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This thesis represents the first determination of the fatigue behavior of
Grapheneas interconnect material electronic components on fiexible substrates. The
potential application of this interconnect material is for displays on flexible substrates
where &tigue resistance is required due to the stress placed on the interconnect during

mechanical bending.



As the display is cyclically deformed (fatigued) during normal operation,
cracks in the interconnect layer intiate and propagate leading to the liadongt
conditon. The major contribution of this work is to show t@aaphenes a superior
interconnect material to the present state of the art Indium Tin Oxide (ITO) due to its
electrical, optical and mechanical properties.

The experimental approadh this thesisis based oiGraphenesamples which
were fabricated on Siicon Nitrite @Bl4)/PolyethyleneNaphthalate(PEN) substrates.
For comparison, both patterned and uniform ITO fims ITO fims eNA&APEN were
fabricated. The results of the-depth characterization @rapheneare reported and
based on Atomic Force Microscopy (AFM), Raman Spectroscopy amhisga
Electron Microscopy (SEM) are reported.

The fatigue characteristics of ITO were deteealinat stress amplitudes
ranging from2000MPa to 400 MPa up to 5000 cycles. The fatigue characteristics of
Graphenewere determined at stress amplitudes ranging from 80 GPa to 40 GPa up to
5000 cycles. The fatigue -8 curves were determined and showed @Getphené s
endurance limit is 40 GPa. Beyond the endurance limit, there is no observable high
cycle orlow cycle fatigue indication fdrapheneon a flexible substrate such as
PEN. The microstructural analysis by SEM and AFM did not reveal normal fatigue
crack growth and propagation.

This thesis presents the first comprehensive behavi@raghenein a
bending fatigue stress environment present in numerous flexible electronic

applications. The design and stress environments for safe operation hagfineen d
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Chapterl ntroducti on/ Probl em Stat emi

1.1. Problem Statement

The present thesis presents the frst determination of the fatigue properties and
response ofrapheneas an interconnect material for fiexible displaj&exible
electronics are defined as electronic components fabricated on flexible plastic
substrates. There are many potential applications of fiexible electronics including
flexible displays, sesors for aircraft and cars, solar cels and biomedical senHues.
major reliability problems that plague flexible displagsiude moisture permeation,
the complex interactions at the interfaces of the layer stack structure of flexible
display devicesard the mechanical stresses induced during normal use of a flexible
display

The technical contribution this thesis makethe resolution ofhe flexible
display conditon known as lineout3he lineout condition is caused by the brittle
nature of thepresent, state of practicéterconnect material Indium Tin Oxide (ITO).
As the display is bent (fatigued) during normal operation, cracks in the interconnect
layer initiate and propagate leading to the lineout conditon. One of the major
contributions of tls work is the introduction ofrapheneasthe preferred
interconnect material in comparison to ITO dudsacombination of electrical
optical and mechanical properties.

The experimental approach consiststheffabrication ofthe designed test
samples thedevelopment of test procedures for thagf®t phenomena, the

construction of the necessary apparatus and finally, the validation of the experimental



results throughmaterial characterizatiotechniques In this work,Graphenesamples
were fabricated on Siicon Nitrite @Bl4)/PolyethyleneNaphthalate(PEN) substrate.
Additionally, both patterned and uniform ITO films onrMHM/PEN were fabricated. In
order to evaluate the quality of the fabricated samplemnaestructive méodology
was developed using combination oAtomic Force Microscopy (AFM), Raman
Spectroscopy and Scanning Electron Microscopy (SEM) in order to analyze the
surface coverage/uniformity armdentify number of layerdor the Graphene samples

In order toinvestigate the fatigue properties @faphene a custom
experimental setup was developed which allows fortimal monitoring oiGraphene
property changes. During theeklopmentof this custom experimental setup,
analytical expressions for bending stresses and finite element modeling were used to
optimize the design of the samples #melexperimental setup. Finte element models
were developed for both ITO arapheneandwereusedto simulate the effect of
various mandrel sizesandthe corresponding bending stresgeseratedin the
samples.These calculationgoupled with the stresstrain curves for both ITO and
Graphenewere used to determinthe appropriate mandrel sizés the fatigue
experiments

Both Grapheneand ITO samples were tested under a varietgtrets
ampliduesusing the developed fatigue apparatus. The results of the fatigue
experiments were then applied to developr@babilistic fatigue lfe model fo
Grapheneand ITO. Additionally, themicrostructural evolution o&rapheneand ITO
during fatigue and changes in physical propertie&rapheneand ITOon flexible

substratesvas investigated.The results show th&raphenedoes not have the



expected classical fatigue behavior, but has no observable fatigue deformation up to

the limits of the present experimental work.

1.2. Introduction to Displays

Flexible displaysconsist of a layer stack structure consisting of a plastic
substrate, active matrix array, display material, a common electrode and an

encapsulation layer as pictured in Figure 1.1 below:

Encapsulation —/ z
Common Electrode — === et \5

Active Matrix Array —

Display Material

Figure 1.1: lllustration of Layer Stack Structure in Flexible Displayq1]

The active matrix layeshown above in Figure 1.1 consists of a grid of thin flm
transistors (TFTs) that individually control pixels on the displgch pixel is
addressed in the matrix by row and column signals that represent gate source and
sour@ connects in the TFT backpdanin order to display an image, @ltage is

applied to the gate of the TFT which acts as a switch to transfer the image data
(voltage) from the source line to the bottom electrottes in turn illuminates each

pixel to an appropriate intensity in orderdisplay the appropriate image.



1.3. Failure Modes in Flexible Displays

1.3.1. Channeling Cracking/Delamination

The dominant failure mechanism for thin fim layered devices under stress involves

the growth and propagation of miecvacks[2]. This failure mechanism depss on

the substrateds elastic modul us, film adhe
common types of faiures for brittle flms on fiexible substratesfiare

cracking/channeling and delamination. An ilustration of the two types of failure

modes is shon below in Figurel.2:

Surface Cracking

G

Channel Cracking

h TZ s

!

UNBUCKLED

5 Delamination
e
2b

BUCKLED

Figure 1.2: Common Failure Modes in Layered Film Device$2]

Thin fims in compression undergo 3 stages untl faiure: delamination from the
substrate, buckling of the film and finally cracking of the fim. Delamination of the film
is related to adhesion issues leading to sliding induced delamination. Once asfim ha
started to ddond from the substrate (akownbelow in Figurel.3), the length of the

deboned fim wil keep increasing until a critical length is reached and the film wil start



buckling. The expression for the critical length was derived by Suo E]and is

shown below:

Figure 1.3: After initial de -bonding, film buckling occurs creating additional
film stresseq3]

(1.1)

where imi s t he f i kiim st htihcek nRRmxsiss, s o fnsisthe at i o of

elastc modulus o t he fuh i the steessdh thé fim.

The mechanics of single angle and multilayered fims on fiexible substrasteen
studied extensivelyf2]i[4]. The main assumptions that the fim intially has a defect

as a result of the fabrication process that wil propagate with a depth equal to the fim
thickness. The crack wil propagate until it is arrested at the interface and then it wil
propagate laterally in the fim, mhmibited until it meets another crack or the edge of
the fim. When a crack propagates through a material, there is an associated elastic
energy reduction with the creation of new crack surfaces. Therefore it is very
important to determine the criticalress needed for crack initiation. Here, two cases
need to be considered: Case A when theegigting crack size is much smaller than

the fim thickness and Case B when the-exesting crack size is comparable to the

t



fim thickness. In case A, the craell propagate both towards the interface and
laterally in the film whie in Case B the crack wil only propagate laterally in the fim.

An ilustration of Case Aand B is shown below in Figure.4l

Channel growth direction

Figure 1.4: lllustration of 2 Cases leading to Channel Cracking3]

In Case A, for an infinite homogenous material, agusting crack wil propagate

when the crack driving force equats or exc:
38 — (1.2)

where Y is a dimensionless parameter depending onthe gedBkgtry & i s t he
intrinsic stress, a is the crack size amndsEhe elastic modulus of the flm. Here the
critical stress for crack intiation depends on the size of theexiséing defect which

can be difficult to be measur For cas®, when the lateral crack length exceeds

several times the fim thickness, the driving force reaches a steady state value given

by [2]:

U B N O]
O _ 13
®| h o (1.3)
where h is the film t htikandEBarethe elastdmoduls t he i ni

of the flm and substrate rasd3s aret he Poi s s on o sandsubstrateo o f t he



respectively The Z term is a constant that depends on the crack type and the elastic
mi smatch between the film and the substrat

parameters given Hg2]:

(14)

Op ¥ p ¢t Op t p U
T ¢p Tt p 0O O © (15)

where:

0 — (1.6)

o —— 1.7)

One can calculate the critical stress required to propagate a channel crack given the
elastic properties of the fim and the substrate, the flm thickness and the flm crack

resistance.

1.3.2. The Role of Moisture

The third failure mechanism of flexible displays that wil be reviewed is moisture
permeation. With the development of thin flm organic electronics, the sensitivity of
these organic layers to water vapor is a reliability concer@rganic Light Emiting
Diodes (OLED) devices, Caand Li (low work function metals) are used to inject
electrons from the cathode to the organic luminescent layers. Hydrolysis of the
cathode metals creates nonconductive regions in the electitich resus in non

emi ssive Abl ack s p@{7.An GLERIdevyice ane | shrinkage



Polyethylene terephthalatd®ET) can only survive for a few hours in atmospheric

conditions i

f

a barrier layer

i snot

water vapor permeation rates (WVTW) of <3@n¥ per day at 25°C and 40%

relative humidity [8]. An inorganic layer deposited usifghysical Vapor Deposition

(PVD) or Chemical Vapor Depdgin (CVD) is used to inhibit water and oxygen

used.

difusion through the organic layers. By depositing this organic layer, the respective

WVTW and Oxygen permeation rates (OTR) can be reduced leading to longer device

ifetimes asshown below:

Table 1.1: Comparison of ORT and WVTR values of PET and nylon substrates

containing thin film coatings [9]

Normalized to 1 mi| OTR (cn¥ (STP)/n? | WVTR (g/n? per day) at
thickness per day per atm) 90-100% RH

PET/SiOx 2 1.1

PET/AIOx 1.5 5

PET/ITO 1.56 0.2

PET/AI 0.31-1.55 0.31-1.55

PET 79 10.7

For many of the inorganic layers seen in Tahlg the presence of defects in the

deposited flms causes the WVTR values to be higher than their bulk flm

counterparts because these defects act as fast vapor permeation pHiGy§8].

Due to the preence of defects, a multilayer barrier layer structure is utiized because

the increased layers act as additional barriers to oxygen and water vapor diffusion

through the layer stack structure. The permeation through a mulilayer structure can

be describé using a 1D seriesresistance model known as tdeal laminate theory

[18], [19]. The permeability of each layel, is given by:

0 O

(18)



and thepermeability of the entire muttilayer structure is:

p p p
5 0 (1.9)

where D and S are the diffusivity and solubility of the respective bulk materiass, P
the total permeability through the multilayer structure andPPand R are the

permeability rates through the respective layers.

The permeation rates obtained from the ideal laminate theory were found to be
several orders of magnitude lower than observed values due to the discrepancy
between permeation of bulk and thin film organic materidlse surface coverage
and pinhole/defectmodels[11]i [13], [19] were developed to more accurately
describe permeation in single layer systems. In both of these models, diffusion
through defects in the organic thin flms is assumed to dominate the-stessl
permeability. For multilayer structures, the polymeeriayer theory proposehat
the vapor diffusion is dominated by-plane diffusion through the polymer layers

between widely spaced defects in the oxide layg®, [20], [21]

1.3.3. Fatigue

Fatigue is a critical failure mechanism during the normal operation of a fiexible

display. Fatigue isdefined as failure due to cyclc deformati@md thereare two main
types ofcharacterization methodologiesssociated wittfatigue. The first method is
the Stresd.ife method which is traditionally known as the SN method. THe S

method is stil used initsations where the applied stress remains predominately in



the elastic range of the material which results in materials having longer lifetimes.
For materials/applications that exist in the low cycle regime, the difeessethod is

not the best methotb describe fatigue behavior. Instead the Sitd# approach is

more suitable because the low cycle regime corresponds to applied strains that
contain a significant plastic component. The division between low cycle and the high

cycle regime is generallgonsidered to be 2@ycles.

The main component of the Strdse Method is the SN diagram. The SN Curve is
a plot of stress vs. the number of cycles to failure. The SN curve is usually plotted on

a loglog scale and an example SN Curve is shown beloktigure 15:

§ Low Endurance
= Cycle _ Limit
2 Fatigue High
g Cycle Fatigu
a >€ > € ->
r Infinite
Life
0 3 6 9
10 10 10 10

# of Cycles to Failure

Figure 1.5: lllustration of typical SN Curve

In the present experiments, low cycle fatigue experiments have beled cair in
order to reduceosts andhe time required to complete all testin§everal models
have been used to debe low cycle fatigue behavior which are classified by the
driving force parameter used ¢haracterize the fatigue damage process. The two
fatigue driving force parameters usae ¢he plastic strain range atteb inelastic

strain energy density. THa&vo main modelsinclude thePlastic Strain Range Model

10



developed by CoffiMason andhe energy based fatigue model developed by
Morrow. The CoffrManson fatigue moddEquation 1.9)[22]i [24] which is often
used for low cycle fatigue analys@ssumeghat fatigue failure is strictly due to
plastic deformation and the elastic strain range has a negligible effect on the low

cycle fatigue life.

YR # (1.9

where Nty = Number of Cygislthe plastc straif @rige, Crisehe &l
fatigue ductility coefficient and m is the fatigue exponent. These constants are

determined empirically.

The Morrow Model[25] is used to predict the low cycfatigue life in terms of the

strain energy density and it can be expressed by the folowing expression:

7+ (1.10

where Nt = Number of Cycles to Failure, ¥ the strain energy density, A is a
material constant and n is the fatigue exponent. These constants are determined

empirically.

1.3.4. Lineouts: A Critical Reliabiity Concern

The forth failure mechanism that wil be reviewesla condition known as Lineouts.

Lineouts are undesired vertical/horizontal lines of red, green, blue, black or white

observed by the endgser as seen in Figurk6 below:

11



Figure 1.6: lllustration of Vertica I/Horizontal Line -Outs on a Display[1]

This conditionis caused by variety of diferent modes, but the main mechanism that
wil be focused on in this study is gate line impedance buidup. Recal that displays
are made up of an array of pixels that are each individually controlled by a
corresponding TFT. Theseahsistors are connected to one another via gate line

interconnects. A schematic of this is shown below in Figuie

Gate Line
Interconnects

Bottom Contact
for Pixel Storage
Capacitor

Figure 1.7: Schematic of Interconnects in displayg$1]

During normal display operatiofpr an imageto bedisplayed, frst a voltage is sent

to each individual TFT in the display array. This voltage biases the TFT causing the
corresponding pixel to be lluminated, where the voltage determines the intensity of
the light. Now consider, when impedance is buit ughatgate, this causes the

applied voltage to be insufficient to bias the transistor and the drive voltage is not

12



transferred from the source to the drain of the TFT. This result in theydismge
data intiating from the column TAB drivers does not bias the individual pixels in a
patticular row of the disphy. The end visual result as observed by the user is afiine

out.

1.3.5. Failure mode, effects, and criticality analysis (FMECA) of Line Outs

Faiure Modes and Effects Analysis (FMEA) is a design assuraatiique used to
identify and minimize the effects of potential problems in a product or process design
[26]i [28]. As discussed in the previous section, theredatifferent types of failure
mechanisms foflexible displays and FMEAvasused to determine which one is the
most critical. There are two types of FMEA Analysis: Top Down and Bottom Up
approaches. In the top down approach, the analyst begins with a block diagram of the
system and correlates failsreobserved at the system level with failure modes in the
system black diagram. This process is repeated unti the analyst reaches the required
level of identification of falure modes in the system. In the bottom up approach, the
analyst identifies all ofhe components of the system. Next the analyst identifies the
failure modes of each of these components and how component failure affects the
system. This process is repeated until a low level failure mode is found at the highest

level of the system and @bserved by the end user.

In general, a complete FMEfor an entire display is a lengthy and involved task.

Since the scope of this investigation revolves around line outs as observed by the end

13



user, only those faiure modes that propagate and matifesiselves as such shall

be considered in this analysis.

FMEA analysis on the factors leading to end user observation of horizontal line outs
in the display was conducted by Martin efHl In ths FMEA analysis, both a top

down and bottom up approaefere utlized. Aschematic diagram of the components
involved in the display system that contribute to horizontal lines outs is shown below

in Figure 1.8:

Fow TAB driver (Flip Chip)
Solder bump
Jrace in TAB

/

ZAF Gate Line
Interconnect

Substrate
[ 1 1)
With TFTs { e — =

Figure 1.8: Schematic of display components used in the FMEA Analysil]

The resub of both the top down and bottom up approaches were compared and the
resulting abridged version of the FMEA identifying failure modes contributing to
horizontal lnes outs is shown below in Tatl?. As seen in Tablgé.2 below, 10

unique failure modefeading to horizontal lneouts were identified. The failure modes

specific to thin flm transistors (TFT) were not included in this list of 10 becthese

FMEA analysis didnot yield any TFT failure

14



Table 1.2: FMEA Analysis showing causes dforizontal Line Outs [1]

Failure Mode Local Effect System Severty
Effect Class
Incorrect signals to shit | Intermittent
1 Internal failure leading | registers for both Line Outs or I
to timing errors Row/Column Entire Picture
synchronizing Unreadable
Internal faiure leading
5 to commands not being| No Voltage applied to an| Horizontal I
fed into row shift entire row Line Out
register driver circuit
Internal failure leading
to commands not being| No Voltage applied to an| Vertical Line
3 ) ) . Il
fed into column shift entire column Out
register driver circuit
Open Circuit on output | No Voltage applied to Horizontal
4 . . . . Il
of fip chip driver row Line Out
Degraded voltage on Low Voltage applied to a Horizontal
5 . . ) ) Il
output of fip chip driver| row Line Out
6 Cracked Solder bump | No Voltage applied to Horizontal I
leading to open circuit | row Line Out
v Open condition in Flex | No Voltage applied to Horizontal I
Traces row Line Out
8 Open conditon betweelr No Voltage applied to Horizontal I
TAB and substrate row Line Out
9 High Impedance of Gat{ Not enough voltage to | Horizontal I
Line Interconnect bias TFT Line Out
Drive voltage to display Individual
10| Open Gate Condtion image not transferred to | _. Il
Pixel Outage

drain of TFT

Using the FMEA results shown above, a criticality analysis was performed. The

criticality analysis is a combination of the probabittiyat a failure mode wil occur

with the impact that failure mode has on the system.fdlhee mode criticality

number Cm,i S

used

to rank

each

of t

he

occurrence and impact. The equation for the criticalty analysis is given below:
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where b is the failure effect probability,
and T is the operating time. The b value
effect with its respective criticality classification wil occur wheraiufe mode

occur s. b values range fromwaubisthamo effect)
probability that wil fail in the identified mode of failur¢26], [27]. The criticality

analysis was performed on the identified failure modes fooliis shown in Table

1.2 andthe results arshown below in Tablel.3. Thefaiure rate was assumed to be

0.001 and the operating time was assumed to be 8766 hours or 1 year of operation.

Table 1.3: FMECA analysis of Line Outs inflexible displays

: . Failure . Operating ~ Criticality
Component  Failure Mode Local Effect System Severity  Failure .E.ffed Mode Failure Time, T Number,
Effect Class  Probability, B : Rate, b
Ratio, o (hours) Cm
. Intermittent
Incorrect signals to Line Outs
Display Driver Iptgmal failure leading to shift registers for or Entire I 033 033 0.001 3766 0.0546174
ASIC timing errors both Row/Column Picture
synchronizing Unreadable
Internal failure leading to
Display Driver commandsnot being fed No Voltage applied Horizontal nn n
ASIC into row shift register to an entire row Line Out I 033 033 0.001 8766 0.9346174
driver circuit
Internal failure leading to
Display Driver commandsnot being fed No Voltage applied Veritical an an
ASIC into column shift register to an entire column Line Out I 033 033 0.001 8766 0.9346174
driver circuit
Row TAB Open Circuit on outputof No Voltage applied Horizontal
Driver Circuit flip chip driver to row Line Out I 025 03 0.001 8766 109375
Row TAB Degraded voltage on Low Voltage applied Horizontal
Driver Circuit outputof flip chip driver to arow Line Out I 025 03 0.001 8766 109375
Row TAB
DI:lVel’ Sollder Crac,:ked Solder blump No Voltage applied Hlonzontal I 075 1 0.001 3766 6.5745
Jointto Flip  leading to open circuit to row Line Out
Chip
Row Tab Flex Open condition in Flex ~ No Voltage applied Hlonzontal I 05 1 0.001 3766 1383
Traces Traces to row Line Out
Row TAB ZAF Open condition between No Voltage applied Horizontal non
Connect TAB and substrate to row Line Out I 035 1 0.001 8766 4.383
]Sﬁ}):trate Row High Impedance of Gate Not enough voltage Horizontal I 1 1 0.001 3766 3766
Line Interconnect to bias TFT Line Out ’ ’
Interconnects
Internal TFT ]t_i)irswlea V(i)rlrtf;gee tr?o‘[ Individual
: Open Gate Condition Dlay IMage N0t pivel II 05 1 0.001 8766 4383
Failure transferred to drain Outage

of TFT
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As shownin Table 1.3, the failure mode with the highest criticality number was high
impedance of the gate line interconnethe remainder of this dissertation is
organizedinto four chapters. Chapter 2 is a lterature review of the properties and
fabrication techniques for both ITO ataphene Chapter 3 wil discusshe
experimental approach for determining the fatigue properties of IT@eamhene

In Chapter 4the bending stresa the ITO andGraphenefims using analytical
expressions and finte element analysis (FEA) be discussedChapter 5 will

review the development of the probabilistic fatigue life model development for both
Grapheneand ITO and the results of any sture property relations foBraphene

and ITO. Finally, the conclusions of this dissertation as well as its contributions and

any suggestions for future research are provided in Chapter 6.
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Chapter 2 |l nterconnect Materials fo

Interconnects eddrically connect various components to one another on an integrated

circut (IC) board.On chip interconnects such as Al, Cu and Au have been used

previously due to their excellent conductivity propertids.device structures have

gotten smaller and smaller due to Mooreds
migration and Electromigratiomave become more impactful to device reliability

[29], [30].

Materials used for flexible display interconnects need to be conductive and
transparent. Materials that are both transparent and conductive can be broken into 3
classes: very thin pure metals, highly doped organic polymers and doped wide band

gap oxide or nitride semiconductors.

A figure of merit, . , can be defined in order to help with material selection that
considers the ratio of the optical transmittance mwbgerial (at 550 nm) to its sheet

resistance[31]:

% oI A@Pp I e (2.2

whereh is the visible absorption coefficient, x is the flm thickness aixlthe

resistivity of the material. Organic polymers can be elminated as a candidate because
they havelow mobilities (< 1 criV s), low carrier densitypoor transparencyand

they are very sensitive to oxygen and water vgpprMetals are also not ideal

candidates because of Electromigration, timing issues and most metals are not

18
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transparent. Now, wascalculated for a metal such as Siver and an oxide such as

Indium Tin Oxide [TO) for comparison purposesssummarized in Tabl.1l:

Table 2.1: Summary of Figure of Merits for Ag and ITO [9]

Ag ITO
| PTL O UL AETa | Pl QO®d L ATAG
" pgop T mAT " pgop T mAT
t=1nm t=1000 nm
%0 T8 C 1) %0 TI& QM

Both have an optical transmittance of 90%

From Table2.1, ITO demonstrates an order of magnitudigher figure of merit when

compared to Ag with a thickness 100@gher This increased thickness is also

beneficial because there are some difficulties with growth of uniform, contiguous

fims atthe 1 nm scale. Finally, despite both Ag and ITO having a 90% optical

transmittance value, ITO has a 2 orders of magnitude higieet resistance which is

more desirable. For these reasons, ther mal |

are the preferred material for interconnects.

2.1. Indium Tin Oxide (ITO)

The most widely used TCO material used in active matrix display deppleations

is Indium Tin Oxide, 1803 (ITO). Crystaline ITO has the bixbyite crystal structure
consisting of an 80 atom unit cell with 1a3 space group and a lattice parameter of 1
nm with an arrangement based on stacking of k@drdination groups. The

structure is a face centered cubic array of catehsrethe tetrahedral interstitial

positions areoccupiedby anions. The bixbyitecrystal structuremay be visualized

19



with respect to a simpler faa@entered cubic fluorite (Caf2 x 2 x 2 supercell wit
just one quarter of the anion sites vad@it [32], [33]. An illustration of thebixbyite
crystal structure an8canning Electron Microscop&KEM) images othe

microstructure ofTO are shown below in Figure®.1 and2.2 respectively:

%

£

Figure 2.2: SEM Image depicting "Rice Field" microstructure of ITO [9]
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2.1.1. Optical and Electrical Properties ITO

ITO fims are typically grown using DC magnetron sputtering using a ceramic
sintered IpOstarget containing -30% SnQ at temperatue between 250C and 350
°C. The effect of various sputtering deposition conditilasbeen extensively

studied and wil be covered in the next section.

ITO flm growth can be categorized into three stages. The first stage occurs when
smal islands of isolated ITOlamds form on the surface of the substrate. In e 2
stage, the ITO islands grow and coalesce partially with one another. In the final stage,
a continuous layer is formed after the islands have fully coalesced with one another
[34]i [37]. Liang et al[38] studiedthe dfect of fim thickness on surface morphology
using SEM asshownin Figure 2.3ai 2.3d where the flm surfaceoughnessincreased

with increasing fim thickness due to the (100) prefetedure evolution for ITO.

(@) R,e= 0.75 nm : (b) R ™ 1.89M -

100 nm GED FD T S 100 nm

(¢) Rins= 2.07nm

100 nm Y =

Figure 2.3: Effect of Film Thickness on Surface Morphology of ITO Filmson
glass with film thicknesses of a) 162 nm b) 270 nm c) 540 nm and d) 840 [88]
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The effect of film thickness on electrical properties of ITO fims has been well

investigated[37], [39]. Ass howm F2gdur esheet resistance dec

thickness for fil ms < 350 nm thick. Gr ain
as traps. As f il msi ngetthet hmatkesrri,alt hgeetgr @ii qg
grain boundary density. This leads to a d
increase in carrier density/ mobil ity which
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Figure 2.4: Effect of ITO Film thickness on Sheet Resistance and Resistivjg0]
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Figure 2.5: Effect of O, Concentration on resistivity of ITO Films [9]
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The effect of Oxygen partial pressure durit
i n FZ2gour el 2 9,i gwoeh amorphous and crystall i,
a thickness of 100 nm u%i mgodiade nitri cparle spawe
varying 2o Ati o®Dopifng in crystalline | TO ¢ 0 me
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crystalline | TO has a higher carrier densit
its amorphous counterpart. This can be att
supplied by the substitutrinonafl kSnmeo tpgheasent

present in the amorphous phase of | TO.

Table 2.2: Electrical Properties of 100 nm thick films of amorphous and
crystalline ITO [9]

Resistivity Carrier Density Mobility

(gkcm (cm?3) (cn?/V-s)
Crystalline ITO 2.23x10* 6.03x1G° 46.4
Amorphous ITO 7.18x10% 2.18x1G° 41.4

Addtionally, the role of the sputtering power during depostion is important to
consider. Higher sputtering power leads to increased fim resistivity which is a result
of the plasmanduced ion damage on the surface of the sample. Risrreason,

process variables such as sputter gas pressure anetdesgbstrate distance are
importart and are adjusted to reduce the energy of ions incident on the growth surface

during depositiof®], [42][43], [44].

23



The effect of fim thickness on the optical transmittance of ITO films on PET was
studied by Ali et al[45]. In visible region of the spectra (40@0 nm), the optical
transmittance is approximately 85%. The concentration of oxygen vacancies strongly
affects the transmittance because free electrons act as scattering sightg résgucin
transparenz Based on theesults seen ithis section ITO has the appropriate optical

and electrical properties to be iaterconnect for fiexible displays.

—114.5 nm

Optical Transmittance (%)
(o)
o

40 - = 87.2nNm
30
20 3 25 nm
10
0
200 400 600 800 1000

Wavelength (nm)

Figure 2.6: Optical transmittance vs.wavelength for ITO films on PET with
thicknesses of 114.5, 87.2 and 25 nm respectivédp]

2.1.2. Mechanical Propertiesf ITO

The elastic modul us and Poissonbdés ratio of
respectively[46], [47]. The mechanical properties of ITO fims in publshed lterature
have been tested using the uniaxial test method, two point bend test and the cyclic

mandrel method. The following section wil discuss the results of that work.
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In general, when an ITOri is mechanically deformed, localized stress

concentrations form around defect sites acting as crack intiation sites. As the strain in
the flm increases, the crack density and crack propagation both inciéases et al

[48] studied the effect of ITO flm thickness on electrical measurements under tensie
loads using fim thicknesses of 105, 42 and 16.8 nm respectively. The change in

normalized resistance as a function of strain is showrigure 2.7 below:

200 T

150 +
[+ o C
& 100 —+

50

0.01 0.02 0.03 0.04

Figure 2.7: Change in Resistance of ITO coated PET as a function of strain for
three differedn5t hiM2k inems k6.8 nmrspectively.
The dotted line represents the stressstrain curve for ITO coated PET. [48]

As seen in Figure2.7, the resistancencreases sharply aftex critical strain value is
achieved. This is consistent with behawvafrthin ceramic flms on ductile substrates.

The critical strainc, for cracking is inversely proportional to the filthickness d,:

- Q. The effect of test method (uniaxial vs. biaxial) for 100 nm ITO flms on

hard coatedHC) polymer substratess shownin Figures 2.8 and 2.9
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Figure 2.9: Crack Progression of 100 nm ITO on HC polymer during tensile
loading (along the horizontal direction) with a) Unstrained ITO b) at 1.28 %
strain with the arrow indicating a coating defect leading to failure initiation c) at
1.42% strain and d) at 3.42% strain[49]

As seen in Figures 2.8or uniaxial loading, cracks intiate at defesites and
propagate at higher strain values until failure. Crackpagateperpendicular to the
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direction of the applied tensie stress. In contrast, cracks formedrthe biaxial test
method also initiate at defect sites but have more curved crack propagation paths. The
two test methods can also be compared in terms of the crack onset strain (strain
required to cause 10% resistance change in ITO Fimsha@asnin Table 2.3, the

COS in tensiomrand compression is comparable.

Table 2.3: Comparison of COS in ITO layers under Tension or Compression9]

ITO Thickness (nm) Bending COS Tensile COS

50 P& X p& o v
100 P& v P8 ¢
200 P® @ pg v

Cairns et al]50] studied the effect of straion the crack density in ITO flmsThe
optical microscopy images shown in Figlelq ilustrate theincreased crack
density with increasing straifhis increase in crack density correspoitala more

pronounced change in resistance of the system.
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Figure 2.10: Optical microscopy images showing the evolution of cracking of

ITO layer in tension where strain increases from 2% to 3.3% from left to right
[48]
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Cairns et al[50] proposed a simple physical model, analogous to a series resistance
model, that describes the change in resistance as a function of strain as wel as the
effect of cracks. At some critical strain, an initial crack is formed in the ITO layer.
As the strainis increased, additional cracks formsiwewnin Figure 2.10 These

cracks are separated by a small amount of ITO and its volume is assumed to be
constant The constant volume allows for a ribrear increase in resistance of a crack

as the width increaseas seen in Figur2.11below.

Uncracked Conducting Uncracked
Imo material in  ITO

s i o

w
| T;r/:ﬂ
s
C

PET
substrate

Figure 2.11: Schematic lllustration of Series Crack Resistance Modelin ITJ50]

The resistance associated with thecrack is given by:
Y —= o (2.2)

w h e rigthe yesistivity of the ITO, i@ extent of crack opening of the ith crack, A
is the crosssectional area of the material in the crack and V is the fixed volums. C
assumed to be zero the point of crack initiation and increases with increasing strain.

The width of the ithgiscrack for med at a str

§ 0- - (2.3)
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where U is the disntettmin atahick thaisack orims and Bis U
the length scale. Assuming the volume of ITO in this separation zone is constant, the

resistance is defined as:

y 2 (2.4

Therefore, the total resistance of all of the cracks in @nléiyer assuming nis the

number of cracks at strain O is:

. "0 - -
Y B — (2.5)

The number of cracks per unit length is

: P
D (2.6)

where Ss theaverage distance between cracks.

ITO is commonly used as a transparent anode layer as a uniform flm, so the focus of

the first portion of this sectiois discussion othe mechanical deformation of uniform

ITO fims. The remainder of this section wil focus on the mechanical propefties o
patterned ITO structuredBouten et al[51] found that wide etched lines (01® mm)

with good edge quality had faiure distributions tiagtre similar to those of uniform

layers cut from coated foils characterized by poor qualty. Cravebed [9] studied

various ITO interconnect traces varying rom3a® 0 e m wi de ubendng t he
method in order to obtain COS value$he results of this study are shown below in

Figure 2.12and Table2.4:

29

NS



/
98 A %l
0 / O/_‘
3 70
z 90
S 30
Q0
o ¢ 10 um
o
o 10 e30um
35
= /}/ A 100 um
t ® 300 um
2 ) = uniform |||
/ | ]
0.8 1.0 1.2 1.4 1.6 1.8

Strain (%)

Figure 2.12: Weibull plot showing effectITO line width on COS[9]

Table 2.4: Weibull values for different COS values fa ITO lines of varying
widths [9]

Wi dt h  Weibull Modulus (m) COS

10 12.1 1.35
30 6.6 1.29
100 10.3 1.22
300 16.5 1.19
15,000 45.6 1.16

As shownin Table 2.4, COS increases slightly witthecreasing line widthA large
amount of scattes observedn the measured strain for narrower ITO lines which is
reflected by the lower weibull modulliThe weibull moduli shown in Table 2ate
comparble to those of bukeramic materialJu & p ¢ where the defect size

distribution controls the failure strain
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This section has presented published wamkthe mechanical properties wfiform

and patterned ITO filmsHowever, hese methods all lack the abiity to determine the
number of cycles to failure ITO can sustain under bending conditions.

Therefore, published work on ITO using the cyclc mandrel test method and similar
setups wil now be discussed. In 2005, Cairns €b@]. studied the fatigue behavior

of ITO using the cyclic mandrel test method. The changesistance as a function of

number of cycles for three differemtdii of curvature is shown below in Figuz13

and 2.14
20 1 eesee] 5inch ==e1.25inch =1 inch
S
S 16 1
K]
n
[}
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£
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©
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O - o> e a» o o = =
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,’ ...........o...o‘.
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Number of Cycles

Figure 2.13: a) Change in resistance vs. number of cycles for three differemadii
of curvature [52]
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Figure 2.14: Change in resistance vs. number of cycles showing crack growth
rate [52]

As seen in Figur€.13 smaller radi of curvature lead to more pronounced changes in
the percent change electrical resistance (PCER) due to increased strain values. The
intial jump in the PCER values is due to deformatiorthefpolymer substrate. The
changes in PCER after this initial spike are associated with the deformation of the
conducting layer as cracltiate and propagate through the layer. Crack gromth
ITO/PET samples(shownin Figure 2.14) is similar to the craclgrowth observed in

most meta. As seen in Figur@.14 the PCER can be broken into 3 different regions.
In the first region PCER increasedue to changes ithe samplés dimension until an
equibrium width is obtained (5@00 cycles). The second region features a gradual
inear increase in resistance whighdue to crack inttiation and propagation. The

third and final region is due to severe cracking leading to sample failure.
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In 2011, Alzoubi eal[53] studied the behavior of ITO films on PET under high
cycle bending fatigue to see the effect of radius of curvature, sample width and test

frequency o fatigue life. The results of this study are shown below in Figui®ac:

12000

pcen BO0O0 a
4000
[i]
12000
pcer 2099 b
4000
0
1z000
PCER BOOD C
4000

Figure 2.15: 3D Surface showing the interaction between (a) bending diameter
and number of cycles; (b) bendingdiameter and sample width; and (c) sample
width and bending frequency for fatigued ITO on PET samples[54]

InFigue2.15:a, the effect of bending diameter d o e
number of cycles. In Figur@.1%, there is an observable effect of sample width on

fatigue behavior. Wider samples take longer for cracks to propagate and therefore

take longer to see@mparable PCER when compared to narrow width samples. In

Figure 2.15¢ t here i snot a noticeable change in

despite in most casegherefrequency is a prime factor in fatigue behavior.

33



As seen in this section, fatiguexperiments have been conducted on uniform ITO
fims, however fatigue experiments on patterned ITO structures have not been

performed.

2.2. Graphene

As seen in the previousection, ITO meets the appropriate electrical and optical
transparency requirements to be a interconnect material for flexible displays.
However, it is plagued by reliability issues related to film cracking due to internal and
external stresses. In the hesection, Graphenea promising alternative ilvbe

discussed including a discussiontlzd structure oGraphene fabrication methods

and properties dBraphenefims.

2.2.1. Crystal Structure

Graphenehas an atomic number of 6 so electrons occupypthéci hcry and ¢ry

and it is atetravalent element. Only 2/3 of the 2p orbitals participate in the hybridization

forming three sp2 orbitals. These sp2 orbitals are bonded together at an angle of 120°
forming t he planar h e x a gctra aof Grapheihdr Tha e y c 0 mb 0
interatomic lattice parameter Grapheneis 1.42 A, whie the inteplane distance is

3.35 A[55]. The crystal structure @rapheneis shown in Figure2.16 wherethe unit

cell is highlighted in gray and the armehaind zigzag directions are also highlighted.
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Figure 2.16: 2D hexagonal lattice ofGraphene highlighting the unit cell (gray)
and the zigzag and armchair edgef56]

Three different stacking structures exist @napheneayers: simple hexagonal, Bernal
stacking (ABAB) andRhombohedral (ABC). In simple hexagonal, the second layer of
carbon atoms sits directy on top of the frst layer. An ilustration of Bernal and
Rhombohedral stacking is shown below in Fig@ré7 where in ABA and ABC, the

2ndlayer of @rbonatoms is offset from the first layer

ST I
S S Lo S

Bernal stacking Rhombohedral stacking
(ABAY (ABC)

Figure 2.17: Bemal and Rhombohedral stacking ofGraphene[57]
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2.2.2. Fabrication Techniques

Graphenehas been fabricated using a variety of techniques including mechanical
exfoliation, chemical exfoliation, reducddrapheneoxide, synthesisusing molecular
precursors and chemical vapor deposttion. s Haction wil discuss in more detalil
mechanical exfoliation, chemical vapor deposition and finally transfei@raphene

to an arbitrary substrate.

Mechanical exfoliation is a process where a mechanical force is used to extract
Graphenelayers from bulkgraphite. The main methods to do thislude using an
adhesive tape to transf€@raphenefrom onelayer to another or by using another
material to cleave off sheets Gfaphenefrom the bulk (micromechanical exfoliation,

ultrasonic treatment and miling)

The adhesive transfer method is a quick, easy process that can produce high quality
large areaGraphenesheets. The drawbacks of this method include that it does not
produce a high enough yield for many applications and some residuals are left on the
Graphenesurface after transfer. Micromechanical exfoliation is typically done using
an AFM tip which has several drawbacks including: complexity, low output yield and
it can induce strain and defects on the surface of the samples. Ultrasonic treatment
and miling are both promising routes for producing high output yields but they still

have their limitations[56], [58]i [62].
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Chemical vapor depostio(CVD) is one of the most popular fabrication techniques

for Grapheneb ecause of iits ability to deposit
established in industry. In CVD, a precursor gas such as methang ig@lved ino

a vacuum chamber at elevated temperature. The precursor decomposes followed by
Carbon atoms depositing on the desired substrate. The two most commonly used

substrates foGGrapheneCVD growth are Niand Cu.

High quality graphite has been grown on dthuse the lattice mismatch between

(111) Nickel andGrapheneis less than 1%63]. After continued study, it was found

that control over the numbesf Graphenelayers when using Ni can be limited. This

can be attributed to the fact that Ni has a large carbon solubility (0.6 wt% at 1326 °C)
[64]. Above 800 °Cgarbon and nickel form a solid solution. Below 800 °C, the
solubility of carbon decreases so that during cooling, carbon segregation is rapid
within Ni grains and heterogeneous at grain boundaries which resuits - imifenm

Graphenegrowth [56].

Continuous tm Grapheneflms with Graphenelayer numbers ranging from 1 to 10
layers can be grown on polycrystalline fiins at temperatures between J@and
1000 AC by wusing several techniques to
et al[65] fabricated polycrystalline Grapheneflms using a low concentration carbon
precursor source at ambient pressure at temperatures betwe®D &@D1000C.

CVD growth ofGrapheneon Ni can be assisted using three separate techniques

including theuse of a diuted precursor gas aids in limiting the carbon supply
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lowering deposition pressuremndusing quick cooling timeso prevent segregation of
carbon. Wrinkles are typically obs/ed on single dew layer Graphene(FLG)

samples on Ni caused by either defects or differences in CTE values between
Grapheneand Ni[66]. In 2010, Zhang et d67] studied the effect of using single

crystal vs. polycrystalline Ni substrates at ambient pressures and found that the single
crystal Nisubstrates yielded bett@raphenecowerage (90% vs. 72%). Zhang et al.
stated the reason for this improv&gtaphenecoveragewas the elmination of grain

boundaries anthe smoother surface of single crystal Ni.

Copper isthe other most commonly metal substrate used3@phenegrowth.

Copper has a low carbon solubility at high temperature (0.008 wt% at 10f81C
which results irhigh uniformity single layerGrapheneflms which has been
demonstrated by several researchers using various carbon allofé®gigs 1] when
compared to Ni.Graphenecan be grown on Cu because of its low reactivity with
carbonwhich is due tats very stable electron configuration. Generally3 lyers of
Graphenehave beergrown on Cu foils by CVD using a variety of conditions shown

in Table 2.5:
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Table 2.5: Summary of Growth Conditions for CVD of Graphene on Cu from
literature [64]

Growth Pressure (Torr Temperature (°C # GrapheneLayers Reference

0.5 1000 1 (95 %) [72]
11 1000 1 (93%) [73]
50 850-900 Few Layers [74]
760 1000 1,2 [75]
0.39 800 1,2,3 [76]
0.1-0.5 1000 1, [77]
0.5 950 1,2 [78]
1.6 1000 1 [79]

Depending on the growth conditions, the respective microstructure Giréighene
film can be very different ashownin Figures 2.18 and 2.1® work done by Li et al.

[80], Vlassiouk et al[81] and Wu et al[82]:

Figure 2.18 SEM Images illustrating effect of various growth conditions
(Temperature, Pressure and Methane Flow Rate) on resulting microstructure
where the scale bar is 1@ ni81]
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Figure 2.19: Effect of H, Partial Pressure onGraphene grain shape. Scales bars
are 10 em (top two images) and 3 em (botto

As shownin Figure 2.18, the nucleation density decreases with: increasing
temperature, decreasing Methdimv rate andpartial pressure. In addition, at
atmospheric contibns, the shape of ti8raphenegrains depends greatly on the

partial pressure of the Methane precursor. The solubility of Carbon in Copper is very
low, so the Hydrogen in the Methane precursousedas a cecatalyst promoting
Graphenegrowth. Asshownin Figure 2.19, at low H partial pressures,
irregular/rectangular grains form whie at high partial pressures, hexagonal grains
form. These shapes both have to davtb the Cu lattice thaGrapheneis being
depositedon, rectangular grains are asated with the (111) in Cu fol, while the
hexagonal grains are associated with Gnephenelayer, where at low K partial

pressures, the (111) Cu lattce dominates growth
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The growth conditions also play an important rolehmeffect of defect formation in
the Graphenefims which ha a detrimental effect on the mechanical properties.
Through MD simulations several researchers Hao §83|.and Ansari et[84] have

shownareduction in strength through the introduction of defects.

With CVDO6s ability t dGraphendiths) @ majounesedranr m
push is in telniques to transfeGraphenefrom a metal foil (Ni or Cu) to another
substrate including SVSK) Sapphire (AlOs) and polymer substrates. Several of

these techniques wil be discussed in the next section

One of the methodssedto transferGrapheneto another substrate is through the use
of Graphenecarrier, Polydimethylsiloxane(PDMS) or Poly(methyl methacrylate)
(PMMA), has been performed by several research¥k [85]i [87]. In this process,
first a layer of PDMS or PMMA is spinoated on the surface of taphengmetal

foil. Next the polymeGraphenmetal stackis suspended on the surface of an
etching solutiofFeCt or Fe(NQ)s for Cuand NaOH for Nito remove thaespective
metal foll Once the metal foil is removed, the polyr@dphenestackis rinsed in

de-ionized water to remove any remainingpntainments from thetching solution.

Next the polymefsraphenestackis transferred to the surface of the desired substrate.

Finally acetone is used to remove the PMMA or PDMS yieldrgpheneon the

substrate of choiceA schematic of this process is shown belovFigure 2.20
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Figure 2.20: Schematic lllustrating Fabrication of Graphene on PET [88]

Despite the simplicity of this method, there are stil some drawbacks to this technique
including cracking in theGraphenefim after removal of the polymer carrier caused

by suface roughness differences betweenGnepheneand new substrate as wel as

the fact PMMA cures into a hard coating. Additionatigsidualacetone

contamination is present on tl&aphenesurfaceas a resulof the PMMA etch

process

An alternative tohe polymer carrier method tke hot roling/hot pressing method,
where the metal foéraphenestackis hot pressed onto the desired substrate. Next
the whole structure is dipped in an etching solution to remove the metal foil yielding
Grapheneon the desired substrate. A schematic of this is shown beléugure 2.21

for aGrapheneon Cufoil transferredto PET.
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Figure 2.21: Schematic illustrating transfer process ofGraphene on Cu foil to
PET [89]

Another alternative transfemethodis the roll to roll transfer method as seen in

Figure 2.22below. In the roll to roll setupa CVD grownGraphenefim on a Cu foll

is attached to a thermal release tape by application of a soft pressure between two
rolers. Nextthe layer stack structure is fed through an etchant bath to remove the Cu
foil yielding Grapheneon adhesive tape. Tierapheneon adhesive tape is then
reinserted into the rollers with the desired target substrate and rolled at an elevated

temperature (920 °C) whichtransfersthe Grapheneto the target substrate.

Graphene on
polyrmes support Released
/ \ polymer support

~  Polymer support

=

—~

y» @

Target substrate

- /
Graghene on Cu foil Graphene oo target

Figure 2.22. Schematic lllustration of Roll to Roll Fabrication Process for
Graphene [79]

The electrical, optal andmechanicalpropertiesof Graphenewil be highlighted in

the next sectian
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2.2.3. Electrical Properties déraphene

Graphenehas three uniquelectrical characteristics that make it of interest including
a vanishing carrier density at Dirac points, existence of psspidioand the

relativistic nature of carriers due to its lattice structasshownbelow in Figure 2.23

Figure 2.23: Graphene sub-lattice where each lattice A atom is surrounded by 3
atoms on the B lattice[90]

The band structure @raphenecan be described using a simple nearest neighbor

tight bonding approaching cdaig@4d.eri ng a si

—— ~
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Grapheneis azero gap semiconductor with a vanishing density of states at the Dirac
point with no energy gap between the valence and conduction bands as shown below

in Figure 2.24
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Figure 2.24: Band structure of Graphene showing the conduction and valence
bands meeting at the Dirac points (blue dotsb6]

In 2007, Geim et al95] showed thatGraphenedemonstrates a ampolar electric
field effect (asshownin Figure 2.25below) wherecharge carriers can be tuned
continuously between electrons and holes in concentrations as highasi2@nd

their mobilities can exceed 15,000%vhs under ambient conditionf61], [96]i [98].

Figure 2.25. Modulation of resistivity in Graphene using gate voltage[95]

The Dirac point can be moved closer back to 0 V by reducing the number of surface

contaminants in th&rapheneflm using annealing in ultrahigh vaauuor an H/Ar

atmospherd99] or through the application of a higher current density into the sample
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[100]. The theoretical charge carrier density atthe Dirac point should go to zero,
however several researchef86{, [98]) have show a finte conductivity remains
caused by the presence of charged impurities, thermal excitation and ripples in the
Graphenelayer [96], [101], [102] The mobility ofGrapheneflms on various

substrates can range from 15,000 to 200,000\em[61], [96]i [98], [103], [104]

Boltzmann transport theory is useddescribeGraphenetransport for carrier
denstities n, (n >> n), where nis the impurity density for ehomogenoussystem The
conductivity was found to increasknearly with the carrier density concentration as

shownbelow in Figure2.26

10K

100 -50 0 50 100
Vg{"lf}

Figure 2.26: Measuredconductivity of Graphene as a function ofgate voltage or
carrier density [98]

This behavior was explained using the long range Coulomb disorder model by several
researcher$105]i [112]. In 2006, Hwang et aJ107] developed a carrier transport
model for 2DGrapheneaccounting for scattering by random charged impurities

which are assumed to be the dominant scattering mechanism. In@ragteneasis
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a zeregap semiconductor where at T = 0 and no appled gate voltage, no free carriers
exist. Al experimentalGraphenesamples arextrinsic, because there are invariably
some free carriers present in the syst@dransport close to the Dirac point is

dominated by two effects dhe charged impurities in the system: the carrier density

is determined by the screened, charged impurity potential and the conductivity is
dominated by the charged impurity scattering. However, the system breaks up into
spatialy inhomogeneous conduction puddles of 2D electron and hole droplets due to
extrinsic randomg charged impurity centers. When a gate voltage is applied, free
carriers (electrons or holes) are introduced into the system. First, it is assuming that
systemis a homogenous 2D carrier system of electrons or holes with a carrier density,
n, induced by a gate voltage,qg.\he conductivity can be found assuming Boltzmann

transport theory by the folowing expression:

Qu | !
” TOO T70 (2.8)

wh e r ethe @onductivity, e is the charge of an electranis the carrier velocity at
the Fermi Energy, s t he Fer mi energy and U is the
Assumingarandom distribution of charged centers with densifyjthe scattering time

U a t0is Giverr by[113], [114}
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Since the interaction parametes, is independent of the carrier density, the scattering
time can besimplyt €. This is further supported by the fact that conductivity is a
function of the density of states which in turn is also a function of the carrier density.
The effect of carrier density (gate voltage) on conductivity is shown below in Figure

2.27.
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Figure 2.27: Conductivity vs. Gate voltage for 5 different Graphite on SiO;,

samplesshowing effect of sample quality Insert shows a detailed view of the
density-dependent conductivity near the Dirac point.[115]

In Figure 2.27, the samples that were termed of poorer quality<(000 criV-1s1)
exhibit a very board andmooth maximum near the Dirac point folowed by a linear

relationship og Fotlsamplest wih betersjpakyc( 100060 V
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cn?V-1sl), the conductivity curves form a cusp around the Dirac point folowed by a
sublinear increase in the eleoh and hole regimes. This difference suggests different
scattering mechanisms may dominate these regions where the mechanism changes
from long range scattering (ionized impurity scattering) to short range scattering such

as atomic defects in the latti¢@07], [110]

In 2007, Hwang et dlL07] studied 2D carrier transport in gat@itaphene

monolayers where scattering occurred bylcan charged impurity centers with a
density n. In this work, Hwang developed a theory for high current density samples
(n > 102cm?) that was validated using experimental défd, [96], [98]. Hwang et

al. found that the calculate@rapheneconductivity is limited by screened charged
impurities and increases with n@nd the distancéetween the 2[rapheneand 2D

impurity layer d, asshownin Figures2.28 and 2.2%elow:

120 ——— ‘ —

100[- n/n, .

oo
o
L
|

o (e2/h)

S 0

d(A

Figure 2.28: Effect of 2D Graphene and Impurity layer distance on conductivity
[107]
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Figure 2.29: Comparison of Hwang et al. developed theory with experimental

data [107]

In Figure 2.29 the black lines are the predicted theoretical values, the triangles

correspond toirF 2.3x162cm?,

the circles and squares correspond to

n = 3.4x10°cm? andthe diamonds correspond te +10.43x102cm?. The solid blue

line shows the minimum conductivity value of4e Hwang et al. also found that

conductivity can be dominated by both long range and short range disordhewas s

in Figure 2.30below:

=il

40

g (e</h)

20

n/n,

Figure 2.30: Graphene conductivity calculated using a combination of short and

long range scattererq107]
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In Figure 2.30Q, for small @/ni, the conductivity is inear while for largaey/m, the
conductivity is subinear. The flattening in the high density region is believed to be
attributed to the crossover belmivcaused by the competition between short and long

range scatterers.

In 2008, Bolotin et al[103] studied the electron mobility of monolayer suspended
Grapheneon SiC». Bolotin et al found the mobility of the suspend@thphene
samples to be ~ 28,000 ¢vhls!at n = 2x16* cm?2. This value leads to the
conclusion that the scattering is caused by residual impurities absorbed on the
Graphenesurface. These containmenigere removed by sending a large current
through the sample which heats up the sample iaipwnost of residuals from the
fabrication process to desorb. This process was found to improve only suspended
Graphenesamples, whie unsuspended samples did not shiarge improvement in
properties which is a result of impurities trapped at the interface betdragiene

and the substrate.

P €O

2000

Figure 2.31: Effect of Current Annealing technique on suspendedraphene on
SiO, [103]
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As shownin Figure 2.3Q the resistivity of the sample decreases substantially by
approximately a factoof 8 (blue curve vs. red curve) far away from the Dirac point.

The width of the Dirac peak decreasssabout a factor of 20, whie the maximum
resistivity of the device d@d@rmithechange.
mobility increased by appxionately a factor of 10 from 28,000 éwils?® to 230,000

cmtV-ist,

The temperature dependdBtaphenetransport properties can be divided into two
groups: phonon scattering based mechanisms or electronic mechanism without any
phonon effects. In 2009, Hwang et [4l16] developed a model describing the
temperature dependent conductivity due to screening and energy averaging from
Bol t zaneamspod theory. Hwang et al. developed temperature dependent
conductivity equations for both low temperatures (T €xand high temperatures

(T/Te >> 1) as shown belowhere F is the Fermi Temperature

For Low TeMp&rature

— P 0 I (2.11)
where G is a positive constant depending on the interaction paramegtarnrdis U

given by:

QLU OO0 *
T (2.12
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where e is the charge of an electronis\the carrier velocity at the Fermi Energy; E

is the Fer mi energy and U is the transport

For High Temperature (TET>>1):

— 95 (2.13

where Gis a positive constant depending on the interaction parameter

Hwang et al[116] numerically simulated the effect of temperature on resistivity for
Grapheneon SiQ» samples usingskalues ranging from 0.88 to 0.01. slsownin
Figure 2.32 in the high temperature regime (#/¥> 1), the resistivity decreases
quadratically while in the low temperature regime (TexThe resistivity increases
slightly quadratally. Simiar to other 2D parabolic systems, at high temperatures,
Grapheneexhibits insulating behavior whie at low temperatu@sapheneexhibits

metallic behavior.
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r. =0.88

p(T)/p(0)

0.1
0.01

N

0 0.5 | 1.5

Figure 2.32: Calculated resistivity vs. scaled temperature, T/F for different r¢ =
0.88, 2.2, 0.1, and 0.01 (from top to bottom)nsert shows a magnifed view of the
low temperature limit (T <0.5Tf) [116]

The temperaturelependentesistivity of Graphenehas been investigated
experimentally by numerous researchir$7]i [120]. In each of these works, the

mobility of Graphenesamples was found to decrease with increasing temperature as

shownbelow in Figure2.33

3.43x10cm”

Mobility (cm’/V-s)

0 50 100 150 200 250 300 350
Temperature (K)

Figure 2.33: Hall mobility of holes as function of temperature for monolayer
Graphene with varying carrier densities [119]
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As shownin Figure 2.33 after 200K, the mobilityof Graphenedecreases

significantly caused by scattering of thermally excited surface polar phonons from the
SiOz substrate[106], [120], [121] The SiQ phonons at the substra@gaphene

interface modulate the polarizability, which produces an electric field that couples to

the Graphenecarriers limiting their mobility.

Lattice vibrations are inevitable sources of scattering and can dominate transport near
room temperature. Phonons are an intrinsic scattering sthatceeduces mobility.

There are three main types of phonon scattering that need to be considered:
intravaley acousticphonon, intravalleyoptical phonon and intervalley phonon

scattering. Intravalley acoustic phonon scattering is caused by low energy phonons
and is considered to be an elastic process. The tempealafueadent phonon limited

r esi s priwas detgrmined) for two regimedor when the temperature was larger

or smaller than the Bloeksriineisen temperature,gd Tse IS used for lowdensity

electron systems where only a small fraction of acoustic phonons can scatter off
electrons because therfe surface can be a lot smaller than the sizéheBrilion

zone[122]. For temperatures below TBG, © “"Ywhie for temperatures aboved

x Y [123]i[125]. The effect ofintravalley optical phonon scattering caussd

l ow momentum (g a 0), high energy (200
negligible. Intervalley scattering is normally caused by the emission and absorption of
high momentum, high energy acoustic or optical phonons which can be important at

high temperatures because of relatively low phonon erj@2fj.
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Several researchers have studied the effect of phonon scatarmgistivity. In
general, experimentally measured resistivity is dominated by extrinsic (impurity)
scattering. The impurity contributioto resistivity also has a temperature dependence
caused by Fermi statistics and screening. The experimentally metérphonon

contrbutonc an be deter mined using Matthiessenods

(214

whern#e s} the tot al resistivity whandthe is a su
i mpur ity and dBndierent reseadh groupsyhave ghown j

differing behavior with regards to phonon contribution to resistivity. Chen Ei24]

found that theextracted phamn contribution is strongly density dependent while

Morozov et al.[127]found that resistivity haapower law (F) temperature

dependence and the phonon contribution is independent of carrier density.

2.2.4. Optical Properties aBraphene

Numerous researchers have determined the optical transmittance of monolayer

Grapheneto be97.6% asshownin Figure 2.34[79], [128]:
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Figure 2.34: Optical transmittance of nlayer Graphene films at 550 nm as a
function of the number of Graphene layers [128]

As shownin Figure 2.34 the optical transmittance oGrapheneis very high witha
monolayer Graphenehaving an optical transparency of 97.6%. As the number of
layers is increased, there is decrease in the transparency Grigbleenefilms. Nair
et al.[129] found that the transparency Gfaphenedecreases as a function of the
number of layers described by the following expressiaa to increased scattering
effects

Y p mmigau (2.195

where T is the optical transmittance in % and N is the numb@&ragfhenelayers.

2.2.5. Mechanical Properties @raphene

In previous sections, the electrical and optical propertigSraphenehave been

presented demonstrating tlf@tapheneis superior matél for interconnects when
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compared to ITO. One of the key relability issues with using IT ismechanical

stability. The next section wil discuss the mechanical propertigSrayphene

The mechanical properties Gfaphenehave mainly been characterized using rano
indentation Atomic Force Microscopy (AFM) and through Molecular Dynamics

(MD) Simulations.

In 2008,Lee et al in 2008130] used AFM nanandentation to determine the

mechanical propertes 6f x5 mm array of <circul ar wel l s
with a 500 nm depth) on 300 nm Si@yer. The Graphite flakes were mechanically

deposited onto the substrate. During the test, the AFM tip is used to puncture the
Graphenelayer and the corresponding load and deflection cuma® measured. A

schematic of this is shown in Figug35[130]:

s’

1um 150m

Figure 2.35: lllustration of AFM nano -indentation setup to determine
mechanical properties ofGraphene [130]

Using the load vs. deflection curves shown below in Figuf® and modeling the
test configuration as a thin clamped, linear elastic circular membrane under a
spherical indenter as a function of the applied load, a sdtesis cure wasproduced

asshownin Figure 2.37[130]:
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where, is the nax dtress,

and Fis the applied load.

2000

(2.16

Ris theIndenter tip, BPis the 2-D Elastic Modulus

1500 -

nN)

1000

Load

500 -

0
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—3"test .
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after subtracting —=
cantilever stiffness

# ## before subtracting 4
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Figure 2.36. Load vs. Deflection curves obtained using nanmdentation AFM of
Graphite flakes on SiQ [130]
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Figure 2.37: StressStrain Curve for Graphene as measured using nano

indentation AFM [130]

From Figure2.37, Graphenehas an elastic modulus of 1 TPa and a ultimate strength

of 120 GPa, making it one of the strongest known materials. Addiional MD

simulations of the mechanical propertiesGoaphenedone by Zhao et gl131]
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confrm these values. In addition, Zhao et al, studied the effect of armchair vs. zigzag
directions on the mechanical properties and found that the zigzag direction was
slightly stronger than the armchair direction. The stedsEn curves created as a

result ofthe MD simulations performed by Zhao et al. are shown in FgL8&8

-8 Zigzag Direction
Armchair Direction

100

80
)
a
S 60 o4
: g
P v
» 40 % ’

o $2 y
20t s’ wO‘ ]
4 0 0.0025 0.008
C," ; _ Strain
0 0.05 0.1 0.15 0 025

Strain

Figure 2.38: StressStrain Curves for both the Zigzag and armchair directions
via MD Simulations [131]

Similar to the work done on ITO, several researchers have looked at mechanical
deformation (uniaxial tensie or bending) Gfapheneand the effect it has on the
electrical properties deraphenefims. In 2011, Fu et 41.32] fabricated Graphene
layers on Cu foils using CVD and thémransfered the Grapheneto a PDMS substrate.
The sampl es wmingze ahdtestednusing azifgle axis linear
miniature motorized stage. An illustration of the test setup and the change in

resistance as a function of strain is shown below in FiguB®a and 2.39b
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Figure 2.39: a) Schematic of Single Axis Linear miniature motorized stage used

for testb) % Change in Resistance as a function of strain foGraphene [132]

In 2011, Huang et aJ133] studied the electrical properties Gfaphenefims

deformed using a narindentation method. Samples were fabricated first by

mechanically exfoliatingGraphite flakes onto aSVSics ubst r at e c¢c¢hsing t he
Tapeo metGraplener iTohlkeanns with widths between 1.
bet ween 0.8 and 1. 2 -keam lthograpby andidiasmac at ed usi |
etching. These samples were then tested using a custorindentation setup that

incorporates aSEM and a nanadentation device. During testing, the wedge tip is

pushed into th&raphenesample until the sample is deformed and then it is

unloaded. A schematic of the test setup is shown below in Figui®a and 2.40b.

Figures 2.40h ilustrate the indentation process used to determine the mechanical

properties of theGraphenesamples. Thé&b change in resistance as a function of

strain is shown in Figur@.41 respectively:
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Figure 2.40: Schematic of SEM +hano-indentor Setup bh) lllustration of
Indentation Process to tesGraphene samples[133]

s Experiment data
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Figure 2.41: % Change in Resistance as a function of Strain foGraphene
samples tested using SEM ano-indentation setup[133]

As seen in Figur€.41, similar to the ITO fims,applying astrainto the Graphene

fims induces a change in electrical resistance where after sitivel value, the
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strain starts increasing. The inttial work presented here has shown that a consistent
range of values for COS to get a 10% change in electrical resistanGegibiene has

yet to be established. If the work done by Huang et al is the standdBdafuineng

then Graphenecan withstand higher strain values before it reaches a 10% change in

resistancethan its ITO counterpart

Addttionally, unlike ITO where there i@ been some publshed fatigue studies, no

publshed fatigue studies @rapheneflms has been published.

2.3. ITO vs.Graphene

After reviewing the mechanical, electrical and optical properties of ITO and
Grapheng a summary of the various propertiesGraphee and ITO is given below

in Table 2.6

Table 2.6: Summary of the various properties of ITO of Graphene [128]

Property Graphene ITO
Sheet Resistance 10060300 g/ I 3080 q/
Mobility 15,006200,000 crf V1 10-70cn¥/ VT
97.8% (Monolayer)
Optical Transparency 95% (BtLayer) 90%
93% (TriLayer)
Elastic Modulus 1TPa 116 GPa

Critical Strain to achieve

- 0, _20,
10% change in Resistance 5-10% 1-2%

Basedon the electrical, optical and mechanical propert@spheneappears to be the
superior interconnect material to ITO. Another disadvantage of ITO is its cost. The
main reasonGraphae is being considered is because of its superior mechanical

properties with the potential to elminate line outs by reducing/eliminating
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interconnect cracking during normal use of a fiexible displdys next chapter wil
discuss the dedicated test petbat was designed and developed in order to

investigate the fatigue properties of Graphene and ITO.
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ChapterSExperi ment al Setup

In order to perform the necessary bending fatigue experiments, a dedicated test
system was designed, fabricated and integratedhio research. In this work, two
types of test systems were created: one fongephatterned ITO samples whie the
other type was used to test uniform fim samples of ITG@phene The folowing
sections will discuss these two types of systamd the three types of test samples

used in the present experimental work

3.1. Test Setup for Patterned ITO Devices

A test setup based on the cyclic mandrel test mefb@pwas developed by Tom
Martin in his PhD worl{1]. This same setupasmodified to allow for testing of both
uniform ITO andGraphenesamples. A flowcharilustrating how the setup operates

is shown in Figure3.1:

RS-232

” Motor

Discrete USB

I/F | 4—p

Controller

I Flexing of
GPIB Substrate
FPGA Digital
Controller Multimeter P
TAD Sample
Driver Card “ B‘::"?_L"g [F—
a

Figure 3.1: Block diagram of fatigue test setup for patterned ITO sample$l]
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In the test setup, a stegr motor is controlled by a LabView program. When thst

is started, this program instructs the motor to push an acrylic mandrel into the sample,
bending the sample to a set radius of curvature. Once the sample has been bent, the
program sends a command to obtain a resistance measurdroenthe samplen

the bent condition This setup can be used to measure resistance for individual traces
(ITO samples) or the sheet resistanceurdform fims of eitherGrapheneor ITO

using a digital mukimeter (DMM). Once the measurement is completed, the program
sendsa command to the motor to relax the sample. This process is repeated until the
desired failure criterion is achieved. Next, a more e@etalescription of the

individual components of the test setup wil be discussed.
)
-

{ .
est Sample \ % 8 '
\' Al - -

~ ey

5

A k:rylic Mand(v

Figure 3.2: Bending fatigue setup used for pattemed ITO samples

In the setup shown abovwe Figure 3.2the stepermotor pushes the acrylic mandrel

into the sample bending it to a set radius of curvature. The acrylic mandrel shown in
Figure 3.2has a diameter of 38.1 mm, but this mandrel can be swapped for any size
depending on the desired testing conditions. After the sample is bent, the program

needs to send a command to measure the resistance of the sample. This achieved by,
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first the PC sersla signal tahe discrete interface controller (DIC) which in turns

send a signal to the field programmable gate array (FPGA) circuit card connected to
arelay card. The FPGA is designed to rapidly drive and take resistance
measurements of ela of the individual traces. Next the program, relaxes the substrate
and repeats this process of bending/unbending until the desired failure criterion is
met.

In order to prevent damage to exposed traces, it was decided to not completely wrap
the substrat around the mandrel. Since, only a portion of the trace is being
mechanically bent, the resistance of the bent portion is calculated using the following

equation:

¥y ¥y — (3.1)

where TLis the entire traceength and AL is the length subjected to mechanical
stress. The failure threshold was set to be a percentage of the inferred change in

resistance to the initial resistance of the trace where:

YyY

v cpnmbppmhp (3.2

The failire criterion ofL0% was based on the SPICE circuit simulation results of a

failure threshold defined to be when the gate line resistance exceedq #B0 k

3.2. Test Setup for uniform filntf ITO and Graphene

The setup used earlier for patterned ITO samples was modified in order to conduct

measurements for uniform fimsThe simplified setup works exactly like the setup
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discussed in Section 3.A.simplified block diagram for this setup and illustration of

the setup is shown below in Figurés31 3.5.

RS-232
Motor

Flexing of

Substrate
USB

Digital

Multimeter =ample

Figure 3.3: Block diagram of fatigue testsetup for uniform ITO or Graphene
samples

Stepper
Motor

Stainless Steel Mandrel
in adjustable mandrel
holder

Figure 3.4: Bending fatigue setup used for uniform ITO orGraphene samples

68



Figure 3.5: Updated sample mounting systemused for uniform ITO or
Graphene samples

In this updated test setup, the samples are again dadpsn and held in position

using a hinge system instead of a spring system in order to increase the robustness of
the system. Additionally, as seen in FigBe, a variety of differentstainless steel

mandrés with diameters including 5, 6, 8 and 13 maspectivelycan be used

(pictured in Figure 3.6)n this simplified setup, the DIC and FPGA cards are no

longer needed due to the reduction in the number of resistance measurements required

per cycle.
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Figure 3.6: Mandrels (13, 8, 65and 1.62 mm) used to perform fatigue studies on
uniform 1ITO or Graphene samples

The dedicated test systems for both patterned and uniform fim samples of either ITO
or Graphenehas been discussed, thexinfew sections wil discuss sample design and

fabrication techniques to create all of the test structures.

3.3.  Sample Design/Fabrication

3.3.1. PatternedITO Samples

Patterned ITO samples fabricated by the Flexible Display Center (FDC) in AZ similar
to the onegsise in the work by Martipl] wereused for the experimentatork. The
fabricated samples wil consist of a layer stack structurshasnbelow in Figure

3.7
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ITO Traces (0.05 pum)

Figure 3.7: Cross Section View of Multilayer ITO Samples for Bendig Fatigue
Tests

The layer stack structure shown above in FigBiéstarts with a Polyethylene

Napht halate (PEN) substrate (DuPoint Teoni:
literature, typically 1 TO is grown on PET
superior thermal deformation (higher) Bind improved eleatially stability at

elevated temperatured34]. Nexta 2 e m pl anar iR®)astdeposited | ayer (
using a spin coating technique at 200 °C ideorto improve the surface uniformity of

the PEN substratéas seen below in Figurd.8).
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Figure 3.8: SEM image showing the effect of PTS deposition on the surface sf
planarized and uncoated PEN[135]

Next, a 0. 3 ¢deapositedidnithe PTRI/PEMN stackusings Plasma
Enhanced Chemical Vapor Deposition (PECVD) at 180 °C. Finally the interconnect
layer of ITO was deposited using direct currédC) magnetron sputtering. A
summary of the processing conditions and material properties of this layer stack

strudure are given in TablB.1below [1], [49], [104], [130], [136], [137]

Table 3.1: Summary of Processing Conditions and Material Properties for
Multilayer ITO Samples

Layer Substrate Planarization Buffer Trace
Material PEN PTSR9 SiNa ITO
Thickness 125 2 0.3 0.05
DC
Process N/A Spin Coat PECVD Magnetron
Sputtering
Process Temp (°C) N/A 200 180 98
Youngbs N
(GPa) 3.7 2.52 1225 116
Poissonds 0.33 0.25 0.23 0.35
Density (g/cri) 1.36 0.959 2.5 6.8
CTE (ppm/°C) 21.5 17.5 2.2 9.25

In order to investigate the influence of trace width on the electrical response during

bending, the interconnect layer for the ITO samples was pattesigl
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photolthography There are a total &0 traces in varying widths wit sets of 10
traces at th folowing widths: 1.5, 05and 05¢ m, all with a thicknes

Figure 3.9below shows the photolithography mask used to pattern the traces onto the

samples:
Co mmo
Bus T ———
P .8 Ot her
Test
struct
| TO [ L
Il nterc <l_m”“““|
Traces !
‘. Pads t
=~ i nterf

Rt circuit

Figure 3.9: Photolithography masked used to fabricate samples with patterned
|l TO traces with widths off[11.5, 0.7 and 0. 3

As seen in Figure3.8, pads are used to connect the individtrates to the driver

circuit. The physical connection between the traces and the driver circuit is done

using a tape automated bonding process (TAB) card. The TAB card consists of a

polyamide fim containing afip chip that is programmed to take rowdsolsignals

and convert them to unique row/column line to address each pixel in the array. An

anisotropic conductive film (ACF) is used as the conducting element between the

TABO6s on the driver circuit -sectah vieWEDN s ubst r
a TAB card and the connection it forms between the driver circut and substrate is

shown in Figure 3.10a and 3.10b
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Figure 3.10: a) Schematic of TAB Bonding Card b) lllustration showing the
connection the TAB card makedq138]

Once, the sample has been TAB bonded, siver conductive epoxy (Resinlab 1233) is
used to attach leads for the DMM to take resistance measurements during bending.
For tre patterned ITO samples, the siver epoxy is applied as an entire strip, while for
the uniform samples, the siver epoxy is applied as paditis. siver epoxywvas

applied to each sample using a Fisnar JB1113N automatic liquid dispenser. An image
of the sanple with the TAB card and siver epoxy with leads attached is shown below
in Figure 3.11 The sample is now ready to be mounted into the test setup discussed

earlier and tested.
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a) b)

Figure 3.11: Image of ITO Samples TAB Bonded with Silver Epoxy Attached a)
Back View b) Front View

3.3.2. Uniform ITO Samples

Uniform ITO flms were fabricated in order to compare the fatigue properties of ITO
to Graphene These uniform fims were fabricated using similar conditions as the
patterned ITO samples fabricated by the Flexible Display Center (FDC) in AZ minus
the photolthography patterning step. The fabricated samples wil consist of a layer
stack structure aseen below in Figure 3.12. The dimensions of this layer stack
structure are a 50 mm x 50 mm square of ITO on top of the a 50 mm x 50 mm square

of SBN4/PEN substrate as shown in Figure 3.1
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Si3N4 (03 um)

Figure 3.12 Cross Section View olUniform ITO Samples for Bending Fatigue
Tests

wuw s

50 mm

Figure 3.13: Drawing of Uniform ITO film

Siver epoxy isused to create four contacts on the surface of the ITO fim sample for
resistance measurements during bending fatigue. Adhesive tape is used to provide
additional mechanical support to ensure sustained cdmgheten the leads and the
sample surfacaluring fatigue experimentsAn image of theuniform ITO sample

prior to beig mounted into theest setup discussed earliarSection 3.2 is shown

below in Figure 3.14
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Figure 3.14: Uniform ITO on Si3sN4/PEN sample with silverepoxy leads

3.3.3. Uniform Graphenesamples

Monolayer Graphenesamples used for the bending fatigue studies consist ef a tri

|l ayer structure starting with a 125 em | ay
0.3¢ nBsN4 grown using Plasma Enhanced Chemical Vapor Depositon (PECVD) at

180 °Cand finally a montyer (0.34 nm) oGraphene The SiN4/PEN bilayer

structure wadabricated atthe FDC and then sent to a commercial vefutor,
Graphenedeposition/transferdue to lack ofamiliarity in Graphenefabrication and

lack of equipment.A cross section view of the final sample to be used for testing is

shown belowin Figure 3.15
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Figure 3.15:. Cross Section view ofsraphene samples used for Bending Fatigue
Tests

Based on the experimentaétsp, the dimensions of tiiéraphenesample were
determined to be 25 mm x25mm square oGGrapheneat the center o 50mm x50
mm piece 0fSsN4/PEN. The size of the planarized PEN was chosen so that the
sample could fit into the current experimensstup. The25 mm x 25 mm monolayer
Graphene squareas placed at the center il SiN4/PEN substratdo ensure that it
would be fully bent during testing. Addtionally, 25 mm x25mm square was
chosen due timitations incurrentfabrication processing conditions in producing
uniform high quality Graphenefims. A schematic of th&raphenetest sample is
shown belowin Figure 3.16 where the green square is tB48?EN substrate and
the black square is th&rapheneayer.

SisNJ/PEN 25mm

25 mm
Wi (g

50 mm

Figure 3.16: Drawing of Graphene test sample
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Three Graphenefim vendors were identified as potential candidates for sample

fabrication to including ACS MaterialsGrapheneSupermarket an@Graphene

Platfiorm. 25 mm x 25 mm samples of monolagamapheneon PET were ordered
from each of the companies in order to determine the respective flm qualties from
each of the vendord€zach of the vendormitially fabricated Graphene on Cu using

CVD and nextusedt h e

Graphen®”ET samples as shown below in Figure 3.17

Graihene - Graihene ‘

Graphene

N—

i FGrapleebtei ntgr a n s f d128] td febdchte they u e

Y
—

-

eCl;
SiyN,

! /—-————-\
A —
Graphene Graphene - _

Si;N, Graphene

Acetone
~_ ~

Figure 317:1 | l ustration of

Graphene

(__ FeCl, _

Y
S

Graphene

Acetone

~~_

AFl oati nd28]Gr apheneo

In the floating Graphenetechnique, firstGrapheneis grown via chemical y@or

deposition onto a copper foil. Next a thin layer of Poly(methyl methacrylate)

(PMMA) is spin coated on top of tiéraphenéCu structure. Next this, tlayer

structure is dipped into a solution of Fe@l etch away the Cu foi. The

79

t



Graphen®®MMA stackis then rinsed with DI water and placed into a solution of
acetone. Thé\cetone then etches away the PMMA layer leaving a layer of floating
Graphenein Acetone. Next thé&raphene is removed from the Acetone solution and
placed on top of th&sN4/PEN subsate Finally, theGraphent&SsN4/PEN stack is

rinsed with DI water and left to dry whicjields in Grapheneon StN4/PEN.

Siver epoxy isthen used taattachfour contacts on the surface of iGeaphene
sample for resistance measurements during bending fa#guénage of theuniform
Graphenesample prior to being mounted into thest setup discussed earlier

Section 3.2 is shown below in Figure 3.18

Figure 3.18 Image of Uniform Graphene on SgN4/PEN sample with silverepoxy
leads

This chapter has discussed the dedicated test system that was designed in order to
perform fatigue bending studies of patterned ITO, uniform and uniiGraphene

fims on top of SIN4/PEN substrates. Additionally, the fabrication and design of the
three test samples has also been discussed. The next chapter wil focus on the

mechanical stress in the flms caused by bending.
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Chapter4Mechani cal Stresses i n Thi

Based on thd-ailure Modes and Effects Criticality Analysi&EMECA) analysis, line
outs were determined to be the most critical failure mechanism for fiexible displays
[26]i [28]. In order to understand and intigate this failure mechanism, first stress

in muttilayer fims is reviewed. The stresses present in thin flm devices can be
broken down into two categories, internal forces caused during fabrication and
external forces. This section wil discuss the twategories in greater detail and then
the results of finite element analysis using ANSYS39] wil be presented for

patterned ITO, uniform ITO and unifori@raphenesamples on &N4/PEN.

4.1. Internal Stresses

Stresses can be created due to incompatibilties between the flm and substrate in
terms of differences in thermal expansion coefficients, phase transformations with
volume changes, fim densification and epitaxial defects. Typically, thin flms are
grown under vacuum conditions at elevated temperatures. The first type of strain
produced during fabrication is due to the lattice mismatch between the substrate and
the flm. As the flm is being deposited onto the substrate, it must either be stretched
or conpressed to fit into the lattice sites of the substrate. The corresponding misfit

strain created because of this lattice mismatch is:

W W
- . (4.1)

where am and awstrat@rethe lattice constants of the flm and substrate respectively.

The amount of misfit strain due to the thermal property difierences is given by:
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- YUY (4.2)

whe mgiti € t he mingdndGuwsragatetha flm and dubstrate coeficients
of thermal expansion respectively, T is the deposition temperature od@ndobm
temperature . Once deposttion is completed, the sarouis back down to room
temperature. Since both the film andbstmate have different coefficients of thermal
expansion values, they wil want to contract at different reteging to additional

strain in the system.

Internal stressearelargely due to material property differences between the fim and
the substrate. Therefore it is important to understand internal stresses for fims on stif
or compliant substrates. When a fim is grown on a stiff substrate, the substrate has a
higher ehstic modulus than the flm. This results in the flm being stretched and the
creation of a biaxial stress in the plane of the fim. The flm strasgan be found

using the misfit straingm, by:

" - O (4.3)

where'O is the biaxial elastic modulus of the film. The stress in the substrate is much
smaller than the flm resulting in the substrate being bent with a radius of curvature

defined by SfléOheydés Equation

.. 0o
Y o (4.4)
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wh e rr & thalbending stress in the fimsiEs t he el astic medul us
isthePoi ssonds r at kandifaré thet shbstrats and fim thickriesses  t
respectively and R is the radius of curvature. In contrast, when a flm is grown on a
compliant substrate, the substrate also deforms as the system is being deformed. The

stress in the film for a compliant subs$tras

” T0 (45)

wh e mis thedmisfit strain,O' and'O’ are the biaxial moduli of the fim and
substrate respectively andand tare the flm and substrate thicknesses respectively.

For compliant substrates, the radius of curvature is giveji4dy:

06 0o 10000 0 0O
Y — (4.6)
- p 100600 0O

4.2. External Stresses

This section is dedicated to discussing the stresses created in a bilayer structured
caused by an eternally appled bending moment. When a simple biayer structure is
bent to a specific radius of curvature, with the fim on the outside, the top surface of
the structure is in tension while the bottom layer is in compression (asdeigare

4.7):
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}i <= Film
& \
§ Foil substrate

Figure 4.1: Bilayer structure bent to a specific radius of curvature using a
cylinder [142]

Inside the structure, a surface exists that has no strain on it ka®tne neutral axis.
When the flms have comparable elastic moduli, the neutral axis is located at the
midpoint of the structure so that the strain in thedogaceof Figure 4.1 is equal to:

0O O

= @7

wheretiopis the strain in the top surface, R is the radius of curvatures and t are

the thickness of the flm and substrate respectively.

When a more compliant substrate is usedXHEs), the neutral axis shits from the

midpoint towards the film. Therstin on the top surface of the fim [$42]

- ‘ : ‘ (4.9

where
4.9
(4.10

where Eand Eare the elastic moduli of the fim and substrate respectively
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4.3. Mechanical test methods for Flexible Displays

Mechanical test methods for flexiblgisplays can be broken into 2 categories: the

first involves determining the maximum strain a device can withstand until failure.

The second type involves cyclic bending of a sample to a set radius of curvature
(strain) from a relaxed state and recordihg tumber of cycles to failure. In addition

to the type of testing method, the type of test structure is also another important

factor. The majority of published work on ITO has involved uniform forms with some
work done on patterned samples. Traditiopafor strain to failure test methods, the
critical strain value or crack onset strain (COS) is defined as the strain that results in a
10% change in resistance of the sample. Three main testing methods are utilized to
determine strain to failure includinthe uniaxial testing method, the two point

bending method and the biaxial method

In the uniaxial fragmentation test, the sample is clamped at both ends and slowly
puled apart (seen below in Figures 4.2 and 4.3). While the sample is loaded in
tension, an isitu microscope is used to visually inspect for crack intiation and
propagatn whie simultaneously monitoring changes in resistance. This method

allows for precise monitoring but can be very tedious and time consuming.

Figure 4.2: Schematic Representation of Uniaxial Test Methdd]

Z
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Electrical connection Thightening screw
Spring ——— N
Contact pin w;\u‘ﬁ_ — =
Upper clamp -]:‘l‘i‘r s AR
Metal foil A SN
Sample —e-—'—,§=- = )

>

Sand paper — NS

d
Lower elamp ——————=" 5 SN \ l

Figure 4.3: Detailed schematic of Uniaxial Testing Method49]

In the two point bending method, the sample is placed between two parallel plates (as
seenin Figure 4.4). Either one or both of plates is pushed inwardingpehe sample to

afinite radius of curvature with the maximum strain in the middle of the sample. Similar
to the uniaxial test method, the two point bend method allows for the determination of
the critical strain to failure, but does not allow for direbservation of the sample during
testing. One of the additional benefits of the two point bend method is that is faster than
the uniaxial testing method and it can be modified to perform fatigue testing. One of the
drawbacks of this method is that thigain is not uniform across the samples the

plates get closer together, the sample becomes more paralel to the plates causing a
smaller portion of the sample to be befhe £ond dawbad is since the samples

are mounted to the clamps, the sampleokalowed to achieve a fully relaxed state.

Figure 4.4: Schematic of Two Point Bending Method143]
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In the baxial method [4], [144],the sample is clamped at the substrate edges and next
a pressurized gas in injected. This causes the sampbige in the center and
therefore the sample is bent to a set radius of curvature. A schematic of the test setup

is shown below in Figure 4.5 and an example of a bulge in a flm is shown in Figure

4.6:
Electrical connection —— Thightening screw
Spring —
Contact pin T
Upper clamp =ully bl
hetal foil | T g
Sample ——se—— 1

T

Sand paper
Lower clamp

Figure 4.5: Schematic of Biaxial Test Metho{lL44]

Figure 4.6. Polyimide foil with a-Si/SIN islands after deformation under the
biaxial test method145]

The final test setup that wil be discussed is the cyclic mandrel test method developed
by Gorkhali and Cairns in 20Q82]. In this setup, a cyclc loading rig bends a sample
around a mandrel to a set radius of curvature and then returns the sample to its

original starting position.During the bending/unbending process, a nmkier
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measures changes in the resistance of the sample as a function of the number of

cycles. A schematic ilustration of this setup is shown below in Figure 4.7:

Multimsstor

ITOPEDOT coated PET Sample

LA
Low Tengion
Spring

« Direction Signal

J Speed Signal

d Power Supply

Stepper Motor

Figure 4.7: Schematic lllustration of Cyclic Mandrel Test Method [52]

4.4. Modeling of Bending Stresses in ITO dahphene

In this next section, the bending stresses in patterned ITO, uniform ITO and uniform
Grapheneon SgN4/PEN substrates will be simulated using 2 methods: viwtst
sovMng St oney d6s equat itorough ahe dseffiniteeelerseat cavalysgé i s

(FEA) via ANSYS

441 Stoneyods Equation
Stoneydés formula allows one to determine
radius of curvature the system is bent to as seen below:

0O 0

b T ®Y 1

w h e rf & thalbending stress in the fimsiEs t he el astic medul us
is the Poissono ssandtateithe substfate tard dlm thickiessésr at e |,

respectively and R is the radius of curvature.
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As seen in Stoneyb6s equation, the main
are the respective film and substrate thicknesses, whie the material propetties of
film are not accounted fofthe effect of varying th&rapheneflm thickness between
0.34 nm and 100 nm and varying the PEN thickness between 50 pym and 350 pm
werestudied. Similarly, the effect of varying the ITO flm thickness between 50 nm
and 500nm and varying the PEN thickness between 50 pm and 35@erastudied.

The effect of varying the thicknesses of Beaphene ITO thickness and PEN layer
was determined usi nglays stoaue ywen beat qouaalit of o n
curvature beteen1.58and12.7mm respectively. Thelastic properte®f PEN, ITO

and Grapheneused for this simulation are summarized in Table 4.1. The results are

shown below in Figures 4i84.1149], [130], [136], [137]

Table 4.1: Summary of elastic properties of PEN, ITO andGraphene used in

f ac:

Stoneybds equation calculations for bending

Graphene/PEN samples

PEN ITO Graphene
Elastic Modulus 3.7 GPa 116 GPa 1 TPa
Poi ssont¢ 0.33 0.35 0.21
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Figure 4.8: Effect of Graphene layer thickness on bending stress iGraphene
layer using Stoney'sEquation
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Figure 4.9: Effect of PET layer thickness on bending stress iGraphene layer
using Stoney's Equation
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Figure 4.10: Effect of ITO layer thickness on bending stress in ITO layer using
Stoney'sEquation
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Figure 4.11: Effect of PET layer thickness on bending stress ifTO layer using
Stoney's Equation

As expected, theseul t s of the Stoneyds equation calc
Grapheneon PETshowas the mandrel size decreases, a corresponding &dnetie
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bending stressiasobserved. This is due to the ffidbat smaller mandrel radi
correspond to higher stressdésy As layer thickness wereincreased, the bending
stress observed in bo@rapheneand ITO decreased. For the simulations for both
Grapheneand ITO, as the PET substrate thickness increased, a corresponding

increase in the bending stress was observed.

4.4.2. Finite Element Analysis using ANSYS

Finte element analysis (FEA) using ANSYS was performednoli-layered stacks

of patterned ITGanduniform fims ofGrapheneand ITO on SN4/PEN substrates.

The purpose of the study was to look at the effeatanbus mandrel sizes on the
bending stressegeneratedin patterned ITO, uniform flms dirapheneand ITO on
SiN4/PEN substrates. The differences in bending stresses due to the change from
ITO to Graphenewasalso be studied. A crosection view of th layer stack
structures that were analyzed using ANSYS and the mechanical properties used

during this analysis are summarized in Figure 4.12a, 4.12b, 4.12c and Table 12:
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ITO Trages (0.05 um)

Si.N, (0.3 um) Si.N, (0.3 um)

Figure 4.12. Cross section view ba) patterned ITO b) uniform ITO and c)
uniform Graphene on SgN4/PEN substrates.

Table 4.2: Summary of Mechanical Properties used for ANSYS Analysi§l],
[49], [104], [130], [136], [137]

Layer Layer Thickness Elastc Modulus Poi s s on
(GPa)
PEN 125 ¢ 3.7 0.33
(F’I;?rrg‘gzg"’;“o” Layer 2 &m 252 0.25
SiN4 0.3 ¢ 122.5 0.23
ITO 0. 05 ¢ 116 0.35
Graphene 0.34 nm 1000 0.21
Stainless Steel Mandre 207 0.3

Using the crossections pictured above, two simple ANSYS models (as shown below
in Figure 4.13)werecreated using shell elements in ordecadculate the bending

stresses for patterned ITO, uniform fims @fapheneand ITO on SN4/PEN

substrates. ThHANYSYS model for the patterned ITO samples utiizes three

individual traces to study the effect of the presence of multiple traces on the
distribution of bending stresses. Shell elements 281 and 91 were used to model the
multi-layer and the stainless stesdndrel respectivelydue to complexity of the

samples awell as to reduce computation timé&oth shell elements are 8 noded with

6 degrees of freedontach of the layers wasssumed to bimear and isotropidor

the simulations. Each of the layers vessumed to be perfectly adhered to each other
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and no interfacial effects were studied however, this is a necessary area of research

for future work.

ITOTraces p

Figure 4.13: a) ANSYS Model used for modeling pattemed TO on SisN4/PEN
b) ANSYS Model used for modeling uniform ITO or Graphene on SgN4/PEN

The models shown above had the folowing boundary conditions for the nodes on the
center of the layer stack structurhe rotation wasfixed in the y and z directions,
displacementwas fixed in the x direction and the first nodes fixed in the z

direction.

For each simulation, the sample was bent to adptermined radius of curvature and
the stress distribution along the principadsa(xdirection) wascalculated First, the
results of the patterned ITO orslSi/PEN simulations are presentdéigure 4.14 a
shows the patterned ITO samgliulation (Figure 4.12a) bent using a 2 mm

diameter mandrelith the stress distribution imé xdirection for each layer:
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-0.294 MPa f i -0.0827 MPa
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38.4 MPa
70.6 MPa
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135 MPa

-0.005 MPa
205 MPa
410 MPa
512 MPa
615 MPa
717 MPa
820 MPa
922 MPa

Figure 4.14: Stressdistribution in the bending direction (x-direction) for a
patterned ITO Sample bent to aradius of curvature of 2 mm for a) ITO layer b)
SizNg4layer c) PTSR9 layer and d) PEN layer

As seen in Figure 441ad,the stress is concentrated at the centezaoh of the
layers This is expectedbehavior sincethis is where the sample is bent the most
around the mandrel. When comparing the stresstgeln layers, the ITO andsiSk
layers have higher bending stresses than the Rrand PEN layers due to the
differences in layer thickness (0.05 and ®m3vs. 3>m and 125>m respectively.
The effect of mandrel size on the bending stress in each bifydrs of Figure 4.12a

was simulated for mandrel diameters ranging from 1.79 mm to 7.94 mm fori.05

thick ITO traces as shown in Table 4.3 and Figure 4.15
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Table 4.3: Effect of mandrel size on thebending stress in each of the layers of
Figure 4.12a for mandrel diameters ranging from 1.79 mm to 7.94 mm for 0.05
em thick | TO traces

Mandrel Trace Trace Stress in  Stress in  Stressin  Stress in

Diameter Length  Length ITO StsNs PTSRI PEN
(mm) (mm) (mm) Layer Layer Layer Layer
(MPa) (MPa) (MPa) (MPa)
1.59 2.54 0.304 9449 9228 191 286
2.38 2.54 0.402 6705 6547 135 202
3.97 2.54 0.598 4063 3968 82 123
476 2.54 0.696 3371 3291 68 102
5.56 2.54 0.795 2795 2727 56 84
6.35 2.54 0.893 2517 2455 51 76
7.14 2.54 0.991 2240 2184 45 68
7.94 2.54 1.089 1999 1948 40 60
a "1 b o
F =000 + £ 8000 -
Taw] * Tow. ™
:'2 3000 + % 3000 +
o 4000 4 L 2 e 4000 + | |
b5 i * £ I m
E o] * ¢ o ¢ Eiml] "o oa
1000 + 1000 +
0 0

159 238 397 476 556 635 714 794 159 238 397 476 556 635 714 794

Mandrel Diameter (mm) Mandrel Diameter (mm)

C 20 d 300 1 o
F200 % 71250
=S €900 ®
T =
5 A
& £ 150 1
S £ 100 * s
3 A A z ® Y
8 07T A A 4 4, 2 501 ® o
0 0

| | ; | | | ; | | | | | | | | |
159 238 397 476 556 635 714 794 159 238 397 476 556 635 714 794

Mandrel Diameter (mm) Mandrel Diameter (mm)

Figure 4.15: Effect of mandrel size on the bending stress in each of the layea$
ITO b) SisN4c) PTSR9 and d) PENof Figure 4.12a formandrel diameters
ranging from 1.79 mm to 7.94 mm for O0.05 ¢

In each of the layers, as the mandrel diameter increased, the bending stress decreased
A larger mandrel correspondinto smaller radi of curvature, leattsless stress being

applied to the layer stack structure. The effect of trace thickness was simulated for
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mandrel diameters ranging from 1.97 mm to 7.94 mm respectively. The results of this

are shown below in Table 4.4 and Figure 4.16

Table 4.4: Effect of ITO trace thicknesson the bending stress in each of the
layers of Figure 4.12a for mandrel diameters ranging from 1.79 mm to 7.94 mm

Mandrel ITO Bending ITO Bending ITO Bending
: Stress (MPa) Stress (MPa)  Stress (MPa)
Diameter
(mm) fpr 0. fpr 0. f_or 0.
thick trace thick trace thick trace
1.59 9449 9447 9104
2.38 6705 6779 6596
3.97 4063 4103 3872
4.76 3371 3399 3336
5.56 2795 2905 2763
6.35 2517 2538 2422
7.94 1999 2014 1981
10000 +
& 8000+
=3
A 6000 1
o
n
o 4000 +
=
i}
& 2000 4+
m
O T T T T T T 1

1.59

2.38

3.97 4.76

556 6.35 7.94

Mandrel Radius (Inches)

Figure 4.16: Effect of ITO trace thicknesson the bending stress in each of the
layers of Figure 4.12a for mandrel diameters ranging from 1.79 mm to 7.94 mm

Figure 4.16 shows that for each of the ITO trace width81(0.05 and 0.2m), as

the mandrel diameter increased, the bending stes®asedFrom Figure 4.16, a
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significant change in bending stress in the ITO layer was not observed when changing

the ITO trace thickness.

The results of theiniform ITO on SiN4/PENand uniform Grapheneon SgN4/PEN
simulations are presentediext. The results osimulation of auniform ITO sample
(Figure 4.12) andauniform GrapheneSample (Figure 4.18 bent using a 1.58 mm
diameter mandreare shown in Figure 4.18awith the stress distribution in the-x

direction for each layer:

-0.119 MPa / . -0.989 MPal
870 MPa 5 7.22'GPa
1.74 GPa 14.4GPa
3.48 GPa 28.9GPa
4.35 GPa ) 36.1'GPa
5.22GPa 43.3GPa
6.09 GPa 50.5GPa

7.83GPa 65 GPa

-0.258 GPa
-0.202 GPa
-0.145 GPa
-33.1 MPa
23.1 MPa
79.3 MPa
135 MPa
248 MPa

Figure 4.17: Stressdistribution in the bending direction (x-direction) for a
uniform ITO/PEN and uniform Graphene/PEN sample bent to aadius of
curvature of 2 mm for a) ITO layer b) Graphene layer c)) PEN layer

As shownin Figure 4.18, the bending stress is concentrated at the center of the
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respective layers foGraphene ITO and PEN. The maximum bending stress in the
Grapheng ITO andPEN layers i65 GPa,7.83GPa and 248 MPeespectively The

thickness differences between the layegsults inthe PEN layerhaving an order of

magnitude lower stress. When comparing the bending stress of IT@aghene the
Graphenelayer has a 7x lger stress when compared to [Tis is due to the elastic

moduli differe nce betweenGrapheneandITO (116 GPa vs. 1 TPa). The effect of

mandrel diameter on bending stress in ITO @ndphenelayers was simulated for

mandrel diameters ranging from 1 mm3tonmfor a fim thickness of 0.34 nm

(monolayer ofGraphen and a substrate thickness of

summarized in Tabld.5 and Figure 4.1Below:

Table 4.5: Effect of Mandrel diameter on Bending Stressn ITO or Graphene
layers for mandrel diameters ranging from 1-4 mm

Mandr el Bending Bendi ngGP&t) Di ffebethw
Di a mdg tmen (GP ai)h TDay Graphawye ! | TO Grnap h

0.79 7. 83 65 730%
1.59 4. 79 33 731%
2. 38 3. 33 27 732%
3.18 2.52 20 729 %
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Figure 4.18: Effect of Mandrel diameter on Bending Stressn ITO or Graphene
layers for mandrel diameters ranging from 1-4 mm

As seen in Tabl&.5, changing from ITO t@rapheneresults in a large jump in the

bending stress in the flm, with an average increase of 73hk&is caused by

Graphenés | arger elastic modulus ©étwd TPa c o0 mj
curves in Figure 4.19 were bottied with an inverse power law and the expressions

for the Grapheneand ITO are

ITO , @ ° (4.12)
Graphene , UBrlo® ® (4.13)

w h e rrig thelbending stress in the layer and d is the mandrel diameter.
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4.4.3. Determination of Mandrel Sizder Fatigue Experiments

In the previous sections, the bending stresses in flms was discussed including the
results of FEA work to study the effect of various mandrel diameters on the bending
stressegieneratedn the uniform ITO orGraphenelayer on topof SeN4/PEN. This

section wil present the results of the simulations used to determine the appropriate

the mandrel diameters to be used in the present experimental work.

Using the stresstrain curves for ITO anGraphenerespectively, the appropriate
stressedor bothGrapheneandITO were selected to stay within the low cycle fatigue
regime during testingThe stresses selected for I@re600 MPa, 500 MPa, 450
MPa and 400 MPa whie the stresses selecte@Gfaphenewere80 GPa, 60 GPa, 50
GPa and 40 GPa respectively. Using FEA, the appropmatarel sizes (radi of
curvatures) to achieve these stressese determined and are summarized in Table

4.7

Table 4.6: Summary of FEA work to determine the mandrel diameters for
experimental work

ITO Graphene
Desired Bending Required Desired Bending Required
Stress Amplitude Mandrel Stress Amplitude Mandrel
(GPa) Diameter (mm) (GPa) Diameter (mm)

80 0.79 600 6

60 1.11 500 7

50 1.42 450 8

40 1.87 400 12

101



The next chapter wil present the results of the materials characterization of Graphene
and the bending fatigue studies of patterned ITO, uniform ITO and uniform Graphene

on S§N4/PEN substrates.
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Chapter55Resul t s

5.1. Graphendg-abrication Vendor Selection

As, discussed in the previous chapter, three commercial vendors were selected as
potential candidates to fabricate Geaphenesamples used in this workll Ahree of

the vendors used similar fabrication techniques to prodaogles, so the quality of
the received fims was characterized using Raman Spectroscopy and Atomic Force

Microscopyin order to select a final vendor for fabrication

5.1.1. Raman Spectroscopy

Raman Spectroscopy has been used extensively as a means to chakacgetiene

fims [106], [146] [151]. Raman spectroscopy involves inelastic scattering of
monochromatic light (typically from a laser source)e ®ample is irradiated with a

laser source; the photons interact with the sample and are ejected at either the same or
a different frequency. These photons are then gathered by a system of lenses and sent
through a spectrophotometer to obtain a Raman rspdétaman spectroscopy can be

used to both determine the presenc&maipheng qualty ofGrapheneflms and the

number of layers present. A typicBaman spectra foGraphenels shown below in

Figure 5.1a and 5.1b
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Figure 5.1: a) Raman Spectra ofGraphene b) Effect of Number of Layers on 2D
Peak[151]

When a 532 nm laser excites the surfacé&@phene Stokes phonon energy shift
createGraphenés t hree <characteristic peaks in
D peak (1350 crt), G peak (1580 cf) & 2D peak (2700 crh). The G peak is a

primary inplane vibraton mode, whie the 2D peak is a second order overtone of a
different inplane vibrational mode. The posttions of the G and 2D peaks are
dependent on the laser excitation endfgy7], [148], [151][153]. The D peak is of
significance because it is present when defects inGnapheneflms are presentThe

D peak occurs when a charge carrier is excited and inelastically scattered by a phonon
and then a second elastic scattering by a defect or zone boundary occurs resulting in
recombination[152], [154] As the number of layers is inciesad, the relative width of

the 2D peak becomes broader and broader is due to increased phonon scattering
modesas seen in Figur®.1b. The ratio of the G/2D Peak intensitias well as the

relative shapes of the 2D and G peaksvs one to determine thember of

Graphenelayers present
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Raman specdr ofBare PET,Grapheneon SI& and Grapheneon PET for the three
respective vendorsvas obtained using Horiba Yvon LabRam ARAMIS system with
a 532 nm laserFirst, Raman spectra of a monolayerGoépheneon SiC:
(Graphensquare) at 3 different points along the sample suneagobtained as

shown in Figure5.2
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Intens

Figure 5.2: Raman spectra of a monolayer oGraphene on SiO,
(Graphenesquare)

The Raman spectra Grapheneon SiQ: showsGraphené s char acteristic G
while theD peakis not present. This spectra confrmdova defectGraphenefim is
present . Additional Wweyedetedted at 500 hral A®TEMe r i st i ¢

respectively. Raman spectra of a bare sheet of Polyethylene terephthalate i$PET)

shown below in Figure 5.3.
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Figure 5.3: Raman spectra of adare PET
Raman spectra fderapheneon PET for the three resp®et vendors isshown below

in Figures 5.4- 5.6:
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Figure 5.4: Raman spectra of a monolayer oGGraphene on PET (ACS Materials)
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Figure 5.5: Raman spectra of monolayer ofsraphene on PET (Graphene
Square)
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Figure 5.6; Raman spectra of monolayer ofcraphene on PET (Graphene
Supermarket)

The Raman spectra Grapheneon PET for the three vendorsrdirm the presence of
Graphenewith the presence déraphené s ¢ h a r G ueakeltrisialsd important
to note from the Raman spectra for PET (Figure 5.3), PET has peaks located between

150071 1700 cr. This hinders the abiiity to determine the numioélayers using the
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ratio of 2D/G method becausef PETO6s overlapping peaks

peak(as seen in Figure 5.7)
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Figure 5.7: Raman spectra of monolayer ofcraphene on SiO, and bare PET
showing bare PETO6s overlapping peaks

5.1.2. Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used to determine the quality of the
samples in terms of surface uniformitgurfaceroughnessand determination of
the number of layers @rgpheneusing height measurements &hd known
height ofa monolayer oGrapheneto be 0.334 nm. AFM consists of a cantilever
with a sharp tip that is rastatacross the surface of a sample to determine the
morphology of the samples surfaddl microscopy work was done using a
D3000 or Digtal Instruments (Veeco) Mukimode AFM in tapping motieM

images for each of the tl@evendorsareshown below inFigures5.81 5.10
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Figure 5.8: 10x10 umAFM (Tapping Mode) Image of ACS Material sample
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Figure 5.9: 5x5 um AFM (Tapping Mode) Image ofGraphene Platform sample
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Figure 5.10: 1x1 um AFM (Tapping Mode) Image ofGraphene Supermarket
Sample

In Figures5.81 5.10 hexagonal grains ddrapheneconfrm the presence of
Grapheneon the surface of the samples made by each individual vendor.
Additionally, asshown in Figures 5.8nd5.9, additional contaminants (white

particles and wrinkles which are a byproduct of t8raphenetransfer process are
present. This type of surface morphology has been observed by Fischel[a58&i.al
The contaminants are polymer residuals that are leftboar the transfer process.
Small cracks may be present on the sample which are result are result of the
mechanical handliing during transfer. Wrinkles can by either formed during the cool
down step of fabricatiordue to coefficient of thermal expansion () Tmismatch

betweenGrapheneand Cu or during the transfer process to the fiexible substrate. In
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all threeof the vendor samples, the surface roughness of the underlying PET substrate
contributes to the surface roughness ofGinephenelayers as well. Thi made

determining the number of layers via height measurements very diffidsitg the

results of this analysis, ACS Materials was chosen due to it suggaghene

coverage, cost and abilty to fabricate samples with the appropriate dimensions.

5.2. Characterization of Graphene before testing

Prior to fatigue testingthe initial quality of Graphenesamples as receivedas
characterized using AFM and Raman spectroscopy. Raman spectrosaepsedto
confirm the presence dbrapheneon the samples agel as toinvestigate the

coverage of th&srapheneon the samples.
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Figure 5.11: Raman Spectraof Graphene Samples for Initial Characterization

As shownin Figure 5.11, the presence d@braphenewas confrmed with thgpresence
of Graphené s ¢ h a r G peakeatr2688 ti bet the number of layers of
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Graphenepresentwas notdetermined due to the overlapping signal of thdSPEN

substrate Using Graphené s c har act er i s Griaphenebseragenon s pectr ur
the fabricated samples was investigated in a 20x2@nadytical grid located at the

center of the sampleghis grid was broken up into 2 pm intervals both horizontally

and vertically. At each of these grid points, a Raman spectrunobtased and the

presence obraphené s characteristic 2D peak was usec
not Graphenewas present at that location.nustration of this grid is shown below

in Figure 5.12followed by the resultingGraphenecoverage magp for 12different

samplesin Figure 5.13 al.
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Figure 5.12 20x20 um grid used forGraphene coverage analysis using Raman
Spectroscopy
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Figure 5.13a-l: 20x20 um grics showing results Graphene coverage(red regions)
analysis using Raman spectroscopfpr 12 different samples

As shownin Figure 5.13 the coverage dBrapheneonthe SiN4/PEN substrate is not
uniform with patches of noiGraphenecoverage.lImageJ softwarg156] was used to
calculate theGraphee coverage in each of the grids in Figure 5.13 with the average

Graphenec over age over the 12 samples bei
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Table 5.1: Summary of Graphene Coverage Analysis for 12 Different Samples

Sample# % Graphene Coveragein 20x20 um Grid
53
85
65
43
88
47
71
65
82
75
79
59

N
PBowo~vouobrwdek

[EnN
N

This lack of uniform coveragean be attributed to the transfer process from the CVD
grown Grapheneto the PEN substrate. A possible explanation for this type of
coverage was explained by Bae ef{a8], whereGraphenesamples were fabricated
using a roll to roll fabrication technique using thermal release tap on PET substrates.
Bae et al. suggested that the adhesion force betwedbrdpbeneand PET competes
with the force between th&rapheneand thermal release tapdeaving some residues
and defects. As additional layers are added, the adhesivebieweenthe thermal
release tapand Graphene becomesmaler tharnGrapheneGrapheneadhesion,

therefore producing an almost complete transfer for subsequent laygit®nadly,

the Graphenecoverage images shown in Figusel3correlate well to the AFM

images of the sample surfaces showfrigure 5.8

Next, AFM was used to study the surface morphology and determine of layers present

on the Graphenesamples.AFM was sed to investigate the effect of the various
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stages of fabrication on the resulting surface roughness of the samples by determining
the RMS roughness of Bare PEN, PEN witBNgj ITO on top of SN4/PEN and
Graphenetransferred to $IN4/PEN. Forthe bare EN, SgN4/PEN and ITO/

SBN4/PEN samplesfour 20x20 um AFM tapping mode scans were obtained and then
rootmeansquare RMS) roughness were taken for each sampler the Graphene
samples,two types ofmeasurements were taken f® pm x 10 um tapping mode

AFM scans one was the surface roughness of the entire image (area outined by red
boxin Figure 5.14§ and the other was the surface roughness of the area outiined by
the blue box in Figure 5.14d. AFM scans illustrating the morphology of each of the

samye typesareshown below Figure 5.14

b 30 um
20 nm
20 um 10 nm
10 nm 5nm
onm 10 pm 0nm
- s : ; 0um
0um 10 um 20 um 30 um 0Oum 10 um 20 um 30 um
ch =1 10 um
7.5 um [y
5um 2.5nm
0nm
2.5 um
—\ : 0 um
0 pm 10 um 2 30 um Opum 25um  5pum 7.5um 10 um

Figure 5.14: 20x20 um Tapping mode AFM images of a) Bare PEN b) $hi4+/PEN
c) ITO/SisN4/PEN and d) Graphene/SisN4/PEN used for the surface roughness
analysis
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The results of the RMS roughness analysis are shown below in Tables 5.2 and 5.3

Table 5.2: Summary of Average RMS Roughness Measurements for Bare PEN,
SiBN4/PEN, ITO on SisN4/PEN and Graphene on SisN4/PEN

RMS Roughness (nm)

O Graphene Graphene
SkN4 : SEN4 SkN4
Bare PEN ey i PEN PEN
(Blue Box) (Red Box)
Average  3.99 2.00 1.01 0.50 2.32
STDEV 1.84 0.62 0.26 0.15 1.40

Table 5.3: Summary of Total Change in RMS Roughness for the various
fabrication steps used to create the final samples of uniform ITO an&Graphene
samples

Fabrication Step Total Change in RMS Roughnes
Bare PENWPEN Si -50%
SeNa/ PEN Y 3N4PEM Si -49%
SeN4/ P E NGraphene(Red Box)/SiN4/PEN -75%
SiN4/ P E NGraphene(Blue Box)/SiN4/PEN 16%
Bare PENGSNPENTO/ Si -88%
Bar e PGEaghené(Red Box)/SIN4/PEN -42%
Bar e PGFaghené(Blue Box)/SiN4/PEN -75%

As shown in Tables 5.2 and 5.3, thlanarization of PENvith SN4 reduces the

RMS roughness by 50% which is important because it is critical to have as smooth as
a substrate as possible prior to ITOGraphenegrowth. This is especially critical for
monolayer Graphenesamples becaudke layer is only 0.334 nm thick so it wil

conform to the roughness of the underlying substrate. When going from Bare PEN to
PEN/SgN4/ITO, there is ar88% reduction in the RMS roughness of the final sample.

The RMS roughness of the PENIS$4/Graphenesamples shoed 2 distinct results:
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the first is that the transfer process increases the roughness of the final flms due to
adhesion issues betwe@mapheneand the SN4/PEN substrate as a result of the
transfer process. The second result is that withialiled regions, the surface
roughness oGraphenes approximately 0.5 nm resulting in goGitaphenecoverage

in localized regions.

Tapping mode AFM phase image$ SsN4/PEN and Grapheneon SeN4/PEN are

shown in Figures 5.15a and 5.15b:

aj 10 um b 10 um
7.5 um 5o 7.5 um 10°
.‘ 5um 250 5um 5o
25um Mo° 2.5 um i 0°
” 0 um 0um

) m SHm 5um  Z5um 10 pm Oum  25um 5pum 75um 10um

Figure 5.15: a) 10x10 um AFM (Tapping Mode)phaseimages of a) SIN4/PEN
and b) Graphene surface

As shown in Figures 5.15a and 5.15b, b@tapheneand SkN4/PEN have good
phase homogeneity as well as very distectphases. Now, that the respective
individual phase$avebeen investigated, the interface between the two was next

investigated.
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Figure 5.16: 10x10 um AFM (Tapping Mode)phaseimage of Graphene-
Planarized PEN Interface

When looking at the interface between @Geapheneand SeN4/PEN (as shown in
Figure 5.16)regions ofGrapheneare intermixed with regions ¢®*ENin addition to
the presenceracks and wrinkles as a result of the interfacial differe revec the
transfer processThis interface plays a critical role in fatigue behavior of the tested

samples because it acts a stress concentaaibrcrack initation site

Secondary Electron Scanning Electron Microscopy-8&#) was used to investigate
the interface between thBsN4/PEN and Graphene An SESEM image of the

interface is shown in Figure 5.17 below, wheteha interface, there alecalized
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regions of SN4/PEN located within the darkeBrapheneregions. This is a result of
the transfer proess which corresponds well with the previcABM and Raman

studies ofGraphenecoverageon SgN4/PEN.

Graphene Si,N,/PEN

Figure 5.17: SE-SEM image ofGraphene on SiN4/PEN at the interface between
the Graphene and SisN4/PEN

The surface morphology of tlieraphenesamples was next looked at using the AFM.
An AFM phase image of th&rapheneSsN4/PEN interface is shown below in Figure
5.18, height measurements were taken at different points along the surface of the

sample ndicated by the various colored shapes.
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Figure 5.18: 10x10 um AFM (Tapping Mode)phaseimage of Graphene-
SikN4/PEN Interface

Figure 5.18 shows at the interface Grpheneand SIN4/PEN, pockets oGraphene
(dark regions), SIN4/PEN (light colored regions) and wrinkles/cracks are present. In
the large, dark region @raphenein Figure 5.18, height measurements were taken at
three separate locations: one between the two red triangles, the secarehbibev
green circles and finally between the two blue circles. In two of the locations (red
triangles and blue circles), the height of Gephenewas found to be 0.334 and

0.342 nm respectively, confirming the presence of monolayesrayphene The

surfice roughness of tiBraphenecovered regiorbetween the two green circles in
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Figure 5.18wvas investigated through height measurememit®e height profle of this

region is showrbelow in Figure 5.19:

nm

20.0

[
0 2.50 5.00
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Figure 5.19: Height profile between the 2 green circles in Figure 5.18 showing
surface roughness ofsraphene on SgN4/PEN

The surface roughness of taphenelayer can be attributed to the surface
roughness of the underlying substrate. SiBcaphenes only a monolayer thick
(0.34 nm), its surface morphology is strongly dependent on the substrate. The surface

roughness of the substrate was investigated next using AFM height measurements.
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Figure 5.20: 10x10 um AFM (Tapping Mode)height image of SkN4/PEN with
green line denoting line across which height profile measurements were made
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Figure 5.21: Height profile of green line shown in Figure 5.20

The SeN4/PEN substrate roughness was found to be on aver@gen? This surface

roughness effects the surface roughness of the res@iaghenelayer, so it is very
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important to control the underlying substrate roughnesshelipresent experimental
work, it was not possible to fabricatenatomically smoottsubstrate layertherefore

the monolayerGraphenelayer wil not be perfectly smooth. In order to achieve better
surface roughness, either the substrate roughness needs to be further planarized,
additional Graphenelayers could be grown reducing the overall surface roughness of
the final Grapheneayer or a transfer method for CVD grov@rapheneto flexible

sSsubstrates that 6s more efficient t han

5.3. Fatique testing

After characterization of th&raphenesamples prior to any fatigue testing, the next
section wil discuss the results of the bending fatigue studies of patterned ITO
samples, uniform ITO samples and finally unifor@raphenesampleson SgN4/PEN

substrates

5.3.1. Patterned ITO Samples

This section wil present data from the work done by Mdtti In the work done by
Martin, three radii of curvature were selected based on FEA simulatincha
summary of the test profiles used for the patterned ITO samples is shown below in

Table 5.4 [1]:

Table 5.4: Profile of Life Tests performed onPattermed ITO Samples

TestSet Radius of Curvature Fim Strain  Stress Amplitude

# (mm) (%) (GPa)
1 6.35 1 1.22
2 4.76 14 1.66
3 3.18 2.2 2.54
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The samples were continuously subjected to bending fatigue until a 10% change in
normalized resistance was observAd.example of the electromechanical response
for a patterned ITO sample is shown below in Figure 5.22
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Figure 5.22: Resistance vs. Number of Cycles for a pattemed ITO Sample

As shown in Figure 5.22, after 3500 cycles, a sharp change resistance was observed
corresponding to crack initiation/propagation in the ITO layer. Simulations were
performed in order to investigate the effect of radius of curvature and trace width on
the change in resistance in the ITO flms. The data generated from these simulations
can be found in Appendix A and the results are shown graphically in Figures 5.23a
ard 5.23b.As shownin 5.23a and 5.23kasboththe radius of curvatureand trace

width decreasea more pronounced change in the resistanes observed. This is

expected because smaller mandrel radii correspond to larger applied bending stresses
and narrowtraces are subjected to larger stresses when compared to wider stresses

given the same applied stress.
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Figure 5.23: Effect of a) Radius of Curvature b) Trace Width on change in
resistance in ITO Samples

Three patterned ITO samples were tested at three different stress amplitudes
including 500, 100 and 2000 MPa respectively. The patterned ITO saeqibbave

6 sets of 10 traces with widths of 0.5 pm, 0.75 pum and 1.5 pm giving 60 samples

testedat each stress level. The results of the fatigue testing of patterned ITO samples

is shown below in Figure 5.24 and the data can be found in Appendix B.
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Figure 5.24: Stress vs. Number of Cylces for patmed ITO samples on
SizN4/PEN with trace widths of 0.5, 0.75 and 1.5 um respectively under stress
amplitudes of 500, 100 and 2000 MPa respectively

Figure 5.24 shows that higher applied stress ampltudes correspond to lower fatigue
ives. As the trace with increased the fatigue life also decreaséithe SN curve

shown in Figure5.24for patternedTO samples demonstratesfatigue limit at 500

MPa. The fatigue Imit is of importance because when the applied stress amplitudes
are below the fatigue limitfailure due to fatigue wil not occuEach of the curves in
Figure 5.24 was fitted to an inverse power law expression as shown below in Table

5.5.
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Table 5.5: Effect of Trace width on C and m parameters oPowerLaw model
used to fit the pattemed ITO data

Trace Width C m
0.5 pum 10,516 -0.778
0.75 pm 8,844 -0.778
1.5 ym 7,435 -0.778

The effect of trace width on the C and m parameters is that the m parameter is
constant at0.778 for all three traceidths, whie the C parameter decreases linearly
with trace width, x, according to the following expression. This linear dependence
can be explained by increasing trace width corresponaereased surface area so
the bending stress generatednider tracesis larger than the bending stress generated

in narrow traces when bent to the same radius of curvature.

0 PUMW PCTIPO (5.1)

Martin [1] compared three life distributions to fit the observed test data inclutieng
Exponential, the Weibul and the Lognormal distribution respectively. A brief
explanation of each of these distributions wil be briefly discussed [2€}it[28].
The exponential distribution describes the time between indeperebntinuously
occurring events at a constant average rate. The failure rate of the exponential

distribution is:

Q0 _0 (5.2)

where f(t) is the failure rate, t is the
a component/system at a tiie, is evaluated as the probability of a given product

failing during a mission time where 0 <tx't
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Yo o Q (5.3)

The Wabull distribution isa distribution that is used because of its abilty to fit life
data using a variety of shapes. The distribution can either be a two or three parameter
model. The probabiity density function (PDF) for a two parameter Weibul model is

given below:

vy
Y - - Q (5.4)

whereq is the time scale paramet dleseand b is t
parameters can be adjusted in order to better fit a given set of failure Bgata.

adjusting either or both of these parameters one can fit an extensive variety of time to

failure data to a Weibull distributioriThe time scale parametet, effects the general

shape of the resulting distributoniwblen wher e
decreasing d makes the distribution narrowi
the distribution wil look as a function oftm&®&hen b = 1 the Weibull
exporert i a | di st r i b u tfaluce rate dedrbases over time adoenb h e

> 1 the fallure rateincreaes with time (wearout condition).

The Lognormal distribution isised to analyze cycles to failure of a particular
structure or in fatigue testingsince the logarithms of a lognormally distributed

random variable areormally distributed, the PDF is:

—Q
, (‘3|c“ (5.5)
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where is the sandarddeviation of the natural logarithms of the times to faiure
obtained during life testinginde is the mean of the natural logarithms of the times to

failure.

Typically in situations where mechanical stress dominated failure mechanism occur,

an inverse power law mode is used where

Yoo (5.6)
where N is the Life, Kandnar e component/system dependent
the mechanical stresses being applied to the component/system. The inverse power
law modelwasconsidered by Martin becauséthe nature of the research is centered
on the fatigue life of ITO interconoes subjected to varying stresses via different

mandrel diameters.

When comparing the three distributiond/eibull distributions are a better fit for
failures related to short failure times whereas the lognormal is better for predicting
longer failure tnes Both the Inverse Power Law (IPL) Weibull and HRagnormal
distributions were considere@s potential candidates to fit the fatigue life data of ITO
interconnects. The corresponding expressions for the respectivé/éibiull and
Lognormal distributioa are given belowhere equation 5.6 was substituted into

equations 5.4 and 5.5 for d and O respecti:

Qdw T W O ® Q (5.7)
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(5.8)

where t = Cycles to Failure, V Applied Bendingstress,(i = Standard Deviation of
the natural logarithms of the times to faiure obtained during life testing,mean of
the natural logarithms of the times to failufe= Shape/Slope Parameter add=

Time Scale Parameter .

Reliasoft 6stwawpd57pwad uset toetesming the coefiicient b, d, O )
and the correlation value, fior boththe Weibull and Lognormal distributionssing

rank regression analysis for the data in Figure 5.24. Rank regression analysis is a
mathematical approach to fit a line to a set a¢hgmints which allows one to

determine the relationship between a dependent variable and one or more independent

variables. The results asemmarized in Tabl®.6.

Table 5.6: Summary of Weibull and Lognormal goodnessof fit for Pattemed
ITO Samples

Applied Bending Weibull Lognormal
Stress (MPa) b d p u G P
500 4.336 38.515 0.966| 3.523 0.295 0.992
1000 4.099 19.529 0.988| 2.837 0.306 0.994
2000 2.821 8.613 0.967|1.959 0.452 0.995

For the thredifferent stresses amplitudes, both distributions exhibit correlation high
values (> 0.95)but the Weibulldistribution has a slighter higher correlation valse,

it was selected as the preferred- lifigress modelLife vs. stress plotsvith mean life

line and 95% confidence bounds of the mean life #methethree different stress

levels (500, 1000 and 2000 MPa) are shown below for three different traces widths
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(1.5, 0.75 and 0.5 pm) respectively in Figures55.%.27 with 10 data points for each

stress level

200
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Figure 5.25: Life vs. Stress Curves for Fatigue Tests done at 3 Different Stress
Levels(500, 1000 and 2000 MPa) for a B.um wide ITO trace with 95%
confidence munds and the red line denoting the mean life
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Figure 5.26: Life vs. Stress Curves for Fatigue Tests done at 3 Different Stress
Levels(500, 1000 and 2000 MPa) for a 057um wide ITO trace with 95%
confidence bounds and the line denoting red the mean life
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Figure 5.27: Life vs. Stress Curves for Fatigue Tests done at 3 Different Stress
Levels(500, 1000 and 2000 MPa) for a 8.um wide ITO trace with 95%
confidence bounds and the red line denoting the mean life

The mean with 95% confidence bounds of each of the distributions in Figues 5.2

5.27 is summarized in Table 5.7.

Table 5.7: Mean cycles to Failure for Pattemed ITO samples tested at stress
amplitudes of 500, 1000 and 2000 MPa respectively for trace widths of G:B,
0.75>m and 1.5>m respectively.

Means Cycles to Failure for

Samples tested Samples tsted Samples tested
Stress Amplitude o Stress Amplitude o Stress Amplitude o
500 MPa 1000 MPa 2000 MPa
0.5 um 47000 23000 12000
0.75 pm 37000 19000 9000
1.5 pym 30000 15000 8000

The analysis of the Life vs. Stress curves for Figure® 5227 show that increased

stress amplitude andcreasedtrace width both lead to decreased fatigue life due to
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larger applied stress ampltudes dandjer surface areas. Maximum Likelihood
Estimation (MLE)was performedusing Re | i a Waibtit+ossftwareto determine

t he par amet easwel asthecddfidenae linaitsfadt thebresults shown in
Figures 5.8-5.27. MLE is a method of determining the parameters of a distribution
by maximizing the value of the likelihood function. The likelihood funrctis a

function of the parameters of a statistical md@él]i [28]. The results of this analysis

are shown below in Table 5.8

Table 5.8: IPL-Weibull parameter estimation for 05, 0.75 and 1.5m trace data

Lower 90% Lower 95% Point Estimate Upper 95% Upper 90%
05 b 1.38645 1.32551 1.75306 2.31851 2.21661
S Hm ey 8524 8234 10216 12676 12244

Lower 90% Lower 95% Point Estimate Upper 95% Upper 90%
b 1.38653 1.32559 1.75316 2.31864 2.21673

0.75ym K 6820 6587 8173 10141 9795
Lower 90% Lower 95% Point Estimate Upper 95% Upper 90%
1.5 m b 1.38652 1.32558 1.75315 2.31864 2.21674

K 5456 5270 6538 8113 7836

From the results of the parameter estimation using MLE, the effect of trace width on

K a mas studied. Al | of the patterned I TO samples |
corresponding to increasing faiure rate with time (weat) conditon. The K value

(characteristic) life increases with decreasing applied stress ampltgtbe trace

width, X, is increased, Ikcreased slightly whieb decreased exponentially according

to:

O pCXRR (59)
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As expected, with increased trace width, the stress experienced by thacteases
because of the increased surface area, leadindhighexf ai | ur e rate or

values,

5.3.2. Uniform ITO Samples

Uniform ITO samples were characterized using AFM 8&iM prior to any fatigue

testing. SEM and tapping mode height and phase profie AFM images of the untested
ITO samples are shown below in Figures8a,%5.8b and 529 below. From Figures

5.2a and 5.2b, the surface of the ITO samples are homogeneousaaada root

mean squared (RMS) roughness of 1.648 nm.

30 um b

30 um

10 nm 10°

20 um = 20 um

10 um 0nm 10 um 0°
2 3 _[Opm e 0pm
Oop 10 um 20 30 um Oopm  10pum 20 um 30 um

Figure 5.28 30x30 um AFM (Tapping Mode)a) height image b) phase image of
uniform untested uniform ITO on SikN4/PEN substrate
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Figure 5.29: SESEM image of untested uniform ITO on SiN4/PEN substrate

Uniform ITO samples were tested 3 different applied bending streasplitudes

600, 500 and 400 MPa respectively. The samples were continuously subjected to
bending fatigue until a 10% change in normalized resistance was obsdweed.

typical electremechanical response of the ITO samples subjected to bending fatigue
is shown belowin Figure 530 for an ITO sample tested at 600 MPa where the
normalized resistance increases as the number of cycles is incesasetks

initiate/propogate.
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Figure 5.30: Change in Normalized Resistancée R /,)Rs. Number of Cycles for
an ITO on SEN4/PEN testedat 600 MPa

The effect of applied bending stresses on the elestrchanical response of the ITO
samples was studiefdbr ITO samples fatigued at stress amplitudes of 600, 500 and
400 MPa respectivelyAs the applied stress was increased, a sharper change in the
normalized resistance of the samples was observed as seen in Figurghis.3%
caused by higher stress ainples leading to more crack initiation/propagation

resulting in more pronounced changes in resistance.
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Figure 5.31: Change in Normalized Resistances¢ R /,)Rs. Number of Cycles for
ITO on SizN4/PEN tested at 600, 500 and 400 MPa

The resistance values shown in Figures 5.30 and 5.31 were converted into strain
values using the following procedure. First, resistance values for the sample both

before and after bending can be expressed by:

, 0
Y 5 (5.10)
v 0

o (5.12)

where R and R are the resistances of the sample before and after bendiagd LLg
are the lengths of the samples before and after bendigndwy are the widths of
the samples before and after bending arahd & is the thickness before and after

bending.

From elastic theory, it is known that
Y0
5

(5.12)
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SR (5.13)

where U is the strain, &L oJissthe origial c hange

l ength of the sample, 3 ixandametraip o ths> n 6 s

and z directions respectively. Using those relations, the change in length and

thickness of the samples can expressed in terms of strain as follo

Yo & (5.14)

Yo = (5.15)

Therefore the change in resistance in terms of strain can be expressed as

Y'Y —

a - a a -
‘p— — — p—_ p (5.16)
6p - o6 0o

O‘| Q-

0 0

If a constant C is created and then defined as

. WY
0 — (5.17)
a
Then equation 5.17 can be expressed as
5 21— p (5.18)
P -

Rearranging Equation BX&nd substituting the definition of C back into it, gives the

expression for strain
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