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ABSTRACT

Kinetics of environmentally assisted subcritical cracking in SiNx barrier films is studied by in situ optical microscopy experiments and
quantum chemical molecular orbital theory simulations. The activation volume of 0.83–1.11 cm3/mol and the activation energy of 138 kJ/
mol (1.43 eV) are experimentally measured for subcritical crack growth in moist air. The quantum chemical simulations reveal the molecular
mechanism of stress corrosion in mechanically strained SiNx under water attack, and the predicted activation energy and activation volume
are in good agreement with the experimental results. The combined experimental and modeling studies provide a fundamental
understanding of subcritical crack growth in SiNx barrier films for flexible electronic device applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111400

Flexible electronic devices, such as solar cells, displays, and espe-
cially organic light emitting diodes (OLEDs), are constructed by
mounting very thin active layers on flexible polymer substrates, such
as polyimide or transparent conductive polyester films.1 These devices
are usually subjected to a variety of environmental and mechanical
loading conditions. In particular, their active functional layers are
highly sensitive to environmental attack from oxygen and water vapor.
Hence, barrier films are necessary to protect these active layers from
environmental attack. Recently, multilayer amorphous silicon nitride
(SiNx) thin films fabricated by plasma-enhanced chemical vapor depo-
sition (PECVD) have found success in the development of flexible
ultrabarrier coatings, as demonstrated for flexible displays.33,34 Like
other inorganic barrier layers, SiNx thin films are brittle and suscepti-
ble to mechanical failure.2 For the application of SiNx as a mechani-
cally reliable barrier layer, it is critical to characterize and understand
the fracture in SiNx thin films on flexible substrates.

Previous studies indicate that stress-induced channel cracking is
a primary failure mode in barrier layers, leading to subsequent device
degradation.3,29,32 These studies mainly reported the crack onset strain
when long cracks appear in the barrier film on a polymer substrate
during the bending or stretching test. However, the crack onset strain
may not be sufficient to represent the failure resistance of a barrier
film, since it does not account for time-dependent cracking that can be
induced in flexible devices. Such subcritical cracking can be important
for applications of bendable or foldable electronics that are held in a
fixed state of strain for a period of time. Meanwhile, barrier films are

expected to resist moisture and oxygen permeation. Therefore, under-
standing the coupling effects of mechanical loading and chemical
attack is crucial for the application of barrier layers like SiNx.

4–6

We have recently studied time-dependent channel crack growth
in PECVD SiNx barrier films deposited on polyethylene terephthalate
(PET) substrates in different environments7,8 and with substrate dam-
age.9 These studies revealed the occurrence of environmentally assisted
subcritical cracking at strains well below the crack onset strain.
Experimentally measured crack growth rates in laboratory air were an
order of magnitude higher than those in inert environments, e.g., dry
air and dry nitrogen, while the crack growth rates between dry air and
dry nitrogen had no difference. These results indicated that water mol-
ecules are the chemically active species during environmentally
assisted cracking in SiNx films.

Here, we combined experiment and molecular modeling to study
the kinetics of environmentally assisted subcritical cracking in amor-
phous SiNx thin films on PET substrates. In situ optical microscopy
experiments were performed to measure the rates of subcritical channel
crack growth under different applied strains, environments, and temper-
atures. Semiempirical quantum chemical calculations based on the
molecular orbital theory21 and nudged elastic band (NEB) method22,23

were performed to determine the reaction pathways of stress corrosion
in mechanically strained SiNx clusters under water attack.

24,28 The acti-
vation energy and activation volume for subcritical crack growth in SiNx

films were determined based on the experimentally measured crack
velocities and further compared with molecular simulation results.
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The specimen for our subcritical cracking experiment was pre-
pared by depositing a 250nm SiNx film on a 125lm PET substrate.
The commercial heat-stabilized PET (Dupont Teijin Films Melinex
ST505) was laser-cut to a size of 5mm by 50mm prior to deposition.
Then, the amorphous SiNx film was deposited on the PET substrate
using the Unaxis PECVD system with a radio frequency (rf) parallel
plate configuration at a temperature of 110 �C, a pressure of 1Torr, a
20W rf plasma, and a rate of 10 nm/min. Our previous XPS character-
ization revealed a Si/N ratio of 0.81, consistent with the literature.7

All tensile tests were carried out with a microtensile testing stage
(Linkam Scientific Instruments, TST350). In situ optical microscopy
(Edmund Optics, 1312 M 59–365) was utilized to observe the time-
dependent crack propagation during these tests. Detailed experimental
information has been described in our previous work.7,8,10 Here, the
tensile tests were conducted in various environments, including dry
nitrogen (i.e., 2 ppm) and air (i.e., relative humidity content of 30%).
Two types of tests were performed. The first one was to measure the
crack onset strain, ec, at which the crack started propagation. During
each test, the observation area was kept at 644� 643 lm2. The mea-
sured value of ec was used to evaluate the fracture toughness Kc of the
SiNx film. The other type of test was performed to measure the crack
growth rate as a function of applied strain in different environments.
The experimental setup is illustrated in Fig. 1(a). The specimen was
kept at an applied strain below ec and in situ optical microscopy was
used to observe crack growth behaviors. Data of the crack length vs
time were collected only for channel cracks with the neighboring crack
spacing more than �40lm. This ensures a negligible influence of
neighboring channel cracks on the calculated stress intensity factor K
based on a single channel crack solution.7 The crack growth rate at a

given K load was calculated by averaging over 20 cracks. As the film-
substrate system was subjected to a fixed strain, the measurements of
crack length vs time were made within a maximum of 30min to prevent
substrate cracking and appreciable changes in K.7 The activation energy
for subcritical crack growth was also determined by measuring the crack
velocity at three different temperatures (25, 55, and 85 �C) under the
same applied stress intensity factor K of 1.07MPam1/2, which is calcu-
lated from the crack energy release rate G of 8.65 Jm2 by11

K ¼
ffiffiffiffiffiffiffiffiffi
GY�f

p
; (1)

where Yf
� is the plane strain elastic modulus of the film (Yf

�

¼ 131GPa, assumed to be constant between 25 and 85 �C). The rela-
tionship between the crack driving force G and applied strain eapp for
a channel crack in the film-substrate system is given by12,13

G ¼ ZY�f ðeapp þ eresÞ2hf ; (2)

where eres is the residual strain in the film, Z is the dimensionless
energy release rate that depends on the elastic mismatch between the
film and the substrate, and hf is the film thickness.14 The effect of tem-
perature (from 25 to 85 �C) on the elastic moduli and therefore Z was
found to be negligible (from Z¼ 11.8 at 25 �C to 11.4 at 85 �C, based
on a decrease in the measured elastic modulus of the substrate from
4.3 to 4.1GPa). The main effect of temperature on G arises from the
changes in residual strain eres. The residual compressive strain in our
PECVD SiNx films grown on PET was previously measured to be eres
¼ �0.15%6 0.02%. Based on a mismatch of coefficients of thermal
expansion between SiNx (1.5 ppm/K) and PET (19 ppm/K), eres is
expected to be �0.1% at 55 �C, �0.04% at 85 �C, and 0% at 110 �C
(which was experimentally confirmed — visible cracks at room tem-
perature became nearly invisible at 110 �C). Therefore, based on Eqs.
(1)–(2), applied strains of 0.6, 0.55, and 0.49% at 25, 55, and 85 �C,
respectively, provided the approximately identical total strain load of
0.45% and therefore the same driving force G for determination of the
activation energy for subcritical crack growth in SiNx films.

Figure 1(b) shows the measured crack growth rates in SiNx films
as a function of applied stress intensity factor K in different environ-
ments (i.e., air and dry nitrogen) and temperatures (i.e., 25 �C and
85 �C), respectively. The vertical dashed lines indicate the fracture
toughness Kc at different temperatures and match values from other
investigations on similar PECVD SiNx films.31,35 Since the crack
growth rate depends sensitively on the applied K load, the measured
crack velocities can be fitted to an empirical power law relation,

da
dt
¼ v ¼ AKn; (3)

where a is the crack length, v is the crack velocity, and A and n are the
material and environment dependent coefficients. The fitting values of
n range from 17 to 28 and are consistent with the typical values for
region I subcritical crack growth, where low-velocity crack growth is
controlled by the rate of stress corrosion reaction at the crack tip.15–17

Several models have been previously developed to characterize
the kinetics of subcritical crack growth in region I.15–17 The most
widely used model adopts an Arrhenius-type relationship,18

v ¼ v0 exp
�E� þ bK

RT

� �
; (4)

FIG. 1. In situ optical microscopy experiment of subcritical crack growth in a SiNx/PET
system. (a) Schematic illustration of in situ optical microscopy for the measurement of the
crack length as a function of time. (b) Measured crack growth rate as a function of applied
stress intensity factor K at different temperatures for a channel crack in a 250 nm-thick
SiNx film in air and nitrogen. (c) Dependence of the logarithmic crack growth rate on
reciprocal temperature for a channel crack in a 250 nm-thick SiNx film in air.
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where v0 is the velocity prefactor, E
� is the so-called zero stress activa-

tion energy when K¼ 0, R is the universal gas constant, T is the abso-
lute temperature, and b is the constant that can be estimated by

b ¼ 2V�=
ffiffiffiffiffiffi
pq
p

; (5)

where V� is the activation volume for crack growth and q is the radius
of curvature of the crack tip. Fitting the measured data in Fig. 1(b) to
Eq. (4) gives b values for different testing conditions, which can be fur-
ther used to calculate V� based on Eq. (5). Table I lists the fitted values
of b and V� for different environments and temperatures by taking q
as 0.5 nm (value also chosen by Wiederhorn et al.).18 We compared
the activation volumes for SiNx obtained in this study with the activa-
tion volumes for soda-lime-silica glass reported in the literature, con-
sidering that SiO2 has a similar network structure to SiNx and also
suffers stress corrosion by water that has been widely studied.
Dauskardt et al. reported that the activation volume of soda-lime glass
is 1.57 cm3/mol in both moist air and dry N2;

30 Wiederhorn et al.
showed that the activation volume is 1.46 cm3/mol in moist air.18,19

These activation volumes for soda-lime glass are close to the corre-
sponding results for SiNx obtained in this study.

The activation energy E� is another important parameter control-
ling the kinetics of crack growth and can also be experimentally deter-
mined. Figure 1(c) shows the crack growth rates as a function of
reciprocal temperature at 25 �C, 55 �C, and 85 �C in the air environ-
ment and under the applied stress intensity factor K of 1.07MPam1/2.
By combining Eq. (4) and a power law equation used to fit the data in
Fig. 1(c), we obtained E� ¼ 138 kJ/mol by setting b¼ 0.049 m5/2/mol.

To understand the molecular mechanisms that control the experi-
mentally measured activation energies and activation volumes of subcrit-
ical crack growth in SiNx thin films, molecular modeling studies were
performed to investigate stress corrosion in mechanically strained SiNx

under water attack. We constructed two representative model systems,
each of which consists of a hydrogen-passivated b-Si3N4 cluster with a
nearby water molecule. The XPS spectra analysis of PECVD SiNx in our
previous work7 suggests that the structural units in SiNx films are similar
to those in b-Si3N4. Hence, we constructed the cluster models based on
the structural units of crystalline b-Si3N4 and used them to approxi-
mately represent the local atomic structures in amorphous SiNx films.
Figures 2(a) and 3(a) show the atomic structure of the two model sys-
tems, respectively. One has a total of 93 atoms (Si20N24H46 þ H2O,
denoted as model I) and the other 95 atoms (Si20N26H46 þ H2O,
denoted as model II). The tensile strain was applied by a relative dis-
placement between the two ends of the cluster, while the cluster was
freely relaxed in its two transverse directions. In model I, the NASi bond
under the attack of an invasive water molecule is located at a SiANASi
bridge within a small NASi ring structure [Fig. 2(a)]. In model II, the

TABLE I. Coefficient b and activation volume V� as a function of temperature and
environment.

Temperature Environment b (m5/2/mol) V� (cm3/mol)

85 �C Air 0.056 1.11
85 �C N2 0.056 1.11
25 �C Air 0.042 0.83
25 �C N2 0.046 0.91

FIG. 2. Atomic structure of model I and stress corrosion simulation results. (a)
Model I showing the water-attacked Si-N bond at a Si-N-Si bridge within a small Si-
N ring structure (marked by a pink circle). The red arrows indicate the direction of
applied tensile strain. (b) MEPs of the hydrolysis reaction at different applied ten-
sion strains. (c)–(f) Atomic configurations along the MEP under the applied strain of
17.5%, showing (c) initial state, (d) intermediate state, (e) saddle-point state, and (f)
final state. Atoms are colored by the change of atomic charge relative to the initial
state.

FIG. 3. Atomic structure of model II and stress corrosion simulation results. (a)
Model II showing the water-attacked Si-N bond at a 2Si-N-Si bridge within a large
Si-N ring structure (marked by a pink circle). The red arrows indicate the direction
of applied tensile strain. (b) MEPs of the hydrolysis reaction at different applied ten-
sion strains. (c)–(f) Atomic configurations along the MEP under the applied strain of
10%, showing (c) initial state, (d) intermediate state, (e) saddle-point state, and (f)
final state. Atoms are colored by the change of atomic charge relative to the initial
state.
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NASi bond under water attack is located at a 2SiANASi bridge within a
large N-Si ring structure [Fig. 3(a)]. These NASi bonds are aligned with
the tensile loading direction and thus susceptible to mechanically assisted
hydrolysis reaction with low activation energies.

Using the Molecular Orbital PACkage (MOPAC),20 we calcu-
lated atomic bonding energies and forces in the two model systems
based on molecular orbital theory using the AM1 method.21 The reac-
tion pathways and associated activation energies of hydrolysis reaction
were determined at different applied tensile strains using the nudged
elastic band (NEB) method.22,23 To find the minimum energy path
(MEP) of the hydrolysis reaction by the NEB method, we first deter-
mined the initial state (reactant) and final state (product), which corre-
spond to two different local energy minima on the MEP. Note that a
hydrolysis reaction usually occurs in two sequential steps:24,28 physi-
sorption of a water molecule to the cluster without any major bond
breaking event, and chemisorption with the rupture of a Si-N bond
and subsequent formation of new surface groups. We focused on
chemisorption which is usually the rate-limiting step of the hydrolysis
reaction.24 For each NEB calculation under an applied tensile strain, a
relaxed physisorbed structure was taken as the initial state and a
relaxed chemisorbed structure as the final state. The former was
obtained by placing a water molecule near the hydrogen-passivated b-
Si3N4 cluster and then relaxing the system via energy minimization.
Based on the previous studies of the hydrolysis reaction of SiNx,

25–27

the latter was constructed by breaking the Si-N bond under water
attack and then terminating the dangling bonds of Si and N with Si-
OH and N-H groups; and this chemisorbed state was further relaxed
by energy minimization. The NEB calculation was considered con-
verged when the force on each replica is less than 0.05 eV/Å.

Figure 2 shows the NEB results of stress corrosion for model I. In
Fig. 2(b), we plot the convergedMEPs of the hydrolysis reaction at differ-
ent applied tensile strains. For each MEP, the energy of the initial state is
taken as zero, and the reaction coordinate s is the normalized path length
along the MEP between the initial state (s¼ 0) and final state (s¼ 1). For
an applied tensile strain e�, the energy maximum on the MEP (i.e., the
saddle-point state) gives the activation energy Ea of the hydrolysis reac-
tion. It is seen from Fig. 2(b) that Ea decreases with increasing e�, which
is consistent with the experimental results of increasing the stress corro-
sion rate with applied tensile loading. Note that e� represents the local
strain in the vicinity of the crack tip and thus is much larger than the
macroscopically applied strain in experiment (<1%).24 Figures 2(c)–2(f)
show the cluster structures along the MEP when e� is 17.5%, and the
energy of each structure is marked in Fig. 2(b). Along theMEP, the initial
state [Fig. 2(c)] corresponds to physisorption of a water molecule to the
cluster; the saddle-point state [Fig. 2(e)] features rupture of a N-Si bond
with the aid of an invasive water molecule; and the final state [Fig. 2(f)]
shows termination of dangling bonds of N and Si by a proton and
a hydroxyl group from the dissociated water molecule, respectively,
resulting in the formation of surface Si-OH and N-H groups. In
Figs. 2(c)–2(e), atoms are color-coded by the change of atomic charge
(i.e., the Coulson charge calculated from MOPAC) relative to its initial
value in Fig. 2(c). The atomic charges change drastically at the saddle-
point state, indicative of substantial charge redistributions during the
bond breaking and formation processes.

Figure 3 shows the NEB results of stress corrosion for model II,
which are qualitatively similar to those in Fig. 2 for model I. However, at
the same applied strain e�, the activation energy Ea for model I is much

higher than that for model II. For example, when e� is 10%, Ea values
are 1.52 eV and 0.95 eV for model I and model II, respectively. To under-
stand this difference, we note that in model I, the SiAN bond under
water attack is within one of the three parallel SiANASi bridges that are
aligned along the tensile loading direction and thus share the applied ten-
sile load [Fig. 2(a)], while in model II, the SiAN bond under water attack
is within one of the two parallel SiANASi bridges that share the applied
tensile load [see Fig. 3(a)]. Hence, the water-attacked Si-N bond in model
II is subjected to a higher load than that in model I and thus is more sus-
ceptible to the hydrolysis reaction with lower activation energy. Note that
the zero stress activation energy E� defined in Eq. (4) corresponds to the
NEB-calculated activation energy Ea without applied strain (e� ¼ 0),
which is 2.27 eV for model I and 1.45 eV for model II. The latter is
much closer to the experimentally measured E� value of 138kJ/mol
(¼1.43 eV). Hence, the hydrolysis reaction in model II is considered as a
closer representation of the stress corrosion process at the crack tip dur-
ing experiment. This is further supported by the calculation of the activa-
tion volume from the two models. Based on the NEB results of Ea vs e�,
the activation volume V� can be calculated according to

V� ¼ � 1
Y
dEa

de�
; (6)

where Y is Young’s modulus (assumed to be 100GPa). Following
Eq. (6), we took the numerical derivative of Ea with respect to e� and
obtained the activation volume V� of 6.8 cm3/mol for model I and of
4.6 cm3/mol for model II. These values are in good agreement with the
experimental results. Since both the activation energy and the activa-
tion volume from model II are closer to the experimental results than
model I, model II provides a better representation of the crack-tip
stress corrosion process during experiment.

In summary, the kinetics of environmentally assisted subcritical
cracking in SiNx barrier films was investigated experimentally by in situ
optical microscopy. The experimental data of crack velocity were used to
determine the activation volumes V� in the range of 0.83–1.11 cm3/mol
and the activation energy E� of 138kJ/mol (¼1.43 eV), which provide
quantitative characterization of the kinetic parameters of subcritical
crack growth in SiNx thin films in a water-containing environment.
Semiempirical quantum chemical simulations were also conducted on
two model systems to understand the molecular mechanism of stress
corrosion in mechanically strained SiNx. From a series of NEB calcula-
tions at different applied mechanical strains, we show that model II gives
quantitative predictions closer to experimental values than model I, with
the predicted activation volume of 4.6 cm3/mol and the activation energy
E� of 1.45 eV from model II. Our combined experimental and modeling
studies provide a fundamental understanding of subcritical crack growth
in SiNx barrier films. The results also provide a basis for further studies
that integrate the controlled material processing, characterization, and
modeling toward the enhanced resistance to environmentally assisted
subcritical cracking in SiNx barrier films.

S.G., O.N.P., and T.Z. gratefully acknowledge support from
NSF CMMI through Award No. 1400077.
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