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ABSTRACT: A singular critical onset strain value has been used to characterize the
strain limits of barrier films used in flexible electronics. However, such metrics do not
account for time-dependent or environmentally assisted cracking, which can be critical in
determining the overall reliability of these thin-film coatings. In this work, the time-
dependent channel crack growth behavior of silicon nitride barrier films on poly(ethylene
terephthalate) (PET) substrates is investigated in dry and humid environments by tensile
tests with in situ optical microscopy and numerical models. The results reveal the
occurrence of environmentally assisted crack growth at strains well below the critical
onset crack strain and in the absence of polymer-relaxation-assisted, time-dependent
crack growth. The crack growth rates in laboratory air are about 1 order of magnitude
larger than those tested in dry environments (dry air or dry nitrogen). In laboratory air,
crack growth rates increase from ∼200 nm/s to 60 μm/s for applied stress intensity
factors, K, ranging from 1.0 to 1.4 MPa·m1/2, below the measured fracture toughness Kc
of 1.8 MPa·m1/2. The crack growth rates in dry environments were also strongly
dependent on the prior storage of the specimens, with larger rates for specimens exposed to laboratory air (and therefore
moisture) prior to testing compared to specimens stored in a dry environment. This behavior is attributed to moisture-assisted
cracking, with a measured power law exponent of ∼22 in laboratory air. This study also reveals that much larger densities of
channel cracks develop in the humid environment, suggesting an easier initiation of channel cracks in the presence of water
vapor. The results obtained in this work are critical to address the time-dependent and environmental reliability issues of thin
brittle barriers on PET substrates for flexible electronics applications.
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1. INTRODUCTION

Barrier layers that contain ultrathin inorganic hard coatings on
poly(ethylene terephthalate) (PET) substrates have become
indispensable in the flexible electronics industry for maintaining
reliable operation of devices, with the most notable demand
from organic light-emitting diodes for flexible displays and thin-
film solar cells. For these applications, various barrier film
architectures (multilayer stacks) and processing methods
(PECVD, ALD, etc.) have been developed to create ultrabarrier
films with an effective water vapor transmission rate (WVTR)
less than 10−4 g·m−2·day−1. Of these methods, multilayer
amorphous silicon nitride (SiNx) thin films fabricated by
plasma-enhanced chemical vapor deposition (PECVD) have
recently found success in the development of flexible
ultrabarrier coatings with WVTR on the order of 10−6 g·m−2·
day−1 and have also been demonstrated on flexible displays.1−7

SiNx films can be deposited at low temperatures (∼100 °C)
and high deposition rates (60 nm/min) while exhibiting great
barrier film qualities, such as low porosity and excellent
transparency.8−11 Moreover, residual stresses can be controlled
through the PECVD deposition conditions of substrate
temperature, plasma power, chamber gas pressure, and
chemical composition (i.e., ratio of silicon to nitride in this
case).12,13 This allows the SiNx films to have compressive

residual stresses, which help prevent pre-existing microcracks
from growing without applied external loads.14

Flexible electronics are by design meant to be subjected to
applied strains. It is therefore of paramount importance to
study the mechanical reliability of the inherently brittle barrier
coatings, including channel cracking of the coating and its
debonding from the PET substrate. Most of the related
reliability studies have so far focused on determining the critical
onset strains to failure and density of cracks.15−23 For example,
George and co-workers15−17 specifically studied nanoscale
atomic and molecular layer deposition (ALD and MLD) layers.
Leterrier and co-workers18−20 also reported that inherent
microdefects in inorganic films initiate crack propagation.
However, when the application of these barriers to flexible
electronics is considered, the strains applied may be much
different than the monotonic loading that is found in most of
the studies for crack onset strain. This includes the application
of fixed strains for curved devices or the application of cyclic
strains during flexure, both of which may allow time-dependent
behavior to occur. Thus, the question arises as to the
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appropriateness of the use of crack onset strain results for the
wide range of loading conditions that may be seen in such
coatings in flexible electronic devices, since time-dependent
effects are not readily captured by this approach. In fact, Suo
and co-workers24−27 demonstrated that time-dependent
cracking of an elastic film made of a material that does not
undergo any subcritical cracking (i.e., no environmentally
assisted cracking or stress corrosion cracking) can occur if a
viscous underlayer (i.e., a layer that undergoes creep) is present
between the film and an elastic substrate. The physical
explanation relies on the following fact: as the underlayer
creeps, the stress field relaxes in the crack wake, resulting in a
decreased constraint effect of the underlayer on the film and
therefore an increased driving force for crack extension (i.e., the
stress field around the crack tip intensifies). If, over time, the
driving force exceeds a critical value, crack extension occurs:
after some amount of cracking, the driving force is reduced due
to a larger constraint effect of the underlayer that has not crept
yet. The process can repeat itself, and a steady-state crack
velocity is attained. Clearly, a similar cracking scenario can
occur for thin barriers on PET substrates under tensile strains,
depending on the viscous properties of the polymer. Here we
studied the time-dependent crack growth properties of SiNx

coatings on poly(ethylene terephthalate) (PET) substrates by
considering both polymer creep and subcritical cracking of the
SiNx films, thanks to an integrated experimental and numerical
approach.
Many brittle films undergo environmentally assisted

subcritical cracking, such as SiO2 films.28−31 So far, there are

few studies on environmentally assisted cracking of SiNx films,
although environmentally assisted debonding between SiNx

films and Cu has already been demonstrated.32 Recently,
Vellinga et al.33 observed faster crack propagation in SiNx

barriers on polyethylene naphthalate (PEN) substrates in
higher relative humidity surroundings using resistance measure-
ments and in situ microscopy. They argued that this
environmental effect was unlikely due to the hygroscopic
expansion of the polymer, and instead concluded that SiNx

barriers undergo environmentally assisted cracking. Guan et
al.34 also performed electromechanical two-point bending tests
in dynamic and static loading modes to determine the
subcritical crack growth exponent n in SiNx coatings on PEN
substrates. Their results suggest that SiNx thin films behaves
differently from bulk Si3N4 ceramics that are essentially
immune to environmentally assisted cracking.35,36 However,
these studies neither directly measured the crack growth rates
as a function of driving force for channel cracking nor
considered the aforementioned potential effects of polymer
relaxation. It is therefore the goal of this study to characterize
and investigate the crack growth behavior of SiNx films on a
PET substrate under different environmental conditions by
employing an in situ microscopy technique for measurement of
crack growth. Combined with numerical models, this study
elucidates the origins of time-dependent crack growth behavior
by differentiating the contribution of polymer creep from that
of environmentally assisted cracking.

Figure 1. (a, b) Example of time-dependent channel crack growth in 250 nm thick SiNx in air at strain values of (a) 0.6% and (b) 0.7%. (c)
Schematic of crack model. The SiNx thin film is perfectly bonded to the PET substrate, h/H = 1/100.
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2. EXPERIMENTAL AND NUMERICAL METHODS
2.1. Deposition and X-ray Photoelectron Spectroscopic

Characterization of SiNx Films on Poly(ethylene terephthalate)
Substrate. SiNx films were deposited on commercial heat-stabilized,
125 μm thick PET (Dupont Teijin Films Melinex ST505). The PET
substrate was laser-cut into 50 mm long and 5 mm wide specimens
before deposition. SiNx was then deposited on the PET substrate by
use of a Unaxis PECVD system with radio frequency (rf) parallel plate
configuration at a temperature of 110 °C, pressure of 1 Torr, and 20 W
rf plasma. Silane (SiH4) and ammonia (NH3) gases were used as the
process gases with flow rates of 12 and 14 sccm, respectively, while 200
sccm of He was used as the carrier gases. The deposition rate was
about 10 nm/min, and the film thickness was confirmed by
ellipsometry (Wollam M2000 ellipsometer) measurements of a
PECVD film deposited on a surrogate Si sample. SiNx films with
thicknesses ranging from 15 to 250 nm were deposited to study the
thickness effect on fracture behavior. The time-dependent crack
growth study was carried out with 250 nm thick SiNx films.
Chemical characterization of SiNx films was conducted with X-ray

photoelectron spectroscopy (XPS) on a Thermo Scientific K-Alpha X-
ray photoelectron spectrometer system with a monochromatic Al Kα
X-ray source (hν = 1486.6 eV). The top surface of SiNx deposited by
the PECVD process was etched for 55 s by Ar+ ion sputtering so as to
remove oxidized and contaminated portions on exposure to
atmosphere.
2.2. In Situ Optical Microscopy Tensile Tests. A microtensile

testing stage (Linkam Scientific Instruments, TST350) was used for all
tensile tests, with a load resolution of 0.01 N and displacement
resolution of 10 μm. In situ microscopy was used to observe the onset
of cracking and/or time-dependent crack propagation during the tests.
The observations were made with either a confocal microscope
(Olympus LEXT, OLS4100) or an optical microscope (Edmund
Optics, 1312 M 59-365). Tests were performed in laboratory air as
well as controlled environments. To perform the experiments in inert
environments, the tensile stage was sealed and dry air (Airgas,
AIUZ300) or nitrogen (Airgas, NI UHP300) was flowing through the
stage during the test. Both gases have negligible moisture content (i.e.,
2 ppm). For testing in laboratory air, the lid was removed from the
Linkam stage and the sample was exposed to the laboratory
environment, with an approximate relative humidity content of 30%.
Two different types of test were performed. The first one consisted

of measuring the critical onset strain, εc, at which the first propagating
crack was observed. For these tests, the observation area was kept
constant (258 × 258 μm). The values of εc were obtained as a function
of applied strain rates (0.00025, 0.00125, 0.0025, 0.0125, 0.025, and
0.125%/s) and environment (laboratory vs dry air). These experi-
ments established the occurrence of environmentally assisted and
time-dependent cracking. These effects were further characterized by
measuring the crack growth rates during relaxation tests in laboratory
air and inert environments. The specimens were strained up to a value
below εc, at which point the displacement was kept constant, and the
crack growth behavior was observed by in situ microscopy (see
examples in Figure 1a,b). Specifically, the crack growth rates were
calculated by averaging the measured rates of the growing cracks
(typically 20−30 cracks) tracked through the entire observation area
(region with a radius of 13.6 mm). The number of cracks within a
fixed area was also calculated (644 × 643 μm). In a few instances,
movies of the propagating cracks were taken at a rate of 30 frames/s.
Depending upon the speed of crack propagation, the frames were
extracted from the video at regular intervals by use of Matlab. The
pixel position corresponding to the crack tip was determined, from
which the crack length could be determined. The increase in crack
length was then plotted against time to determine the overall crack
growth behavior and speed.
2.3. Driving Force for Crack Propagation. The mechanics

framework for thin-film crack propagation was developed in the 1990s
for microelectronics applications.14,37,38 Cracking in integrated circuits
is mainly driven by residual stresses that are often present in the
films,39 while for flexible electronics applications, a mechanical load is
also applied. A key concept associated with thin-film channel cracking

on substrates is that the driving force (once the crack is long enough
with respect to the film thickness) is independent of the crack length
(unlike the driving force for freestanding films). This is due to the
substrate constraint effect on the relaxed elastic energy in a volume of
material around the crack. Instead, the driving force becomes a
function of film thickness, its amplitude being governed by the
effective constraint provided by the substrate. As a result, the driving
force is a strong function of the elastic mismatch between film and
substrate, with larger driving forces (less constraint) for compliant
substrates/stiff films arrangements, and is given by38
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where σ, σappl, and σres are the total, applied, and residual stress in the
film, respectively; εappl and εres are the applied and residual strains in
the film; Ef* and hf are the plane strain elastic modulus and thickness
of the film; and Z is the dimensionless energy release rate, which
depends on the elastic mismatch α between film and substrate:14

α =
* − *
* + *

E E
E E

f s

f s (2)

where Es* is the plane strain substrate elastic modulus. Numerical
models can provide the value for Z as a function of α.14,40,41 The
energy release rate Gss is related to the stress intensity factor K of the
crack by eq 3:42

= *K G Ess f (3)

Equation 1 assumes linear elastic behavior of both film and
substrate38 and dictates the driving force for channel cracking of an
isolated crack (whose front width corresponds exactly to the film
thickness) on a semi-infinite substrate.38 The equation can be modified
in the case of multiple cracks,41 thinner substrates,40,41 delamination,
or if the crack tip lies on either side of the interface.38,43,44 It can also
be modified in the case of plastic deformation of the substrate and/or
film.45,46 Local yielding in the substrate results in an increase in driving
force. By assuming a constant yield strength at the film−substrate
interface, Hu and Evans46 used a shear lag model to estimate the
plastic yielding effect on Gss as
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where σ is the stress in the coating [σ = Ef(εappl + εres)] and σ0 is the
yield stress of the substrate.

2.4. Mechanical Characterization of SiNx Coatings and
Poly(ethylene terephthalate) Substrate. As explained in section
2.3, quantification of the driving force Gss for channel crack
propagation requires knowledge of several mechanical properties of
the film and substrate (see eqs 1 and 4) as well as knowledge of the
crack configuration. The SiNx films can be accurately modeled as a
linear elastic material, for which only Ef and νf are required.
Nanoindentation (Hysitron triboindenter) was used to measure Ef.
A 1 μm thick SiNx coating deposited on a surrogate Si substrate was
indented to a depth of 100−300 nm, and a value of Ef = 123 ± 5.81
GPa was obtained. A value of νf = 0.253, previously reported for
PECVD SiNx films,

47 was used. The microtensile stage was used to
obtain uniaxial tensile properties of the PET substrate (50 mm long, 5
mm wide specimens) along with stress relaxation behavior.

An in situ optical microscopy test was performed to estimate the
residual strain, εres, in the 250 nm thick SiNx films. In the case of
residual compressive strains (as for the SiNx films), this quantity can
be approximated by first straining (in our case up to 0.8%) a specimen
so as to form several cracks and then reporting the applied strain upon
unloading at which the cracks become close and therefore cannot be
observed anymore (see Figure S1). Using this technique, we obtained
εres = −0.15% (±0.02%), corresponding to a compressive residual
stress of 185 (±25) MPa for the 250 nm thick SiNx coatings.
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The crack configuration was obtained from scanning electron
microscopic (SEM) images (Hitachi SU8230) of a few cross sections,
by use of a focused ion beam (FIB), at the locations of channel cracks.
A 10 nm thick layer of Au/Pd was first sputtered on top of the SiNx
coatings to reduce charging effects. Then a 10 μm deep, 30 by 30 μm2

trench was etched around a channel crack.
2.5. Numerical Model. We evaluated the energy release rate for a

long channel crack in a SiNx thin film on a PET substrate by using the
finite element package ABAQUS.48 To this end, we adopted a linear
elastic model for SiNx and an elastic-viscoplastic model for PET. The
latter allows us to account for both plastic yielding and viscous
relaxation that may occur in a highly deformed region of PET near the
crack. In the one-dimensional (1D) representation of a three-
dimensional (3D) elastic−viscoplastic model, the total strain rate ε̇
is given by

ε ε ε̇ = ̇ + ̇e p (5)

Here the elastic strain rate ε ̇ is linearly proportional to the stress rate σ̇
according to ε ̇e = σ̇/Es. The plastic strain rate is given by a Cowper−
Symonds overstress power law:48
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where D and n′ are the material constants and σY(εp) is the yield stress
that depends on the total yield strain εp. Figure 1c shows the schematic
of our finite element model for evaluating the steady-state energy
release rate Gss of a long channel crack in a SiNx thin film on a PET
substrate. In this model, a 250 nm thick SiNx film is perfectly bonded
with a 25 μm thick PET substrate. The in-plane geometry of the film
and substrate is 180 × 180 μm2. The compressive residual stress in the
SiNx film is taken into account. A 90 μm long wedge crack was created
in the middle of the SiNx thin film, and the wedge angle was
sufficiently small so as to minimize its impact on the numerical results.
We calculated the stress and strain distributions in the cracked system
by imposing a displacement-controlled load on the substrate
(corresponding to an applied strain rate of 0.027%/s), and then we
evaluated Gss using the J-integral approach.49 To accurately evaluate
Gss, we used a fine mesh around the crack tip in both SiNx and PET, as
shown in Figures S2 and S3.

3. RESULTS AND DISCUSSION
3.1. Optical Properties and Chemical Character-

ization. The refractive index of SiNx films was measured to
be 1.77 at 632.8 nm by ellipsometry. By use of XPS, oxygen was
also found in the bulk of SiNx film, which could have been
incorporated in the structure during the deposition process or
by diffusion of oxygen and/or water vapor through the pores
upon exposure to the atmosphere. XPS spectra (see Figure S4)
reveal that the total atomic percent of Si is 44.56%, of which
95.6% is bonded to N while 4.4% is bonded to H. The atomic
percentages of N and O are 53.32% and 3.12%, respectively.
The ratio of Si/N (0.81) and refractive index determined for
the SiNx used during the experiment are similar to those in the
literature.50,51 Table 1 shows the overall atomic percentages
found in the PECVD SiNx film along with the NIST reference
binding energies used to determine the composition.

3.2. Driving Force Evaluation. As mentioned in section
2.3, eq 1 is valid only for the following conditions: the channel
crack front width corresponds to the film thickness (i.e., the
crack does not penetrate into the PET substrate, nor does it
delaminate at the interface), the crack is isolated on a semi-
infinite substrate, and both substrate and film exhibit a linear
elastic behavior. By use of cross section SEM images, the crack
tip was confirmed to sit at the film/substrate interface for a
specimen tested at 0.7% for 30 min with no sign of
delamination. However, for a specimen tested at 0.7% for 5
days, the crack tip was observed to be several micrometers deep
inside the PET substrate from the interface, suggesting cracking
of the substrate for these long periods of time. In this study, we
focus on the time-dependent crack growth behavior over short
periods of times (<30 min), for which the crack tip remains at
the interface.
Figure 2a shows the measured uniaxial tensile curve of the

PET substrate by use of the microtensile stage. The measured

elastic modulus Es is 4.07 ± 0.12 GPa, and the 1% offset yield
strength of the PET, σ0, is ∼90.6 MPa. A value of νs = 0.30 for
our PET substrate was used. Table 2 summarizes all the

Table 1. Chemical Composition and Atomic Percentage
Found in PECVD SiNx

element at. % phases binding energy (eV) ref

Si 44.56 SiNx (95.6%), SiHx
(4.4%)

101.56 (SiNx), 99.65
(SiHx)

62,63

O 3.12 531.98 64
N 52.32 397.59 65

Figure 2. (a) Stress−strain curve and (b) stress relaxation curves of
PET substrate.

Table 2. Mechanical Properties of PECVD SiNx Film and
PET Substrate

mechanical
properties

PECVD SiNx
film

mechanical
properties PET substrate

Ef 123 ± 5.8 GPa Es* 4.47 ± 0.25 GPa
νf 0.253 σ0 90.6 MPa
Ef* 131 ± 6.2 GPa D 80 h−1

εres −0.15% ±
0.02%

n′ 20

σy (50 MPa)(1 +
1.74εp)
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relevant mechanical properties for SiNx films and PET
substrate. From the measured Es* and Ef* values, the elastic
mismatch is α = 0.934, and the corresponding dimensionless
energy release rate Z = 11.8.41 Huang et al.41 studied the effects
of substrate finite thickness and channel crack interactions on
the driving force Gss. For α = 0.95 (a value similar to our
bimaterial system), they showed that the semi-infinite substrate
case can be approximated for H/h > 60, a condition obtained
for our 125 μm thick PET/250 nm thick films (H/h = 500). Gss
is also largely unaffected by neighboring cracks as long as the
normalized crack spacing, S/h, is larger than 150, which
corresponds in our case to a crack spacing S of 37.5 μm. A
significant number of the cracks that we observed meet this
criterion. Therefore, we did not consider neighboring crack
interaction in the calculation of Gss.
Figure 2a shows that the PET substrate deforms plastically

for strains larger than 2.5%. Although all applied strains in this
study are less than 1%, the local strains in the PET ahead of the
cracks in the SiNx coating are much larger; hence eq 4 should
be used. When eq 4 is compared to eq 1, the driving force Gss is
larger by 30−60% due to local yielding of the substrate, as
shown in Figure 3 for the range of studied applied strain. We

used finite element modeling to assess the accuracy of eq 4.
First, we determined the viscoplastic parameters of PET by
fitting both the experimental tensile stress−strain curve and
stress relaxation curves (see Figure 2b, showing six stress
relaxation curves of PET for two different environments (air
and dry N2) and three different strain levels (0.7%, 1%, and
5%)]. We obtained D = 80/hour, n′ = 20, and σy(εp) = (50
MPa)(1 + 1.74εp); see Table 2. Figure 2 shows that the fitting
curves are in close agreement with the experimental results of
PET. Figure 3a shows the von Mises stress contour in the
system at an applied strain load of 0.95% with a compressive
residual strain of εres = −0.15% in the SiNx thin film
(corresponding to 195 MPa residual stress). Stress concen-
tration occurs near the crack tip in SiNx, in spite of the

constraint from PET underneath.25 Figure 3b shows the von
Mises stress contour in the PET at the same load. It is seen that
high stresses develop in the PET beneath the crack wake.
Under the applied strain of 0.95%, the far-field stress in the
PET is only about 40 MPa, while the stress in PET underneath
the crack wake reaches 95 MPa, indicating that plastic yielding
has occurred in this part of PET. Such local plastic deformation
in PET arises due to the opening displacement of the crack
face. This in turn allows for a larger crack opening than what an
elastic PET model would predict. This result underscores the
importance of incorporating plastic yielding in the model. On
the basis of the crack-tip field, we obtained the corresponding
Gss = 25.2 N/m using the J-integral approach in ABAQUS. In
comparison, the value obtained for this system by use of eq 4 is
Gss = 40.5 ± 2.46 N/m (see Figure 3c). This discrepancy arises
from the fact that the shear stress in the PET near the interface
is nonuniform (from our finite element results) and hence the
simplified shear lag model46 with a constant interface shear
yield strength is not applicable to the present case. In the
following results, the modeling curve shown in Figure 3c is
deemed more accurate and therefore used to evaluate Gss as a
function of the applied strains for the 250 nm thick SiNx films.
Figure 2b also shows a significant amount of stress relaxation

of the PET for strains of 5%, which is likely to occur locally
ahead of the crack tips. As explained in the Introduction, the
creep of a viscous sublayer induces time-dependent crack
growth in the film. Huang et al.25 studied analytically and
numerically the increase in driving force with time for several
crack geometries. Their numerical solutions apply only for thin
viscous sublayers for which a shear lag model could be used.
For thick viscous layers (as is the case with our PET substrate),
a 3D viscous flow problem needs to be solved numerically to
calculate the driving force, which was done with our numerical
model. Specifically, the simulated crack system was held at the
applied strain of 0.95% for 0.5 h. Figure 4a−d shows the
evolution of stress distribution in PET beneath the crack wake.
Figure 4e shows the corresponding peak stress as a function of
time, which drops from 95 MPa at time t = 0 to 82 MPa at t =
0.5 h. However, such viscous stress relaxation in PET has a

Figure 3. Finite element model and results. (a) von Mises stress
contour in SiNx thin film and PET substrate (lower image) and
magnified view of stress concentration around the crack tip in SiNx
thin film (upper image). (b) von Mises stress contour in PET, where
high stresses develop beneath the crack wake in PET. (c) Calculated
Gss vs εapp, compared to eqs 1 and 4.

Figure 4. Time evolution of energy release rate and stress beneath the
crack wake in PET. (a−d) von Mises stress contour in PET at different
times as indicated in panel e, showing the viscous stress relaxation
effect. (e) Peak stress in PET and corresponding energy release rate
for film cracking as a function of time.
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minor influence on the increase of Gss in the SiNx thin film; as
shown in Figure 4e, Gss increases only slightly, from 25.2 N/m
at t = 0 to 25.4 N/m at t = 0.5 h. Therefore, the effect of viscous
relaxation on Gss is negligible at low strain loads of less than 1%
within the time scale of 0.5 h.
3.3. Fracture Energy Calculation. By use of our

numerical model (see Figure 3c), the critical energy release
rate (Gc) was calculated to be 25.2 ± 1.26 J/m2 for the 250 nm
thick coatings, corresponding to a fracture toughness (KIc)
value of 1.82 ± 0.03 MPa·m1/2 (by use of eq 3). It should be
noted that KIC is equivalent to Kc since we are dealing with
mode I loading for the samples being tested. These values were
obtained from tests performed at a strain rate of 0.05%·s−1 to
obtain the critical onset strain, εc (εc = 0.95% ± 0.02% for hf =
250 nm). This KIc value is slightly larger than the values
(ranging from 1.54 to 1.73 MPa·m1/2) measured with
microbeams made of PECVD SiNx.

52 Our measured values
constitute an upper limit on the actual KIc, given that the tests
consist of detecting cracking in a small area (258 × 258 μm2)
within a large specimen (50 × 5 mm2). KIc values were also
calculated for our thinner SiNx films (see Figure 5), by adapting

our numerical model to thinner coatings, based on the
measured εc as a function of coating thickness (also shown in
Figure 5). As mentioned above, residual compressive strains
were not measured for other thicknesses and were therefore
approximated as being equal to the residual strains measured
for hf = 250 nm. Figure 5 shows that KIc for thicknesses ranging
from 50 to 200 nm are fairly similar to the values calculated for
hf = 250 nm, meaning these material properties are thickness-
independent (as should be expected for a linear elastic, brittle
material).42 One source of discrepancy for the slightly varying
values between different thicknesses may be that the residual
stresses vary with thickness. Additionally, it is likely that, as the
applied strains (exceeding 3%) are so large for the 15 and 20
nm thick coatings, cracking in the polymer occurs at the crack
tip, in which case the current numerical model without
consideration of cracking would not be accurate. A power-law
fit of the data from Figure 5 gives εc = 1.11h−0.443(R2 = 0.995),
as opposed to the classical h−1/2 scaling (see eq 1), which likely
results from these considerations [small-scale plasticity of the
substrate, thickness-dependent residual strains, and departure
from ideal channel crack geometry (i.e., no substrate damage)].
However, a h−1/2 power equation can also fit the data fairly well
(R2 = 0.986), especially given the error bars associated with εc
measurements (see Figure 5). This implies that eq 1 can

reasonably predict the thickness dependence, despite the above
considerations, as observed experimentally with previous
studies on ultrathin coatings.15 As shown next for the case of
the 250 nm thick SiNx coatings, the safe range of applied strains
actually needs to be further decreased due to time-dependent
cracking.

3.4. Time-Dependent Crack Growth. Figure 6 shows the
measured εc as a function of applied strain rate in laboratory

(humid) air and dry air environments. The results clearly show
that εc is a function of both applied strain rate and
environmental condition. In humid air, the critical onset strain
decreases from 0.95% ± 0.02% to 0.75% ± 0.03% by decreasing
the applied strain rate from 10−1 to 3 × 10−4 %·s−1, while in dry
air, the corresponding decrease in critical onset strain was only
from 0.95% ± 0.01% to 0.88% ± 0.03%. The lower measured εc
for lower strain rates suggest time-dependent crack growth
(channel cracking) of existing cracks that would be on the order
of the time scale for the test observation. As the strain rate is
increased above 0.01%·s−1, εc becomes independent of the
environment. The effect of strain rate on εc is consistent with
the study by Guan et al.,34 and the effect of humidity on time-
dependent crack growth is consistent with the study by Vellinga
et al.33 Both studies demonstrated environmentally assisted
cracking of the SiNx coatings on PEN polymers. Here, the crack
growth rates and behavior were further characterized as a
function of applied strains (from 0.6% to 0.85%)/driving forces
(see numerical model in Figure 3c for corresponding Gss), in
different environments (laboratory air, dry nitrogen, dry air). In
our calculations, we ignored the effects of hygroscopic
expansion on K. On the basis of a coefficient of hygroscopic
expansion of 8 × 10−6/% relative humidity (RH) for our PET,
we approximate an increase in applied strain of 0.024% from a
dry environment to laboratory air (∼30% RH). This results in a
small decrease in applied stress in the case of displacement-
controlled tests in laboratory air compared to dry environ-
ments. The effect on Z (and therefore on the driving force) is
deemed negligible (the elastic mismatch, α = 0.934, increases
by ∼0.2% in laboratory air).
The in situ observation of crack growth confirmed different

behavior depending on the humidity content (no difference was
observed between dry air and dry nitrogen). First of all, the
number of growing cracks was significantly larger in humid air
compared to dry nitrogen (see Figure 7b), with more than 10
times more cracks in the humid environment at both 0.6% and

Figure 5. Influence of thickness on εc and Kc for SiNx on PET
substrate.

Figure 6. Effect of strain rate on critical onset strain of 250 nm thick
SiNx in air and dry air at room temperature.
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0.7% applied strain. The cracks were also observed to grow
faster (by ∼1 order of magnitude) in the humid environment.
As shown in Figure 7a, the average measured crack growth rates
were also highly sensitive to the driving force K (i.e., applied
strain), thereby explaining the aforementioned strain rate
effects on critical onset strain. For example, in humid air, the
crack growth rate at εappl = 0.75% (K = 1.37 MPa·m1/2) is
∼58.7 ± 38.4 μm·s−1, which would explain the observed
decrease in critical onset strain from 0.95% ± 0.02% at an
applied strain rate of ∼0.1%·s−1 (corresponding to a displace-
ment rate of 50 μm·s−1) to 0.75% ± 0.03% at an applied strain
rate of ∼3 × 10−4 %·s−1 (corresponding to a displacement rate
of 0.1 μm·s−1).
The influence of humidity is further highlighted by

considering the effect of specimen storage prior to testing. In
our initial testing procedure, specimens tested in dry environ-
ments were exposed to laboratory air prior to testing, which
may have allowed moisture to absorb at the specimen’s surface
and diffuse into the SiNx coating and therefore enable further
time-dependent crack growth. Therefore, some specimens were
kept in a dry environment (glovebox) prior to testing. Prior to
SiNx deposition, these specimens were also kept in the vacuum
deposition chamber at 110 °C for 1 h in order to minimize the
moisture content in PET. As shown in Figure 7a, crack growth
rates are further decreased for these specimens, stored in dry
conditions and tested in dry N2, compared to the specimens
tested in dry environments but exposed to laboratory air prior
to testing. A power law equation was used to fit the data:

=
⎛
⎝⎜

⎞
⎠⎟

a
t

C
K
K

d
d

n

c (7)

with coefficients C and n listed in Table 3 as a function of
environment and specimen storage.

These average rates were calculated only from growing cracks
that were not interacting with particles present on the PET
substrate before deposition. Figure 8 shows the measured

length extension over time for four isolated cracks (two
different strain levels in dry N2 and laboratory air) that did not
have particles in their path. This figure shows smooth crack
growth at constant rates that are consistent with that shown in
Figure 7a. However, the in situ microscopic observations
revealed drastically different channel crack growth behavior in
films where large densities of contaminants/particles were
present (occurrence of these particles depends on handling of
the PET substrate prior to deposition). In dry N2, at applied
strains of 0.85% (corresponding to stable crack growth of 11.6
± 5.50 μm/s in the absence of particles), it was observed that
cracks grew from particles at rates too large to be measured,
after an incubation period. The cracks grew at these large rates
until they reached other particles and were arrested. After
another incubation period, the cracks started again propagating
from the particles at rates too large to be measured, until they
again reached more particles, and the process repeated itself.
The incubation period was measured to increase with
decreasing applied strains (from ∼250 ± 150 s at 0.9% to
900 ± 650 s at 0.75%). Importantly, this unstable crack growth
behavior in the presence of particles was not observed when the
tests were performed in laboratory air.
As mentioned above, time-dependent crack growth due to

PET creep is unlikely to occur due to the minor effect of PET
stress relaxation on the increase of Gss within a time scale of 0.5
h. Hence, we conclude that environmentally assisted cracking of
SiNx governs the observed behavior in humid air. Given that
the crack growth behavior is similar between dry nitrogen and
dry air, and given the importance of specimen storage that
likely impacts the moisture content in the specimen or at the
specimen’s surface, our results indicate that water molecules are
the chemically active species in the crack growth process (and
not oxygen). It is possible that traces of water in the dry
environments (∼2 ppm) and/or adsorbed water at the surface
of the PET polymer before the coating deposition could lead to
environmentally assisted cracking to some degree in these

Figure 7. (a) Measured crack growth rates of 250 nm thick SiNx as a
function of stress intensity factor in air (green circles), nitrogen (red
diamonds), and dry air (blue triangles). (b) Density of cracks in air
and in nitrogen measured 30 min after first observed crack.

Table 3. Coefficients n and C as a Function of Environment
and Specimen Storage Conditions

specimen storage environment n C (m/s)

exposed to air air 21.8 2.78 × 10−2

exposed to air N2 15.5 6.91 × 10−5

exposed to air dry air 15.0 5.65 × 10−5

kept in dry conditions N2 29.3 6.89 × 10−4

Figure 8. Crack extension as a function of time.
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environments. This would explain the increased rates observed
in dry N2 for the specimens stored in laboratory air prior to
testing. Region I of the da/dt−K curve for soda lime silica is a
strong function of water concentration.53,54 The environ-
mentally assisted cracking of our SiNx coatings is therefore
reminiscent of the stress corrosion cracking in glass, which
relies on a stress-enhanced chemical reaction between water
and glass at the highly stressed crack tip.55,56 At a crack tip in
SiNx coatings, chemical attack from invading water molecules
could enhance the rate of Si−N bond breaking and accordingly
the rate of crack growth, owing to the stress-assisted hydrolysis
reaction similar to the surface dissolution of Si3N4: Si3N4 +
6H2O → 3SiO2 + 4NH3.

57

The results also strongly suggest that the presence of water
vapor affects the initiation of channel cracks. While similar
crack growth rates (∼100 nm·s−1) are measured in humid air at
an applied strain of 0.6% (K = 1.0 MPa·m1/2) and in dry N2 at
0.7% (K = 1.3 MPa·m1/2) (see Figure 7a), the average
measured number of cracks is 43 in air versus four in N2 (see
Figure 7b). A possible explanation is that the environment
accelerates the subcritical growth of surface flaws into channel
cracks. Equations 1 and 6 apply only to the growth of long
channel cracks, not their initiation. An underlying assumption
often made to use these equations is that the long channel
cracks are initially present in the coatings. If this were the case,
there should not be 10 times more channel cracks in air than in
dry N2 for similar channel crack velocities. Instead, we
hypothesize that smaller defects, such as surface flaws, are
present. These surface flaws are initially surrounded by the hard
SiNx (for example, assume a semielliptical surface flaw with a
depth less than the coating thickness). When exposed to the
environment, these surface flaws may grow in a self-similar
fashion thanks to environmentally assisted cracking until they
reach the interface and transition to a channel crack.
The issue of nucleating versus propagating a channel crack

may also explain the observed environment-dependent crack
growth behavior in the presence of particles (described above).
In dry N2, much faster crack propagation starting from particles
occurs after an incubation period that increases with decreasing
applied strains, a behavior that is not observed in humid air
(only stable crack propagation at measurable crack growth rates
was observed in this environment for similar applied strains). A
possible explanation is that, as a channel crack is arrested at a
particle, polymer relaxation occurs (at a larger rate due to the
particle’s stress concentration effect), leading to an increasing
stress field. Since the channel crack is not present on the other
side of the particle (from where the channel crack arrested), it
needs to be nucleated. It is possible that the stress required to
nucleate the channel crack is, under these conditions, larger
than the stress required to propagate the channel crack; hence,
once the channel crack is nucleated, the driving force Gss is
large enough to provide fast crack propagation. This
explanation would be consistent with longer incubation periods
that were measured for lower applied strains (as it would take
more time to intensify the stress field ahead of the particle). In
humid air, fast crack propagation from particles was not
observed (meaning Gss did not significantly increase), which
could be the result of fast, environmentally assisted nucleation
of channel cracks, as explained above. This reasoning holds only
if the stress concentration effect of the particle is large enough
to allow significant polymer relaxation effects. This singular
effect of particles on time-dependent cracking in SiNx coatings

deserves further investigation and highlights the challenges of
accurately predicting cracking in coatings that contain particles.
As a concluding remark, we note that the time-dependent

results described in this paper need to be restricted to short
times (∼30 min) after channel cracking is first observed. As
mentioned in section 3.2, our FIB cross sections revealed
cracking of the polymer at the location of channel cracks.
Further study is therefore required to capture the evolution of
driving force with time for channel crack propagation in the
case of evolving substrate damage and to correlate it with the
observed crack growth behavior under much longer time
exposures (∼days). This knowledge is also crucial to assess the
long-term reliability of flexible electronics requiring thin film
barriers.58−60

4. CONCLUSIONS
In summary, we have found the use of a critical strain εc at high
strain rates to be insufficient to define the safe operating
envelope against channel cracking for SiNx barrier films on PET
substrates, due to time-dependent crack growth. Specifically, it
was shown that the channel crack growth in SiNx barrier films
can occur at strain levels 35% below the apparent εc due to
environmentally assisted crack growth. The da/dt−K curves
were obtained for 250 nm thick films on 125 μm thick PET in
humid and dry environments and as a function of storage
conditions prior to testing. Numerical models were instrumen-
tal in calculating the driving force K and in revealing that
polymer relaxation during the displacement-controlled cracking
tests has only a minor effect on time-dependent crack growth.
The crack growth rates were higher by a factor of 10 in humid
air versus dry nitrogen. In dry environments, the rates were also
strongly affected by the specimen storage condition, with faster
crack growth for specimens exposed to laboratory air prior to
testing. This behavior likely results from moisture-assisted
cracking, with a measured power law exponent of ∼22 in
laboratory air and ∼29 in dry N2 for specimens stored in a dry
environment prior to testing. A higher channel crack density
was also measured in humid air, highlighting the role of
humidity on the nucleation of channel cracks. The analysis
presented in this work is valuable because environmentally
dependent crack growth behavior has been appropriately
characterized for the first time in barrier films on flexible
substrates to better define the reliability of hermetic coatings
for flexible devices. We expect that this approach of testing can
be widely used for other thin barrier films since the state of the
art technology adopted allows for in situ visualizations down to
15 nm in thickness.61
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