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Objectives

• understand the key factors, which control the mechanical integrity of soft microsystem and 
flexible electronic devices.
• learn the essential ingredients to design and produce reliable devices on soft substrates 

with examples of ongoing research.

Defective display with cracked layers Robust display with intact layers

Semiconductor Energy Laboratory (SEL)
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Objectives

• understand the key factors, which control the mechanical integrity of soft microsystem and 
flexible electronic devices.
• learn the essential ingredients to design and produce reliable devices on soft substrates 

with examples of ongoing research.

Key questions

• What factors determine the critical strain at which damage initiates in soft microsystems?

• How can you measure the mechanical properties of thin films on polymers and why is it challenging?

• How does environmental conditions (temperature, moisture) impact the critical failure strain?

• How to reduce cracking of brittle layers in soft devices, and how to increase lifetime stability of such devices?
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Challenge = huge property contrast in multilayers!

‘critical strain’

St
re
ss

Strain

Brittle crystal, 
glass & ceramic 
(Si, oxides …)

0.1-1% 2-4%

Ductile metal (steel)

Ductile polymer 
(polyimide)

Elastomer (PDMS)

500-1000%50-100%

Cracking and delamination

Internal stresses
Courtesy Philips Research

a-Si photovoltaic device on 
polyethylene naphthalate

courtesy VHF Technologies

Multilayer Al2O3/acrylate 
diffusion barrier on polyester

courtesy Vitex SystemsFilm-to-substrate stiffness ratio: 10-100

Film-to-substrate thermal expansion ratio: 0.01-0.1
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As well, despite the progresses, there have been limited efforts 
to create fully-functional systems– instead, most studies focus 
on the synthesis and characterization of standalone elec-
trodes.[10,13,15,51,52,55,57] Furthermore, in cases where a fully 
standalone patch is presented, it is typically limited to a single  
predefined application.[3,4,7,12,20]

In this work, we demonstrate a novel architecture of materials 
and methods for implementation of thin-film multielectrode 
adhesive patches for long-term and reliable monitoring of elec-
trophysiological signals and digital biomarkers (Figure  1A,B). 
We show that by using a bi-phasic Ag-EGaIn composite we 
previously developed[32] (Figure 1C), and a multi-layer thin film 
(<210 µm) implementation, one can, thanks to a digital fabri-
cation process, rapidly develop patient-specific multi-electrode 
biostickers that seamlessly conform to the natural roughness 
and contours of the human skin and can be used for a range of 
biopotential recording applications. Referring to Figure 1A, this 
includes single-lead ECG, which is also used to determine the 
respiration rate of the subject, multi-lead ECG, EOG, EEG, and 
EMG, during several days, while withstanding everyday activi-
ties such as jogging or bathing.

This is a fully standalone system, with the e-patch (Figure 1D) 
is connected to a small-sized analog front-end (Figure 1E) that 
also rests on the skin surface, allowing for true wireless biopo-
tential monitoring of up to 16 electrodes.

A comprehensive study with ten subjects shows that these 
electrodes provide a signal quality better than Ag/AgCl elec-
trodes or than the same composite without liquid metal. 
Although these electrodes are solid-like and non-smearing,[48] 
the inclusion of EGaIn droplets into the composite contributes 
to lower electrode-skin impedance, making this material an 
excellent choice for wearable epidermal electrodes as it com-
bines the advantages of wet electrodes in terms of signal quality 
and skin-interfacing, and of dry electrodes (printability, low 
thickness and easy implementation).

2. Results

2.1. Fabrication

Figure  1B presents the layered structure of the multielectrode 
biopotential recording system. Referring to the figure, the system 
is composed of a soft patch attached to a rigid acquisition board.

The active layer of the biosticker consists of the printed 
conductive lines and skin interfacing electrodes made of  
Ag–In–Ga–SIS polymer.[32] The circuit is readily printed through 
direct ink writing and can be taylor-made for each user. The ink 
and electrodes can be printed with a resolution of <300 µm and 
thickness <50 µm, thus allowing for implementation of high-res-
olution multi-electrode bioelectronics. The active conductive layer 
is aligned with a thin, flexible interfacing printed circuit board 
and encapsulated between two layers of thermoplastic urethane 
(TPU; 50 µm thickness each) of the desired shape. All layers are 
fused together seamlessly through a heat pressing process sim-
ilar to that which is used in t-shirt stamping. A pre-cut medical-
grade skin-compatible acrylic adhesive (60 µm thickness) with a 
backing paper liner is laminated to serve as the skin-adhesion 
layer prior to fusion. In the TPU and adhesive layers, holes were 
pre-patterned in the electrode locations to allow direct electrical 
contact between the ink and the skin. The rigid acquisition board 
consists of the analog front end (AFE), processor, and wireless 
communication module. The interface between the electronics 
and the patch is established through solder joints enabling a reli-
able mechanical and electrical connection between both.

A conformal and robust bond with the human skin is 
achieved by removing the adhesive’s release liner and applying 
light pressure to the e-skin patch. As seen in Figure  1A, 
depending on the shape and placement of the e-skin in the 
human body, various distinct signals can be recorded, such 
as heart activity, brain activity, eye movement, respiration, or 
muscle activity in different locations. Detailed material listing 

Adv. Funct. Mater. 2022, 2205956

Figure 1. A) Depending on its shape and placement in the body, the proposed adhesive patches can be used for detection of multiple electrophysi-
ological signals: brain waves (EEG), eye movement (EOG), neuromuscular activity (EMG), cardiac activity (ECG), and respiration. B) The various 
layers and components that compose the e-patch. C) Schematic model of the trinary microstructure of the biphasic conductive polymer. Adapted with 
permission from Ref. [29]. Copyright 2021 American Chemical Society. D) Fully printed flexible adhesive patch on a patterned background, evidencing 
the transparency of the substrate. E) Rigid analog front end.

Manuel Reis Carneiro, Carmel Majidi, Mahmoud Tavakoli, Adv. Funct. Mater. 2022, 2205956 

Multi-Electrode Printed Bioelectronic Patches for Long-Term Electrophysiological Monitoring 
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and fabrication steps for both the soft e-skin patch and the rigid 
acquisition PCB are presented in the Experimental section.

The comfort and usability of the developed system come not 
only from its lightweight (the weight of the AFE board is 5.99 g, 
while the weight of the patch is < 8 g, depending on the applica-
tion) but also from its reduced dimensions. The final patch has 
a maximum estimated thickness of ≈210 µm, corresponding to 
the laminated stack of two TPU layers, Ag–In–Ga–SIS ink, and 
medical-grade adhesive, while the rigid biopotential recording 
board measures only 20 ×  24 ×  10 mm, rendering it ideal for 
everyday use without impacting the user’s movements.

2.2. Characterization

2.2.1. Skin Conformability and Comfort

To evaluate the conformability of the developed biostickers, one 
patch was adhered to the user’s skin, and removed after one 
hour to be analyzed. As seen in Figure 2A, the sub-millimeter 
wrinkles and creases of the skin surface were perfectly trans-
ferred to and replicated in the medical adhesive contact surface 
of the patch, showing the tight conformability of the ultrathin 
e-skin.

Adv. Funct. Mater. 2022, 2205956

Figure 2. A) Skin wrinkles are imprinted on the adhesive interface layer of the patch. B) Cross-section image of a printed electrode conformed to a nonplanar 
skin replica. C) Images of a patch conformed to the rough surface of an orange peel. D) The dynamic conformal nature of the e-patch: it keeps its conforma-
bility to the skin even under deformation. E) Strain–Stress curves obtained from quasi-static tensile testing for electrode and patch stackups showing a rupture 
strain ≈450% for both cases. F) Young’s modulus for both multi-layer stackups obtained from linear regression. G) Fatigue testing of the 4-layer patch stack 
for 500 cycles at a strain of 30%. H) Fatigue testing of the 2-layer electrode stack for 500 cycles at a strain of 30%. In plots E–H, one sample per test was used.

8



5

MICRO-618   –   Soft Microsystems Processing and Devices 9

Outline

1. Introduction: critical strain

2. Stress and strain analyses

3. Failure mechanisms under tensile and compressive stress

4. Durability influences

5. Summary
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Critical strain

The critical strain εcrit is the strain at which film failure occurs due to 
mechanical damage (cracking, delamination). 

• flexible electronics, which comprise films with εcrit < 2%, are based on substrate 
materials that are thin enough (100 µm) to be safely bent to radius of 
curvature down to 10 mm, but cannot be stretched.

• compliant electronics, for which 2% < εcrit < 10%, can be flexed to radius of 
curvature of few mm, allow some in-plane loading and can be used with 
thicker substrates.

• stretchable electronics, for which εcrit > 10%, can be conformed to a broad 
diversity of surfaces with 2D curvatures and small radius below few mm.

10
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Relevant material properties: critical strain 
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Compressive buckling 
and delamination 

Tensile cracking 
and delamination 
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Critical strain and critical radius of curvature

The critical radius of curvature is determined by 
Ø the architecture of the device (e.g., position of neutral axis, layer thickness …)
Ø the critical strain, ecrit , controlled by:

• Cohesive properties of brittle layers, and related tensile failure
• Interfacial adhesion, and related adhesive failure (delamination)
• Process-induced internal stresses
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Critical strain and critical radius of curvature

For a bilayer film/substrate structure

Suo et al. Appl. Phys. Lett., 74, 1177 (1999)
Leterrier, in Handbook of Flexible Organic Electronics: Materials, Manufacturing and Applications, Woodhead (2015)

Critical radius map (values in mm)
hs = 100 µm ; εcrit = 0.01

1 mm < Rcrit < 15 mm

  

η = hf hs and χ = E f Es

Ei Young's moduli
hi thicknesses
εcrit critical strain

film: hf, Ef

substrate: hs, Es

  

Rcrit =
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2 εcrit
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η = hf hs and χ = E f Es

Ei Young's moduli
hi thicknesses
εcrit critical strain
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thinner substrates enable 
smaller critical radii

  
Rcrit ≅

hs

2 εcrit

for hf << hs and E f >> Es

Critical strain and critical radius of curvature

For a bilayer film/substrate structure

Suo et al. Appl. Phys. Lett., 74, 1177 (1999)
Leterrier, in Handbook of Flexible Organic Electronics: Materials, Manufacturing and Applications, Woodhead (2015)

Critical radius map (values in mm)
hs = 100 µm ; εcrit = 0.01

1 mm < Rcrit < 15 mm

  

η = hf hs and χ = E f Es

Ei Young's moduli
hi thicknesses
εcrit critical strain

film: hf, Ef

substrate: hs, Es

14



8

MICRO-618   –   Soft Microsystems Processing and Devices 15

Material Thickness
[µm]

εcrit
[%]

Rcrit

[mm]

Glass 600 0.1 300

Steel 100 0.2 25

Polymer 100 2 2.5

Thin inorganic film 0.1 1 0.005
(5 µm)

Thin inorganic film on polymer 100.1 1 5

Critical strain and critical radius of curvature

Suo et al. Appl. Phys. Lett., 74, 1177 (1999)
Leterrier, in Handbook of Flexible Organic Electronics: Materials, Manufacturing and Applications, Woodhead (2015)
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Relevant material properties 

The calculation of the critical radius requires to know the critical strain  
(usually associated with film cracking or delamination) and, for all layers, their:

• thickness (h)
• Young's modulus (E )
• Poisson's ratio (n )
• coefficient of thermal expansion (CTE) 
• coefficient of hygroscopic expansion (CHE)

a priori T and RH dependent 
properties, especially for 
polymers
(E may also depend on strain and on time)

16
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Relevant material properties: CTE and Young’s modulus 
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-100 
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350 

300 

parylene C 

pentacene 
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Outline

1. Introduction: critical strain

2. Stress and strain analyses

3. Failure mechanisms under tensile and compressive stress

4. Durability influences

5. Summary
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Stress and strain analyses

z

Neutral axis 

tensioncompression

Internal strain 

Bending strain 

Total strain 

Bending mode

z

Neutral axis

tensioncompression

Internal strain

Tensile strain

Total strain

Tensile mode
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Compressive buckling 
and delamination 

Tensile cracking 
and delamination 
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Neutral axis 

Bending strain 

Bending strain

zNA

+ (tension)

– (compression)

 
ε z( ) = z − zNA

R

  

zNA =
Eihizi

i=1

N

∑

Eihi
i=1

N

∑
Bending strain where

where Ei = Ei / (1− νi
2 )  is the plane strain modulus of 

layer i (Ei and vi are its Young's modulus and Poisson's 
ratio, respectively),  zi is the position of the mid-plane 
of layer i, hi is the thickness of layer i, and N is the 
number of layers. 
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Neutral axis design

  

zNA =
Eihizi

i=1

N

∑

Eihi
i=1

N

∑

‘Neutral axis design’ approaches to minimize strain in brittle layers under bending: 

1) Thin substrate (e(z) ~ z/R)

2) Compliant substrate (shift of neutral axis)

3) Encapsulation 
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Neutral axis design: Thin substrate

ε ≅ hs
2R

R

R

Strain in film:

22
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Neutral axis design: compliant substrate

Suo et al., Appl. Phys. Lett. 74 (1999)

Compliant substrates can reduce the 
bending strain by as much as a factor of 5 
owing to the shift of the neutral axis 
towards the film
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and an encapsulation layer of suitable Young’s modulus and
thickness Ye and de . When the stiffness of the circuit proper
is negligible, the circuit comes to lie in the neutral surface if

Y sds
25Yede

2 . ~3!

In this case bending does not add any strain to the circuit.
Consequently, the bending curvature is no longer limited by
the failure strains of the transistor materials, but by those of
the substrate and the encapsulation. When low modulus,
small thickness substrate, and encapsulation are used, the
whole structure can be bent to extremely small radii. It can
even be folded like a map.

Next, we consider bending caused by the fabrication
process. During TFT fabrication, the substrate foil may be
held in a frame, at elevated temperatures. Upon cooling and
release from the frame, the structure often bends due to film
growth strain and differential thermal expansion. Several re-
cent papers have adapted the classical theory of bimetallic
strips to integrated circuits on crystalline substrates.3–5 Here,
we present aspects specific to the film-on-foil structures. The
stress field due to misfit strains is biaxial in the surface of the
film and the substrate. A small, stiff wafer bends into a
spherical cap with an equal and biaxial curvature. However,
a film-on-foil structure bends into a cylindrical roll. The cap-
to-roll transition as the substrate becomes thinner and larger
has been studied extensively.4 Our substrates are so compli-
ant that they are on the ‘‘roll side,’’ far from the transition
point. Consequently, they are taken to bend into cylindrical
shape, as shown in Fig. 1.

The strain in the axial direction, eA , is independent of
the position throughout the sheet, a condition known as gen-

eralized plane strain. Let z be the through-thickness coordi-
nate, whose origin is arbitrarily placed in the bottom surface.
Although the deflection is much larger than the sheet thick-
ness, the strain typically is small. The geometry dictates that
the strain in the bending direction, eB , be linear in z, namely,

eB5e01z/R , ~4!

where e0 is the strain at z50.
If the film and the substrate were separate, they would

strain by different amounts, but develop no stress. Let e be
the strain developed in a stress-free material. For example,
thermal expansion produces e5aDT , where a is the thermal
expansion coefficient, and DT the temperature change. One
may also include in e the strain developed during film
growth. Because the film and the substrate are bonded and do
not slide relative to each other, a stress field arises. The two
stress components in the axial and the bending directions, sA
and sB , are both functions of z. Each layer of material is
taken to be an isotropic elastic solid with Young’s modulus Y
and Poisson’s ratio n. The film and the substrate are dissimi-
lar materials, so that e, Y, and n are the known functions of z.
Hooke’s law relates the stresses to the strains as

sA5
Y
12n S eA1eB

2 2e D1
Y
11n S eA2eB

2 D , ~5a!

sB5
Y
12n S eA1eB

2 2e D2
Y
11n S eA2eB

2 D . ~5b!

Assume that no external forces are applied. The force
balance requires that

E sAdz50, E sBdz50, E sBzdz50. ~6!

Inserting Eqs. ~4! and ~5! into Eq. ~6! and integrating, we
obtain three linear algebraic equations for the three constants
eA , e0 , and 1/R . The procedure outlined here is applicable
to any number of layers, and arbitrary functions e(z), Y (z),
and n(z). The general solution can be developed, but is too
lengthy to list here. Instead, we consider two important spe-
cial cases, assuming that Poisson’s ratio n is identical for the
film and the substrate.

Suppose that a film–substrate couple is bent by differen-
tial thermal expansion. The difference in the thermal strain is
eM5(a f2as)DT . For a stiff wafer, an equal and biaxial
stress arises in the plane of the film, which causes bending.
The radius of curvature R is given by the Stoney formula:3–5

R5
ds

6eMxh
. ~7!

When the substrate is thin and compliant, the film–
substrate couple bends into a cylindrical roll instead of a
spherical cap. Choose the origin of the z axis such that
*Y (z)zdz50. Substituting Eq. ~5! into the last equation in
Eq. ~6!, we can solve for the radius of curvature. The result is

R5F ds
6~11n!eMxh GF ~12xh2!214xh~11h!2

11h G . ~8!

The term in the first bracket is the Stoney formula divided by
(11n), a factor arising from the generalized plane strain
condition. The term in the second bracket comes from the

FIG. 2. A film-on-foil structure bends into a cylindrical roll.

FIG. 3. Normalized strain in the film as a function of film/substrate thick-
ness ratio. Two substrates are illustrated: steel (Y f /Y s>1) and plastic
(Y f /Y s>100).

1178 Appl. Phys. Lett., Vol. 74, No. 8, 22 February 1999 Suo et al.

Downloaded 23 Apr 2012 to 128.178.140.17. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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‘Neutral axis design’ approaches to minimize strain in brittle films under bending: 

Kim et al., Nanotechnology 28, 194002 (2017) 

Multilayer design with multiple neutral 
axes based on soft adhesives

reduce the bending radius. An eight-node biquadratic plane
strain element (CPE8R) was used for each layer of the speci-
mens with a refined mesh. The Young’s modulus (E) and
Poisson ratio (ν) used in the FEA were EPET=5GPa and
νPET=0.35 for the PET; EITO=115 GPa and νITO=0.3 for
the ITO; EGlue layer=255MPa and νGlue layer=0.4 for the Glue
layer; EHard adhesive=255MPa and νHard adhesive=0.4 for the
hard adhesive; and ESoft adhesive=0.1MPa and νSoft adhe-

sive=0.49 for the soft adhesive.

3. Results and discussion

Figure 1 presents the FEA results of bending two multilayer
structures with specific adhesive layers when multiple neutral
planes appear in the structure. Even though these structures
have identical structures with PET 100 μm/adhesive 25 μm/
PET 100 μm, the properties of the adhesives differed sig-
nificantly: one was a hard adhesive (EHard=255MPa,
figure 1(a)) and the other was a soft adhesive
(ESoft=0.1 MPa, figure 1(b)).

When the structure with the hard adhesive was subject to
bending, the PET/adhesive/PET bent together with a single
neutral plane as depicted in figure 1(a). This results from the
shearing stress of the adhesive layer being relatively small,
and thus the plane section for the entire stack remained plane
and normal after deformation. In this case, the materials
embedded close to the neutral plane can be protected from
mechanical failure [8]. However, brittle functional layers
cannot always be positioned close to the neutral plane, which
is typically located at the geometrical center of the structure.

Furthermore, after the flexible electronic devices are assem-
bled, there were several brittle layers at various locations,
such as power sources [10, 14], thin film transistors
[9, 12, 17], electrode layers [29, 30], and encapsulation layers
[31, 32]. These layers cannot be placed together near the
single neutral plane.

In contrast, for the structure depicted in figure 1(b), the
multiple neutral planes approach was applied by inserting a
soft adhesive layer in between the stiff PET layers, and the
PET layers bent independently while the transverse sectional
plane of the soft adhesive largely deformed transferring the
shear stress as discussed in the previous works [24–26]. As a
result, the PET layers bent with their own neutral plane and
multiple neutral planes appeared in the structure, which
indicated that the multiple neutral planes could be controlled
by the low modulus adhesive [26]. In this case, multiple
brittle materials at various locations can be protected by the
multiple neutral planes. Moreover, the maximum bending
strain was reduced with increased compliance of the structure
compared with the structure with the hard adhesive. There-
fore, the multiple neutral planes enable mechanically flexible
structures, even under an extremely small bending radius.

In order to verify if the multiple neutral planes exist or
not and to see if they can protect multiple brittle materials as
predicted by FEA, commercially available ITO thin films on
PET substrates (ITO 15 nm/PET 100 μm) were used as the
strain indicators. ITO thin films are widely used as transparent
electrodes, but they are vulnerable to cracking even at a small
strain due to the brittleness of ITO; thus, many studies have
been conducted to quantify the cracking of ITO thin films
through in situ electrical resistance measurement during

Figure 1. In-plane strain distributions throughout the cross-section under bending with a radius of 5 mm for the structure with (a) the hard
adhesive and (b) the soft adhesive. The black circles indicate the location of the neutral planes.

3

Nanotechnology 28 (2017) 194002 W Kim et al
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Neutral axis design: encapsulation

Substrate (Es; hs)

Device layer

Neutral axis

24
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Neutral axis design: encapsulation

  
Es ⋅ hs

2 = Eencaps ⋅ hencaps
2For negligible film thickness, the film is placed at the neutral plane when 

Encapsulation (Eencaps; hencaps)

Substrate (Es; hs)

Device layer
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Internal stresses and strains

z

Neutral axis

tensioncompression

Final equilibrium state 
with internal strains

initial ‘stress free’ state

Differential change of dimensions
(e.g. thermal contraction upon cooling)

Force and momentum balance

thermal strain

 
ε i

thermal = αs −α f( ) ⋅ ΔT

ai = CTEi
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Internal stresses and strains

Courtesy Philips Research

Low stress High stress

(Internal stress = Internal strain x Elastic modulus)
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Internal stresses and strains

ε i =σ i E f → εcrit = εcrit
* − ε i

σ i ; ε i : internal stress; strain
εcrit ; εcrit

* : critical strain; critical intrinsic strain

Ef : effective film modulus

• plane stress:Ef = Ef (Young's modulus)

• plane strain:Ef = Ef 1−ν f
2( ) (ν f Poisson's ratio)

• biaxial stress:Ef = Ef 1−ν f( )

28
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Internal stresses and strains

Total 
internal 

stress

Service 
temperature

Temperature

Thermal stress
Cool-down

Deposition 
temperature

Intrinsic stressDeposition

“-” compressive internal stress

“+” tensile internal stress
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Internal stresses and strains

Service 
temperature

Temperature

“-” compressive internal stress

“+” tensile internal stress

Thermal stress
Cool-down

Deposition 
temperature

Intrinsic stressDeposition

Total 
internal 

stress

Water 
absorptio
n

Hygroscopic stress
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Internal stresses and strains

Stress component Origin Inorganic 
films

Organic 
films

Intrinsic Film formation (vapor deposition, 
solution processing)

– or + +

Thermal Difference in CTE between film and 
substrate and temperature changes

– – or +

Hygroscopic Difference in CHE between film and 
substrate and relative humidity changes

+ – or +

– stands for compressive stress
+ stands for tensile stress

31

MICRO-618   –   Soft Microsystems Processing and Devices 32

• Tensile internal stresses may lead to premature cracking

• Compressive internal stresses may lead to premature delamination

• Low stress materials and processes are to be favored:
• low shrinkable inks to limit intrinsic stress
• room temperature processes to avoid thermal stresses
• atmospheric processes to limit hygroscopic stresses
• solution processing, ink-jet, photopolymerization …

Internal stresses and strains

32
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Multilayer Strain Analysis

1 radius of curvature …
∞ number of admissible stress states …

1 thermoelastic solution

PET substrate (75 µm) 
• EPET = 4.8 GPa 
• nPET = 0.4
• aPET = 50 ppm/K

Hard Coat (HC 3 µm)
• EHC = 10 GPa 
• nHC = 0.35
• aHC = 30 ppm/K
• process @ 20°C

SiNx (200 nm) 
• ecrit = 1%
• ESiNx = 200 GPa
• nSiNx = 0.20
• aSiNx = 3 ppm/K
• process @ 120°C
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Multilayer Strain Analysis

PET (75 µm) + SiNx (200 nm) @ 120°C (no HC layer)
Radius of curvature R = ∞ (‘stress free’ state)

PET SiNx Strain 0%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + SiNx (200 nm) @ 20°C (no HC layer)
Radius of curvature R = 37.9 mm

PET

Neutral axis

SiNx Strain -0.34%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + SiNx (200 nm) @ 20°C (no HC layer)
Radius of curvature R = 2.5 mm with applied moment

PET

SiNx Strain +0.95%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + SiNx (200 nm) @ 20°C (no HC layer)
Radius of curvature R = 2.4 mm with applied moment: Critical radius!

PET

SiNx Strain +1.00%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + hard coat HC (3 µm) @ 20°C
Radius of curvature R = -11.2 mm

PET

HC

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + hard coat HC (3 µm) + SiNx (200 nm) @ 20°C
Radius of curvature R = -22.4 mm

PET

HC

SiNx Strain -0.71%

ecrit = 1%

39

MICRO-618   –   Soft Microsystems Processing and Devices 40

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

0 20 40 60 80 100

st
ra

in
 [%

]

position [µm]

Multilayer Strain Analysis

PET (75 µm) + hard coat HC (3 µm) + SiNx (200 nm) @ 20°C
Radius of curvature R = +2.4 mm using bending moment: quasi safe!

PET

HC

SiNx Strain +0.89%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + hard coat HC (3 µm) + SiNx (200 nm) @ 40°C
Radius of curvature R = +2.4 mm using bending moment: failure!

PET

HC

SiNx Strain +1.0%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + HC1 (3 µm) + SiNx (200 nm) + HC2 (3 µm) @ 20°C
Radius of curvature R = -10.3 mm

PET

HC1  HC2

SiNx

Strain -0.98%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + HC1 (3 µm) + SiNx (200 nm) + HC2 (3 µm) @ 20°C
Radius of curvature R = +2.4 mm using bending moment: safe!

PET

HC1  HC2

SiNx Strain +0.69%

ecrit = 1%
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Multilayer Strain Analysis

PET (75 µm) + HC1 (3 µm) + SiNx (200 nm) + HC2 (3 µm) @ 80°C
Radius of curvature R = +2.4 mm using bending moment: still safe!

PET

HC1  HC2

SiNx Strain +0.93%

ecrit = 1%
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Stress and strain analyses

z

Neutral axis 

tensioncompression

Internal strain 

Bending strain 

Total strain 

Bending mode

z

Neutral axis

tensioncompression

Internal strain

Tensile strain

Total strain

Tensile mode
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Outline

1. Introduction: critical strain

2. Stress and strain analyses

3. Failure mechanisms under tensile and compressive stress

4. Durability influences

5. Summary
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Failure under tensile stress

47
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(Electro)-fragmentation test in-situ
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The three stages of tensile fragmentation

SiNx 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

SiNx on polyimide

ITO on PET

Stage 1
Crack initiation on film defects

and stable propagation

Stage 2
Mid-point cracking and 

unstable crack propagation

Stage 3
Saturation of tensile cracking 

and transverse buckling

49
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Failure under tensile stress

Cracks initiate at pre-existing flaws 
and propagate perpendicular to the 
loading direction 

• In bending the top surface of the 
film experiences the largest strain

• In tension both film and substrate 
experience the same strain  

hf#

52
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Failure under tensile stress

A.A. Griffith, "The phenomena of rupture and flow in solids", Philosophical 
Transactions of the Royal Society of London, A 221: 163–198 (1921).

Gss = − ∂U
∂a

⎡

⎣
⎢

⎤

⎦
⎥ =

πσ 2a
E

≥ Gc = 2 γ s

Energy release rate (ERR)

U elastic energy
σ applied stress
a crack length
E Young’s modulus

Fracture energy
(toughness)

ϒs surface energy
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Failure under tensile stress: film on substrate

σ f film stress

E f film plain strain modulus

E f = Ef / (1− ν f
2 )( )

ν f film Poisson' s ratio
hf film thickness
g(α;β) non − dimensional ERR
( function of Dundurs parameters)

  
Gss =

πσ f
2 hf

2E f

g α,β( )

Beuth, IJSS (1992)
Hutchinson & Suo, Adv. Appl. Mech (1992)

 

hf#
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Dundurs parameters a and b

α =
Ef − Es
E f + Es

β =
µ f 1− 2ν s( )− µs 1− 2ν f( )
2µ f 1−ν s( )+ 2µs 1−ν f( )

Soft on stiff:  α →−1
 α →+1Stiff on soft:

0 < β < α
4

Dundurs, J. Appl. Mech. 36 (1969) 650

Ei = Ei / 1−ν i
2( ) plane strain( )

-1

-0.5

0

0.5

1

0.01 0.1 1 10 100

α

Ef /Es

µi shear mod uli

Same film and substrate materials :α = β = 0
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Elastic contrast function

Crack tip singularity 0 < s <1 root of

cos(sπ )− 2 α − β
1− β

⎡

⎣
⎢

⎤

⎦
⎥ 1− s( )2 + α − β 2

1− β 2

⎡

⎣
⎢

⎤

⎦
⎥ = 0  

g(α;β)  +2.5155
(2 − 2s)(3− 2s)

s

  
g α,β( )

Zak & Williams, J. Appl. Mech. (1963)
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Elastic contrast function   
g α,β( )

Substrate
(Young's modulus [GPa]; 
Poisson's ratio [–])

Film 
(Young's modulus [GPa]; 
Poisson's ratio [–])

a b g(a;b)

Steel (200; 0.30)
SiNx (100; 0.26) -0.344 -0.124 1.01
Polyimide (3; 0.34) -0.970 -0.234 0.72

Polyimide (3; 0.34)
SiNx (100; 0.26) 0.939 0.225 7.74
Parylene (2.8; 0.40) -0.009 0.036 1.27

εcrit =
2Gc

πhf E f 1−ν f
2( )g α;β( )

∝ 1
g α;β( )
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Influence of film thickness: thinner is stronger

50 nm

100 nm

400 nm

800 nm

SiNx barrier films on PI

Andersons et al, Mech Mater (2007)
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Influence of film thickness: thinner is stronger

50 nm

100 nm

400 nm

800 nm

SiNx barrier films on PI

Andersons et al, Mech Mater (2007)

59

MICRO-618   –   Soft Microsystems Processing and Devices 60

Influence of film thickness: thinner is stronger

  

Gss =
πσ f

2 hf

2E f

g α;β( ) =Gc

when σ f =σ crit = E fεcrit

⇔ εcrit =
2Gc

πhf E f (1− ν f
2 )g(α;β )

∝ hf
−1/2

⇔ Rcrit ∝ hf
1/2

SiNx barrier films on PI

  
hf
−1/2

60
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Optimizing Critical Strain with Organic Interlayers

Organic interlayers
(also called hardcoats) 
can be designed to 
increase the critical
strain

How the thickness of 
the organic layer, hp, 
affects the critical
strain?

Cordero, Yoon, Suo.  Applied Physics Letters 90, no 11 (2007): 111910
Kim, et al., ACS Appl. Nano Mater. 2019, 2, 2525−2532 

Channel cracks in a hermetic coating consisting of organic
and inorganic layers

Nicolas Cordero, Juil Yoon,a! and Zhigang Suob!

Harvard School of Engineering and Applied Sciences, Harvard University, Cambridge,
Massachusetts 02138

!Received 12 January 2006; accepted 8 February 2007; published online 14 March 2007"

Flexible electronic devices often require hermetic coatings that can withstand applied strains. This
letter calculates the critical strains for various configurations of channel cracks in a coating
consisting of organic and inorganic layers. The authors show that the coating can sustain the largest
strain when the organic layer is of some intermediate thicknesses. © 2007 American Institute of
Physics. #DOI: 10.1063/1.2713134$

Flexible electronics is promising for diverse
applications,1,2 such as rollable displays, conformal sensors,
and printable solar cells. These systems are thin, rugged, and
lightweight. They can be manufactured at low costs, for ex-
ample, by roll-to-roll printing. The development of flexible
electronics has raised many issues concerning the mechani-
cal behavior of materials.3–6 This letter examines a particular
issue: channel cracks in hermetic coatings.

Electronic devices !e.g., organic light-emitting devices"
often degrade when exposed to air.7,8 Developing hermetic
coatings has been a significant challenge. Organic films are
permeable to gases, and inorganic films inevitably contain
processing flaws, so that neither by themselves are effective
gas barriers. These considerations have led to the develop-
ment of multilayer coatings consisting of alternating organic
and inorganic films.8–10 To be used in flexible electronics,
these coatings must also withstand applied strains without
forming channel cracks.4,11

Channel cracks have been studied in the context of mi-
croelectronic devices.12–21 Two differences between micro-
electronic and flexible electronic devices should be men-
tioned. First, the magnitudes of strain in the two types of
devices can be quite different. While thin films in microelec-
tronic devices are principally under residual stresses associ-
ated with fabrication processes, flexible electronic devices
may experience one-time severe stretch in fabrication or re-
peated bending and twisting in service. Second, the sub-
strates in the two types of devices are different. While sub-
strates for microelectronic devices are stiff materials such as
silicon, substrates for flexible electronic devices are poly-
mers. It is well known that a stiff substrate constrains the
opening displacement of a channel crack, but this constraint
is substantially reduces when the substrate is compliant.
Consequently, the driving force for a channel crack in a film
on a compliant substrate is much larger than that on a stiff
substrate, with everything else being equal.

In a multilayer hermetic coating, the main function of
the organic layers is to decouple processing flaws in the in-
organic layers so that the coating acts as an effective gas
barrier. To illustrate mechanical issues, we analyze a three-
layer coating on a polymer substrate. The coating consists of
two inorganic layers sandwiching an organic layer and is

bonded on a polymer substrate. The whole structure is sub-
ject to a strain !appl parallel to the layers. When the strain
reaches a critical value, a crack may form in the coating.
Figure 1 illustrates several cases of cracking. In case !a", a
crack channels in the top inorganic layer. Case !b" can be
considered as a continuation of case !a", that is, after a crack
forms in the top inorganic layer, a new crack tunnels in the
bottom inorganic layer. In case !c", a channel crack and a
tunnel crack propagate simultaneously in the two inorganic
layers. Because a channel crack is easier to propagate than a
tunnel crack, case !e" is less critical than case !a" and will not
be studied in this letter. Case !d" deals with a channel crack
across the entire thickness of the coating.

The aim of this letter is to study how the thickness of the
organic layer, hp, affects the critical strain. If the organic
layer is too thin, it cannot stop the propagation of a crack
across the organic/inorganic interfaces. If the organic layer is
too thick, the constraint between the two inorganic layers is
removed, so that channel cracks can readily form in either
inorganic layer. Consequently, we expect that an intermedi-
ate thickness of organic layer maximizes the strain sustain-
able by the coating.

a"Electronic mail: jyoon@seas.harvard.edu
b"Electronic mail: suo@seas.harvard.edu FIG. 1. Several cases of channel cracks in a three-layer coating.

APPLIED PHYSICS LETTERS 90, 111910 !2007"

0003-6951/2007/90"11!/111910/3/$23.00 © 2007 American Institute of Physics90, 111910-1
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Optimizing Critical Strain with Organic Interlayers

organic

inorganic

Organic interlayers
(also called hardcoats) 
can be designed to 
increase the critical
strain

How the thickness of 
the organic layer, hp, 
affects the critical
strain?

All materials in the structure are taken to be linearly
elastic. Let U be the reduction of the elastic energy associ-
ated with a crack advancing a unit distance. As illustrated in
Fig. 2, this reduction can be calculated by the elastic energy
stored in a slice of material of unit thickness far ahead of the
crack front minus the elastic energy stored in a slice of ma-
terial of unit thickness far behind the crack front. This energy
reduction is given by12,13

U =
1
2 ! !"y#""y#dy , "1#

where y is the coordinate normal to the layers, !"y# is the
stress in the slice far ahead of the crack front, and ""y# is the
opening displacement in the slice far behind the channel
crack front. The stress !"y# and the opening ""y# can be
obtained by solving two elasticity problems under the plane
strain conditions. The integration extends over the thickness
of the layer"s# in which the crack forms. That is, the integra-
tion extends over the thickness of the top inorganic film in
case "a#, over the thickness of the bottom inorganic film in
case "b# and the thickness of both the inorganic films in case
"c#, and over the entire thickness of the coating in case "d#.

Dimensional considerations dictate that this reduction in
energy takes the form

U = Ef
*#appl

2 hf
2f$hp

hf
,
Ep

Ef
% . "2#

Here Ef
*=Ef / "1−$ f

2# is the plane strain modulus of the inor-
ganic material. We assume that the organic layer and the
polymer substrate have identical Young’s modulus Ep. The
two inorganic films are taken to be identical, with thickness
hf and Young’s modulus Ef. Poisson’s ratios $ f and $p are
taken to be 0.3. We fix the ratio Ef /Ep=150 but vary the ratio
hp /hf. All layers are assumed to be well bonded.

The dimensionless functions f for the various cases in
Fig. 1 are designated as fa, fb, fc, and fd. They are calculated
using the finite element code ABAQUS. To model a thin coat-
ing on a thick substrate, we set the thickness of the substrate
to be 1000hf. To model an isolated crack in the coating, we
use the periodic boundary conditions in the lateral direction
and set the period to be 1000hf.

A crack will propagate in the inorganic material if the
reduction in the elastic energy U exceeds the fracture energy
% f times the thickness of the layer"s# in which the crack
occurs. In cases "a# and "b#, the critical condition can be
defined as

U = hf% f . "3#

A combination of Eqs. "2# and "3# gives the normalized
critical strains

#appl

&% f/Ef
*hf

=& 1
fa

"4#

for case "a# and

#appl

&% f/Ef
*hf

=& 1
fb

"5#

for case "b#.
In case "c#, the two cracks propagate in the two inorganic

layers simultaneously, so that the critical condition is

U = 2hf% f . "6#

A combination of Eqs. "6# and "2# gives the following nor-
malized critical strain for case "c#:

#appl

&% f/Ef
*hf

=& 2
fc

. "7#

Figure 3 plots the calculated normalized critical strains
as functions of the normalized layer thickness hp /hf. The
trends for the three cases are understood as follows. For case
"a#, the opening of the crack in the top inorganic layer is
constrained by the bottom inorganic layer, so that the critical
strain decreases as hp increases. By contrast, for case "b#, the
tunnel crack in the bottom inorganic layer is not constrained
by the cracked top inorganic layer but by the substrate and
the organic layer, so that the critical strain increases as hp
increases. For case "c#, the above two effects nearly cancel
each other, and the critical strain decreases slowly as hp in-
creases. From the illustration of the three cases "Fig. 1#, we
note that

fb = fc − fa. "8#

At the ratio hp /hf '0.8, the three cases have an identical
critical strain because fa= fb= fc /2. When hp /hf &0.8, case
"b# has the lowest critical strain, but the crack tunnels in the
bottom inorganic layer after a channel crack already forms in
the top inorganic layer, which corresponds to case "c# and
requires a large strain. Consequently, when the organic layer

FIG. 2. Reduction in the elastic energy associated with a crack advancing a
unit distance, U, is calculated from the elastic energy stored in a slice of
material of unit thickness far ahead of the crack front minus the elastic
energy stored in a slice of material of unit thickness far behind the crack
front.

FIG. 3. Normalized critical strain as a function of the normalized thickness
of the organic layer for cracks in inorganic layers.

111910-2 Cordero, Yoon, and Suo Appl. Phys. Lett. 90, 111910 !2007"

f dimensionless function
(calculated using e.g. ABACUS) 

Cordero, Yoon, Suo.  Applied Physics Letters 90, no 11 (2007): 111910
Kim, et al., ACS Appl. Nano Mater. 2019, 2, 2525−2532 
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Optimizing Critical Strain with Organic Interlayers

Cordero, Yoon, Suo.  Applied Physics Letters 90, no 11 (2007): 111910
Kim, et al., ACS Appl. Nano Mater. 2019, 2, 2525−2532 

safe

If the organic layer is too
thin, it cannot stop the 
propagation of a crack 
across the organic/ 
inorganic interfaces. 

If the organic layer is too
thick, the constraint
between the two
inorganic layers is
removed, so that channel
cracks can readily form
in either inorganic layer. 

There exist an 
intermediate thickness of 
organic layer, which
maximizes the critical
strain
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Optimizing Critical Strain with Organic Interlayers

One of the key material
properties to increase
the critical strain is the 
fracture toughness of the 
organic interlayer, which 
should be much greater 
than that of the 
inorganic layer

Cordero, Yoon, Suo.  Applied Physics Letters 90, no 11 (2007): 111910
Kim, et al., ACS Appl. Nano Mater. 2019, 2, 2525−2532 

is thin, case !c" is most critical. When hp /hf !0.8, case !a"
has the lowest critical strain and is most critical. Thus, in
subsequent discussion, we will not consider case !b" and will
consider cases !a" and !c".

Now we consider a crack propagating through the whole
thickness of the multilayer coating. The channel crack ex-
tends when the reduction in the elastic energy equals the total
fracture energy:

U = 2hf" f + hp"p. !9"

Here "p is the fracture energy of the organic layer. A com-
bination of the Eqs. !2" and !9" gives the following normal-
ized critical strain:

#appl

#" f/Ef
*hf

=#2 + !"p/" f"!hp/hf"
fd

. !10"

Figure 4 plots the normalized critical strain as a function of
the thickness ratio hp /hf at several values of "p /" f. The criti-
cal strain increases as the thickness or the fracture energy of
the organic layer increases, with everything else being equal.

Figure 5 summarizes the results for various cases. Case
!d" is plotted assuming "p /" f =20. To avoid cracking, the
applied strain should stay in the hatched region. When the
organic layer is very thin, it is unable to block the crack from
cutting through the interfaces, and the coating fails by a
channel crack through the entire thickness. When the organic
layer is very thick, the top inorganic layer effectively lies on
a compliant substrate, without being constrained by the bot-
tom inorganic layer, and the coating fails by a channel crack
in the top inorganic layer. For an organic layer of some in-
termediate thickness, the coating fails by growing a crack in
both inorganic layers, with the organic layer remains intact.
Of organic layers of various thicknesses, a layer of interme-
diate thickness allows the critical strain to attain the maxi-
mum value.

As a numerical example, we take the values
" f =10 J m−2, "p=200 J m−2 Ef =150 GPa, Ep=1 GPa, and
hf =10 nm. We find that the critical strain is #cr=1.65% for
hp=1 nm, #cr=2.15% for hp=5 nm, and #cr=1.95% for
hp=20 nm. It is well known, as evident from the dimensional
considerations $Eqs. !4", !5", !7", and !10"%, that a coating can
sustain a large applied strain if the inorganic layers are thin,
with everything else being fixed.

In this letter, to illustrate various configurations of chan-
nel cracks, we have used a three-layer coating and specified
ratios of material properties. The specific values used are
representative of an inorganic material !e.g., silicon nitride"
and of a polymer !e.g., polyimide". The trends discussed in
this letter are expected to be more generally applicable. A
systematic parametric study is planed for a subsequent work.

This work was supported by the National Science Foun-
dation. One of the authors !J.Y." was supported by a postdoc-
toral fellowship by the Canadian Government.
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FIG. 4. Normalized critical strain as a function of the normalized thickness
of the organic layer for a crack through the entire thickness of the coating.

FIG. 5. Comparison of the critical strains for several cases. The hatched area
is the safe region, i.e., with no crack propagation in the coating. An optimal
thickness exists $in the part of the safe region bounded by the normalized
critical strain for case !c"%, for which the multilayer coating can sustain the
largest applied strain.
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Failure under compressive stress

Courtesy A. Abdallah, U. Eindhoven
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Failure under compressive stress
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Failure under compressive stress
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Failure under compressive stress
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be neglected. Theoretically, ei
b is known to increase with hf since

the film becomes stiffer [5,14]. However, in reality, decrease in ei
b

with increasing hf frequently observed as adhesion of the film to
the substrate often becomes weaker due to nucleation and growth
of more interfacial defects and greater film deformation in thicker
films [18]. According to Fig. 4, the dependency of ei

b on hITO is sig-
nificantly reduced by the plasma treatment, which means that
adhesion strength is highly improved by the treatment.

4. Conclusion

By modifying surface chemical states using O2 plasma treat-
ment, the delamination resistance characterized by ei

b is signifi-
cantly improved. The adhesion strength between ITO and PET
appears to be highly enhanced by the increasing oxygen functional
groups on the surface through O2 plasma treatment, which seems
to be the main reason for the resistance improvement. The negligi-
ble decrease in ei

b on treated PET with increasing hITO strongly sup-
ports the adhesion improvement. In addition, there is little change
in ei (or ri) and film microstructure by the treatment once hITO is
fixed, which confirms that the effects of other factors on the delam-
ination resistance are negligible.

Fig. 3. (a) XRD results of six samples in Table 1, (b) HR-TEM plan view images of ITO in N50, N150 and T50, T150.

Fig. 4. ei
b and ei

b (the strains are averaged values of five specimen per each sample)
of six samples in Table 1.

E.-H. Kim et al. / Current Applied Physics 10 (2010) S510–S514 S513

Failure under compressive stress

Leterrier, Sutter, Månson, J. Adhesion, 69, 13 (1999)
Kim et al, Current Applied Physics 10 (2010) S510–S514

286.43 eV, and –C(O)–O-groups in ester linkages (C3 component) at
288.95 eV. As shown in Fig. 2d, the plasma treatment results in
large changes in the C1s spectra. The intensity of C1 component
is significantly decreased and C2 and C3 are increased, which indi-
cates that some of the C–C bonds in polymer surface are broken by
the plasma treatment and the broken C–C bonds recombine with
oxygen atoms that are produced by oxygen containing groups in
the PET surfaces. As a result, more oxygen-containing polar groups
are created on the surface and the surface energy is increased.

The curvatures of the samples are measured as described in Sec-
tion 2. ri is calculated using the curvatures and Eq. (1) and is con-
verted into strain (ei) using Eq. (2) [6]:

ri ¼ "
Esh

2
s

6Ef 1" msð Þhf
1þ

hf

hs
4

Ef

Es
" 1

! "! "
1
R2
" 1

R1

! "
ð1Þ

ei ¼ ri &
ð1" mf Þ

Ef
ð2Þ

where Es, Ef, vs, and hs are Young’s modulus of the substrate and the
film, Poisson’s ratio and the thickness of the substrate, respectively.
R1 and R2 are the radii of curvature of the sample before and after
deposition, respectively. The calculated ei is summarized in Table 1.
As mentioned in Section 1, compressive ei is induced in ITO and the
magnitude of ei is decreased with hITO, but is not affected by the sur-
face treatment (Table 1).

The microstructural analysis of ITO grown on the bare and
treated PET are summarized in Fig. 3. According to XRD results

in Fig. 3a, crystallinity of ITO is affected by hITO, but not by the
surface treatment. Both on bare and treated PET, 50-nm thick
ITO is mostly amorphous, but crystalline peaks of (4 0 0) and
(4 3 1) preferred orientations are observed in ITO of 100 and
150 nm (Fig. 3a). Based on HR-TEM analysis in Fig. 3b, 50-nm
thick ITO is found to be a composite structure of tiny crystallites
in an amorphous matrix. HR-TEM plan view images in Fig. 3b also
show that the size and density of the crystallites are increased
with hITO. However, the degree of changes in size and density is
similar in ITO with the same hITO and seems not affected by the
surface treatment. This result indicates that ITO with the same
hITO may have the similar cohesive strength [16] regardless of
the surface treatment.

The mechanical test results are summarized in Fig. 4. According
to the test results, ei

b of ITO on treated PET is larger than that of ITO
on bare PET at all hITO. Particularly, ei

b of 100 and 150-nm thick ITO
on treated PET is significantly increased by O2 plasma treatment.
Contrary to ei

b, there is little improvement in ei
c by the plasma

treatment, which can be explained by the fact that the factors
determining ei

b, which are ei and the film microstructure, are not
affected by the surface treatment as shown in Table 1 and Fig. 3,
respectively.

Assuming that ITO deforms only elastically, superposition the-
ory [17] can be applied to investigate the effect of ei on the
mechanical stability of ITO. When superimposed on external strain,
compressive ei makes the film delaminated at a smaller external
compression [14]. However, as shown in Table 1, the magnitude
of ei is so much smaller than ei

b; hence, the effect of ei on ei
b can

Fig. 2. The XPS wide scan results of (a) bare PET, (b) treated PET, and the XPS narrow scan results of (c) bare PET, (d) treated PET (the insets in (a) and (c) are the images of
contact angles of distilled water on bare and treated PET, respectively).
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Influence of temperature on film cracking

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

ΔR
/R

0 
[–

]

Strain [%]

-75°C

-25°C

24°C

80°C

120°C

90°C

100°C

150°C

ITO 55 W/☐ on PET

75

MICRO-618   –   Soft Microsystems Processing and Devices 76

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

-100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 200

εc
rit

 [%
] 

Temperature [°C]

Influence of temperature on film cracking

ITO 55 W/☐ on PET

76



36

MICRO-618   –   Soft Microsystems Processing and Devices 77

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-100 -50 0 50 100 150 200

In
te

rn
al

 s
tra

in
 [%

]

Temperature [°C]

internal strain

Influence of temperature on film cracking

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

-100 -50 0 50 100 150 200

C
TE

 [p
pm

/K
]

Temperature [°C]

0

2

4

6

8

10

12

14

16

18

20

-100 -50 0 50 100 150 200

g(
α;
β)

Temperature [°C]

elastic contrast

0

1

2

3

4

5

6

7

8

-100 -50 0 50 100 150 200

Yo
un

g'
s 

m
od

ul
us

 [M
P

a]

Temperature [°C]

77

MICRO-618   –   Soft Microsystems Processing and Devices 78

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

-100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 200

εc
rit

[%
] 

Temperature [°C]

Influence of temperature on film cracking

ITO 55 W/☐ on PET

ecrit = e*
crit – ei

ei

e*
crit

78



37

MICRO-618   –   Soft Microsystems Processing and Devices 79

Automatic electro-fatigue analysis
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Pinyol et al., MRS Fall Meeting (2007)
Leterrier et al., Thin Solid Films (2010)

Automatic electro-fatigue analysis
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Durability influences: Fatigue
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Durability influences: Corrosion

Kim et al., Scientific Reports (2018) 8:4560

www.nature.com/scientificreports/
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where Es
* is the plane-strain elastic modulus of the substrate, µf and µs are the shear modulus, vf and vs are 

Poisson’s ratio of the film and substrate, respectively. Eq. (1) illustrates the fact that the driving force for channel 
crack extension is a strong function of the effective substrate constraint (through the coefficient Z and therefore 
α. The dependence on β is weak.). As such, this equation is only accurate for channel cracking of an isolated crack 
(whose front width corresponds exactly to the film thickness). For this reason, the data shown in Fig. 1b were 
only collected for isolated cracks for which no substrate damage was observed (i.e. for periods of time less than 
30 minutes).

Previous work has already quantified the effect of substrate cracking on the driving force for channel 
cracks27,28, interaction with neighboring cracks by crack spacing29,30 and their application as sensors31. However, 
the influence of substrate cracking on the long-term time-dependent subcritical cracking has not been studied. 
In this work, we further investigate the time-dependent environmentally assisted cracking in PECVD SiNx bar-
rier films by testing over extended periods of time (i.e. days versus minutes in contrast to our previous study)22. 
Our experimental and numerical results help elucidate the effects of substrate cracking on the driving force (and 
therefore velocity) of channel cracks in PECVD SiNx barrier layers, which is key to predicting long term damage 
growth in barrier films under deformation. Specifically, our results highlight various scenarios of increasing, 
decreasing, or constant crack velocities depending on the substrate cracking configuration and distance to sur-
rounding cracks (i.e. crack density). Details of the experiments and results are described in the following sections.

Results and Discussion
Crack Configuration. To test the cracking behavior under extended deformation, PET and PI samples 
coated with 250 nm of PECVD SiNx were tested under tensile deformation and held at fixed strains. Crack growth 
rates were measured by in-situ optical microscopy. Figure 1c and d show SEM images of focused ion beam (FIB) 
cross sections of SiNx on PET that were tested at an applied strain of 0.75% for 0.5 h and at 0.6% for 5 days, respec-
tively. The critical onset strain for these films was found to be 0.95% ± 0.2% and subcritical crack growth was 
observed for these specimens. The SEM images show no PET substrate cracking for the specimen held at 0.75% 
for 0.5 h (Fig. 1c.1–2). This is consistent with the analysis in our previous study which occurred in a regime with-
out substrate cracking. This is also consistent with constant rates of crack growth in SiNx films measured during 
short times (~0.5 h) after channel cracking was first observed. In contrast, as clearly shown in (Fig. 1d.1–2), FIB 

Figure 1. (a) Schematic illustration of in-situ microscopy of a SiNx/PET sample kept at different applied strains, 
for optical imaging and measurement of channel crack growth and crack extension as a function of time. (b) 
Measured crack growth rate as a function of driving force G for a channel crack in a 250 nm-thick SiNx film in 
air and nitrogen, respectively. (c,d) SEM images of SiNx/PET cross section (cut by FIB) showing the channel 
crack in the film as well as the substrate crack beneath the channel crack, under (c.1-2) applied strain 0.75% for 
half an hour and (d.1-2) applied strain 0.6% for 5 days.

www.nature.com/scientificreports/
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Finite element analysis was conducted to provide further insight into the effects of substrate cracking on sys-
tems of interacting cracks. For this analysis, a strain of 0.75% was applied to the model where a single propagating 
crack is interacting with two adjacent cracks. The spacing of the cracks in the model was chosen to be either 50 
or 100 µm, depending of the observed crack spacings (Fig. 3e). Film and substrate thicknesses were 250 nm and 
125 µm, respectively. To further explore the parametric space, additional calculations were done on a number of 
crack configurations (single versus multiple cracks, with and without substrate cracking) to elucidate their impact 
on crack driving forces (Fig. 3a and b). Results show that substrate cracking in the two adjacent cracks reduces the 
driving force in the growing crack, as the depth into the substrate increases. The driving force decreases by 40% 
with the increase of substrate cracking depth in the neighboring crack up to 4 µm (Fig. 3a). This is due to the loss 
of in mechanical constraint in the neighboring cracks as the substrate crack grows in the PET. This has the equiv-
alent effect of closing the growing crack and reducing the energy available for channel crack growth. Figure 3b 
shows the effect of substrate cracking on the growing crack when the neighboring cracks also induce substrate 
cracking. When substrate cracking under the growing crack was introduced (up to 1 µm in depth), the crack driv-
ing force increased up to 65% while substrate cracking depth in the neighboring cracks was kept at 4 µm (Fig. 3b). 
The increase in driving force with substrate damage under the growing crack is consistent with the results in the 
previous section as shown in Fig. 2b.

Based on the modeling results (Figs 2c and 3a,b) and the measured evolution of crack spacing with time 
(Fig. 3e), a possible scenario for the observed evolution of crack propagation rates can be presented as illustrated 
in Fig. 3c, with four cases for samples held at 0.75%. The crack driving force value G was extracted from modeling 
and the corresponding growth rate was calculated from the v-G curve in Fig. 1b. Initially single channel cracks 
in SiNx develop and the modeling result predicts a driving force of 14.8 J/m2 (Fig. 3c.1), corresponding to a crack 
growth rate of ~75 µm/s based on Fig. 1b. The growth rates for the first 30 mins are on the same order of magni-
tude, i.e. 15 ± 8.6 µm/s (Fig. 3d). It should be noted that the cracks traverse the full width of the specimen in less 
than a few minutes, for example, 1 min for 75 µm/s and 5 mins for 15 µm/s, therefore the rates measured after 
~0.5 h are for multiple interacting cracks. So, the second case investigated in the scenario after an hour is channel 
crack growth with reduced crack spacing as depicted in Fig. 3c.2. By adding two adjacent interacting channel 
cracks (crack spacing 100 µm), the driving force was reduced to 14.4 J/m2, corresponding to a slight decrease in 
crack growth rates (~50 µm/s based on Fig. 1b). Up to this part, substrate cracking is not taken into consideration 
as evident in the SEM image in Fig. 5b (free from the substrate damage in the PET substrate after an hour at strain 
0.75%). However, over time, substrate damage develops first in the existing cracks and the new growing cracks 
have a lower driving force due to the effect of substrate damage in the neighboring cracks as explained in Fig. 3a, 
corresponding to the third case in Fig. 3c.3. For example, the crack driving force was further reduced to 8.9 J/m2 
when a 4 µm crack was present in the PET under the neighboring cracks (Fig. 3c.3, crack spacing 100 µm). This 
corresponds to a crack growth rate of ~119 nm/s (see Fig. 1b) and is commensurate with the measured rate after 
10 hours (see Fig. 3d). At longer times, the cracks were observed to grow much more slowly (~50–100 nm/s) and 
it took more than 20 hours for cracks to traverse the specimen’s width. Hence the growing cracks whose rates are 
measured for more than 30 h also undergo substrate cracking (Fig. 3c.4). With 800 nm substrate cracking under-
neath the growing crack and 6 µm neighboring penetration into PET, the driving force is calculated to be 8.03 J/
m2. This last case of the scenario occurs when a steady-state growth rate is observed as shown in Fig. 3d after 
~30–40 h. This is the result of a balance between additional substrate cracking in the growing crack, i.e. increase 
of driving force (Fig. 3a) and in the adjacent cracks, i.e. decrease of driving force (Fig. 3b).

Impact of Environmental Conditions on Crack Growth Rate for Interacting Cracks. The effect of 
environment on the long-term crack growth rate behavior was also studied by performing experiments in dry 
nitrogen for long periods of time before switching to laboratory air. Figure 4 shows that crack growth rate evo-
lution for a specimen tested in air at εapp = 0.75% along with the evolution for two specimens tested at the same 
applied strain in dry nitrogen before switching to laboratory air after either 20 h or 60 h. In dry nitrogen, the initial 

Figure 4. Crack growth rate behavior of SiNx/PET at the applied strain of 0.75% subjected to change of 
environmental condition.

SiNx/PET films under air (30%RH) and N2
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2.4. Design of experiments

Full factorial DOEwas used to further investigate the effect of various
designs, processes, and environmental factors on the functionality of
ITO films. Four study factors were considered while change in electrical
resistance was selected as a response. The study factors were: acrylic
acid concentration, applied strain, film thickness, and number of cycles
(NOC) for fatigue and combined fatigue-corrosion experiments. In addi-
tion, for bending and bending-corrosion, timewas considered as a study
factor due to the static nature of these experiments. The levels of each
factor chosen are presented in Table 1.

3. Results and discussion

3.1. In situ electrical resistance measurements

In order to investigate the effect of acid concentration, applied strain,
film thickness, and number of cycles on the mechano-chemical degra-
dation of the electrodes under static and dynamic loading, in situ electri-
cal measurements were conducted. Electrical resistance changes of the
conducting layer during testing can be associated with loss of coating
functionality [37]. A typical response of ITO electrical resistance versus
number of cycles and/or time is shown in Fig. 1. During the initial stages
of fatigue-only, two regimes of electrical resistance increase are ob-
served, at first an increase of electrical resistance due to changes in
dimensions of the compliant substrate, until an equilibrium size is
attained, and then a gradual linear increase that may be due to cracking
of ITO. Gorkhali et al. [38] reported that the initial increase of electrical
resistance for an applied strain of 1.5% is 50–100 cycles. In our case
the initial increase, for a 0.5% lower applied strain, is observed to lie
around 800–1000 cycles. In all cases, the change in electrical resistance
for specimens subjected to fatigue-corrosion is observed to be the
highest. On the other hand, the lowest change is observed in the case
of corrosion-only experimental conditions. Furthermore, the critical

number of cycles (Fig. 2) for the initial loss of functionality, under fa-
tigue and combined fatigue-corrosion of ITO films, is determined from
an increase of 10% in electrical resistance (Fig. 1). In general, specimens
under fatigue-corrosion degradation are observed to exhibit a lower
critical number of cycles for both 70 and 200 nm thick ITO films. This
denotes the significance of the combined effect of fatigue and corrosion,
which can be used as an accelerated degradation experimental protocol
that can aid towards identifying the interrelation of the critical factors
that influence the long-term reliability of the device component.

The effect of applied strain on the electrical degradation of ITO films
at different degradation conditions was investigated. A common obser-
vation is that, for each condition and film thickness, the higher the
applied strain the larger the positive change in electrical resistance.
For example, we observe that at 150,000 cycles the change in ITO
(200 nm) electrical resistance during fatigue-corrosion is 300% for
0.6% strain and 1107% for 1.0% applied strain. This denotes more than
a threefold increase. Such phenomena can be related to the increased
film crack formation as the applied strain increases.

Also, the effect of film thickness on the electrical degradation of ITO
films was investigated at different conditions. Higher change in electri-
cal resistance values are observed for the thicker films, suggesting that

Fig. 3. Normalized electrical resistance versus experimental time/number of cycles for
CNT-deposited PET at 1.0% applied strain.

Fig. 2. Critical number of cycles for fatigue and fatigue corrosion of 200 nm thick ITO-
coated PET films.

Fig. 1.Normalized electrical resistance versus experimental time/number of cycles for ITO-
coated PET at 1.0% applied strain and 200 nm film thickness.

Table 1
Factors and levels for DOE analysis of fatigue and fatigue-corrosion experiments.

Factors Levels

1 2 3 4

Acid concentration (M) 0 0.05 – –

Strain (%) 0.6 0.8 1 –

Thickness (nm) 70 200 – –

Number of cycles 0 50,040 100,020 150,000

253T.S. Bejitual et al. / Thin Solid Films 549 (2013) 251–257

Durability influences: Corrosion and fatigue

2.4. Design of experiments

Full factorial DOEwas used to further investigate the effect of various
designs, processes, and environmental factors on the functionality of
ITO films. Four study factors were considered while change in electrical
resistance was selected as a response. The study factors were: acrylic
acid concentration, applied strain, film thickness, and number of cycles
(NOC) for fatigue and combined fatigue-corrosion experiments. In addi-
tion, for bending and bending-corrosion, timewas considered as a study
factor due to the static nature of these experiments. The levels of each
factor chosen are presented in Table 1.

3. Results and discussion

3.1. In situ electrical resistance measurements

In order to investigate the effect of acid concentration, applied strain,
film thickness, and number of cycles on the mechano-chemical degra-
dation of the electrodes under static and dynamic loading, in situ electri-
cal measurements were conducted. Electrical resistance changes of the
conducting layer during testing can be associated with loss of coating
functionality [37]. A typical response of ITO electrical resistance versus
number of cycles and/or time is shown in Fig. 1. During the initial stages
of fatigue-only, two regimes of electrical resistance increase are ob-
served, at first an increase of electrical resistance due to changes in
dimensions of the compliant substrate, until an equilibrium size is
attained, and then a gradual linear increase that may be due to cracking
of ITO. Gorkhali et al. [38] reported that the initial increase of electrical
resistance for an applied strain of 1.5% is 50–100 cycles. In our case
the initial increase, for a 0.5% lower applied strain, is observed to lie
around 800–1000 cycles. In all cases, the change in electrical resistance
for specimens subjected to fatigue-corrosion is observed to be the
highest. On the other hand, the lowest change is observed in the case
of corrosion-only experimental conditions. Furthermore, the critical

number of cycles (Fig. 2) for the initial loss of functionality, under fa-
tigue and combined fatigue-corrosion of ITO films, is determined from
an increase of 10% in electrical resistance (Fig. 1). In general, specimens
under fatigue-corrosion degradation are observed to exhibit a lower
critical number of cycles for both 70 and 200 nm thick ITO films. This
denotes the significance of the combined effect of fatigue and corrosion,
which can be used as an accelerated degradation experimental protocol
that can aid towards identifying the interrelation of the critical factors
that influence the long-term reliability of the device component.

The effect of applied strain on the electrical degradation of ITO films
at different degradation conditions was investigated. A common obser-
vation is that, for each condition and film thickness, the higher the
applied strain the larger the positive change in electrical resistance.
For example, we observe that at 150,000 cycles the change in ITO
(200 nm) electrical resistance during fatigue-corrosion is 300% for
0.6% strain and 1107% for 1.0% applied strain. This denotes more than
a threefold increase. Such phenomena can be related to the increased
film crack formation as the applied strain increases.

Also, the effect of film thickness on the electrical degradation of ITO
films was investigated at different conditions. Higher change in electri-
cal resistance values are observed for the thicker films, suggesting that

Fig. 3. Normalized electrical resistance versus experimental time/number of cycles for
CNT-deposited PET at 1.0% applied strain.

Fig. 2. Critical number of cycles for fatigue and fatigue corrosion of 200 nm thick ITO-
coated PET films.

Fig. 1.Normalized electrical resistance versus experimental time/number of cycles for ITO-
coated PET at 1.0% applied strain and 200 nm film thickness.

Table 1
Factors and levels for DOE analysis of fatigue and fatigue-corrosion experiments.

Factors Levels

1 2 3 4

Acid concentration (M) 0 0.05 – –

Strain (%) 0.6 0.8 1 –

Thickness (nm) 70 200 – –

Number of cycles 0 50,040 100,020 150,000

253T.S. Bejitual et al. / Thin Solid Films 549 (2013) 251–257

ITO/PET films 
• 0.6-1% fatigue loading
• 0.05 M acrylic acid solution 

(pressure sensitive adhesive)

T.S. Bejitual, et al, Thin Solid Films Thin Solid Films 528 (2013) 229–236 & 549 (2013) 251–257During tensile testing, primary cracks are formed perpendicular to
the straining direction on the ITO surface. In addition, secondary
cracks are formed parallel to the tensile direction. SEM micrographs
show an increase in the severity of bridging delamination between
secondary (transverse) cracks as acid concentration increases. The
bridging delamination appears to be more evident in the case of
150 °C for both acid concentrations (Fig. 5b and c), indicating that
adhesion between film and substrate is lower at this temperature.
Adhesion is known to be strongly affected by thermal mismatch be-
tween film and substrate [39], and therefore the increase in film de-
lamination suggests that thermal mismatch is likely to be affecting
the failure mechanism.

Cracking is observed to be less uniform in the 50 °C case. Fig. 6b
shows longitudinal defects which may act as barriers, stopping the
transverse crack propagation. In addition, singular defects (Fig. 6c)
are observed. Such defects do not follow a typical pattern observed
previously.

3.3. Atomic force microscopy

Figs. 7 and 8 show a large increase in surface roughness as deposi-
tion temperature increases. Fig. 8 indicates that the sharpest rise
exists between 100 and 150 °C. Work by Lee et al. [34] has linked
the introduction of crystallinity to an increase in surface roughness

Fig. 6. ITO coated PEN, deposited at 50 °C. (a) Tensile tested, no acid, (b) immersed in
0.1 M acid and tensile tested, and (c) immersed in 0.5 M acid and tensile tested.
Applied strain is up to 20%. Arrows indicate the tensile direction.

Fig. 5. ITO coated PEN, deposited at 150 °C. (a) As deposited, showing no cracking,
(b) tensile tested, no acid, and (c) immersed in 0.5 M acid and tensile tested. Applied
strain is up to 20%. Arrows indicate the tensile direction.

233T.S. Bejitual et al. / Thin Solid Films 528 (2013) 229–236

Time 0

Fatigue

Fatigue + corrosion
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Outline

1. Introduction: critical strain

2. Stress and strain analyses

3. Failure mechanisms under tensile and compressive stress

4. Durability influences

5. Summary
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Key factors, which control the critical radius of curvature (and associated critical 
strain) of flexible electronics:

• Film cohesive properties (fracture toughness)       tensile failure
• Film / substrate adhesive properties       compressive failure
• Film / substrate elastic contrast (the ‘g’ function)
• Process and service induced internal stresses

To avoid failure, flexible devices should:

• be designed to be as thin as possible (avoid premature cracking)
• be designed with brittle layers close to neutral axis (avoid premature cracking)
• be based on surface-treated substrates (avoid delamination)
• include ‘hardcoat’ interlayers to minimize elastic contrast
• be processed with tailored cycles to minimize internal stresses

You have learned …
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Nomenclature

a Crack length
CD, CDsat Crack density, crack density at saturation
CHE Coefficient of hygroscopic expansion
CTE Coefficient of thermal expansion

E, Ef, Es Young’s modulus, of film, of substrate
 Plane strain modulus of film, of substrate
g(a; b) Normalized energy release rate
Gc , Gadh Film toughness, interfacial toughness
h Indentation depth

hi, hf , hs Thickness of layer i, of film, of substrate
R, R0 Electrical resistance, of unstrained film
R1, R2 Radii of curvature of substrate, of coated substrate
Rcrit Critical radius of curvature
RH Relative humidity

T Temperature

 
E f , Es  

a, b Dundurs parameters
c Film-to-substrate Young’s modulus ratio
d Substrate deflection in internal stress measurement
e Strain

ecrit  Critical strain
ecrit * Intrinsic crack onset strain
ei Film internal strain
h Film-to-substrate thickness ratio
µf , µs Shear modulus of film, of substrate

nf , ns Poisson’s ratio of film, of substrate
si Film internal stress
x Adjustable factor in nano-indentation tests
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Thank you!
yves.leterrier@epfl.ch
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