ABSTRACT

MIN, JOONG HEE TowardFlexible Transparer@onductors Using Metallic Nanostructures
(Under the direction of Dr. Chiklao Chang).

Recent advances in science and technol@ye led researchers to develop both flexible and
transparent conductors using various nanenels including metals, carbdrased materials,
and conducting polymer$hose anomaterials provide uniqueechanicalthermal,electrical
and opticapropertiesbut are typically restricted to a single physical domamy®y using a
systemic approacHhifferent functionalities across multiple domaiean besimultaneously

achievedand engineered

In this dissertation, | demonstrage comprehensive study odesign, fabrication, and
characterization of transparent flexilmenatructuresusing metal material$Such a structure
and materiabased approadbe an attractive solution due to their excellent structural stability
as well assuperb electrical and thermal conductivigjstly, | presentan approaciiabricate
and control novel complex platinum nanostructures with accoddienprofile on silicon
substrateusing atomic layereposition (ALD) and interferencdithography. A polymer
templatewith onedimensional periodic grating profiie prepareés a sacrificial layer fahin
conformal platinum film on top and removed by thermal procefuring this template
removal processa unique structural transformation of the nsaimacture profileis occurred
and a geometricmodel is suggested to anticipate the final profiles of metal laysing

different duty cycles and aspect rat@fgpolymer templatel presenta wide variety of cross



sectionabrofiles from wavy gometry to pipe array patterns, and electrical characterization of

thoseprofiles is performed.

Secondly as an alternative method to have conformal metal film on nanostructured polymer
surfaces, | introducan approachusing conventional physical vaporpesition (PVD). D
erhance the step coveragemétalPVD, a thinmetaloxideintedayerby ALD is presented

The improvement on conformality and morphologytleé metal layer is analyzd using
scanning electron microscgptransmission electron microscopgnergydispersive xay
spectroscopy, and eleicial conductivity measuremerg.old thermal evaporatioan complex
polymer template using dfferent aspect ratios and deposition speisdwainly tested, and
three differenmetaloxide layersyhich arealuminum oxide, zinc oxide, and titanium dioxide,

are examined as adhesive interlayersfter conformainetalcoatingby PVD technique

Finally, &ter completing the steps for fabricating metallic naccordionstructures on silicon
substrate by ALD or conformal PV, follow-up procesgo overcome the limited optical
transmission of metallic structurasdto transferthe nanostructures tmelastomeric substrate
arediscussedBy a secondary patterniraj metal layeyphysicalopenings on metal layare
created andhen, the opticatransnittanceof microstructured metallic naraccordions is
examined After transferstep of metallic nanaccordiongo soft substratethe stretchhility
of the novel mallic naneaccordion structurds tested using a tensile moduateconfirm he
mechanicaflexibility . The proposed metat nanostructures can fintheir applications not

only inflexible orstretchable electronicbut also potentially iphotonics andhanofluidics
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CHAPTER 1

INTRODUCTION

In recent years there has been significant interest in fleaidestretchable electrics not

only from academic or industrial researchdrst also from general consumers foext -
generation electronic¥he fundamental advantages you can obtain by having this mechanical
compliance is that the design of electronics can be much less limited by the geontiegry of
surface. Typically, moselectronics, such as televisions, mobile phones, and notebook
computers, need flat and rigid substrates to build up their completwsts and circuits inside,
which allows for protectiorfrom ambient outside conditions. However, those inflexible
substréeshaverestrictedthe applications of electronic devices, which aim to be smaller and
lighter so that they can give more mobility drae morenteractionwith their users. Surfaces
with unevenor complexgeometrysuch as rounded, edged, and sharpefdses, are the next
targets to be conquered by new electrgracgl consumers want to escéifmen the constraint

of where to put their new devicékhereforethe new generation of electronics should be able

to be placed anywhere the users want withoaitoch occupation of physical spaces.

The mechanical complianameanssomething morean mechanical point of viewit also
demandstructuraldurability. A material withexcellent flexibility such as clotbr rubber,can

be more resistant to the externarde andit is hard to break it into twdecause of its
mechanicalcompliance. Many higtech integrated devices are sometimes too sensitive to

mechanical shocks améquiretoo much attentionso retain its functionsFor example, a



mobile phonemust sustaindropping from hanghigh position. This is a very natural
consequence of multifunctional devices with complex combination of electronic contponen
inside However, most of this lovdurability cone from theirrigid substrates andan be

improving compliance

In the area of electronic device$siet mostactively studied anddeveloped applicatioty
leading electronics manufacturers is in the flexihplay areaAs shown in Figure -1L(3),
there are already amy prototype products, which will hatroduced to thenarketvery soon
The size of those flexible displays varfesm very smallones for wrissmartwatches to very
large ones which can cover the whole one side of wall in your hdhseflexible display can
actualize the bendable orladble displayand carrying an electronic newspaper in your pocket

is not the story of scientific fiction novels or movasymore.

Flexible electronics caalso be a neel platform tohelp geneate energy. The commaolar

panels have very rigid supporgirbases and need a certain area of flat place to hold their
componentsHowever, if the substrate of solar panels has flexibdlitg lightveight, as an
example in Figure-1L(b), there will bdesslimitation of space or location tastall the solar

cell system.They are made of organic/polymer photovoltaic cells and the thickness is only
about 200 um in total. They are fabricated as a module or printed on the desired surfaces, so
that the consumersan installthemon any shapes of buildjnroofs and any geometries of
surfaces, such as rounded pillanseven grounds, and edged cornAtso, the wearable solar

cells and the embedded solar cells in clothes are another examples of flexible electronics that

can generate energy. They can bedutor military applications, such as supplying power to



electronic devices while walking in the desert, ordoarging smartphones when the users are

outside with sunlight.

4

Figure 1. Examples of flexible electronics: A(a) flexible display with 18 inch and 55 inch diagonal
screens by LG Display, and (b) flexible solar panels by VTT Technical Research. Centre

This mechanicalflexibility can be easily miscounted as an excessive fundworthose
electronics. In other words, one can claim that this function is onlgefdaincircumstances
or specialized applications, andt needed for general use odth electronics. However, when
it comes to the applications for interaction with harbadies, iperformsa more fundamental

and essential functiofiResearchers have beeniriyto develop wearable electronics which



can collect biometric data from human body, such as heart rate, brain wave, and body
temperaturepr can complement humantiadty by giving them more information right on their

side, for example, smart watch, stnglasses, and smatrt clothing.

Two examples of recently developed wearable devices are presented in Fyurbeelfirst

one is a seallediismart skid, which can ck and stretcliike a temporary tattoo in Figure 1

2(a) [1]. This skinmounted electronics can colledbiomedical signals including
electroencephalogram (EEG) and Electromyography (EM&J monitoru s e mer@es and
muscle activity. The biggest benefits from this electronics are that they are much more
comfortablethan traditional patchype electrodes andjive to the user thdreedom of
movement.The second example shown in Figur2(b) is also forhealthcare application,
which is named imperceptible electroni. They made theultrathin film-like organic
transistor integrated circujtand theyare extremely light, flexiblegnddurableso that you can

attachto any surfacevithout limitation from norflat geometric profiles.
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Figure 12. Examples of wearable electronics: (p)dermal electronics by Dr. John Rogers Group
[1], (b) imperceptible electronics by Dr. Takao Someya Gi@lip

The common aspects among those many different types of flexible electronics are that they are
thin enough to be flexible or stretchabledatheir base materials are not the ones for
conventional rigid electronic§.hesetwo important requirementsave lel the researchdp
approach to develop flexible electronics in two major vibgs has been enabled by nanoscale
materials researcta materiatbased approach argeometrybased approach. In following

sections, | will explore more in details about those approaches.

1.1Approaches toEnable Flexible Electronics

1.1.1 NanomateriaiBased Approach

Onestrategy to achieve mechanicampliance is to disperse zedomensional(0OD), 1D, and

2D nanomaterials onto elastomesabstrates such gsolydimethylsiloxane(PDMS) or



polymerbased materials [3]i[7]. In particular, nanomaterials with excelleetectrcal
conductivity, such as nanoparticlgdi [10], carbonmanotube$11]i [13], and grapheng4]i
[18], have been widely studiedThis approach allows the combination of electrical
conductivity of the nanomaterials and the mechanical compliance of the grobyrbstrate

resulting in a multifunctional material.

Figure 13 shows examples of those matebaked research works achieve flexibility on
electronic devicesCarbonbased materials are the most popular subjects to be introduced to
fabricate flexibleconductors due to its superb electrical property. FigeBéa)l preserstone
research work using graphene films to devei@msparent, elastic organic lighmitting
device(OLED), whichcan be repeatedly stretchedh maximum strain of 106% in horizontal
direction folded and twisted while remaining, landthe optical transmittance of this device

is about 90% at wavelength of 670 fi4]. Metal basedhanowires nanoparticles and alloys

are another widely used materials for flexible devides.shown in Figure -B(b), highly
sensitive and wearable sensereseaccomplished by applying thin silver nanowires layer onto
flexible soft substrateand found applications in monitoring thumb movemseshsing the

strain of the kee joint in patellar reflexanddetectingmany othehuman motion$19].

Also conducting polymersnicluding polyaniline (PANIY20], [21], polypyrrole (PPy)[22],

and poly(3,4ethylenedioxytiophene) polystyrene sulfonate (PEDOT:P$E3] are widely
researched for stretchable electronf@se example in Figure-3(c) utilized PANI nanofiber
and created electrodes that can have more30% ofaxial strain.In this work, he nanofibers

were spray depositezhto prestrainedflexible electrodesand by controlling voltag applied



to the electrode, tan beexpanded and restorgdth high repeatability and low conductivity

drops[21]. However, in these approaches the nanonadseare hard to control precisely, much
more expensive than other conductive materials, potentially harmtulifoan body, and may

delaminate fronthe substrate over time.
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Figure 3. Examples of nanomateribhsed apmaches to flexible electronio&) stretchable OLED
devices using graphef#4], (b) metal nanowire based biosend@®, and (c)PANI nanofiber
electrode$21].

Another effective method to generate nanoscale filmgh well-known materials, such as
metals, oxides, and ceramicis, atomic layer deposition (ALD), which can treat and
functionalize surfacesf fabricated nanostructures and nanoscale devicesawithtrathin
material layer[24]i [26]. Typical ALD processes arbased on the sequential usetab
different chemicals, which called precursors, in gas phase. One cycle of ALD is composed of

exposing a targeturfacewith each chemical separately, and by controlling the number of



cycle, the final thickness of new material can be precisely determilsgny this benefit of
ALD, many research groups havabficated threelimensionalnanostructures including
micro/nanolatticestructureq27]i [29], photonic crystal§30], and naneaccordiong31]. In

these processes, broad range of materials (TiN, 285, ZnO, etc.) were deposited onto
sacrificial polymer templates, which are subsequently removed. The resulting final
nanostructures consist of npolymer material, and can have better physical properties when
comparedwith the original polymer template. These advances have led taldogity
materials with enhanced stiffnea7]i [29], better photonic regmse[30], and stretchable
transparent conductof81]. The details ofilms processing usindLD will be described in

more detailsn section 1.3.

1.1.2 Geometry Based Approach

Beyond nanomaterials, theecnd approachutilizes nanostructure geometry to increase
flexibility of conducting material$l], [19], [32]. This is analogous to a macroscale spring,
which can untwine and unfold to increase stretchabiitywever, the keys to reduce the
feature size of the spring geometry, which Ww#l alsofacile integration into electronics and
displays. Using wavy geomeies caused by straimeleasébuckling process,the
semiconducting ometallic structures can be stretched, compressed, andibtleodat property

degradation.

As shown in Figure-#, many different materials from metals to nanomaterials can be used to

havethis wavy geometriegirst, the example in Figured(a) demonstratea stretchable form



that consists athin silicon films $ructured withwavy geometriesin subbmicrometerscaleon
an elastomeric substrg&S3]. By changinghe amplitudes angeriods of the wavesubstantih
strains in the silicon itself can be avoidétsing this method a newlass of wavyelectronic
devices including metal oxide semiconductor fiekffect transistorMOSFETY and pn
diodes were successfiyl demonstrated In second example of Figure-41b), three
dimensionahanoribbonsvere created by usirgjastic deformations of supporting substrate
to induce wellcontrolled localbucklings[34]. These structuredirgyle-crystal silicon and
gallium arseniddGaAg nanoribbons showeextremely high stretchability, compressibility

andbendability.

Expanding on this approachamomaterials discussed in previous sectionyasd evenmore
flexibility with help of geometric transformatiomn Figure *4(c), carbon nanotubes (CNT)
was prepared on pirained PDMS substrates and after releafiegvavy ribbon structures
were acheved[35]. Due to the excellent mechanical and electrical properties of CNT, the
resistance increased only about 4.1% even after using a substhapee strain of 100%In

this case theonnectivity was sustained even wharetched, folded, or twisted to a large
extent However, in most of geomettyased approachetje wavyor curly structuresare

typically in the microscale, and it is difficult tmntrol the buckle geometprecisely

More random structures raalso be employed in the same gpect.As in Figure 14(d),
stretchable and transparent goldnomeslelectrodes on elastomers weabtficated bygrain
boundary lithographyvhich utilizes the grains of indium deposited on silicon oxide layer as a

physical mask and obtains a gold layer only on their boundaries afteff Igtocess. he



nanomest2D structure exhibitedoodelectrical onductivity as well as transparenswce it
is composed ofully interconnected metal wird86]. Although this gold nanomesh showed
good stretchability and repeatability frohetnature of noble metahe unsystematic geometry
can scatter light randomly and will result in optical haze. Therefor® expected that more
engineeredind orderedyeometry will alow more systemic improvement w$ flexibility as

well as optical transparency

Metal on In,O4

-

- -

Metal nanomesh

-/ / A Metal nanomesh
AN, //

Figure 4. Examples f geometrgased apmaches to flexible conductor@) stretchable form of
singlecrystal silicon on rubber substrd&3], (b) semiconductor nanoribbons with controlled
buckling[34], (c) wavy ribbons of carbon nanotul§@s], and(d) gold nanomesh electrod@&s].
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1.2 Transparent Electronics

Transparent electronics have been studied along with the developing trends of flexible
electronics since thenaling technology is also based the materials and geometBecent
advances in science and technology have led researchers to develop xbta #ad
transparent electroniesing various nanomatials including metals, carbdrased materials,

andconducting polymers.

Figure 15 presented many types of transparent electronics that can be useful and widely
applied in various field. For example, if the display is transparent as in Figi{eg,bnecan

expect more interaction between the informaborscreen and the realworléli t 6s i nst al
onthe show windows in the department stoeeshoppecan not only see the product inside

it, but also have the information about the product, such as brand, price, andisnaising

transparent displays

One of the primary drivers for transparent displayugmnaented reality (AR) and mixed reality
(MR) technology which requiredransparenelectronics because the interaction between real
world and information from device is the most important factagnabing this technology.

As the examples in Figure3(b) and (c), using smart goggle or transparent smartpkioae,
usercan design 3D objectsjsualize informatiorbeyond the size dhe monitor, play video
games with holographic images, and evertdv 3D movies in real 3D spacds.near future,
these functions can also be possible not by using weighty gogmeslectronics but by using

light and soft contact lens electronics.

Transparency alsmeans thathe devicewill not block the viewin termsof visibility across

11



broad wavelength banéds shown in Figure-b(e),a transparent solar panel can be installed
even on glass windows without defacing or degrading exterior of builfB§sThis is one
example that surpass the placing limitation of a certain electronic device by having optical
transparency. Thisvisibly transparent luminescent solar concentrator devices selectively
harvest NIR photons based on fluorescent organic, sl emitanother wavelength of
infrared lightto beguided to the edge gblar cell. The opticalansparency ahis device wa

measureaver86% in the visib light spectrum.

In most existing work,lte nanomaterials used for fabricating flexible electroaiesbasically
opaque materialglowever, thalevicetransparency can be controlled by chagghe material
concentration or thickness. Carbbased materials, such as C[$8]i [42] and grapheng7],

[43], [44], can offer high optical transmission by lowering concentrations on substrates, and so
do ultrathin metatbased materials, such as metal [M®&]i [52] and film[8], [53], [54]. Also,
conducting polymersan be synthesized to obtain better transparfsi]y[59]. However, in

these techniques the device transparency and flexibility are cougiedquestion is that

whether thenechanical compliance and optical propedy be engineered independently
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Figure 15. Exanples of transparent electronics: (a) transparent television by LG display, (b)
HoloLens, goggldype smart device, by Microsoft, (c) transparent smartphoriolygron, and (d)
transparent solar cells by Dr. Richard Lunt Grgifj.

1.3 Strategy to Enable Flexible and Transparent Electronics

The overarchinggoal of my research is to achieve both flexibility and transparency by
combining materiabasedand geometrpased approaels This work will be based othin

metal film using ALDand other physical vapor deposition (PVD) technigbesappli@ations
requiring better electrical and thermal conductivities and less brittleness, metal nanostructures
can be an attractive solution. Various studies have shown ALD fabrication of thin conductive
layer consisting ogold [60], nickel [61], [62], tungsten63], [64], or platinum[65]i [70] for

electronics, solar cetiomponents, and sensor devices. In these appheatie advantages of

13



metal ALD including low resistivity, high purity, and excellent conformity can be specifically
utilized. Others have also demonstrated freestanding metal nanostructures, including nickel

nanotubg71], ruthenium nanowire arrgdy 2], and platinum nanobridd&3].

The possibility of my approach to achieve both electrical conductivity and transparency by
rendering metal lagr can be positively expecté&m currentwork in the literatureLeosson

et al. utilized an ultrahin gold film on special optical polymer called BCB @yclotene3000

polymerby DOW Chemical Cq.with 75% transmittance at 530 n&3]. Compared to the

bare glass (Si¢) sulstrate, the gld on BCB polymeformedsmaller and mordensely packed

islands as shown in Figure-@, and the sheet resistance was:¢
thicknessHowever, to have morteansparency without arglectrical conductivity drop on my
nanosructures, themore systemic geometiyased approachsing nanolithographwill be

employed to helphe proposed materilased approach.

d=3.0 d=4.2 nm d=5.4 nm d=7.2 nm

Figure 16. SEM images of gold films on Si@top row) and BCB polymer (bottom row) at different
deposition thickness3].
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In previous work of our group, we fabricatedultifunctional naneaccordion structures
exhibiting a unique combinatioof conductivity, strechability, and transparendyrough a
combination of interference lithograptand atomic layer depositigi31]. More than 50%
stretchabilityandup to 70%broadband optical transmissioreredemonstratedHowever the
electrical conductity wasrelativelylow and the stretchability was limited bye brittlenature

of oxide materialsWhile | will change the materials to metals, the geometric strategy using
interference lithography for having potentially stretchable and foldable nactoséswill

remain the same with additional hierarchical modification. Metal is excellent in electrical
properties, however, limited in optical properties due to its high reflective nature. To overcome
optical drawback, there will be physical windows incroscale on the metal layer while

sustaining its high electrical conductivity.

The primary technique in defining the naaccordion geometry is interference lithography.
The schemat isomirrar interteroreeter tthogyaphicallydefineperiodicgrating
template is shown in Figure7a) [74], [75]. The period ) of fabricated template can be
designed by the principal of interference of two coherent planvesvio form a intensity

pattern as follows:

where & is the wavelength of I ight source
7(b), different 1D and 2D periodic patterns can be readily fabricated by controlling expose
conditions as wekas experimental setug.ompared to the wavy geometry slyairi release

buckling procesghe grating geometry by interference lithography can be systematically

15



and preciselygontrdled in nanometer scale. Therefore, Hueled design freedom can lead to
more flexibility from novel metallic nanostructures with combined approach using lithographic

patterning and precise metal deposition process.

(@) (b)

o

/ A Intensity

Mirror

500 nm

Substrate

Figurex7. ( a) L | mteridrorsetem(b)rSEM images of 1D and 2Digdic nanostructures
fabricated by Lloydds mirror interfe

1.4 Dissertation Structure

In this dissertation, | will present my research works on design, fabrication, and
characterization of transparent flexible metallic nranoordion structuresn this chapter, |
introduced the background of flexible electronics and transparent electronics separately so that
| can insist those two different properties cannot be achieved readily without systemic approach.
Then | briefly showed my strategy to reauly ultimate research goal, which is to fabricate a
better transparent flexible conductor with combination of matbaaed and geometbased

approacks

16



In Chapter 2, 1 will discussb@ut the fabrication process of metallic naagazordion structures
using interference lithography (IL) and metal atomic layer deposition (Alchis approach,

first a sacrificial polymer template will be lithographically fabricated to have an accdikion
surface profilewhich will be deposited with a thmetal film. Then, the oated platinum (Pt)
layer will be characterized to confirm its metallic natufbe thermal process to remove
polymer templateand leavemetal film only will be studied since the Pt layer undergoes a
unigue deformation during this proce$s.cantrol the geometry of final metal nafa@cordion
structures, the profiles of polymer template will be fabricated along withkofidgr geometric
modelling The experimental results will be compared with the models. Later, the final profile
map of Pt nan@accordion structures by geometric factor will be suggested and electrical

characterization of fabricated Pt nanostructures will be discussed.

In Chapter 3] will demonstrateanothermethod to have conformal metal fémvithout using

metal ALD. This appraeh is based on physical vapor deposition (PVD) and developed to
overcome several disadvantages of metal ALD, while retaiatdvgntages of general PVD
techniquesThe poorstep coverage dPVD will be improved through this methpevhich

allows more choice®f depositing metal materials to ate the final metallic naracwrdion
structures.Using different test conditions, my new approach of conformal PVD will be
analyzed and various types of microscopic tools will be utilized to show the enhancement by
this approachThe detailed electrical characterization on fabricated metal layer by new process

will be performed to confirm this process as an alternative way to have conformal film layer.

17



In Chapter4, first, | will present the whole fabrication process fiansparent and flexible
metallic naneaccordion structures. Then, as one part of it, a detailed step for improving the
optical transmission of metallic nanostructures by making physical opening will be discussed.
The optical characterization of the natractures will be performed to verify its increased
transparency. After that, a transfer step of the rawordions from silicon substrate to
elastomeric substrate will be demonstrated. With help of this soft substrate, the mechanical
propertiesof the ranostructure will beharacterize@nd the high stretchability will be finally

confirmed.

In Chapter5, a colloidal lithography the more complex IL techniguer fabricating 3D
periodic nanostructureill be demonstrated. The repeat8d periodic patterngenerated by
colloidal monolayer will be analyzed using a finite element based simulatioamoldhe more
freedom of design on 3D periodic structures will be investigated. Based on the simulation
design, the actual nanostructures willexg@erimentallynaterialized in negative photoresist.
Finally thedetailed comparison between analyticalmeuical, and experimental data will be

discussed.
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CHAPTER 2

DESIGN AND FABRICATION OF METALLIC NANO -ACCORDION
STRUCTURES

In this chapter, | will introduce rocess to fabricate and control novel fst@nding 3D metal
nanoeaccordion structures using ALD and interference lithography[i&). In this approach,

a lithographically defined periodic grating functions as a geomeimpltde for conformal

ALD coating of platinum (Pt). The polymer is subsequently removed using a thermal treatment
process, leaving behind a freanding metal structure with an accordiike geometry. The

profile of the final structure can take many foramal is determined by the polymer template

and coating layer. The template feature height and width have dominant influence, and can be
readily and systematically controlled by the lithography process. The complex nature of the
structure profiles can potgally find applicationsnot onlyin flexible/stretchable electronics,

but also photonicand nanofluidic devices.

2.1 Fabrication Process

The proposed fabrication process is illustrated in Figure 1, with corresponding scanning
electron micrograph (SEMiriages in the inset. Initiallg0 nm thick antireflectiotayer(ARC
i-CON-7, Brewer Science, IncwWere spincoatedon asilicon wafer to prevent baeleflection
during lithographyand500 nm of SU8 (Microchem, Corp.) were spitoatedas abuffer layer.

A buffer layer of fully crosdinked SU8 was used to improve adhesion template structure.
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top ofthetwo layers, the targ&8U-8 layerwas spincoated and sothaked at 95 °CThen,1D

periodic photoresist structure were patterned usibglaoy d s mi rr or I L wit
(HeCd UV laser, Kmmon Koha Co., Ltd)as shown in Figurg-1(a)[74], [75]. The structure

period, height, and feature width can be controlled by exposure angle, resist thickness, and
exposure dose, respectivelor most caseslescribed in this chaptethe SU-8 polymer

template was patterned with & m pra théraaggof exposure dose from=B mJcn? was

used to control théemplate feature widthAfter exposing process, the samplesre post
exposebaked at 65 °C, developed with propylghgcol monomethyl ether acetate (PGMEA),

and rinsed in IsopropyAlcohol (IPA). After lithography, a hard bake at 210 ~ 220 °C was
performed to fully crosslink the photoredisimprove material stabilitFor more information

on fabrication process recipsseAppendixA).

The polymer structure was then deposited with a conformal Ptuayey ALD, which is the
sole structure remaining after a subsequent thermal treatment process, as illustrated in Figure
2-1(b) and (c), respectivelyThe Pt ALD was performeat 1 Torr and 200 °C using
(methylcyclopentadienyl)trimethylplatinum (MeCpPt)lasa precursor and ozon@s) as a

reactant gag~or more informatioron ALD recipesseeAppendixB).

The crosssectional SEM images in Figu®el illustrate the Pt nanostructure fabrication results
after each processing steps. Here the period &8 §tdting is 1 um, and the width and height
of the grating are 500 nm, achieving a duty cYEI€) of 50% and an aspect ratio (ABf) 1.
TheDC is defined aa fraction ofa feature width over one period, ahd AR meansa fraction

of afeature height ovets width. A thin aluminaintedayer ¢ ~ 2 nm)can be deposited using
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ALD over the resist template to enhance surface reaatidrmaterial chemistry70], [77].

For better fim quality and consistent thickness of metal layer, the presence of interlayer is
extremely important during metal ALD process. The detailed Pt deposition results with and
without alumina interlayer will be demonstrated layer in this chapter. The inteiddgkowed

by 20 nm of Pt deposition, both using ALD. As shown in the SEM images of Rigliie),

the Pt grating structure on the resist template has high fidelity and good morphology
throughout the whole sample with uniform thicknddere the samplarea is limited by the
lithography setup, and is around 1 inch by 1 inch in this wAdtkr polymertemplate removal
process using convection oven at 550&@ijgh temperature which can evaporate and remove
SU-8 polymer templatea freestanding metal nanostructure resembling an accordion remains
on the silicon substrate, as shown in Figkt#¥(c). The overall crossectional profile and
period of the Pt structure has no significant chainga#i aspectshowever the structure vt

was reduced by about 50%hich is obviously happened by evaporating polymer template
during thermal proces# this case the S8 photoresist functions as a sacrificial template for

fabricating and shaping the resulting thin nanostructured films.
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(a) Interference Lithography (b) Atomic Layer Deposition (c) Thermal Process

Resist Template
Si Substrate

SU-8 Photoresist Template Template with Pt ALD coating Free-Standing Pt Structure

Figure 21 . Fabrication process and corresponding S
Interference lithography on S8 photoresist to make a polymer grating template. (b) Platinum
atomic layer deposition to coat the template surface with a conforntall lenger. (c) Thermal process
to remove template, leaving behind a fst@nding metal naraccordion

2.1.1 SU8 Negative Photoresist

The negativetone photoresist S8 was selected as tipelymer templateanaterial due to its
high glass transition tempaure This is importansince a relatively high process temperature
is required for Pt ALD In mostPt ALD processesPt film deposition involves surface
combustion and dehydrogenation reactions with the use of (metlogepntadienyl)
trimethylplatinunfMeCpPtMe) and molecular oxygen ¢at elevatd temperatures 300 °C
[65], [66], [78], [79] However, bwer reaction temperatureanbe realized through the use of
plasmaexcited species (e.g.2HO) or ozone (@) [67]i[70]. Films producedwith these
alternative countereactants are metallic Pt with minimal contamination, exhibit high

electrical conductivity, and may be formed at lower temperatures, making their use ideal for Pt
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ALD on temperatureensitive substrasesuch as polymers in ocase. Based on these benefits,
by using @Q as the reactant gas we successfully deposited metallic Pt layer on top8of SU
template at just 200C, which is under its glass transition temperatiifee template profile

fidelity were verified using electron microscopy.

After the ALD process, a thermal treatment process in a convection oven was used to remove
the SU8 template under platinum layer. A differential scanning calorimetry (DSC) test was
performed for planar St8 layer on Si substrate with and without the ALD Pt layer on the
surface to monitor the polymer removal procdsd® results indicate efficient removal of SU

8 at around 450 ~ 600 °[B0]. As shownin Figure 22, the DSC result showed that a peak at
around 500 °C can be observed for both cases, which indigattes@ changef SU-8 to gas

More important the similarities in other peaks indicate that the Pt layer does not affect upon
this thermal @nsition of polymer layer. Accordingly, a thermal process at 550 °C to remove
polymer template was used to yield figlanding metallic Pt naraccordion structure3.he

thermal stability of Pt nanostructured at higher temperature thaAG&@s also examed

and demonstrated in section 2.5.
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Figure 22. Differential scanning calorimetry (DSC) result of 8Uayer with and without platinum

layer on top of it.

2.1.2 Aluminum Oxide Intermediate Layer

The thin interlayer of aluminum oxide plays a critical role in the quality of the Pt ALD process.
The first platinum ALD coating on polymer grating template was processed without employing
intermediate AIOs3 layer. In these samples the Pt layers had welgtirough surface
morphology, as s in the SEM image of Figure¥a). Such morphology was not observed
when the same Pt ALD process was used on bare silicon and silicon oxide substrates. In
addition, the thickness wasly around 10 ~ 1&m after 630 gcles of Pt ALD processyhile

it was expected to be 30 nm with a normadi@&tosition rate dd.6-0.7 A perALD cycle[68]i

[70]. The structure profiles also changed dramatically because the platinum nuclei adhere

poorly to the polymer template directly. TherXy phdoelectron spectroscop{XP9)
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measurements confirmed that the top layer is not pure Pt, since there is a weak peak for metallic
Ptat 71.0 eV but a strong peak for oxygen components, indithémgesence of oxides (R)O

at 529 ~ 530 eV68], as in Figure B(b).
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Figure 23. (a) SEM image of Pt Oxide film after direct Pt ALD coating on polymer template without
intermediate layer of Al203 (b) XPS result for Pt Oxide film.

While the Pt oxide samples can also yield similar racaordion structure, they resulted in
poor structure fidelity after template removal. First, they are typically more flexible and forms
a roundedged nan@ccordionstructures, as seen in Figured@). For AR > 1, the two
sidewalls collapse together and round ceiling result in a perfectlarirprofile, shown in
Figure 24(b). However, the structure has significant film discontinuity due to cracking.
Second, Pt oxide naraccordionst(~ 20 nm) have mabsorption in the visible spectrum, a
characteristic of metallic films and are mostly transpar@lso, the structureresistivity is
significantly higher than Pt film and the calculated resistivity was aroungl-&t, which

obviously shows its nemetallic electrical property.
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Figure 24. SEM images of platinum oxide nanostructures after template removal process; (a) Pt
oxide naneaccordions (b) Pt oxide naipipe array.

Based on these results, it can be concluded that Pt ALD directly on the ptdympdaite yield

poor material film.To promote surface reactipmn intermediate alumina laygAl20s)
between the resist and Pt layers waoduced by ALD For more informatiolon ALD recipes
seeAppendixB) in all samplesThis resulted in better Ptiil morphology, electrical properties,

and consistent thicknesas shown in Figure-2(a) This is believed to be attributed to good
nucleation and film growth of metallic Pt on alumina surfa€é8] XPS measurement was
performedfor the new sample to examitiee elemental composition of the thin Pt lagsr
depicted in Figure -B(b). A strong binding energy peak of ~ 71.0 eV can be observed,
indicating that the film cmposition is pure metallic #68]. The aluminainterlayerwas not
detected by XPS due to the limited thickness resolution. Small peaks in the measurements

indicate other elements such as oxygen and carboarduegligible.

To examine the electrical properties, #ieet resistanagf Pt naneaccordion structures were
characterized by foypoint probe systemFourpoint probe technique is widely used in

measuring sheet resistance of thin flat §lmnd compared to thadius of probe tip, which is
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generally in micrometer scale, the fabricaRtchaneaccordions has much smaller structures

and can be regarded with uniform planar metal film with a negligible roughfilesssheet
resistances of the Z0m-thickness Pt nanostructures on polymer template prior to the template
removal process is 10.45 q/square, yielding
the template removal process to remove the underlying,3be resistivity remained abt

the same and measured 20.7 eqlLcm. These dat a
structure ridge direction. For comparison, the sheet resistance of planasthick it film on

SU8 was measured to be 20.d95i g/ sguafed®yDekdi

measured data are summarizedable 21.

These characterizations verify the material purity and metallic nature of the Pt nanostructure,
as well as its uniformity of quality for different template geomettiealso highlightsthe
importance of the alumina interlayer on the material composition of the ALD deposited Pt film.
The measured electrical conductivity of our Pt rancordion structure is comparable to that

of the most recent works on stretchable electronics with egistonductive nanomaterials,
such as metal nanowifd7], [51], [81], [82] carbon nanotubgl3], [39], [83], [84] and

graphenebased17], [44], [85] electronics.
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Figure2-5. (a) SEM image of Metallic Pt film on polymer template with intermediate layer of Al203,
(b) Experimental XPS data of thin ttucture deposited using ALD. A binding energy peak at 71.0
eV indicates pure metallic Pt.

Table2-1. The sheet resistance and resistivity of platinlangr film and nan@ccordions.

Sheet Resistance Re51st1V1ty

Planar Pt on SU-8 10 nm 19.50 19.50
Pt Nano-Accordion 10.45 (Ry) 20.50
e el Rl AV
cfore Template Remova 10.82 (R)) 2164
Pt Nano-Accordion 10.34 (Ry) 20.68
fter Template R 1 A i
after Template Remova 10.86 (R,) 2172
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2.2 Geometric Control of Metallic NanaAccordions

2.2.1 Structural Deformation during Template Removal

The effects of resist template geometry on the final Pt nanostructure were investigated. Two
normalized geometric parameters, duty cycle (DC) = width/period and aspect ratio (AR) =
height/width, were considered. The D@ncbe controlled by varying the eggrdose. Te

grating has rounded tops to resemble sinusoidal wagesbserved in Figure®a) and (b),

but changes to flabps to resemble square waves wtienenergy dose was increased to obtain

a higher DCas inFigure 26(c) and (d) In myexperimats when the DC igist over 50%, the
rounded top grating was achieved, and when Df@jiser than aroun@0%, the flatop grating

was generated due to the nature of negdtme photoresist when thenergydose is hgh
enough.Therefore at higlenergydose essentiallihe more resist contrastas accomplished

which leads to sharper cornerSuch atemplate structure induced a unique geometric

deformation of the metal film during template removal after AltDcess
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Figure 26. SEM images opolymer templatewith (a) DC < 50%, (b) DC = 50%, (cPC =60%, and
(d) DC = 70% Roundtop templatesvere formed whe®C < 60%, andflat-top templates were
formed vice versa

The fabricated metal nanostructures can haomplex proilles after the template removal
process. Figur@-7(a) depicts a SEM image of the resist template with DC = 60% and AR =
0.83 before ALD. Significant changes in the resulting Pt structure profile were found after
ALD and template removal proass, as shown in Figue/7(b). In this case the grating failed

to retain its original shape, unlike the case of round tops in Fgglird=igure2-7(c) shows a

part of the sample after incomplete template removal under the Pt structure, caused by
temperatre gradient on polymer gratings. The structure deformation and collapse mechanisms

can be identified by comparing each grating unit cell. The units on the left have more residual
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polymer and are observed to be less wrinkled compared to those on theffeyimg a
progression of the collapse process as polymers are removed. It can be observed that as the
template is removed, the side walls and the ceiling collapse towards the center as the structure
becomes wrinkled, creating a unique cresstional prole. Based on these results, the

template geometry can be designed to control structure collapse and engineer the resulting Pt

nanostructure.

Figure27. SEM i mages (1 em scale bars) of (a) Pt
nanoeaccordon after template removal. (c) A region showing incomplete template removal and
transition of structure deformation process.
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2.2.2 Geometric Model

In order to further study the profile formation process of the metal-aetardions, we
propose a firsbrder geometric model, as illustrated in Figdré(a). The key deformation
mechanisms are the vertical sagging of the top ceiling and lateral caliafise side walls
associated with the template removal process, where the Pt films undergo structural wrinkling

caused by the surface tension of evaporatinggSU

Based upon this mechanism, a uniform structure collapsevjdte (he top and side waltsf

the grating unit is defined. As depicted in Phase | of Figt8@), the structure starts to deform

as the polymer template is being removed and the shape change occurs on both the top ceiling
and the side walls. During the template removal processvtinkling on ceiling and walls

gets more pronounced (Phase Il), finally resulting in the complex shape in Phase Ill, which
was experimentally observed in Fig@-g(b). Based upon the proposed model, the structure
profiles of Pt naneaccordions can be gdicted by the grating width and height of the initial

resist template, as illustrated in Figar&(b).

In the case with AR < 1, the ceiling would collapse before sagging of side walls. When AR >
1, the two side walls merge before the ceiling collapgsee intermediate regime where AR

~ 1, the ceiling and side walls are expected to collapse together. It is important to note that this
model is restricted to flabp template, and the wavy profile will not experience a significant
geometric change fohé roundtop templates. In these cases, such as those shown in Figure 1,
the round curvature is more mechanically stable and is only expected to reduce in width, as

illustrated in Figure&-8(c).
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Figure 28. Schematic of firsbrder geometric model for X#at-top Pt naneaccordion on polymer
template during template removal process. (b) Predicted final priufiléiat-top Pt naneaccordions
when AR is less than, around, and great than 1. (c) Predicted final profile fortopuRtinane
accordions in rost cases

2.3 Variety of Cross-Section Profile

To test the models for both fladp and roundop templates, samples with height ranging from

300 nm to 1200 nm and width from 100 nm to 750 nm were fabricated, representing AR from
0.4 to 5.0. Figur@-4 shows comprehensive cressctional SEM images of the various metal
nanoeaccordion profiles after template removal. The SEM images of the corresponding resist
templates are shown in the inset diagrams. Two different top shapes were generated by
controlling the duty cycle of the grating on the resist template.-tBfattemplates were
fabricated with DC = 60%, and rowtolps were created with DC = 50%. The aspect ratios
were controlled by varying the thickness of the resist template, exposure dose, picisotro

plasma etching.
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2.3.1 FlatTop Template

For flattop templates, the AR was controlled by varying the resist thickrass300 nm to
1200 nmwhile fixing the template widtlas 600 nmThe general case of flat top is shown in
Figure2-9(b), where theéemplate used has an intermediate AR = 0.83. The final Pt structure
resembles a sprolike shape, indicating the ceiling sagging and si@dl collapses merged

and terminated at around the same time.

For the case of a template with lower AR = 0.5, as showFigure2-9(a), the ceiling
completely collapsed prior to the wall and the final profile resemble musHikerashape.

Also the deformation of the walls was believed to be induced not by the evaporated polymer
template, but by the ceiling collapse.the opposite extreme, a higher AR =2 resultedina T
like shape, as shown in Figl2€(c), since the side wall collapses occurred prior to the ceiling.
These results follow the general trend predicted by cumgéric model described in previous

section.

It is expected that there will be less deformation or sagging of ceiling part when the AR is
much lower thamy lower extreme cases because of the limited amount of polymer template
and less removal time in that case. In the same manner, if the AR ihighehthan 2, which

is my higher extreme case, the deformation of wall might not be dramatic as before and less

deformation or collapse will be occurred.
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Figure 29. SEM images of frestanding Pt nanaccordion structures witfat-top templategDC =
60%). The inset pictures in each image depict the photoresist template before thermal process. The
structure aspect ratios (AR) are (a) 0.5, (b) 0288, (c) 2.0Scale bars in main and inset images are 1
and 2 em, respectively.

2.3.2 RoundTop Template

For roundtop templates, the fabricated creasstion profiles were less complex than ftap
casesThis can be attributed to enhance mechanical stability for curved corners, as opposed to
the sharp edges for square wave samples. gradual change tiepolymer gratinghas made

by increasing the time of isotropic etching, as depicted in Figzi@ Starting with AR = 1,

the grating width can bshortened while the keeping height the same using 3 minutes of

isotropicoxygen plasma etching (power280 W and pressure of 1 Tosijpceas the top layer
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was being etched the bottom layer was also being etEhettheretching on polymer template
hasmade a neck betwegnating layer antbuffer layer, resulting in AR of around Bherefore
only the AR carbe changed with less height reduction during plasma etching and the rounded

top shape can be survived until the neck part is completely removed.

LA A AN

Figure 210. Aspect ratio of polymer grating template controlled by isotropic plasma etching. SEM
imagedor each AR cases before template remowlngtial samplewith AR = 1was etched to obtain

(b) AR ~ 2 and(c) AR ~ 5with etch time of 3 min and 6 min, respectivély) More than 9 min of etch
time will removemost of the grating structures.

After template removal, the top ceiling does not sag due to improved mechanical stability of
the rounded ceiling and only the side walls collapse, in contrary to theglamplates. For

low AR = 1, the resulting frestanding Pt structure closely reddes the original template
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profile, with about 50% decrease in structure width, as shown in Rxgitég. For template

with AR = 1.25, the sidewall collapse developed further to result in a narrower waist, as shown
in Figure 2-11(b). For higher templatéR = 5.0, the collapse of the sidewall was more
pronounced, resulting in a sealed pijge shapewith a vertical columnpas shown in Figure
2-11(c). The spaces enclosed by the Pt nanostructures are a distinguishable feature only

observed on round top tetapes, and can potential find applications in nanofluidics.

S

Figure 211. SEM images of fregtanding Pt nanaccordion structures with roustdp templates (DC
= 50%).The structure aspect ratios (AR) are{d) (b) 1.25 and (c) 5.0Scale bars in maiand inset
i mages are 1 and 2 em, respectivel
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2.3.3 CrossSection Profile Map

The overall experimental results can be compared to the geometric model in ssectiss

profile map defined by template width and height, as shown in FRjli Linesof constant

AR = 0.5, 1, and 2 are drawn to indicate the regimes of low, intermediate, and high AR,
respectively. For low AR = 0.5, the final Pt structures are wrinkled and have completely
collapsed. This represents the regime when the ceiling saggirayesdominant than the side

wall collapse. This effect of immediate ceiling collapse is expected to be even more
pronounced at AR < 0.5. For intermediate AR = 1. The ceiling sagging and wall collapse both
play equally important roles, as the ceiling ane siclls merge in the final structure to yield
sproutlike profiles. On the other hand, for relatively high AR = 2, the side wall collapse is
dominant and occurs prior to ceiling sagging. These structures generally have enclosed opening
at the top of the mictures while being sealed at the waist. The same effect is expected for AR
greater than 2, where the sidewalls will collapse immediately and the ceiling will experience
no geometrical change at all during the template removal process. Using thisrpagfjlehe

final crosssectional profiles of thin metal nanostructures can be predicted and designed for

various applications.
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Figure 212. Crosssection profile map of fabricated Pt namecordion structures. The resulting
structures are plotted as fuiaects of template width and height. The ceiling sag is dominant when AR

< 1, and the wall collapse is dominant when AR > 1. For AR ~ 1, both ceiling and wall collapses
effects are equally important.

2.4 Electrical Characterization

Given the complexrosssectional profile and high directionality of the Pt nanostructure, the
anisotropy of electrical conductivity was further evaluated. Prior sheet resistances were
measured parallel to the structure ridge directid).(When the measurement probes are
aligned in the perpendicular directiol (), the electrons follow the wavy profile in a more
tortuous path and the structure could have higher resistance. The anisotrofy A% of

the fabricated Pt naraccordions before and after template realgwocess are shown in
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Figure 213 (For raw data seBable 22). The anisotropy effedh electrical propertyvas small

prior to template removal, gradually increasing with AR to yield a maximum of 10% increase
for AR = 2. This can be attributed to sharpdges and roughness in higher AR structig&g.
However, the overall effect of AR was small since the structfréisin Pt film do not have
significantly different crossectional préles prior to template removély high temperature

in convection oven.

The anisotropy ratio in frestanding Pt structures after template removal, on the other hand,
has a stronger dependency on complexity of the structure. For low AR = 0.5 where structure
has collapsed ceilings, anisgpy ratio is close to 1 to indicate no directional difference in
sheet resistance. For the sprbke profile structure with AR = 0.83, the complex geometry
resulted inY being about 10% higher thal¥ . At even higher AR = 2, the anisotropy
increasedo more than 45% due to more complicated profiles and sharper edges. Complex
profiles also lead to more structure collapse during the template removal process, which can
result in crack formation along the structure ridge direction and increase aniseffepis.

These characterizations demonstrates that Pt nanostructures with complesectiossl
profiles can maintain high conductivity in along orthogonal directions parallel and
perpendicular to the fold geometry. These structures can potentialignséetred to flexible
substrates for stretchable devices, and the dependence of electrical properties on strain is the

subject of future studies.
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Figure2-13. Sheet resistance anisotropy rat¥ ¥ ¥ ) vs. aspect ratio for Pt namaacordion
structuresbefore and after template removal. The ratio increases with increasing AR for both cases.
The anisotropy is more significant after template removal with the resistance ratio up to 1.45, while it

is limited to 1.10 for structures before template removal.

Table2-2. Sheet resistance and anisotropy ratio of platinum films andawwedions before and
after template maoval for 5 different AR cases.

Sheet Before Template Removal After Template Removal
Resistance

12.36£0.10 12.58+0.33 1.018 11.23+£0.29 11.25+0.32 1.001

10.45+0.19 10.82+0.37 1.036 10.25+0.16 11.25+£0.38 1.098
12.62£0.26 13.46%1.33 1.066 11.37£0.15 14.39+0.24 1.265
11.39£0.32 12.30%0.27 1.081 13.79£0.51 17.76£0.39 1.288
11.92+1.04 13.17£0.84 1.105 12.574£0.34 18.31£0.42 1.456
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2.5 Thermal and Structural Stability Characterization

The thermal and mechanical stability ofrRinostructures were examined at high temperature
test using a convection oven. Even with thermal treatment up to 700 °C, the fcoardion
remained its shape and electrical conductivity once cooled to roopetature. The cross
sectional SEM images tifie Pt nanostructures after 700, 800, and 2@0freshown in Figure

2-14(a) and (b). However above 800 °C, the structures morphology alters and systematic
collapse can be observed. The structures are also no longer conductive, which we believe to be
cawsed by crack formation. This can be attributed to metal owilaaind other chemical
reaction at high temperaturel0O (Figurd4c)). The structure collapse is more dramatic as
temperature was increasedL000 °C, as shown in Figu2el4(d). In this expament the initial
sproutlike profile was difficult to be distinguished from its cressctional view while the

periodicity of the nan@ccordion barely persisted.

Thermal treatmentteb50 C, however, the fabricated frstanding structure is robust. The
structural stability of platinum naraccordion over large area after template removal can be
confirmed by topview SEM. As shown in Figure-25, the Pt nanostructures with two different
profiles showed few structure collapses, which is characteristieseqiatiorover the whole

sample area.

42



Figure 214. Crosssectional view SEM images of Pt naaccordions structures (DC = 60%, AR =
0.83) (a) after the normal temperature removal process at 550 °C, and after high temperature thermal
tests at (b) 700C, (c) 800 °C, and (d) 1000 °C.
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Figure 215. Top view SEM images of Pt nafa@cordions structures with (a) wavy shape (DC =
50%, AR = 1.0) and (b) sprolike shape (DC = 60%, AR = 0.83).

2.6 Summary

In this chapter demonstrated Pt nawwordionstructures with complex crosctional

profiles using a combination of ALD and IL. The crasstional profiles of these metal
nanostructures can be designed by specifying the template geometry. Pt structures undergo
structural transformation during thentplate removal process, which can be qualitatively
predicted using the proposed geometric model base on structure duty cycle and aspect ratio.
This model generates a cressction profile map, where the structure geometry can be

designed as functions @rhplate width and hght. These freestanding nanostructures exhibit
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anisotropic electrical properties, with sheet resistance up to 45% higher in the direction
perpendicular to the structure ridge for the most complex profie.to their good structural

stability and excellent electrical conductivity from the nature of metals, these structures can
potentially be stretched, leading to future applications in stretchable electronic and photonic

devices.
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CHAPTER 3

CONFORMAL METAL COATING USING CONVENTIONAL
THERMAL EVAPORATION

In this chapter, | would like to introduce another fabrication method to create conformal metal
film on nanostructured surface using conventiqigisical vapor deposition (PVD). This work

will focus on improving the conformality dhermal evaporation, which is one of the most
widely used PVD methods to deposit various materials. Even though platinum ALD
demonstrated a successful result on falingatmetallic naneaccordion structuresas
demonstrated in ChaptertBe limited choice of depositing materials and expensive precursors
for process carobstructthis approach forscaleup mass and cosdffective production.
Therefore, a novel approachdeal on PVD can be an alternative way to fabricate the same
nanostructures, and will bring versatility to my strategy to produce flexible metallic conductors.
To overcome poor step coverage and incomplete conformality of PVD, oxide layers by ALD
will be introduced as adhesion interlayers before thermal deposition af lgwdquality of

gold films will be analyzed using scanning electron microscopy (SEM), eqépgrsive x

ray spectroscopy (EDS or EDX), and electrical conductivity measurement.

3.1 Conformal Coating of metal materialsusing PVD

PVD has been one of the most widely used technologies for metallization of surfaces and

devices in many area, including integrated circuit (IC) productid8MS/NEMS research,
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and thin film coating, due to its prosesgersatility and material purity. However, it poor step
coverage and limited conformality on complex structures with high aspect ratio (AR) has been

a long time challenge to overcome.

To illustrate the shadowing effetigure 31 shows a general resuftex thermal or electron

beam (ebeam) of metal on nanostructured surfaces. The structures in that figure is exactly the
same as those | used for platinum nawcoordion structureslemonstrated for Chapter [t

only for this case, the deposited matewals gold. This metal has sat only on trenches and
valleys of polymer template, and the uncoated sidewalls revealed the poor step coverage and

directionaity of anisotropic PVD process.

Figure 31. SEM image of general example for 30 nm gold thedwpbsition on polymer template.

To mitigate this problem, several approaches without changing the main concept of PVD,
including ionized PVD[87]i[89]and oblique angle PVIOO0], [91], have been suggested.
lonized physical vapor deposition (IPVD) utilizes ionizedpisiting materials and electric

fields on the sample substratand theconceptial setupof this techique is demonstrated in
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Figure 32(a) This method was developed frahe reed to deposit metal layers apakriers

into trenche®r viaswith high aspect ratio structureshich is the reasoit is also known as

ionized metal plasma (IMPMetal atoms are ionized in an intense plasamaldirected by

electric fields perpendicular to tlsamplesurface.Only thedirected flux of metatanreach

the bottom of deep trenches and cover the sidewalls of structures. Fg(b¥ shows one

example of metal deposition using IPVD, and the trendh agpect ratio more than 4 was

covered by titanium thin film. However, only the porous and columnar structure offiimetal

was deposited on 90° sidewalsd its thickness is much thinner thimp or bottom side of

trench.

(a)

The I-PVD lonization Process

rL Magnetron
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Figure3-2. (a) Conceptuaetup image of ionized physical vapor deposition (IPVD), and (b)

deposition result of 50 nm titanium on trench strucf8€3.

Another advanced PVD technology, callddigue angle physical vapor deposition (OAPVD)

uses aobliquelytilted and rotating substrate in the main chamber, as shown in Bi@{eg

More surfaces on sidewalls of trenches or valleys will be exposed to the evaporated target
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materials and the conformality will be enhanced without any void area winclotbe reached

by normal incident flux. Figure-3(b) shows some of the experimental results of ruthenium
(Ru) film deposition on trench structures with an aspect ratio around 2.0 using OAPVD system.
The rotation speed they used was 30 rpm, and the ilepasite of 15 ~ 17 nm/min, and the

tilted angles they chose were 0° 15°, and 30°. Experiment results proved that higher angle
lessened the thickness difference on between top (or bottom) and sidewall, therefore overall
step coverage improved withoutist@rea and overhang structures. However the conformality

of OAPVD is very sensitive to the aspect ratio of surface topography, and more dominant for
certain PVD techniques which are utilizing high density plasma and ionized materials, such as

sputtering ad IPVD.

( a) Tilted & rotating (b) Deposition angle (degrees) .
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Figure3-3. (a) Conceptual setup image of oblique angle physical vapor deposition (OAPVD), (b)
deposition results using OAPVD with different deposition time and tilt angle of the sjg&tém

Though these advanced PVD showed Ibettep coverage and conformality, they still have

limitations when deposited onomplex nanostructured geometry.oM advanced and

progressive deposition tedqnes with perfect conformality are especially critical at the
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nanoscaleOne such process is a metal atomic layer deposition (ALD) which was described
for Pt naneaccordions in Chapter 2, have been introduced to replace the conventional PVD
process. However, the limited selection of depositing materials, long reaction timaego

process, and pricy precursor materials are the disadvantelgesonsidered.

3.2 Approach to Conformal Metal Coating

In most of metal PVDprocessesan adhesion layer of another metal is used for better
deposition on a delicate substrate, sucsilacn and silicon dioxide. For example, a very thin
layer (< 5 nm)of titanium (Ti) or chromium (Cr) is widely used fgold evaporatioron the
glasssubstrate§92], [93]. By having these adhesive layer, the target material sticks well to a
high energy surface, instead of nucleating and forming larger grains on low energy surface.
However, these materials help only for promoting better adhesion between the substrate and

metal, not for increasing step coverage of target metal on substrate.

Similar occasions frequently happen on metal ALD process for special substrates or surfaces.
For instance, an ultrthin layer of aluminum oxide (AD3) was used for ALD of platinum on

fabric materials Alsomentioned in previous chapter, the same oxide layer with 2 nm thickness
was used for metallic platinum ALD on polymer template. These results can be explained by
the motion of metal atom on oxide layerd a unique catalytic property of aluminum oxide for
platinum depositionTo understand and utilize this mechanism, many research groups have
been studied and found that the adhesion of several metals, such as copper, platinum, and gold,

is significantlyincreasedy the support of oxide underlayers, and the binding of those metals
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depend®n the properties of the oxifi@4]i [102].

The goal of this work is then to investigate and enhance the quality and conformality of metal
PVD on nanostructured template withrieaus interlayer material®ifferent oxide layers can

be depositedy ALD processon complex templates with high quality and conformality in
moderate experimental conditioas opposed to metal ALDF¢r more informatioron oxide

ALD seeAppendix B) Typically, an oxide ALD can be processed in much lower temperature
(around 60 ~ 80 °C) than metal Alabdno special treatment isquired on the target surfaces.

Like the preparatiorstepof an adhesive laydry PVD, such as Ti and Can oxide interlayer

can be deposited by simple ALD process before the main metal PVD step\LThrassisted

PVD is my approach to enable conformal metal coating, and the quality of the deposited metal

film will be discussed with various characterization results.

Based orothersresearch worksnentioned abovand my own experiences on Pt ALD layer
quality, the PVD of gold on aluminum oxide ALD layer wésst examined and the
experimental results are shown in Figuré. Ihe polymer template was prepatesihg laser
interfererce lithography described in ChapterThe thickness of target S8 layer was 250

nm, thesame as the buffer S8 layer, and the period of nanostructure was 1 um. Then the 10
nm of aluminum oxide layer was deposited on top of polymer template, and thelther
deposition of gold was conducted for 30 nm usghegmal evaporation systemdurt J. Lesker

Company)

Initial results are promisingcompared to Figure-3, the crossectional image in Figure-3

4(a) indicates better conformality and step coverageltlagraphically prepared polymer
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nanostructures. Also the tilted view SEM in Figuré(B) shows the quality of depositing gold

on sidewalls, and no remarkable differences between valleys and sidewalls in terms of
uniformity were observed. This is thesfirevidence that the metal oxide layer, which can be
fabricated readily by ALD, can help the adhesion of metal overlayer deposited by PVD even
with complex geography. One effective breakthroughs to acquire film conformality, process
versatility, as well agconomic feasibility can be achieved by this approach. More detailed
examination on metal layer over Akdxideinterlayer will be conducted with different

experimental conditions in following S#ans to prove its superiority.

Figure3-4. (a)Crosssectional and (b) sidéew SEM of first gold thermal deposition using
aluminum oxide interlayer

3.2.1 Experiment Design

The first successful PVD of conformal gold on polymer template was fabricated under three

special conditions. First one is the presence of aluminum oxide layer by ALD procets and
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thickness was around 10 nm. Gold film was deposigtteron aluminum oide layerthan on
polymer templatdecause oxide layer has higher surface en&ggond condition is thew

aspect ratio (AR = 0.5) of the polymer template. Shorter nanostructures must be easier to be
covered by evaporated metaiace there will be onlg weak shadow effecthe last one is

the $ower evaporation rafavhich was around 0.4 A/s. In most of microfabrication process,

1.0 ~ 2.0 A/s of evaporation rate is used for gqudllity of depositing materials, and slower
deposition time can give theaterial more time for diffusion and spreading over the target

surfaces.

To demonstrate the effectivenessmetal oxide layer as interlayer, those conditions were
broken down and examined separately. Different thickness of aluminum oxide layer, different
aspect ratios, and different evaporation rates were tested to validate the conformality which the
oxide layer can induce and show the limit of this apprdakgtiron microscopy will be utilized

to investigatahe effect of the interlayef.he quality ofthe coating can also be quantified by
measuring the electrical conductivity of the fabricated films. This approach gives a global

evaluation of the film deposition based on various experimental parameters.

3.2.2 Deposition Results

Deposition results witkifferent conditions will be demonstrated and the quality of deposited
gold film on polymer template observed from each SEM images is discussed in this section.
Like the case of Pt ALD with thin aluminum oxide interlayer, the improvement can be

primarily observed by electron microscopy
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First of all, the thickness of aluminum oxide layer was examined. Three different thickness of
the oxide layer, 5, 10, and 15 nm, were prepared for 30 nm of gold evaporation, and the results
are shown in Figure-8. No big dfference in quality of gold overlayer was observed, sl

agrees with the general understandimag even only an ultrthin layer of oxide can cause the
conformal coating of gold over the interlayer. Typically 5~10 nm of Ti or Cr is deposited for
beter coating of gold or aluminum on delicate surfaces, and the same thickness of oxide
significantly changed the morphology and improved the conformality of gold film on the
surface of polymer templat®educing the thickness can be made down to 2 nm, asfiee

of Pt ALD in Chapter 2, howevehe following tests on aspect ratio and evaporation speed

were conducted witbxide thickness 0 nm, which were verified by this test.
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Figure3-5. Conformality test with different oxide layer thicknesst@)X5 nm, (bX = 10 nm, and
(c)t =5 nm (scale bars indicate 1 um).

Secondly, theeffect of theaspect ratio of polymer structures weseamined Four different

height of nanostructures= 400, 600, 900, and 1200 nm, were fabricated with the samie, widt

w = 600nm, and the corresponding aspect ratios of each samples are 0.67, 1.0, 1.5, and 2.0
respectivelyFrom the crossectional SEM images of those samples shown in Figérets
uniformity and good morphology of valleys and trenches can be rezuBlgrvedThis is a
significant improvement on samples fabricated without the interlblgevever, the sidewalls

which will be the indicator of conformality of this approach can be hardly observed from cross
sectional view. Only the side view SEM imagasHigure 37 show the different deposition

thickness of gold through the sidewall when AR is 1.0 or higher, however this needs to be
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examined in more rigorous ways. This will be discussed in Section 3.3.

Figure3-6. Gold deposition resultsn differentaspect ratio of polymer nanostructures. (a) AR = 0.67,
(b) AR =1.0, (c) AR = 1.5, and (d) AR = 2.0 (scale bars indicate 1 um).

Figure3-7. Side view SEM of gold film on polymer nanostructures with (a) AR = 1.0, and (b) AR =
15.
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Lastly, different deposition rate was compared as slow evaporatias beievedo be better

for more uniform deposition. For this test, the results from 0.2 A/s and 1.0 A/s deposition rates
will be mainly compared. From SEM images in Figur8(8), itis hard to tell if the slow
process dominates fast process or not, especially on low AR case. However, a slight difference
of film quality on sidewalls between two different deposition rates can be visually observed
from the sample with highest AR of 2 Figure 38(b). The gold film on sidewalls with the

fast rate has more definite color change from bright to dark than the oneiia 8&(d), which
indicateghat the gold film coverage is less than the slow rate case. This characterization, also,

will be more reasonable and practical with more data in Section 3.3.

Figure 38. Gold deposition resultsn fast deposition speed of 1.0 A/s on polymer templatie (&)
AR = 0.67and (b) AR = 2 (scale bars indicate 1 pm)

3.2.3Effects of Different Metal Oxide Layers

Other oxide films than aluminum oxide were examined to demonstrate the improvement on

introducing oxide interlayer for conformal metal coatingnioxide (ZnO) and titanium
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dioxide (TiG) were prepared by ALD proceas expected to induce high surface eneagy,

the thickness of both oxide films were 5 nm, as same as aluminum BgitieALD processes
were conducted at arouddB Torr and 90°Cand as precurssgrtitanium (1V) chloride (TiCl)

for TiO2 anddi-ethyl zinc (DEZ wereusedfor TiO2> and ZnO ALD respectively(For more
information on each ALD process, see Apper)ixThis experiment will examine the role of
the metal oxide species asted light on the mechanism in which the interlayer is assisting

conformal coating.

The deposition results exhibited good quality and morphology of gold film similar to the
aluminum oxide cases, as shown in Figu@ Jhe periodic nanostructures with legs and
trenched with aspect ratio of 1.0 were conformally coated, and even sidewalls covered well
with no big visual differences from SEM images. Only difference that can be found in SEM
images is that the thickness of sidewalls inzle@ses looks thiek than ZnO cases. However,

the quality of the deposited metal films cannot be evaluated only by SEM, and more detailed
comparison between different oxide interlayers will be discussed by using EDS mapping data

and electrical resistance values.
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Figure3-9. Deposition resultsf gold film onpolymertemplate using (a) ZnO interlayer and (b) 71O
interlayer.

3.3 Characterization of Conformal Metal Layer

3.3.1 EDS Mapping

Energydispersive Xray spectroscopy (EDS or EDXs an analytical techniquend widely

used fomaterialsanalysisandcharacterization of a sampkedetector for EDS can be attached

to many different electron based microscopy such as SEM and TEM (Transmission Electron
Microscopy), and the resolution of it depends on the rasalaiff the microscopyl herefore,
high-resolution EDS mapping data can be acquired by STEM (Scanning Transmission Electron

Microscopy) which resolution is approximately 0.07 nm (FEI Tita+8380).
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Figure 310 is a general example of STEM and EDS mappiragaes. The same sample used

for Figure 31 to show the poor step coverage of PVD with no surface treatment or adhesion
layer was tested for this measurement. As expected, much thinner or no gold film was covered
sidewalls of nanostructures and the thickest was still less than 5 nm. EDS mapping data

for gold component in Figure-BO(b) is fairly identical to the STEM image in Figurd G(a),

which shows that only gold was deposited on the structures. Another important thing in these
images is that the ughness of gold film. Since the metal deposition on polymer template
cannot be done readily, there are a lot of deviation on thickness of gold even on valleys and
trenches. This is another disadvantage of PVD when it is compared witkcéated metal

film such as Pt film in previous chapters.
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Figure3-10. (a) STEM image of gold film on polymer template without adhesion layer and
corresponding EDS mapping imageg&fgold and(b) oxygen components.

Then, the sample with gold deposition by thermadporation on aluminum oxide layer was
inspected with STEM and EDS. This has structures witspect ratio ~ 0.8 (i.e. height = 500
nm,width = 600 nm) and period of 1 um. The aluminum oxide layer was prepared by ALD on
top of polymer template and ithitkness is 5 nm, the thinnest thickness tested in previous
section. The deposited gold is 30 nm in thickness and the deposited rate used for this sample
was 0.2 A/s. As shown in Figurel13(a), the conductive gold film covers the structure
completely withintroduced oxide layer, and the component of film is confirmed by Figure 3

11(b). Aluminum oxide layer was prepared by ALD and the conformality shown in Figure 3
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11(c) is better than evaporated gold film as expected. And more importantly, this oxide layer
mitigate the roughness of deposited gold which is observed in Figl@e IBlooks like the

oxide layer helps depositing metal to be spread out and dispersed through the shape of
nanostructures. The roughness of deposited material is dormrdieterminng the electrical,

optical and mechanical properties of the film, and therefore the improved morphology and
uniformity of the film can cause a favorable effect on every applications which use PVD

process.

MAG: 115kx

MAG: 115kx

Figure3-11. (a) STEM image of gold film on pgmer template with aluminum oxide interlayer and
corresponding EDS mapping imagegimfgold, (c) aluminum, andd) oxygen components.
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Taller structure with aspect ratio of around ére also characterized in the samway, as
shown in Figure 2. It is conspicuous that less coverage of gold film on sidetielts the
lower AR case was observédm STEM image in Figure-22(a). The EDS mapping data of
gold component in Figure-B2(b) confirms that only an ultthin layer of gold film was
detected on the sidewalls. The thickness of gold on the valleys wasurad 30 nm as
designed, and decreases gradutilipugh the sidewall profile. As it gets closer to trench, the
thickness of gold gets thicker and is meadu88 nm again on most of structure basde.
Therefore the thinnest part of gold film is around the center part of sidewalls, while@he Al
interlayer by ALD was detected with uniform thickness and perfectly conformal feature
through whole nanostructure profile as in Figur#28c) and Figure 3L2(d) These results
indicate that while the interlayer improves conformal coating using PVD, AdI3till
significantly better in terms of step coverag®r moreSTEM images and EDS mapping

imageson more fabricated samplsseAppendixD.
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MAG: 80.0kx

Figure3-12. (a) STEM image of gold film on taller polymer template (AR = 1.0) with aluminum
oxide interlayeand corresponding EDS mapping imageéxppold, (c) aluminum, andd) oxygen
components.

3.3.2 Electrical Characterization

To compare the quality of each depositing results in more quantitative way, the electrical
characterization of gold film wasonducted using 4 point probe systéi sheet resistanse

in this section was measured perpendicular to the structure ridge direction. In Chapter 2, the
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electrical resistance data of ALD platinum film on polymer template showed that there was
only up to10% increment even for aspect ratio of 2.0 case due to its uniform thickness. This
demonstrated the effect of structure profile is not dominant or signifinatiécidng the
electrical property of metal film. However, the gold film deposited by conveltibermal
evaporation exhibits more rough morphology as well as less constant thickness. And it is
expected that there will be more increasing on electrical resistance properties in this PVD case.
Most of experimental resultshich werediscussed in pregus section will be compared in

this manner.

First of all, the effect of oxide film as an interlayer and gold depositing speed were examined
as shown in Figure-33. It is confirmed that the presence of oxide layer helps the migration

of metal atoms ontdhe structured surface even in the lowest AR case (AR = 0.5). The sheet
resistance measured for lowest AR samples without any interlayer was about 10 times higher
than samples with aluminum oxide layer (For raw data, see TdhleTBis trenccan be better
observedn higher AR cases: the resistance values with oxide layer (red and pink lines) were
increased gradually as AR gets higher, while those without interlayer (black and blue line) rose
extremely when AR = 1.5This big jump at AR = 1.5 specifies thmitation of conventional

PVD techniques for coating materials on surfaces with high valleys and deep trenches. Also,
the slow and steady rise on oxide layer cases shows the possibility of this approach as an
alternative way to have conformal depositiging only conventional PVD techniques. Even
though the thickness of sidewalls are thinner than valleys or trenches, as seen in STEM and

EDS images, the electrically conductive layers can be created by using this approach.
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The effect of depositing speed thre qualiy of gold film was also investigated by comparing

two different rates, 0.2 A/sec and 1.0 A/sec. Though the increasing trend of two deposition
speeds in either oxide layer cases or no interlayer cases looks identical, it is clear that slow
deposiion results in lower resistance values. The difference in sheet resistance values was
more noticeable for the samples with AR under or equal to 1.0, and the slow deposition led to
approximately 50% less resistance than fast deposition. It is assumétetieatill be more

time for gold film to disperse on depositing surface when the depositing occurs slowly.
Therefore, it is recommended to use slow deposition rate for creating more conformal and
uniform film by PVD since it takes only about 25 minutesrewéth 0.2 A/sec of deposition

speed, which is still much faster than the advanced deposition techniques such as ALD.
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Figure3-13. Sheet resistance vs. aspect ratio graph of 30nm gold film on polymer template with or
without Al,Os interlayer. Also, twalifferent deposition speeds (0.2A/s & 1.0 A/®retested.

Sheet resistance of gold film with different oxide interlayersQ4lZnO, and TiQ, was also
investigated as shown in Figureld, and the detailed values are listed in Table Gompared

to aluminum oxide case, zinc oxide layer resulted in very similar trend as AR increased,
meaning that zinc oxide acts in the same way as aluminum oxide does as a adhesion interlayer.
However, titanium dioxide showed most beneficial effects opimglthe migration of gold

film on structured surfaces (blue dots and line in Figutd)3 The changes in sheet resistance

of gold film on TiO; was less dramatic than any other oxide layer cétsesheet resistancg
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AR = 1.5 was measured only abou010 q/ squar e, which can be
of other less conductive materials than gold, silver, or cogmnpared to the case with no
interlayer, theTiO- interlayer improved about 14 timbstterat this pointAlso it is interesting
thatthe sheet resistance of gold 81O interlayesis always about 10 times smaller than the
one with nointerlayer Thus, a titanium dioxide layer by ALD can be a good choice as an
interlayer for depositing gold film on structures with high AR, and a zindeotayer can also

be used for better step coverage of gold deposition.
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Figure3-14. Sheet resistance vs. aspect ratio graph of 30nm gold film on polymer template with 3
different oxide interlayer (ADs, ZnO, andTiO;) and no adhesion interlay@he deposition rate of
0.2 A/sec was used for this test.
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Table 31. Sheet resistancataof 30nm gold filmswith four different surface treatments and two
different depositing rates.

1.834 1.830 1.935 1.918 1.910 1.931

25.17 2.050 23.53 1.930 2.067 2.575

641.80 174.56 251.77 78.58 32.23 30.56
852.16 296.47 426.62 140.73 52.39 139.65
2304.50 412.67 1344.33 320.62 100.11 331.07

3.4 Summary

As an alternative approach to fabricate conformal metal layer on complex nanostructures, the
conventional thermal evaporation process was examined. To enhance the step coverage and
conformality of PVD, a metal oxide layer were prepared by simple ALD psoGdd films

created with different thickness of oxide layer, different aspect ratio of nanostructures, and
different depositing speed were compared and analyzed using SEM, EDS, and electrical
conductivity measurement. For all the cases of AR, from 0B8pgold films with oxide

layers of at least 5 nm thickness showed better quality and step coverage with slow deposition
speed. Also, three different oxide layers, aluminum oxide, zinc oxide, and titanium dioxide,
were tested as adhesive interlayersahdf those resulted in better conformal coating of gold

films on nanostructured polymer templates. The ALD process for these oxide layers only needs

comparably low temperature and short process time, so this approach can be used for any
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surfaces and matals without any significant constraints. Also, due to the variety on materials
selection of PVD techniques, various types of metallic remomrdions can be fabricated with
this costeffective process. Actual metallic nanostructures made with this agpprad be

presented in the following chapter.
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CHAPTER 4

FUNCTIONALIZATION OF METALLIC NANO -ACCORDION
STRUCTURES

In previous chapters, have demonstrated a method to fabricate novel -saanordion
structures usingnterference lithography and thimetal deposition techniqueachieving
precise control of the geometry and 9t éhe flexible conductor®©wing to the metallic nature,
excellent electrical conductivity amdbuststructural stability were achievatid demonstrated.
However limited optial transmission is one major drawkand roadblock in écoming an
alternative method to create transparent flexible conductors. In this chajeenphstrate a
novel apprach to fabricate both transparent and flexible conductors usingataonodion
structures with lithographically patterned microstructured window openidg selective
etching process on metal film to improve optical transmission and a transferring step of
metallic nanostructures to soft substrate, such dgdiprethylsiloxane (PDMS) were
developed and added to the fabrication process forstes@ling metal namaccordion
structures, described in Chapter 2. Optical transmission and mechésstal on the
microstructured nanostructunegl be performeda confirm the superioritgsboth transparent

andflexible conductors.
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4.1 Fabrication Process

A detailed fabrication process is proposed in Figdiewhich beginsvith spin-coating of thin
poly(styrenesulfonate) (PSS) layand frst photoresist layeon silicon substrate. PSS
prepared by thermal annealing with 200 °C for 5 minutes, and will be used during transferring
step to separate the structured part from silicon substrate. ThenAldingr conformal
thermal evaporatiodeveloped in the previous chaptemsetal films wil be createdon the
patterneghotaesist. These steps follow teame proceseportedor free-standing platinum

nanoeaccordion structures.

The fabricated nanaccordions have low optical transmission, typically in the vidilglat
range for more than 10 nm thick filfo enhancepticaltransparencythe seconghotaesist
layer is spin-coated and planarizes tineetal accordionlayer for another lithography step.
Using conventional contact lithography, 1D physical periodic operpagallel to thefirst
accordion fold directiorwere patternedas shown in Figure-#(c). Through these micro
windows metal layerexposeds removed usingn acidbasedwet etchingleaving only the
parts covered by patterned secquitbtoresist as shownin Figure 41(d). Two different
photoresist, a negatiwtone photoresisfor first patterning before ALD and a positiene
PR for secod patterning after ALD, weraised for this twestep patterning process.
Subsequently, the residusgcondohotoresisis washed away, and the microstructured metal
layer is bondedto the precured transparénsoft substrate, such as PDMBinally, by

dissolving PSS layer with water and removing the ptsttoresistayer with oxygen plasma,
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only a group of freestandinghancaccordion structures left on the soft substrate, as depicted

in Figure 41(f).

(a) Interference Lithography (b) Metal Layer Deposition (c) Second Photoresist Patterning
(d) Selective Metal Etching (e) Transfer to Soft Substrate (f) Microstructured Nano-Accordions

Figure 41. Fabrication process for transparent flexible rac@ordion structures including (a)
interference lithography (IL) of first PR layer, (b) deposition (ALDPVD) of metal, (c) patterning
of second PR layer, (d) selective metal wet etching, (e) transferring to soft substrate, and (f) final
microstructured metallic naraccordion structures on soft substrate.

Figure 42 illustrated the fabricated structurgght after metal deposition process, having thin
PSS layer with thickness of around 200 nm. The structuregfitgbresistvas patterned by
interference lithographyl() with period of 1 um and aspect ratio of 0.5, which will make the
shortest structuseeamong my flexible metallic conductors. Then, 30 nm of gold film was
deposited using thermal evaporator on top of aluminum oxide layer by ALD, as proposed in
previous chapter. The additional PSS layer had no harmful effect ef t8dplate, and a

conforma gold layer on nanostructures was achieved as shown in Fig2le).4This PSS
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layer enables another method to remove8Spblymer templatéoeyondthermal treatment

using furnace or oven. Since the high temperature during thermal treatment can damage soft
materials such as PDMS, it is not a suitable process after transferring the metallic
nanostructure from silicon substrgtr more informatioron fabrication process recipsse

AppendixA)

Figure 42. Crosssectional SEM images of gold film depesiton lithographically structured first PR
and PSS layer with silicon substrate.

The second patterning step using posipketoresis{PFI88, Sumitomo Chemicals Co., Ltd.)

as a secongbhotoresistlayer was also examined. Conventional photolithographygua

chrome mask (MA6, Karl Suss) was implemented to mphketoresistline pattern in
perpendicular direction of f i r-3a).ToRdkedtzelyr i dge
etch metals on the uncovered parts by patterned segbotbresist aquaregia (itro-
hydrochloric acig, a mixture of niric acid and hydrochloric acid in a molar ratio of 1:3, was

used The acidbased solutiortan etch noble metals, such as gold and platinum, as well as

other common metals like tungsten and aluminum. An gi@of the sample right after metal
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wet etching step is presented in Figurd(d) with colored microscopic image, and showing
the patterned gold naraccordion structures and the exposed fihgitoresistemplatesSome
undercutting and line edge rougksecan be observed, the characteristics of wet etching
processeslin this case, the opening ratio of 70% (in other words, 30% of gold part was

remained) was employed by line patterns with period of 10 um and width of 3 pum.

LALLALAALAAAAGARRRRR LY

Figure 43. (a) SEM image ofthe sample after second PR patterning using conventional
photolithography, (b) photographic image of the sample after selective wet etching of gold film.

The surface of gold layer is treated with oxygen plasma to activate the surface with hydroxyl
groupsand bonded with preured PDMS. Then thehole samplés soakedo deionized (DI)

water, the prepared PSS layer is dissolved quickly and the silicon substrate can be readily
removed from the sampl e. Then, by flayerppi ng
placed directly on PDMS side, and the fiptotoresistemplatepatterned using lwill be

exposed as thep layer without any protecti. As the trimming process in polymer template
geometry control step, described in Chapter 2, an oxygenp{@ma etching process can

effectively remove the first PR layer in this stage. However, due to its periodic geometry with
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trenches, the etching time by only flasma might be increased up to more than 1 hour with
slow etching rateThereforereactive ion &hing (RIE) using @and silfur hexafluoridgSFs)

gas with ratio of 20 to Was usegdwhich can reduce the processing time to 2 minutes with
faster etching rate. A direct comparison of three different dry etching recipes is depicted in
Figure 44, wherearound 90 nm/min for @plasma ashing, 185 nm/min for ®IE, and 1.1

pm/min for & and Sk RIE (For more detailed etching recipes, see Appendix A).

Figure 45 shows the gold naraccordion structures on PDMS after RIE etching wittamd

SFs. No residuaPR layer was observed in any location on the whole sample. The aceordion
like nanostructures was well preserved and transferred to PDMS side without any structural
deformation. Now, the optical characterization of metallic nanostructures is operable due to

the transparent nature of PDMS substrate, andisked in the following section.
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Figure 44. Etching rates for S18 template with @plasma asing, O, RIE etcling, and Q/SK RIE
etching.

Figure 45. SEM image of gold naraccordion structuresfter transferring to PDMS and removing
polymer template. The structures (a) at free edge and (b) at broken part confirms that only single
metallic layer has been left on substrate.
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4.2 Mechanical Characterization of Stretchability

The pattern transfetescribed in the previous sections allows the use of flexible soft substrate,
which enables mechanical testindgielstretchability test of metallic naaacordions in fold

directioncan be performedand initial test was conducted using solid gold racordion
structures. As shown in Figure6{a), a mechanical test module with two clamp sides was

installed within &SEM chamber foin situimaging of the stretched nanostructures. Other than
this manual stretching module, an automatic tensile module vidispecially designed for

dynamicin situ mechanical testings in Figure 46(b), can also be used for re@ine imaging

of the nanostructures while they are being stretched.
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Figure 46. Photogaphic image ofa) amanualmechanicateststage with twalamps and (b)ra
automatic tensile modufer in situ SEM imaging

The initial stretch test results with gold naaccordion structures with period of 1 um, width
of 600 nm, and height of 300 nm on PDMS substrate are shown in Figuréh& strain

percentage waapproximately by direct measurementléfperiod of the structures, and with
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0% indicates that it is in the initial stage of the test without any tensile. ideze it can be
observed thahe length of 10 periods is 10 uasexpectedThen, the following 5 images are
showing 18%, 26%, 30%, 34%, and 41% stretched gold-aecardions by pulling one free

side of PDMS substrate against the fixed side on the test méthrkeit can be observed that

the structure maintain the fogeometry without degradatiofhe initial test, then, has been
stopped simply because the PDMS substrate was torn after around 45% oHstnaewer,it

is expectedhat the gold nanaccordions can be survived beyond 45% of strain because there
was no gynificant sign of crack or breakage until 41% of strain on metal film side. This is a
very promising result compared to other advanced techniques and nanomaterials for flexible
electronics since it is achieved only with AR of 0.5, which is the lofasicated in this

process.
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Figure 47. SEM images for initial stretchability test of gold neamxordions with AR = 0.5 on
PDMS substrate from 0% to 41% strain.
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Based on out geometry of naaocordion structures, the maximum strain can be calculated by
theequation as follow§31]:

e s T” "O“Y "gs—
aww G'Q, (")Q _b_

where, :failurestressO : Youngds modul us of met
r: radius of curvature of ceiling part

s: period,h: height,t: thickness

Among these parameters, the failure stress is an experimental value which can be achieved by
a tensile test on the material with specific
of the material, while the radius, period, height, and thickngsgructures can be measured

from actual sample#s described by this equation, naaccordionstructure with higher AR

and thinner thickness will have more stretchabiktyr example, if the height is increased by

2 times, the maximum stretchability the structure will be 8 times higher than the original
structure. Therefore, it is expected that the metallic tsatordion structures with higher AR

is expected to show much a stretchability of more than the 1id®n the fracture strain of

gold isaround 120%. Mre flexible substrates, such as Ecoflex (Smdth Inc.), will be

needed for further mechanical characterizations even though the PDMS with lower ratio of
curing agent to silicone elastomer base can have more flexililgyalso expecttthat after

higher strain test, the gold naaccordion structures can experience inelastic tensile force,
which results in less repeatable electrical measurements for high cycles, and permanent

deformation on gold film can be occurred.
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