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16.1 Introduction

Flexible electronics such as flexible displays are multilayer structures based on substrates foils
engineered with a diversity of thin-film architectures [1, 2]. Flexibility goes together with thinness:
present devices (liquid crystals, electrophoretic displays, organic light-emitting diodes) are intrin-
sically thin, and corresponding displays are thus flexible when using thin substrates. Nevertheless,
the extent to which, and the number of times flexible display structures can be safely bent are
essential, but highly challenging design features [3]. An outstanding issue related to mechanical
integrity is the lack of understanding of the key factors that control damage processes such as film
cracking and interfacial delamination. The reason is the considerable property contrast between
substrate and coating materials and associated complex distortion and damage problems. Polymer
materials used as substrates are much less rigid and much more sensitive to changes of tempera-
ture and relative humidity than inorganic materials such as oxides used as e.g. passivation, diffu-
sion barrier, and transparent conducting layers. In contrast polymers are usually much more
robust than inorganic materials. In addition, the small dimensions of the film material with thick-
ness often in the sub-micron range add a great deal of complications for experimental analyses of
mechanical properties. Mechanical models and test methods relevant for thin films on polymers
have emerged in the last 20 years [4]. Progress in the field of thin-film mechanics is very active,
stimulated by the development of novel designs, improved fabrication processes and new materials
with increased mechanical stability. In spite of such knowledge, design and process engineers
working on the implementation of flexible electronics may still lack confidence due to a general
lack of understanding, or lack of input data for reliable modeling tools.

The aim of this chapter is to introduce basic mechanical concepts and provide key ingredients
for rational design of flexible display structures, with focus on critical strain for damage and asso-
ciated critical radius of curvature. Section 16.2 introduces important materials for flexible dis-
plays and highlights their property contrast. Section 16.3 is devoted to the analysis of stresses and
strains and related critical radius of multilayer structures, with attention paid to process-induced
internal strains. Section 16.4 details the main test methods and the analysis of failure mecha-
nisms under tensile and compressive loading, and are illustrated with case studies from the liter-
ature. Section 16.5 is devoted to durability influences, including the effect of temperature, fatigue,
and corrosion. Section 16.6 is a short review of the development of robust, “unbreakable” films
and layer materials relevant to flexible displays. Section 16.7 closes this chapter.
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16 Mechanical Durability of Inorganic Films on Flexible Substrates

16.2 Flexible Display Materials

16.2.1 Property Contrast between Coating and Substrate Materials

Table 16.1 compiles representative flexible display substrates and functional layers, their process
methods, and representative thickness. Substrates are generally polymer foils, with thermome-
chanical properties in striking contrast with those of functional display layers (essentially brittle
oxides and nitrides) as shown in Figure 16.1. Steel and glass foils are interesting alternatives to
polymers, being thermally stable and perfect diffusion barriers. However, steel is not transparent
and both steel and glass yields/fractures at very low strains. As will be discussed later, a key prop-
erty regarding the mechanical stability of flexible display structures is the critical strain, at which
mechanical damage occurs, be it in the form of cohesive failure of brittle films, or adhesive failure
at a film/substrate interface.

16.2.2 Determination of Mechanical Properties of Inorganic Coatings

The determination of critical conditions (curvature, stretch, temperature) for mechanical failure
of a display requires knowledge of several features and properties of individual layer materials,
namely their Young’s modulus, Poisson’s ratio, coefficients of thermal and hygroscopic expan-

Table 16.1 Substrates foils and coating layers used in flexible displays

Typical
Function Material Process method thickness
Substrate Elastomers (PDMS) Solution cast 1 mm
[5] Polymers (PI, PET, PEN, PES ...) Solution cast, extrusion 10-200 um
- stretched

Paper Water slurry 4+ lamination 100 pm

Steel Cold rolling 100 pm

Glass Float and fusion 30-600 um
Passivation/ SiNy Chemical vapor deposition ~ 50-1000 nm
diffusion barrier SiOy Chemical vapor deposition ~ 10-500 nm
[6, 7] AlL,03, ZrO, Atomic layer deposition 10-300 nm

Parylene C Vapor deposition 0.2-100 um

Polymer nanocomposite Solution cast 1-10 pm
Transparent Sn-doped In oxide, ITO Vapor deposition 100-200 nm
electrode Al, Ga or In-doped zinc oxide (AZO, Vapor deposition/Solution ~ 0.1-5 um
[8, 9] GZO0, 1Z0) cast + annealed

Graphene and carbon nanotube polymer ~ Compounding 1-10 pm

composites

Conducting polymers (e.g. PEDOT-PSS")  Solution cast 10-100 nm
TFT Si (amorphous, microcrystalline, Chemical vapor deposition 100 nm
[10, 11] polycrystalline)

(1) poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
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Figure 16.1 Young’s modulus (log-scale) versus coefficient of thermal expansion (left) and critical strain
for tensile failure (fracture strain or yield strain, right) of relevant flexible display materials. Data ranges
reflect the diversity of process-induced microstructures in these various materials.

sion (CTE and CHE), thickness, and critical strain. Methods to determine the latter in the case of
tensile and compressive loading situations will be detailed in Section 16.4.

Nanoindentation techniques are well established to measure the elastic modulus of films on
substrates [12] including flexible polymer substrates [13]. Nanoindentation is also used to deter-
mine the fracture [14] and adhesion [15] properties of coatings on flexible substrates. In a nanoin-
dentation experiment a specimen is indented with a sharp tip while measuring the indentation
load and displacement during both loading and unloading [16-18]. Doerner and Nix have pro-
posed the following empirical dependence of the effective modulus of the sample, E, on the nor-
malized indentation depth h;,q/hp; using an adjustable parameter & [19]:

1 w
=

E E;

1-w

(16.1)

N

<]
where w=1—exp{—§—
hS

In case of high elastic contrast (stiff film on soft substrate) the indentation depth is recommended
to be much less than 10% of the film thickness, possible 1% to minimize substrate influence [12].
The accuracy of the method is compromised by the presence of “third-body interactions” such as
indenter-film friction and the occurrence of so-called “piling up.” These issues and data-process-
ing models were reviewed in detail by [20] and [21]. Figure 16.2 compares experimental data for
films deposited on stiff substrates with Equation 16.1. It is evident that as indentation depth
increases the effective modulus progressively converges toward that of the substrate. The appli-
cation of Equation 16.1 leads to accurate determination of the Young’s modulus of films with
sub-micron thickness.

Alternative methods to determine the Young’s modulus of thin films include tensile tests using
thin substrates and the classic laminate plate theory [22], buckling analyses [23, 24], acoustic and
heterodyne atomic force microscopy [25], surface acoustic wave methods [26, 27], and scanning
local acceleration microscopy [28].

Conventional mechanical and dilatometry test methods can be used to measure the Poisson’s
ratio, CTE, and CHE of film samples with thicknesses above a few microns (the Poisson’s ratio
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Figure 16.2 Effective modulus versus normalized indentation depth for selected films on Si (a) and glass
(b) substrates. Symbols are experimental data and dashed lines represent Equation (16.1). Best-fit values
for film modulus Ef and indentation parameter & are indicated.

has a small influence on calculated properties and approximate values are usually sufficient).
However, these measurements are highly challenging for films with thickness in the sub-micron
range. Approaches to determine the CTE and CHE are described in Section 16.3.1.

16.3 Stress and Strain Analyses

The strain in a flexible display structure being curved is the combination of internal strains and
bending strains as depicted in Figure 16.3 and detailed in the following. Excessive strain levels
may relax through cracking and delamination. Internal strains are primarily controlled by the
fabrication process, and by changes of e.g. temperature during service, whereas bending strains
result from the applied curvature.

16.3.1 |Intrinsic, Thermal, and Hygroscopic Stresses and Strains

Internal stresses (often referred to as residual stresses) and strains in vapor-deposited and solu-
tion-processed films and coatings generally include intrinsic, thermal, and hygroscopic contribu-
tions whose process dynamics are sketched in Figure 16.4 [29-33]. Intrinsic stresses are associated
with process-induced disorder (tensile or compressive in inorganic films) and a number of
shrinkage mechanisms (generally tensile in organic films). Thermal stresses develop upon cool-
down from process temperature or upon temperature variations during service because material
constituents have mismatched thermal expansion coefficients. Thermal stresses are generally
compressive in inorganic films and maybe tensile or compressive in organic films, when using
polymers as substrates. Hygroscopic stresses also develop upon exposure to ambient humidity,
due to a mismatch in hygroscopic expansion between material constituents. Hygroscopic stresses
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Figure 16.3 Sketches of internal, bending, and total strain profiles in a symmetric three-layer structure
(substrate coated on both sides with identical coating). The total strain is the sum of the internal and
bending strains.

are generally tensile in inorganic films and can be tensile or compressive in organic films.
Additional stresses may develop during post-deposition processes due to further dimensional
changes of the polymer substrate, such as upon unloading from roll-to-roll manufacturing [34].

The internal strain ¢; =" 4" 4 ¢/¥ includes intrinsic, thermal, and hygroscopic contribu-
tions, with:

et = Aa AT = (o, —ay )(T—Ty) (16.2a)

&¥ = ABARH = (8, — #;)(RH — RH,) (16.2b)

where a; and ayare the CTE of substrate and film, T is the actual temperature, and Ty is the pro-
cess temperature (which would correspond to a stress-free temperature in the case where the
intrinsic strains would be zero), 8 and §; are the CHE of substrate and film, RH is the actual
relative humidity, and RH, the relative humidity of the process (zero in the case of vacuum
deposition).

The two main methods to measure the internal strain in films on substrates (from which the
internal stress can be calculated providing that the elastic constants of the film are known) are
x-ray diffraction and bilayer curvature measurements. X-ray diffraction is limited to crystalline
materials and provides accurate determination of internal strain from the change of lattice spac-
ing, and associated change of scattering angle. The sin®) method, where 3 is the declination
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Figure 16.4 Residual stress dynamics during vacuum deposition of films on polymer substrates. The
intrinsic stress (compressive in the figure) can be either tensile or compressive. The tensile stress is
usually compressive. The hygroscopic stress is usually tensile. The total stress (tensile in the figure) can be
either tensile or compressive. Reproduced with permission from [35].

angle between the normal to the film surface and the scattering vector, moreover enables
measurement of the elasticity coefficients of the film for isotropic materials [36, 37].

The bilayer curvature measurements rely on the analysis of the equilibrium curvature of a
film/substrate system resulting from the presence of internal strains. The film/substrate system
can adopt the shape of a spherical cap (isotropic strain and stiff substrate), a saddle shape, or a
roll (compliant substrate) depending on the geometry of the system, the thickness and elastic
properties of the constituents, and on the degree of in-plane anisotropy of the internal strain. For
samples in the form of narrow strips (i.e. with main curvature along the length of the strip) the
in-plane film strain can be calculated using the classic Stoney equation (actually its in-plane
biaxial stress version) [38]:

1 1

- (1-v;)Eh

(16.3)

where h;, v;, and E; represent the thickness, Poisson’s ratio, and Young’s modulus of layer i (sub-
scripts fand s for film and substrate, respectively), and R, and R; are the radii of curvature of the
coated substrate and of the plain substrate, respectively. The “~“sign is a convention (compres-
sive strains are negative and tensile strains are positive). In case of a large elastic contrast bet-
ween film and substrate the following correction to Stoney’s equation should be used [39]:

(1=v;)(1+n(4x 1))k
6(1*%)77)(

1 1

16.4
R R (16.4)

g ==

where 1 = hy /h; and y = Ey /E;. This equation is valid for small deflections (compared with the
sample dimensions). Refined models are detailed in [32] and the case of large deflections is
treated in [40].

Figure 16.5 regroups internal stress data for transparent conductive oxides (TCOs) [41] and
diffusion barrier [35] films, which highlights the influence of process conditions (Figure 16.5a
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cl6.indd 7

16.3 Stress and Strain Analyses |7

(a) (b) (©
Py 30 T T T T T T 600 T T T
© ---  post annealed
O 20} — as-deposited 4 -
2 . 400
; | tensile N
@ 0 2 200
o —_
£ 10 A
T =3
£ P
9] ]
E 3 1 1 1 1 1 1 g -200
B2 80 1+ 2z 3 @
Ptot (Pa) S
H Intrinsic
o Thermal
600 |- ’I’ B Hygroscopic | |
B Total stress
-800 1 1 1
SIN1 SIN2 SION Sio
Figure 16.5 Internal stress in (a) ITO and (b) IZO films (thickness: 180-240 nm) deposited on glass

substrates by r.f. magnetron sputtering without substrate heating under various total gas pressures (Piot)
before and after post-annealing in air at 250°C for 1 hour (reproduced with permission from [41]) and
internal stress components (c) in 400-nm thick silicon nitride (SIN 1, SIN2), silicon oxinitride (SION) and
silicon oxide (SIO) coatings on a 125 ym PI substrate at 22°Cand 50% RH (positive stresses are tensile
and negative stresses are compressive; reproduced with permission from [35]).

and b) and composition (Figure 16.5c) on the magnitude and nature (tensile or compressive)
of the stress. These data are particularly useful to reduce internal stresses and even produce
stress-free layers. The individual components of the in-plane film strain such as shown in
Figure 16.5c are identified using the protocol detailed in [33]. The intrinsic strain is obtained
in a first step, from the analysis of the film/substrate curvature measured under the conditions
prevalent at the end of the process cycle (e.g. vacuum, temperature). The temperature-depen-
dent thermal strain and humidity-dependent hygroscopic strain are obtained from the change
of curvature of the film/substrate subjected to iso-hygric temperature jumps and isothermal
relative humidity jumps, respectively. This approach combined with modeling tools enabled
derivations of the CTE and CHE of thin-film materials, using known CTE and CHE of sub-
strate materials (see also [42]).

16.3.2 Strain Analysis of Multilayer Films under Bending

The strain (stress) in multilayer film structures under bending is a linear superposition of the
internal process-induced strain (stress) previously detailed and externally applied bending strain
(stress), as sketched in Figure 16.3:

e=¢gy,+¢ (16.5)

The bending strain ¢, is proportional to the distance z from the neutral axis with maximum
tensile strain on the top (convex) surface and maximum compressive strain on the bottom (con-
cave) surface:

Eb = a() + (IIZ (16'6)
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8| 16 Mechanical Durability of Inorganic Films on Flexible Substrates

where aj and a; are constants. The neutral axis is the line within the multilayer structure where
the strain does not change upon pure bending. The position zy4 of the neutral axis in a multilayer
(taking the free surface of the first layer as the origin z = 0) is given by:

N -—
ZEihiZi
Ina = o (16.7)

N -_—
ZEihi
i=1

where E; = E, /(1—v}) is the plane strain modulus of layer i (E; and v; are its Young’s modulus
and Poisson’s ratio, respectively), z;is the position of the mid-plane of layer i, h; is the thickness
of layer i, and N is the number of layers.

16.3.3 Critical Radius of Curvature

The critical radius of curvature, R, at which device failure occurs is among the key design
parameters for flexible electronics. For the elastic case (dissipative processes such as substrate
yielding are not considered) and in the case of pure bending R, is inversely proportional to the
critical strain € (related to either cohesive failure of a layer, or interfacial failure) [43]:

hy +he|l 142 ’
g = | || 22X (16.8)
20 J\(147)(14xn)
which simplifies in the case hy < hs (n < 1) and Ey < ~ 10 E; (y < ~ 10):
h
R, ~—— (16.9)
2¢

crit

Figure 16.6 plots the normalized strain in the film versus film/substrate thickness ratio, calcu-
lated using Equation 16.8. Two kinds of substrates are compared: steel (Young’s modulus ratio

101

100

Normalized
top surface strain
[2 R/(dfilm/dsubstrate)]

10-1 L L L L L
104 103 102 101 100 10" 102

dfilm/ dsubstrate

Figure 16.6 Normalized strain in the film as a function of film/substrate thickness ratio dfjm/dsupstrate fOr
two substrates: steel (ratio of Young’s modulus Yjym/Ysups = 1) and plastic (Yfiym/Ysubs = 100). Reproduced
with permission from [43].
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16.4 Failure Mechanics of Brittle Films |9

Yiiim/ Ysubstrate €qual to 1) and polymer (Young’s modulus ratio equal to 100). For given radius of
curvature (R in the figure) and film/substrate thickness ratio (dgm/dsupstrate)> the compliant sub-
strate can reduce the strain by as much as a factor of 5 owing to the shift of the neutral axis toward
the film.

Notice that the analytical models introduced in this chapter are accurate enough to deter-
mine the critical radius of curvature for thin flexible devices, for which the critical strain is
< 1-2 % and R, is much greater than the total device thickness h. These models, however,
are unable to capture mechanical nonlinearities associated with the geometry of actual
devices (edge effects, thickness changes, etc.) and also with large displacements (R, < 10 hours,
see e.g. [40]).

It is important to point out that R, is not a material property as it depends on substrate
thickness. The key property is, again, the critical strain, which is controlled by the tough-
ness of the brittle films, or by the toughness of the film/substrate interface as developed in
Section 16.4.

16.4 Failure Mechanics of Brittle Films

As sketched in Figure 16.3 the film located on the top, convex side of the bend multilayer experi-
ences tensile strains and the film located on the bottom, concave side of the bend multilayer
experiences compressive strains. The magnitude of these strains depends on the applied curva-
ture and on the internal strains. Failure occurs as soon as the strain in either film reaches the
critical value €, (tensile failure for the film on the top with formation of channeling cracks, and
compressive failure for the film on the bottom with buckling and delamination). A clear and
unambiguous analysis of the failure mechanisms of thin films requires identification of the locus
of failure, i.e. whether the failure is cohesive (within a layer) or adhesive (at an interface between
adjacent layers) [44]. The reader is also referred to the comprehensive fracture mechanics
treatment in multilayers by [4].

16.4.1 Damage Phenomenology under Tensile and Compressive Loading

The failure process of brittle films on substrates under tensile loading reveals three damage stages
depicted in Figure 16.7 [45].

Stage I: crack onset and random cracking (Figure 16.7a and d). Cracks initiate in the film at defect
sites and start propagating perpendicular to the loading direction at a critical strain, €. (also
termed crack onset strain, COS). The interaction between cracks is negligible and the generation
of new cracks is governed by the statistical distribution of defects within the film.

Stage II: mid-point cracking (Figure 16.7b and e). The crack density (CD) increases whereas
the generation of new cracks diminishes. Transverse buckling with localized interfacial
delamination is observed across fragments due to Poisson’s ratio effects (visible in Figure
16.7c and f).

Stage I1I: delamination and saturation (Figure 16.7c and f). No further cracks are generated in this
stage and CD reaches a saturation value, CDy,, related to the so-called critical stress transfer
length and interfacial shear strength [46]. Extensive transverse buckling is evident and delamina-
tion becomes the dominant failure mechanism.

cl6.indd 9 @ 07-01-2022 20:43:09
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Figure 16.7 Optical micrographs of the fragmentation process of brittle films on polymer substrates
under tensile loading (SiNy on polyimide at (a): 1.2%, (b): 1.5%, and (c): 14.7% strain; ITO on PET at (d):
1.1%, (e): 2.2%, and (f): 11.6% strain). The scale bar in micrographs (a), (b), and (c) represents 20 ym.

Under compressive loading the dominant failure mode for films on substrates is buckling and
associated adhesive failure at the film/substrate interface, with examples shown in Figure 16.8.
Several morphologies can be observed such as the well-known “telephone cord” pattern [47]
depending on the film thickness, in-plane stress state (uniaxial or biaxial), interfacial toughness,
and film toughness. Detailed buckling analysis described next enables one to identify the source
of problems and thereby to optimize the processing of the individual layers. For instance, the
adhesion quality, and influences of processing steps, can be quantified, using the size of the
buckle.

16.4.2 Experimental Methods

Two main methods are available to analyze the failure of brittle films, namely fragmentation in
situ in a microscope (and related electro-fragmentation) for the tensile loading case and electro-
bending, for both tensile and compressive loading cases. In a fragmentation test, a coated sub-
strate is loaded under uniaxial tension, and the damage state in the film due to interfacial stress

Figure 16.8 Buckling morphologies in films on substrates: (a) telephone cord buckling delamination of a
compressed W film (reproduced with permission from [48]), (b) buckling in 800-nm-thick SiN, fragments on
polyimide under tensile stress due to lateral Poisson’s contraction, and (c) buckling with and without cracks in a
400-nm-thick SiNy film on polyimide (courtesy of Philips Research).
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16.4 Failure Mechanics of Brittle Films |11

transfer from the substrate is analyzed as a function of strain. In-situ tests in an optical or scanning
electron microscope are usually employed for the detection of cracks (e.g. Figure 16.6). The
method is free of third-body interactions and is used to quantify the cohesive properties (which
control critical strain) and the adhesive properties (which control delamination) of films on sub-
strates [32, 49]. The fragmentation test is limited to high elongation substrates (i.e. with a strain
to failure several times higher than that of the film). Electro-fragmentation tests carried out in
situ (using special clamps to measure electrical resistance of the sample) enable correlating a
macroscopic damage state variable (e.g. electrical resistance) to the actual damage at the micro-
scopic scale [35]. Extension of such tests to dielectric films is possible with a conductive probe
layer [50].

Bending test methods reproduce the loading state of flexed devices under quasi-static or cyclic
loading conditions, using template cylinders of known radius [51,52], or through loading bet-
ween two parallel plates [53]. This loading geometry is adequate to analyze the behavior of tensile
loaded and compressed layers (i.e. layers located on the convex and concave sides of the bent
multilayer, respectively). Bending tests are fast and are thus useful for statistical analyses of criti-
cal strain and for rapid screening of a series of materials. However, they are usually limited to
conductive films, using electrical measurements as a signature of damage, since a direct observa-
tion of the damage state in situ in a microscope is hardly feasible. Again, extension of bending
tests to dielectric films is possible with a conductive probe layer [54]. In the parallel plate geom-
etry the sample curvature is not constant, with lowest radius of curvature and largest strain
€max = 1.1985h /(L —h) in the middle of the bend, where h is the sample thickness and L is the
distance between the two plates [55].

16.4.3 Fracture Mechanics Analysis

The cohesive properties of the film (critical strain, toughness, Weibull modulus) are derived from
the early stages of tensile failure (initiation stage I) [46, 56-60]. The film toughness G, can be
calculated assuming that it is equal to the energy release rate at critical strain [61-63]. For a semi-
infinite substrate one has:

f—
Geon = hy By eaiu 8(ap:Bp) (16.10)

where hyand E_f =E;/ (1 — sz ) are the thickness and plane strain modulus of the film (E;and vy
are the Young’s modulus and Poisson’s ratio of the film) and g(aD,ﬁD) is a function of the
Dundurs parameters ap and Sp [64], which describe the elastic mismatch of the film/substrate
system. In the case of plane strain problems:

op= T B ng g, 021 m2y) (16.11)

T+ E Z/Lf(l—ys)—b—ZuS(l—Vf)

where E, = E /(1 - Vf) is the plane strain modulus of the substrate (E; and v, are the Young’s
modulus and Poisson’s ratio of the substrate), and = E; / (2 +2V; ) and u, =E, / (2 +2V, ) are
the shear moduli of the film and substrate, respectively. For films with the same properties as
their substrate, ap = 8p = 0. A stiff film on a soft substrate results in « - 1, whereas a soft film on
a stiff substrate results in ap - 1. The function g is primarily dependent on parameter ap, which
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12 | 16 Mechanical Durability of Inorganic Films on Flexible Substrates

is therefore more representative of film/substrate elastic contrast than parameter . For most
film/substrate combinations 0 < Bp < ap/4.

A practical consequence of Equation 16.10 is that the critical strain for film failure scales with the
inverse of square root of film thickness and elastic contrast (providing that the elastic modulus and
toughness of the film are independent of film thickness). It was, for example, found that the critical
strain for silica films on a steel substrate was a factor of almost five times higher than on a polymer
substrate [65]. This huge difference in critical strain was largely due to the difference in elastic con-
trast, and also to different internal strains. Reducing film thickness or film/substrate elastic contrast
both lead to an increase in critical strain, hence increasing the admissible curvature of the multi-
layer device. For substrates of finite thickness, Equation 16.10 remains accurate when the substrate
to film stiffness ratio Esh, = Eh; > 10, otherwise the approximation devised by [65] may be used.

The interfacial toughness is obtained from an energy release rate analysis for steady-state
tunneling delamination and buckling, again assuming that it is equal to the energy release rate at
critical (buckling) strain:

Eh Y
Goan = f2 f[l—%] F(Tsap:6p) (16.12)

where ¢ is the applied compressive strain and f (\If;aD; ﬂD) is a function of mode-mixity ¢ and
Dundurs parameters. Notice that Equation 16.12 is valid for buckling without film cracking. The
case where cracking occurs is treated in [66]. Explicit relations between the adhesion energy and
the buckle morphology were developed in [67]. An alternative based on the analysis of edge
delamination in a fragmentation experiment is treated in [68].

16.4.4 Role of Internal Stresses

In the presence of internal stresses, the measured critical strain is a linear combination of an
. . . . . * . .
intrinsic failure strain, ¢,,;,, and the internal strain, ¢;:

*

Eerit = Ecrit — Ei (16.13)

The analysis of internal strains thus enables determination of the intrinsic failure strain of the
film. An alternative electromechanical method was proposed to directly obtain these two strains
simultaneously [69]. The knowledge of the various contributions to the actual critical strain of a
film on a substrate can be useful to optimize both film composition (and associated intrinsic
strain) and processing conditions (and associated internal strain). Large internal tensile strains
may lead to premature cracking if the film is loaded in tension. On the contrary large internal com-
pressive strains combined with insufficient adhesion are often the cause of buckling failure [47,
70]. Further details are given in [71], where the authors emphasize the importance of increasing
interfacial adhesion and decreasing film/substrate elastic contrast to compensate for the presence
of internal compressive strains and prevent premature occurrence of buckling failure.

16.4.5 Influence of Film Thickness on Critical Strain

Figure 16.9 regroups fragmentation data for silicon nitride and silicon oxide films with different thick-
ness [72] and shows the relevance of Equation 16.10 to predict the influence of film thickness on criti-
cal strain. It is evident that the fragmentation technique is very sensitive: thicker films crack at a lower
strain, and their crack density at saturation is lower. Notice that this behavior is quite different from
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Figure 16.9 Fragmentation process of SiNy films on polyimide ((a) the film thickness is indicated; the
inset shows the early fragmentation stage) and SiO, films on PET ((b) the film thickness is indicated), and
critical strain versus film thickness for the SiN, films (c) and SiO, and silylated SiO; films (d). The lines in
(c) and (d) represent the fracture mechanics scaling (Equation 16.10) with best fit values of Gy, indicated.

that of thin metal films due to absence of yielding [73]. The toughness G, of the two materials is
indicated in Figure 16.9c and d. In the case of the SiN films with significant compressive stresses [72],
the toughness was found to be equal to 7.2 J/m? (using ¢,,; data) or 2.6 J/m? (using «,;,data, i.e. cor-
recting for the presence of internal stresses). This marked difference resulting from the presence of
compressive stresses in SiNj films was confirmed using nanoindentation [74]. In the case of the SiO,
films the toughness was found to be equal to 3.1 J/m?, a typical value for fused silica [75]. Modification
of the OH-terminated SiO, surface with organo-silane molecules (y-APS) enabled a threefold increase
the toughness of the film, resulting in significant increase of critical strain [76-78].

16.5 Durability Influences

16.5.1 Influence of Temperature

Increasing the temperature impacts the critical strain of films due to the combined action of sub-
strate softening and expansion behavior on heating [79, 80]. The former effect increases Dundurs
parameter ap and elastic contrast function g, leading to a decrease of ¢, (Equation 16.10). The latter
generates tensile thermal strains in the film (Equation 16.2a, the CTE of polymer substrates is gen-
erally higher than that of inorganic films), also contributing to a decrease of ;. Figure 16.10 shows
the considerable influence of temperature on critical strain of an oxide film on a PET substrate. The
temperature dependence of <., and ¢, is also shown. Upon heating from room temperature to
140°C gy decreased from 0.5% to 0.2%. Such 0.3% decrease was controlled by the 0.1% decrease of
€. due to substrate softening and the 0.2% increase of tensile strain ¢;. Further increasing the tem-
perature to 180°C led to an unexpected increase of . back to 0.5% at 180°C. This was essentially
due to shrinkage of the polymer substrate (evaporation of residual water and relaxation of process-
induced molecular orientation) and corresponding buildup of compressive strain in the film.
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Figure 16.10 Predicted &, (COS, solid line) versus measured e; (dots) as a functign of temperature for
209-nm-thick silicon oxide films on a PET substrate. Internal strain ¢; and €., (COS)) predictions are also
shown. Reproduced with permission from [79].

Additional temperature influences relate to the viscoelastic nature of polymer substrates,
which may manifest itself through relaxation and creep phenomena, i.e. problems of dimen-
sional stability. Not much effort has been made on this issue, for which numerical simulation
tools could be powerful to design devices with improved stability.

16.5.2 Fatigue

The critical strain for film failure determined under quasi-static loading [49, 53] might not be
representative of the actual loading present during operational life. In fact, evidence of slow crack
growth was reported for indium tin oxide (ITO) films under fatigue loading at strain levels below
the critical strain [81, 82]. High cycle fatigue of thin films on polymer substrates has been studied
in detail for metallic films (especially Cu and Al) [83-87] and transparent conductive oxide films
[52, 88]. Figure 16.11 shows the peculiar damage morphology of tensile fatigue loaded ITO films
on polyester substrates, where tensile cracks and edge delamination are evident. The extensive

I
AccV SpotMagn Det WD ——— | 100zm
500kV 40 250x SE 144

Figure 16.11 Electron micrographs of damage state in ITO films on PET (tensile fatigue loaded to
100’000 cycles at 0.58% strain amplitude, left) and PEN (immersed in 0.1 M acid and tensile tested to
20% strain, right. Reproduced with permission from [90].
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Figure 16.12 Fatigue damage map of a TCO coating tested under cyclic loading to predefined strain
levels (normalized with respect to the critical strain, COS). Reproduced with permission from [35]. The
lines are power law fits to the experimental data for selected resistance increase AR/Rq levels (indicated
in percentages in the figure together with the fatigue strength exponents).

edge delamination is the sign of damage accumulation. It was reported that fatigue under com-
pressive loading is more critical than under tensile loading, which may be a result of compressive
residual stresses [89].

Figure 16.12 shows a fatigue endurance map of a TCO coating on a PET substrate [35], where
iso-resistance levels are shown versus number of cycles and maximum strain. Initiation of
tensile cracks corresponded to a change of electrical resistance AR/Ry = 10%, where R and R,
are the resistances of the strained and unstrained samples, respectively. Stable propagation
occurred until AR/Ry ~ 300% after which catastrophic failure took place. The same power-law
scaling with a fatigue strength exponent equal to —0.06 was found between maximum strain
and critical number of cycles for both initiation and propagation of tensile cracks. The present
scaling follows the modified Basquin law for non-zero mean stress [91], which enables predict-
ing damage events in such coatings upon fatigue loading to any strain levels. For instance, at
maximum strain equal to 70% of the critical strain, cracks will initiate after ca. 70 cycles. They
will progressively grow upon further cycling until catastrophic failure, which will occur after
ca. 800 000 cycles. The existence of a threshold strain was not investigated. It would be < 40%
of the critical strain and would correspond to an endurance limit well beyond 10° cycles for this
TCO coating.

16.5.3 Corrosion

The presence of corrosive environments (moisture, acids, bases) has been reported to nega-
tively impact the mechanical integrity of inorganic films on polymers. Moisture plays a
significant role in film delamination due to interfacial diffusion and reduction of interfacial
toughness, combined with buildup of hygroscopic strains in the polymer substrate [92]. Oxide
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films may also corrode when exposed to moisture [93], acids, and bases, the corrosion state
being controlled by the pH as described in the form of Pourbaix diagrams [94], eventually
decreasing the critical strain for tensile failure and increasing the rate of crack growth [90].
Corroding environments and tensile mechanical stresses exacerbate each other to initiate and
propagate cracks, a phenomenon known as stress corrosion cracking (SCC). SCC is controlled
by microscopic processes occurring at crack tips, characterized by high concentrations of cor-
roding medium. Acrylic acid such as that found in pressure-sensitive adhesives causes cracks
to initiate at strains as low as a quarter of those observed for films with no corrosion [95]. As
shown in Figure 16.13, the combination of fatigue and corrosion severely reduces the critical
strain for tensile failure of ITO films and speeds up the degradation of the electrical conduc-
tivity under cyclic loading [96].

In real life multiple degradation factors (temperature, moisture, mechanical, and electrical
stresses) often act simultaneously and in synergy. Only limited data are available to understand
these coupled phenomena and it would thus be useful to increase knowledge on the resulting
lifetime of display devices. Inspiring approaches to this end are presented in the Duracosys
conference series, primarily devoted to structural fiber reinforced polymer composites, indeed
with similar time-dependent degradation features to the present flexible composite devices ([97]
and following years).

Prevention of SCC follow three main principles: (i) decrease the tensile stress (internal and
applied) through process and multilayer optimization, (ii) reduce the pH of the corroding
medium, and (iii) improve the composition of the (oxide) film or use passivation layers. As
pointed out in Section 16.4.5, controlled corrosion of a silica gas barrier film combined with
crosslinking of an aminosilane passivation layer enabled tremendous improvement of both the
critical strain for tensile failure and the barrier performance of the silica film [76, 77]. The key
was the healing of crack initiation defects in the oxide resulting from the dissolution of superficial
layers [98, 99].
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Figure 16.13 Critical number of cycles for fatigue and fatigue corrosion with acrylic acid of
200-nm-thick ITO-coated PET films. Reproduced with permission from [96].
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16.6 Toward Robust Layers

Much effort is being paid to develop unbreakable flexible devices, either by adequate designs to
prevent premature failure of brittle device components or by the substitution of fragile layers by
robust ones. Design approaches are implemented to reduce film strain, such as neutral axis
designs (Equation 16.7). The idea is to place the brittle film at the neutral axis, using an addi-
tional layer on the opposite side to the substrate, with appropriate thickness and Young’s mod-
ulus [43]. In this case negligible strain will build up in the film upon bending the multilayer
assembly. The critical radius of curvature will no longer be controlled by the critical strain of the
film, but rather by delamination problems. Other designs relevant for brittle films are in the form
of wavy patterns, which are able to accommodate tensile strains considerably larger than the
intrinsic critical strain of the film [100, 101].

Robust layers include films with improved fracture toughness, controlled compressive internal
stresses, as well as reduced thickness (see Section 16.4.5). Examples are multilayer structures,
which combine several of the aforementioned factors. In the case of ITO films, the additions of Ti
[102] and Ag [103] interlayers were reported to improve the crack and delamination resistances
of the films, owing to an increase of the crystallinity of the ITO. Such efforts may benefit from
numerical analyses of the influence of interlayer toughness and thickness on the critical strain of
the film [104]. Planarization “hard coats” reduce the film/substrate elastic contrast and enable
significant increase of the critical strain of ITO films [105]. Research is also extremely active to
substitute fragile layers by intrinsically compliant layers. Graphene, with a strain to failure of
13% [106] provides an unbreakable alternative to ITO [107]. Further examples include semi-
transparent Cu nanowire meshes [108] and Ag grids embedded in PEDOT-PSS [109]. Last but not
least, self-healing materials with the ability of autonomous damage recovery emerge as new chal-
lenging perspectives for the development of robust functional nanosystems [110,111]. Self-
healing encapsulation of light-emitting diodes [112], self-healing gate dielectrics in flexible
graphene field-effect transistors [113], and self-healing Ag interconnects [114, 115] are recent
examples of such developments relevant for flexible display technologies.

16.7 Final Remarks

The allowable radius of curvature of flexible displays is limited by mechanical failures, such as
cohesive cracking of functional films and interfacial delamination between adjacent device layers.
Cohesive failure occurs predominantly under tensile loading, with critical failure strain usually
close to 1%. Buckling delamination results from compressive loading and insufficient adhesion,
and may also initiate around 1% strain. In both tensile and compressive modes, the corresponding
critical radius of curvature is of the order of few cm, for display thickness of few 100 um.
Adequate designs should be based on knowledge of critical strains, internal stress state, and a
number of material properties. A variety of methods have been developed to this end, such as the
electro-fragmentation and electro-fatigue tests in situ in a microscope. These two methods repro-
duce the thermomechanical loads present during processing and service life, hence they enable
identifying and modeling the critical conditions for failure. In fact, critical strains were reported
to decrease with time under e.g. fatigue and SCC conditions, which ultimately limits the flexi-
bility of the display. Possible degradation processes are multiple and often act in synergy, and
further research on the long-term endurance of flexible display multilayers is advisable. Together
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with continuous improvements in mechanical models, numerical simulations and test methods,
novel designs, improved fabrication processes, and emergence of new materials with increased
mechanical robustness, improved knowledge on degradation processes will be key for the man-
ufacturing of truly reliable flexible displays.
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Nomenclature
Qg a; Constants in strain profile (Equation 16.6).
CD, CDyy, Crack density, crack density at saturation
CHE Coefficient of hygroscopic expansion
CTE Coefficient of thermal expansion
E, Ej, E Young’s modulus, of film, of substrate
EZm,E | Plane strain moduli of film, of substrate
g’ B) Normalized energy release rate
Geon Gadn Film toughness, interfacial toughness
h, hy, hy Thicknesses of multilayer, of film, of substrate
R Ry Electrical resistance, of unstrained film
R, R, Radii of curvature of substrate, of coated substrate
Rei Critical radius of curvature
RH Relative humidity
SCC Stress corrosion cracking
T Temperature
TCO Transparent conducting oxide
w Indentation depth function (Equation 16.1)
ap, Po Dundurs parameters
s, Of CTE of substrate, of film
Bs, Br CHE of substrate, of film
X Film-to-substrate Young’s modulus ratio
€ Strain
Eerits COS Critical failure strain, crack onset strain
Ecrit Intrinsic crack onset strain
g Film internal strain
E s gii”,gith,gihy Intrinsic, thermal, hygroscopic contributions to the
internal strain
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v, Vp, Vs Poisson’s ratio of multilayer, of film, of substrate

7 Film-to-substrate thickness ratio

M Ms Shear modulus of film, of substrate

o Mode-mixity

13 Adjustable factor in nanoindentation tests
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