxides (e.g.xANDose water

vapor transmission rate is extremely low. The organic layers have kigharvapor
transmission rates but provide overall flexibility to the multilayemsation barrier.

Each inorganic/organic pair is called a dyad and multiple dyads form a piemea

barrier as shown in Figure 45.
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Figure 45. Hybrid barrier layer made from multiple dyads of inorganic/organic layers (Vitex Systemsnk.)

The barrier mechanism of the hybrid multilayer permeation barriers caxpbsned

as follows.

Permeation through a single layer of inorganic barrier

Thin film permeation barriers have traditionally been made of Al or Al or i8esx
Bulk oxides and Al are effectively impermeable to moisture and oxygen. But,
traditional thin film single barrier layers provide at best only two to thréersiof
magnitude improvement over the permeation rates of polymer substrates. Such a
limited barrier performance results from the permeation through thetslefebe
barrier film rather than the bulk of the film. The source of defect-drivengzdrom

has been primarily attributed to pinhole defects. Some secondary mechanisiahs incl
low density and/or surface roughness of the inorganic layers. Figureutieatis

the vapor diffusion path through a single pair of polyme@Alayers (referred to as

a “dyad” hereafter). The flux through the pinholes serves as point sourbes of t
vapor permeation into the adjacent downstream polymer layer.

Permeation through multilayer barriers
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In a multilayer barrier, the polymer layers “decouple” the defecthennorganic

oxide layers. Given the concentrated vapor permeation through the defects in each
individual inorganic layer (Figure 46a), the vapors need to diffuse in the polymer
layers to reach the defect locations in the next downstream oxide layer. M¢hen t
defects in adjacent oxide layers are widely spaced, the vapor diffusion in theepolym
layers is preferably along the in-plane directions, rather than along thedssck

direction. As a result, the effective vapor diffusion path through the multilayer

barrier will be much longer than the thickness of the multilayer stack, asatkgin

Figure 46b. Such long and meandering diffusion paths cause a pronounced increase

in lag time of the vapor permeation, resulting in a significant enhancemieair e

performance.
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Figure 46. (a) Vapor diffusion paths through the déects in the ALO; layer of a dyad. (b) The multilayer
geometry provides an effective diffusion path muclonger than the polymer layer thickness when the

defects in adjacent AJO; layers are widely spaced [52].
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Under large deformation, the brittle inorganic layers in the Hybnultilayer
permeation barriers may fracture, for example, forming crackkelaminating from
the organic layers. Such defects are expected to severebadedhe performance of
the permeation barriers by substantially increasing the waipor permeation

source, as illustrated in Fig. 50.

Line Source Area Source
Figure 47. A channel crack creates a line source wte the water vapor could bond to the AlO; while

debonding creates an area where water could easihass through the organic layer.

So far, the study of the failure mechanism of hybrid multiggrmeation barriers is
rather limited. To the best of our knowledge, there is only one p&gein[which the
cracking of the inorganic layers in multilayer permeation barriersiisest.

Figure 47 summarizes the findings of that paper, which sheddigbptimizing the
organic layer thickness to increase the stretchability ofn#ilayer permeation
barriers [53]. Three different cracking modes were analyzedtii® on the left, a
crack through all three layers had the lowest criticalirstrAs the organic layer
increased in thickness, the channel crack on the top inorganic tapbined with a
tunneling crack through the bottom inorganic layer created thehmgixést critical
strain. Finally, when the organic layer is equal to or thicken tha inorganic layer,
only a channel crack in the top inorganic layer forms at the toerdgal strain.
Since most organic layers are thicker than the inorganic layetsannel crack in the
top inorganic layer is the most probable crack propagation mode faierisde

stretching of this barrier layer.
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Figure 48. Crack propagation mode analysis in barer layers [53]

The above research only considered the cracking of the inorganic lay¢ne
multilayer barriers, but not the delamination of inorganic layessfthe organic
layers. In practice, both failure mechanisms may exist. Funtbre, as shown in Fig.
50, a delaminated area between the inorganic and organic layeleatayo much
more severe damage to the barrier performance by offanrgyea source of water
vapor. Above said, it is highly desired to systematically sthdyfailure mechanisms
of the hybrid multilayer permeation barriers, based on which tarbaégsign of the
permeation barriers can be suggested. To address this concechafiter focuses on
the interfacial delamination in hybrid multilayer permeation ibesr a critical but
largely unexplored issue. Emerging from our computation modelingtseisulan
improved structural design of the multilayer permeation barmédth enhanced

mechanical reliability.
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4.2 Model

ABAQUS FEA software was used to model barrier layer crapagation. The
models assumed a very thick substrate with material propeqied ® the organic
layer (PET with an elastic modulug,;, equal to 2GPa and Poisson’s ratig, equal

to 0.3). Three layers were bonded to the substrate; the top and boftrs iaere
fixed-height inorganic layers (AlOwith an elastic modulusk;,, equal to 300 GPa
and Poisson’s ratiojn, equal to 0.3) while the middle layer was an organic layer that
varied in height. In some models, an additional layer was added oralted the
protective layer as shown in Figure 49. Either 4-node quaddlate 3-node
tetrahedral plane strain elements were used in the model (degemlithe mesh
region) since the barrier layer is long in the out-of-planection and stretched in the

in-plane direction.

/i

<«—Protective layer (Unknown)
<«——Inorganic layer (AlQ)
<«——Organic layer (PET)
<«——Inorganic layer (AlIQ)

<+«——Organic layer (PET)

[ 4

L~

Figure 49. Schematic of hybrid barrier layer model.

The analysis of barrier layer crack propagation in this paper beginsyexaetle
Cordero, Yoon, and Suo left off: a channel crack in the barrier layer [53]. After the
brittle crack in the inorganic layer has occurred, the probability of delaminati

occurring between the inorganic and organic layer is high. Therefore, a madel wa
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created to study the delamination process of the top inorganic layer. Figure 50 shows
a schematic of the model used to analyze this delamination. Symmetry was used to
model half of the system with the channel crack occurring down the middle. A
delamination crack, L, was placed between the inorganic layer and the organic la
The height ratioH,, of the organic layer to the inorganic layer was studied to
determine the effects on delamination. The length of the model was 100 times the

height of the inorganic layeh, while the delamination crack was varied between 0

and 50 times.

Half a channel

crack ——* AlO, Ih LS

Delamination\_>

crack Ce—s
o L PET s

H
<1 H=H/h -
<— —>
« AlO, Ih >
- PET >
/’/\/’

Figure 50. Delamination FEA model setup without a ptective layer added to the barrier layer

Next, in an effort to reduce the tendency for delamination crack propagation, a
protective layer was added to the model as shown in Figure 51. For this hhodel,
was held constant equal to one while the height ratio of the protectiveHgyeras
allowed to vary. The elastic modulus of the inorganic layer and organic layers

remained the same as the previous model, but because the protective layer is a new
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proposed layer, its elastic modulus was varied between 2MPa and 20GPa with a

Poisson’s ratio of 0.3.

<« H 0™ P/h IP —>
e

Half a tunnel

crack { AlO, Ih >

Delamination—— * 5

crack e
L PET |, [
< H=H/h >
< —>
<« AlO, Ih -
- PET >

/\/’/

Figure 51. Delamination FEA model setup with protetive layer added to the barrier layer

The above figure only incorporated a delamination crack between the inorgenic la
and the organic layer. There is a possibility that a delamination crack caul@tor

the interface between the protective layer and the inorganic layer. A third madel wa
created with a delamination crack at both interfaces about the top inorganiadayer

shown in Figure 52.
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Protective Layer E=2MPa to 20GPa

Inorganic E=300GPa ‘ '

Organic E=2GPa

Inorganic E=300GPa

Organic E=2GPa

Figure 52. Two delamination cracks in a barrier layer with a protective layer

The focus of the three models previously discussed assumes a channel crack (or
tunnel crack as in the last two models) has already occurred in the brittle isorgani
layer, therefore, delamination is the next mode of crack propagation. But, since a new
layer was added to the barrier layer structure, examination of the charukelrorea

a tunnel crack) must be re-evaluated. A fourth set of models were creailad teim

the models described earlier but without delamination cracks. These models were
created to analyze the new driving force for a tunneling crack in the inorggeic la
when a protective layer is present and compare that to the driving forcecoieel
crack without a protective layer.

The method for modeling the crack driving force is depicted in Figure 53. A cross
section of the structure well after the crack front has already passedéseah with

the tunnel crack in place. A second model is created showing the layered structure
well before the crack front. As the two models are stretched with a tensile
displacement perpendicular to the direction of crack propagation, the totéhgesul
strain energies are compared. The difference in total strain eneegresen the two

models shows the driving force for crack propagation.
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Figure 53. Modeling of a tunneling crack through tle inorganic layer of a hybrid barrier layer

4.3 Results

The energy release ratg, was calculated along the normalized delamination crack
length,L/h. Both the normalized delamination crack length and the normalized height
of the organic layeid,=H/h, were varied to study their dependency®as the

structure was prescribed a tensile elongation.

Figure 54 shows the results for a channel crack that has already fomnmeght the

top inorganic layer. The normalized energy release @l(&.c’h), of the

delamination crack is plotted versus the delamination lehgtigrmalized by the
thickness of the inorganic laydr, The results show that the energy release rate

increases steeply as the delamination length becomes small. As the thickioeis
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increased between the organic and inorganic layer, the energy releasevate c

moves to the right and down.
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Figure 54. Delamination results for non-protected hrrier layers

If the objective is to reduce the tendency for delamination, the thinner organicslaye
the optimal choice, which is in agreement with the research conducted by Cordero,
Yoon, and Suo [53]. The curve with the thickness rétjpequal to one creates the
shortest delamination length in this configuration as long as the criticahhpeoh
energy release rate for this syste&dg/(Ei.°h), is above 0.75. The shorter the
delamination length, the less area exposed to possible water vapor transmission.
The FEA model results for the barrier layer with a protedayer on top shows that
the protective layer helps decrease the delamination lengthreF&h depicts the

normalized energy release rate of the delaminad(E.&°h), versus the normalized
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delamination length for the protective layef), with various protective layer elastic
moduli, E,. As expected, as the elastic modulus of the protective layeases, the
energy release rate curve shifts lower. As the elastdutas of the protective layer
decreases, the curves move towards the model with no protective Taie model

assumes a well-bonded protective layer as shown in Figure 56.
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Figure 55. One delamination crack with a protectivdayer

Protective Layer E=2MPa to 20GPa

Inorganic E=300GPa '

Organic E=2GPa

Inorganic E=300GPa

Organic E=2GPa

Figure 56. One delamination crack in a barrier laye with a protective layer
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Figure 57 below shows three plots, each with a different elasbdulus for the
protective layer. As the stiffnesses of the protective ldgerease, the energy release
rates increase overall. It is therefore benefitial to agplyrotective layer with a
higher stiffness. In terms of protective layer thickness, the plots all $tadwa thicker
protection layer is advantageous over a thinner protective layer.idtaresting to
note the trend seen in the final plot whgy= 200MPa. All three thickness ratios tend
to follow the same path for a longer delamination length. Thigaieies the earlier
results that show stiffer, thicker protective layers are pedewhen trying to

decrease delamination cracks.

Delamination of Inorganic Layer with Protective Layer
(1 delamination crack, E,=20GPa)
o 21
(]
S
£ —Hp=1
S —Hp=10
] Hp=100
ju
9]
S5
£s
[
P
1]
o
&
m©
Q2
2 0 —
>
2 0 2 4 6 8 10
& Delamination Length, L/h

76



Delamination of Inorganic Layer with Protective Layer
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Figure 57. Energy release rate of one delaminatiozrack with various protective layer stiffness

A slightly different model was created to study the effect of two delarmmatacks
as shown in Figure 52. The results are very similar to the model with only one
delamination crack. Figure 58 below shows the results for two delaminatids crac
and a protective layer thickness ratio equal to one. The only protective layer tha

reduces the energy release rate of the delamination significartity amé with a
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stiffness of 20 GPa. All other stiffinesses tend to follow the same path which is

marginally less than no protective layer (E=0).
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Figure 58. Two delamination cracks with a protectie layer

The addition of a protective layer above the top inorganic layer improved the barrier
layer structure. The protective layer helped to reduce the normalizeyy ealerase

rate for the propagation of a delamination crack. The final set of models used to
analyze the barrier layer took a step backwards to determine if the woteatrier

was instrumental in preventing the channel (or now tunnel) crack in the first plac
The normalized energy release r@&(E,c°h), of the tunneling crack for models with
various protective layer configurations is shown in Figure 59. The thickness of the
protective layerH,, had no significant effect on the energy release rate. However, the

stiffness of the protective layet,, reduced the energy release rate as the stiffness
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increased. The dashed line at the top shows the energy release rategaasum
channel crack formation with no protective layer, portraying the importanceeif-a

bonded protective layer.
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Figure 59. Energy release rate of a tunneling cracthrough an inorganic layer both with and without a

protective layer

4.4 Discussion

It was shown that the energy release rate tended to go to infinity adaimendgion

length went to zero. This is an abnormal situation since the energy relesaise ra

often bounded. The organic layer in this model is assumed to remain intact, so when
the entire model is stretched, the free end of the top inorganic layer whehatinelc
crack is located is free to move while the organic layer just beneath is cwetstra

Additionally, the organic layer is much more compliant than the inorganic layer.
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When the top inorganic layer is pulled with a free end, the entire layer will show
general body motion instead of elastic strain. As the delamination lengtimégc
smaller, the length of organic material able to strain to accommodaierikeal body
motion becomes smaller. The same displacement over a smaller lengthtimeakes
stress rise to infinity.

Adding a protective layer over the top inorganic layer was shown to decrease the
potential for two different types of cracks to form. The protective layeifgigntly
reduces the energy release rate of a tunneling crack in the inorganidlage
reduction of the energy release rate for the tunneling crack was naedfiscthe
thickness of the protective layer or the stiffness of the protective layeproteztive
layer mildly reduced the energy release rate of the delamination craeks0Bt
appealing configuration contains a stiff, thick protective layer althouglf,afst

protective layer also decreased the probability of crack propagation.

4.5 Conclusion

The hybrid barrier layer is an important component for the succkdtexible

electronic devices. Without the barrier layer, flexible lumiees@lectronics such as
FOLEDs tend to oxidize and fail. The limited research on ther&imechanisms
points to water vapor transfer through pin-hole leaks and crackeaibsinto

delamination cracks suggests that decreasing the length ofinla@m could reduce
the rate of water vapor transmission. FEA modeling showstilmater organic layers
create shorter delamination cracks when barrier layerstrtered. To reduce the
tendency for tunneling or delamination cracks, protective layerbeadded above

inorganic layers in barrier layers. Stiff, thick or thin préiex layers reduce the
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energy release rate for tunneling crack propagation, wififletsick protective layers

reduce the energy release rate for delamination crack propagation.
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Chapter 5: Concluding Remarks

Flexible electronics are emerging through trade shows, conventions, and limite

commercial sales. Tantalizing future aside, flexible electronitfase significant

challenges, both mechanical and economical, for their wide spread use. $isis the

attempted to contribute to the advancement of flexible electronics field bysanhdye

three different facets of its mechanics challenges.

Summary of research findings:

The major findings of this thesis are summarized as follows:

e Patterned holes in a thin stiff film reduce stress concentration andsacrea

deformability

(0]

Circular holes densely spaced in a triangular pattern effectiveiyee
stress concentration.

Hidden serpentines among the ligaments deconcentrate the strain
normally affecting holes in tension

The thin film is initially planar and deflects out-of-plane to
accommodate increased tensile deformation

A majority of the film deforms elastically thus allows cyclic

elongations without fracture

The circular hole pattern is easy to manufacture

The technology is scalable (does not depend on the length scale), thus

can be applied to both circuit and component levels

e Quality printing maps define the defect lengths and interfacial adhesion

energy ratios required to create successful transfer printing
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o Introduced defects along the transfer substrate interface can improve
successful transfer printing

o Inherent defects along the device substrate interface can hinder
successful transfer printing

o Interfacial adhesion dominates the quality of transfer printing onto
compliant device substrates

o0 Interfacial defect size dominates the quality of transfer printing ont
stiffer device substrates

e Protective layers reduce barrier layer failure by impedingfated crack
propagation

o Interfacial delaminations are highly possible after a channel crack
occurs in the inorganic layer of a barrier layer

o Delamination cracks increase the area exposed to water vapor transfer

o Protective layers significantly reduce the driving force for
delamination cracks

o Protective layers greatly reduce the driving force for tunneling cracks
in the inorganic layers

o Sitiff, thick protective layers are more effective in reducing the dgivin
force for interfacial crack propagation

o0 Having a well bonded protective layer is essential to reducing the

driving force for interfacial crack propagation

Contributions of this thesis:
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Chapter 2 showed the deconcentration of strain in thin stiff films ptterned with
circular holes by deflecting out-of-plane. Consequently, large elongations induced
small strains in the film. Using finite element simulations, we quadtifie effects of
pattern geometry, loading direction and substrate stiffness on the strain
deconcentration in these patterned films. The calculation of the driving force for
crack growth near the hole edges further explained the large deformabihiy
patterned thin stiff films demonstrated in recent experiments. These quantitat
results can serve as guidelines in designing flexible thin filmsrpattevith circular

holes to satisfy certain deformability criterion.

Furthermore, the general principle of achieving large deformabilitlyiofstiff films

by suitably patterning (e.g., circular holes) is essentially gean#tits independent

of materials and length scales. Therefore, such a structural pricaiplee

potentially applied at both device and component levels in designing architecture of
flexible electronics. Results show that this easy to manufactureniagtéechnique
addresses the challenges associated with poor deformability of thin filmssidadn

Chapter 1.

Chapter 3 explored the science underpinning the transfeprinting process and
thus identified the mechanisms governing transfer printig quality, through
comprehensive computational modeling.The outcomes of this study defined a
quality map of transfer printing in the space spanned by thieatrihechanical
properties and geometrical parameters in a transfer printingtuete. Some major

findings emerging from the quality map are recapped as follows:
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(1) While the existing understanding of transfer printing maialies on the
differential interfacial adhesion [40], the results in this papegygsst that both
interfacial defects (e.g., cracks) and differential intedlaathesion play pivotal roles
in transfer printing quality.

(2) Transfer printing onto a stiff device substrate is dominatedhb
interfacial defects, and is less sensitive to the differemtifiesion. In contrast,
transfer printing onto a compliant device substrate, although molergfialy, can be
significantly improved by tailoring the differential interfacial aslios.

(3) Controlling the interfacial defects offers new pathwayisarove transfer
printing quality which remain largely unexplored. The results ia g@per provide
guantitative guidance on interfacial defect control to achiesaio criteria of
transfer printing quality.

In summary, the quality map of transfer printing revealedcatitmechanical and
geometrical parameters that governed the transfer printinggsoand offered new
insights towards optimal printing conditions. These tools can be ussdtitess the
manufacturing challenges associated with flexible electronicastied in Chapter 1.
Finally, Chapter 4 showed that a stiff, thick protective layer helped derease the
probability of propagating a tunnel crack while reducing the likelihood of

material delamination. This provided insight into one of the most elusive challenges
faced by flexible electronics — creating a barrier layer thagxible yet impermeable

to water vapor transfer. Since most research into barrier layer flotused on

channel and tunnel cracks, this paper focused on methods for preventing channel

cracks and delamination cracks. The reduction of cracks in barrier layetal ito
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the creation of reliable flexible electronic systems. Adding a well-borstiéd,
protective layer to the top of a hybrid barrier layer helped address tHalitgliasues
for luminescent flexible electronics discusses in Chapter 1.

Figure 60 shows the three challenges addressed to help advance the fielthlef flex
electronics. The stretchability of thin films of electronic matsrialps create
functional layers capable of handling the strains induced by bending, twisting, and
stretching electronic devices. The technique to increase transfer printlitg kjelps
reduce the cost of manufacturing as new materials become compatibleanstier
printing. Finally, trends towards the reduction of crack propagation in barries layer

provides insight to designers specializing in barrier layer coatings.

B
d
g

Deformability Manufacturing Reliability

Increased the elongation ~ Proposed techniquesfor  paqyced barrier layer

. . manufacturin . .
of thin film materials 9 failure mechanisms
improvements

Figure 60. Three enabling technologies addressed develop flexible electronics; Increased deformabitly,

enhanced manufacturing techniques, and increased liability through barrier layer coatings.
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