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ABSTRACT: Effective bonding of organic/inorganic interfaces especially in
high humidity environments is paramount to the structural reliability of
modern multilayer device technologies, such as flexible electronics, photo-
voltaics, microelectronic devices, and fiber-metal laminates used in aerospace
applications. We demonstrate the ability to design compositionally graded
hybrid organic/inorganic films with an inorganic zirconium network capable of
forming a moisture-insensitive bond at the interface between an oxide and
organic material. By controlling the chemistry of the deposited films and
utilizing time-dependent debonding studies, we were able to correlate the
behavior of the hybrid films at high humidity to their underlying molecular
structure. As a result, an outstanding threefold improvement in adhesion of silicon/epoxy interfaces can be obtained with the
introduction of these films even in high humidity environments.
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1. INTRODUCTION

Organic/inorganic interfaces that contain reactive atomic bonds
are often weak in the presence of reactive environmental
species, such as moisture, leading to interfacial debonding and
poor reliability of multilayer devices and laminates.1−9 Hybrid
molecular materials that contain bonds that are resistant to such
environmental species can be synthesized via sol−gel chemistry
and uniquely tailored to address these challenges.10−16 The
intimate nanometer length-scale mixing of their organic and
inorganic components allows the design of molecular networks
that are capable of mitigating the detrimental effects of reactive
species by inhibiting diffusion through the material and
presenting bonds insensitive to attack.
We recently reported on an adhesive hybrid organic/

inorganic system synthesized using an epoxy-functionalized
silane, (3-glycidoxypropyl)trimethoxysilane (GPTMS), and an
acetate-stabilized zirconium alkoxide, tetra-n-propoxyzirconium
(TPOZ-Ac).14,15,17−20 The optimal molecular structure was
obtained using sol−gel chemistry and by tuning the sol−gel
processing parameters.15 Here, we explore the adhesive and
cohesive properties of the films in both inert and reactive
humid environments. We specifically control the hydrolysis and
condensation reactions of the zirconium precursor to under-
stand the role of the moisture-insensitive network on the
moisture-assisted degradation. As a result, we designed hybrid
organic/inorganic films that improve the adhesion by at least
threefold, even in high humidity environments.
We utilized a well-established thin-film mechanical testing

technique to measure the adhesion and cohesion of the films,
where the critical fracture energy Gc (J/m

2) can be quantified in
terms of the energy per unit area required to propagate a crack
through a single material or interface.14,15,21 However, Gc alone

does not provide any information regarding the debonding
kinetics and the sensitivity of the hybrid films to the
environment; therefore, it should be coupled with time-
dependent debonding studies.3,21−24 The importance of these
measurements in designing hybrid films for resistance to
chemically reactive environments is highlighted in this study.
While Gc values of the films with optimal graded structures
were elevated by as much as 10-fold, the time-dependent
debonding converged to much lower threshold G values.
Nevertheless, the threshold G values for the hybrid films
measured at high humidity were threefold the threshold value
in the absence of the adhesive films, suggesting that these
hybrids dramatically improve the resistance of epoxy/Si
interfaces to moisture-assisted degradation.
The behavior of these films to time-dependent debonding

was found to be a function of the underlying molecular
structure of the films, which is a direct result of the sol−gel
reaction parameters. We prehydrolyzed TPOZ-Ac in an excess
of water for varying time, followed by the addition of GPTMS
to the solution, which was aged for 5 min, and dip coated onto
natively oxidized Si substrates.15 Dilute solution conditions
(3.75 wt %) were used to slow down the kinetics of the
hydrolysis and condensation reactions of the TPOZ-Ac
precursor. We find that films deposited from solutions with
increased zirconium hydrolysis demonstrated a high overall
inorganic network connectivity resulting in a hybrid organic−
inorganic film with a highly cross-linked molecular network. As
a result, these films are capable of inhibiting moisture-assisted
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degradation between a silicon substrate and an epoxy layer
while improving the adhesion of the bare epoxy/Si interface by
threefold.

2. RESULTS AND DISCUSSION
2.1. Fracture in Moist and Inert Environments. The

debond growth rates, da/dt, over the range from 1 × 10−4 to 1
× 10−9 m/s in hybrid layers (HL) deposited from solutions
with varying TPOZ-Ac prehydrolysis times were measured as a
function of the applied debond driving force G, using a thin-
film delamination technique at 85% relative humidity (RH) and
25 °C (Figure 1).3,4,23 A measurement without an HL at the

epoxy/Si interface was included for reference. When collecting
time-dependent debonding data, the G values at lower debond
growth rates of ∼1 × 10−9 m/s represent threshold Gth values,
below which crack propagation is presumed to be dormant.23

Therefore, if the debond driving force does not exceed the
threshold values, crack propagation will not occur.
At high debond growth rates, ∼1 × 10−4 to 1 × 10−5 m/s, the

G values varied significantly based on TPOZ-Ac prehydrolysis
time; ∼70, 35, 25, and 22 J/m2 for films deposited from
solutions with 0 min, 15 min, 1 h, and 24 h of TPOZ-Ac
prehydrolysis, respectively. These values are similar to the Gc
values measured at room temperature and relative humidity
(Figure 2). This is expected because crack growth rates of ∼1 ×
10−4 m/s approach the crack-growth rate regime representative
of critical fracture phenomenon. However, despite the
difference in the G values at the high debond growth rates,
the dependence of G on the debond growth rate was similar
across all films with varying TPOZ-Ac prehydrolysis times.
The presence of a strong G dependence on the crack growth

rate at ∼1 × 10−4 to 1 × 10−6 m/s suggests that this crack-
growth regime is limited by the rate of a chemical reaction

occurring at the crack tip. If the crack growth rate is assumed to
be proportional to the rate of a chemical reaction at the crack
tip, then
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where A′ is a temperature-dependent coefficient, b is an
environment-dependent material constant that is directly
proportional to the activation volume, R is the universal gas
constant, T is the temperature and aH2O is the environmental
species activity. Therefore, at a constant temperature, the slope
b/RT of the plot of ln(da/dt) versus G is independent of
aH2O.

3,5,23,25−27 The b/RT terms are similar for all of the films
(0.53 ± 0.04 m2 J−1) suggesting the same crack propagation
mechanism in all cases.
The fracture paths (studied via X-ray photoelectron spec-

troscopy (XPS) and optical microscopy) at high debond
growth rates, 1 × 10−4 m/s, were similar to the fracture paths
observed for Gc measurements of the HL films. For HLs
deposited from solutions without TPOZ-Ac prehydrolysis, the
fracture path meandered through the epoxy and failed
cohesively within the HL, near the Si substrate. For films
deposited from solutions with longer TPOZ-Ac prehydrolysis
times, that is, 1 h or 24 h, the fracture path did not meander
through the epoxy. However, the fracture was also cohesive in
the HL but localized near the epoxy layer rather than the Si
substrate.
The trends in fracture paths and measured Gc values of the

films deposited from solutions with increasing TPOZ-Ac
prehydrolysis are the same as those observed for films
deposited from solutions with increasing aging times, which
have been previously reported.15 Furthermore, upon addition
of the TPOZ-Ac precursor to water, the solution was
heterogeneous and became more homogeneous with increasing
TPOZ-Ac hydrolysis time.15 This suggests that the aging

Figure 1. Crack growth rate, da/dt (m/s), as a function of applied
debound driving force, G (J/m2) at a constant temperature of 25 °C
and 85% RH is shown for films deposited from solutions with varying
TPOZ-Ac prehydrolysis times. The data presented for films deposited
from solutions with 15 min and 24 h of TPOZ-Ac prehydrolysis is an
average of two collected samples. Dashed lines at the high debond
growth rates indicate log−linear fits. The multilayer schematics
demonstrate the HL/epoxy film stack used during double cantilever
beam testing. The observed fracture paths are represented by the red
arrow.

Figure 2. Fracture energy values as a function of TPOZ-Ac
prehydrolysis time. The fracture path for films deposited without
TPOZ-Ac prehydrolysis was cohesive in the hybrid film and
meandered through the epoxy. For films deposited after 24 h of
TPOZ-Ac prehydrolysis, the fracture path was also cohesive in the HL
but localized and near the adjacent epoxy layer. The multilayer
schematics demonstrate the HL/epoxy film stack used during double
cantilever beam testing. The observed fracture paths are represented
by the red arrow.
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phenomenon, which correlates to an increase in solution
homogeneity, is related to the hydrolysis of the TPOZ-Ac
species rather than the GPTMS precursor. To further verify
this, we performed prehydrolysis studies using the same
solution conditions but prehydrolyzing the GPTMS instead,
and we did not observe the same trend in both Gc and fracture
paths. Therefore, we hypothesize that the degree of the
hydrolysis and condensation of the TPOZ-Ac precursor will
have a significant impact on the molecular network connectivity
and through-thickness film composition.
The difference in the underlying molecular structure with

varying TPOZ-Ac hydrolysis and its impact on the resulting
adhesive/cohesive properties of the films is highlighted by the
time-dependent debonding behavior of the films. Despite the
difference in the G values at high debond growth rates, the Gth
values for all of the hybrid films converge to lower values. For
the films deposited from solutions with 1 and 24 h of TPOZ-Ac
prehydrolysis, the Gth is ∼17 J/m2, which was threefold the Gth
value for the brittle epoxy/Si interface in the absence of the HL
(∼5 J/m2). For the films deposited from solutions with 0 and
15 min of TPOZ-Ac prehydrolysis, we observe an extended
debond plateau leading to Gth values far below the G values
measured at high debond growth rates. We suggest that this Gth
convergence to low values is due to the crack paths for all of the
films being predominantly cohesive in the HL. This result
highlights three important aspects of the behavior of these
hybrid organic/inorganic films in high humidity environments.
First, we note that the films deposited from solutions with 1

and 24 h of TPOZ-Ac prehydrolysis significantly decreased the

moisture sensitivity of the epoxy/Si interface by increasing the
Gth value threefold. Second, the difference between the G values
at high and low growth rates for each film indicates the
importance of measuring such time-dependent debonding
phenomenon when understanding the sensitivity of a material
or interface to moisture. Finally, the difference in the
debonding behavior for films deposited with varying TPOZ-
Ac prehydrolysis times suggests, as expected, that the
underlying molecular structure of the films changes significantly
as a function of TPOZ-Ac prehydrolysis time. Therefore, we
leveraged chemical characterization techniques such as XPS and
Fourier transform infrared spectroscopy (FTIR) to unravel the
underlying molecular structure and to understand its impact on
the adhesive/cohesive properties of the films in high humidity
environments.

2.2. Interfacial and Bulk Film Characterization. We
studied the through-thickness composition of the films
deposited from solutions with varying TPOZ-Ac hydrolysis
time using XPS depth profiling. Figure 3a,b indicates the XPS
depth profiles for the carbon (C) and zirconium (Zr) content,
respectively, in films deposited from solutions with varying
TPOZ-Ac prehydrolysis times. Because of the high carbon
content provided by the GPTMS, the C atom % was used as a
trace for the organic network in the film, while the Zr atom %
was indicative of the inorganic network. The sputtering was
done through the entire thickness of the film until the HL/Si
interface was reached. Toward the bottom of the film, that is, at
sputtering times of 20 min, the C content converged to 20
atom % for all of the films; however, the Zr content varied

Figure 3. XPS depth profiling of (a) carbon and (b) zirconium content through the thickness of hybrid films deposited from solutions with a varying
amount of TPOZ-Ac prehydrolysis time. The data indicate the carbon and zirconium content obtained from sputtering through the film until the
hybrid layer/silicon interface was reached. (c) Atom % of carbon and zirconium present in the film after 5 min of sputtering (i.e., within ∼10 nm of
the film thickness). (d) A schematic of the compositionally graded hybrid film deposited on a silicon substrate derived from conclusions drawn from
XPS depth profiling results. Green and yellow atoms represent the carbon and silicon on the GPTMS, respectively. White atoms represent the
zirconium, red atoms the oxygen, and brown atoms the silicon from the silicon substrate.
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significantly depending on the TPOZ-Ac prehydrolysis time.
The Zr content toward the bottom of the film increased
dramatically, from ∼5 atom % for films without TPOZ-Ac
prehydrolysis to ∼15 atom % for films with 24 h of TPOZ-Ac
prehydrolysis.
The chemical composition near the top of the films also

varied significantly depending on the degree of hydrolysis of the
TPOZ-Ac precursor. As the TPOZ-Ac prehydrolysis time
increased, we observed a steady decrease in the C content
toward the top of the film, that is, at sputtering times of 5 min,
which correspond to ∼10 nm into the film, from ∼45 atom %
with no TPOZ-Ac prehydrolysis to ∼25 atom % for the longer
TPOZ-Ac prehydrolysis times. Furthermore, the Zr content
near the top of the film also varied dramatically. At the same
sputtering time of 5 min, the Zr content steadily increased from
2 to 12 atom % for films deposited without TPOZ-Ac
prehydrolysis and with 24 h of TPOZ-Ac prehydrolysis,
respectively.
To highlight the difference in the compositionally graded

structure of the films, Figure 3c shows the atom % measured
after sputtering into the film for 5 min as a function of the
TPOZ-Ac prehydrolysis time. As discussed above, the
composition gradient decreases significantly with increasing
TPOZ-Ac prehydrolysis time. Nevertheless, these XPS depth
profiling results suggest that all of the films demonstrate a
compositionally graded structure, where the top of the film is
organic-rich, while the bottom of the film is zirconium-rich,
which is demonstrated in the schematic in Figure 3d.
In the case of films deposited from solutions without TPOZ-

Ac prehydrolysis, the TPOZ-Ac species have not had enough

time to fully hydrolyze in solution. As a result, when we dip
coat the films, only a fraction of the TPOZ-Ac species that was
hydrolyzed selectively deposit on the substrate, while the top of
the film is enriched with the hydrolyzed GPTMS precursor.15

Further details of this suggested mechanism have been
described elsewhere.15 When the TPOZ-Ac is prehydrolyzed
for longer periods of time, that is, 1 and 24 h, the species
become more soluble in solution. This results in the solution
transitioning from cloudy to clear after 1 h of hydrolysis time.
When the films are deposited from these solutions, the selective
deposition effect is no longer achievable, resulting in a film with
a more uniform composition through the thickness. It is
concluded that the reduction of the compositionally graded
structure throughout the thickness of the films is directly
related to the increased solubility of the TPOZ-Ac species in
solution. These changes in the hybrid molecular structure and
network connectivity were also investigated with transmission
FTIR and attenuated total-reflectance (ATR) FTIR.
Since the films were all ∼30−50 nm thick, the resulting noise

in the transmission FTIR data from the Si substrate inhibited
the ability to analyze the entire spectrum. Therefore, ATR-
FTIR was used to supplement the results of the FTIR
transmission data. We first studied the characteristic absorbance
peaks of two primary chemical groups on both the GPTMS and
TPOZ-Ac precursors, namely, the silicon-bonded methoxy (Si-
OMe) groups on the GPTMS and the acetate-bound Zr
groups. The presence of the methoxy groups on the GPTMS
and acetate groups on the Zr in the deposited films are both
indicative of poor cross-linking of the inorganic network.

Figure 4. Transmission FTIR of as-deposited films indicating a decrease in the peak intensity at (a) 1196 cm−1 and at (b) 2937 and 2842 cm−1 with
increasing TPOZ-Ac prehydrolysis time. These peaks are attributed to the presence of methoxy (−OCH3) groups in the GPTMS. (c) ATR-FTIR of
films deposited with increasing TPOZ-Ac prehydrolysis time. Similar to the transmission FTIR data, a decrease in the peak intensity at 1196 cm−1

with increasing TPOZ-Ac prehydrolysis time is also observed in the ATR-FTIR data. Furthermore, the peak at 1090 cm−1 is also attributed to Si-
OCH3 groups, which decreases in intensity with increasing prehydrolysis time. A decrease in the intensity and broadening of the peak at 1051 cm−1

with increasing TPOZ-Ac prehydrolysis time is indicative of decreasing Si−O−Si bonding. Finally, the peak at 1458 cm−1 is attributed to acetate-
bound zirconium groups, and that at 960 cm−1 is attributed to Zr−O−Si bonds.
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The decrease in the Si-OMe and OMe content with
increasing prehydrolysis time is supported by several FTIR
peaks. First, we observed a significant decrease in the
absorption peak intensity at 1196, 2937, and 2842 cm−1

(Figure 4a,b).28−31 The same trend in the absorption of the
peak at 1196 cm−1 was also observed in the ATR-FTIR data
(Figure 4c). Furthermore, Si-OMe groups are also identified by
a strong absorption at 1080−1100 cm−1 (Figure 4c).29 This
peak both broadens and decreases in intensity with increasing
prehydrolysis time (Figure 4c). Since these Si-OMe groups are
associated with the GPTMS, it is suggested that the reduction
of these groups in the deposited films with increasing TPOZ-Ac
prehydrolysis time is a result of increased connectivity of the Si
atom in the GPTMS, forming Zr−O−Si bonds. Interestingly,
the peak at 1051 cm−1, associated with Si−O−Si bonding,
decreases in intensity with increasing prehydrolysis.14,32−34

Since the GPTMS hydrolysis time is kept constant for all of the
solutions, it suggests that more Si−O−Zr bonds have formed.
We also used more direct evidence of inorganic network

connectivity by studying the peak intensity of the Si−O−Zr
bond in the deposited films. Unfortunately, the characteristic
peak for Zr−O−Zr bonding was difficult to identify due to
noise of the spectra at low wavenumbers. We found that the
peak at 960 cm−1, which is associated with Zr−O−Si bonding,
increased in intensity with increasing TPOZ-Ac prehydrolysis
time.14,35 The increase in Zr incorporation into the network is
also evidenced by the decrease of the peak at 1458 cm−1, which
correlates to the acetate-bound Zr groups, with increasing
TPOZ-Ac prehydrolysis time.19,36 As anticipated, the acetate
groups on the Zr are displaced with increasing prehydrolysis
time, resulting in the formation of Zr−OH groups. These can
therefore condense with other Zr−OH groups or with Si−OH
groups on the GPTMS and increase the inorganic network
connectivity of the films.
We have shown that the degree of hydrolysis of the TPOZ-

Ac species has a significant effect on both the composition
gradient as well as the inorganic network connectivity of the
deposited films. Although all of the films have a compositionally
graded structure, with a GPTMS-rich region near the top of the
film and Zr-rich region near the bottom of the film, the gradient
is significantly reduced with increasing TPOZ-Ac prehydrolysis.
However, films deposited from solutions with longer TPOZ-Ac
prehydrolysis contain a higher degree of inorganic network
connectivity than films deposited without TPOZ-Ac prehy-
drolysis. Leveraging these chemical characterization techniques
to draw insight on the tradeoff between composition gradients
and inorganic network connectivity with increasing TPOZ-Ac
prehydrolysis allowed us to further understand the behavior of
the time-dependent debonding studies.
2.3. Effect of Hybrid Molecular Structure on Debond

Kinetics. We suggest that the high G values at high growth
rates for films deposited from solutions without TPOZ-Ac
prehydrolysis are a result of the carbon-rich region near the top
of the film, leading to higher cross-linking with an adjacent
epoxy. This forces the fracture path to be cohesive within the
HL, through the bonds between the inorganic Zr network and
the Si substrate before meandering through the epoxy and
dissipating energy. On the other hand, the reduced G values at
high growth rates for films deposited with increasing TPOZ-Ac
prehydrolysis times is a result of the decreased compositionally
graded structure. Here, the decrease in the GPTMS content
near the top of the film led to localized cohesive failure in the
HL near the adjacent epoxy layer.

At intermediate debond growth rates of 1 × 10−7 to 1 × 10−8

m/s, we observed very different behavior for films deposited
from solutions with varying TPOZ-Ac prehydrolysis time. For
films deposited from solutions without TPOZ-Ac prehydrolysis,
we observed a stress-dependent plateau spanning across 40 J/
m2 of debond driving force. Here, the G versus da/dt slope was
significantly reduced, meaning that the plateau region exhibited
only a weak dependence on G. This plateau was also observed
for films deposited from solutions with 15 min of TPOZ-Ac
prehydrolysis. Plateaus that are similar in nature to the ones
presented in this study are typically associated with a transport-
limited crack-growth rate regime where crack growth rates are
limited by the diffusion of environmental species ahead of the
propagating crack tip. This behavior has been previously
reported for polymer/Si interfaces exposed to high humidity
environments and has been correlated to the diffusion of
moisture through an adjacent organic layer, attacking regions of
the interface ahead of the crack tip.3

Here, it is possible that the same rate-limiting phenomenon
is occurring to give rise to the plateaus, in which water is
diffusing into the HL, and displacing weak bonds at the HL/Si
substrate interface. As discussed above, in these solution
conditions, the precursors hydrolyze for a limited period of
time, resulting in low inorganic network connectivity. There-
fore, it is possible that this diffusion effect could be a result of
low bond density at the HL/Si substrate interface. Since
TPOZ-Ac is the primary inorganic network former for this
system, increased hydrolysis should also lead to an increase in
bond density at the HL/Si interface.
The films deposited from solutions with increasing TPOZ-Ac

prehydrolysis did not show a stress-dependent plateau at
intermediate growth rates. In this case, the TPOZ-Ac was
hydrolyzed for sufficient time to form a dense hybrid organic/
inorganic network and a strong bond at the HL/Si interface.
This is supported by the observed increase in the zirconium
content of the deposited films as well as an increase in the
overall inorganic molecular network connectivity. We suggest
that this will result in a more tortuous path for moisture
diffusion at the HL/Si interface, limiting the continued growth
of defects at the interface, ahead of the crack tip.

3. CONCLUSION
These results demonstrate the design of multifunctional hybrid
organic/inorganic films that are capable of mitigating moisture-
assisted degradation of a Si/epoxy interface. We show that the
introduction of such films can increase the adhesion of these
interfaces by up to 10-fold in inert environments. To
understand the resistance of these hybrid materials to moisture,
we leveraged time-dependent debonding studies, which
demonstrated a threefold improvement in the Gth compared
to a Si/epoxy interface in the absence of the films. We found
that the differing time-dependent debonding behavior of the
films deposited from solutions with varying TPOZ-Ac
prehydrolysis times was a direct result of the underlying
molecular structure.
We show that without TPOZ-Ac prehydrolysis, films with a

GPTMS-rich region near the top of the film were obtained,
capable of forming a strong bond with an adjacent epoxy. This
caused the fracture path to meander through the epoxy,
dissipating energy, and resulting in high adhesion values. On
the other hand, increasing the TPOZ-Ac prehydrolysis
decreased the composition gradient of the film and resulted
in a reduction in adhesion. However, we find that by increasing
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the TPOZ-Ac prehydrolysis, we increase the inorganic network
connectivity, which prevented the continued growth of defects
at the HL/Si interface. Despite this tradeoff in composition
gradient and network connectivity, we show that hybrid
organic/inorganic films containing a dense inorganic zirconium
network are capable of mitigating moisture-assisted degradation
of an epoxy/Si interface.

4. EXPERIMENTAL SECTION
A. Preparation of Sol−Gel Solutions. The metal alkoxide

used in this study was tetra-n-propoxyzirconium ( TPOZ, 70%
in n-propyl alcohol, Sigma-Aldrich Co.), while the epoxy-
functionalized silane was (3-glycidoxypropyl)trimethoxysilane
(GPTMS, Sigma-Aldrich). To prevent fast precipitation of
ZrO2 out of solution, the TPOZ was stabilized with 45 wt %
glacial acetic acid (GAA, EMD, Gibbstown, NJ) to introduce
acetate ligands on the zirconium (TPOZ-Ac), which slowed the
hydrolysis.36,37 All of the sol−gel solutions consisted of 3.75 wt
% solids in deionized water with a zirconate/GPTMS molar
ratio of 0.7.14,15 Solutions were prepared according to the
prehydrolysis of the TPOZ-Ac precursor. To synthesize films
with prehydrolyzed zirconium, the TPOZ-Ac was added to an
excess of water and prehydrolyzed for 5 min, 15 min, 1 h, or 24
h. The GPTMS was then added to the solution and stirred at
500 rpm for 5 min. Reference samples, that is, “no pre-
hydrolysis” condition, were synthesized by mixing GPTMS and
TPOZ-Ac simultaneously into an 80 mL beaker with deionized
water and aging for 5 min prior to deposition. Since glacial
acetic acid was used to stabilize the TPOZ, the pH of the
solution was 3.5.
B. Film Deposition and Curing. Immediately after the 5

min of aging of all the solutions, the stirring was stopped, and
films were deposited by dip coating onto substrates (50 × 12.5
× 0.777 mm) of natively oxidized single-crystal [100] silicon.
The silicon substrates were submerged in the sol−gel at a rate
of 10 mm/s and immediately withdrawn using a rate of 1 mm/
s. The films were then thermally cured for 2 h at 120 °C in air.
C. Chemical Characterization. Film thickness was

measured with a surface profilometer (Dektak 150). X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versaprobe
system) using an Al Kα X-ray radiation and C60 sputtering
was used to measure the through-thickness composition of the
as-deposited films. The molecular structure of the network was
studied using both transmission FTIR and ATR-FTIR
(Thermo Nicolet Nexus 670). For ATR-FTIR, absorption
spectra were measured for the films deposited onto silicon
using a single-reflection ATR fixture with a germanium crystal.
For all FTIR data, a total of 32 scans were collected at a
resolution of 2 cm−1.
D. Mechanical Testing. The fracture energy of each hybrid

film was measured in terms of the critical strain energy release
rate Gc, using double cantilever beam (DCB) specimens. The
double cantilever beam (DCB) test geometry is a well-
established method for measuring the critical strain energy
release rate of thin-film structures and interfaces.21 In this
study, DCB test specimens were fabricated by bonding together
two sol−gel coated silicon substrate pieces with a 10 μm thick
bondline of a highly cross-linked brittle bisphenol-F resin to
form a symmetric sandwich test structure. The specimens were
then cured at 100 °C for 2 h in air. Subsequently, the DCB
specimens were loaded under displacement control at a rate of
0.2 μm/s, from which a load versus displacement curve was
recorded. All Gc testing was carried out in laboratory air

environment, which remained constant at 25 °C and ∼40−45%
RH. Equation 1 below was used to calculate Gc, where Pc is the
critical load at which crack growth occurs, a is the crack length,
E is the plane strain elastic modulus, and the specimen
dimensions are width B and beam-thickness h.38
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To study the time-dependent debonding of the hybrid layer
films, the entire system was placed in a controlled environment
at constant temperature (±1 °C) and RH (±2% RH) after a 12
h equilibration period. The general method to measure the
debond growth rate da/dt as a function of the applied debond
driving force G involves loading techniques and compliance
methods that have been described elsewhere.21 To briefly
describe, the fracture specimens were loaded to a predeter-
mined load at which the displacement was fixed. The rate of
load relaxation that results from crack extension was measured
to calculate the crack growth velocity. Subcritical crack growth
velocities were characterized as a function of the applied
debond driving force G over the range of ∼1 × 10−4 to 1 ×
10−9 m/s to produce a characteristic da/dt versus G curve.
These measurements were conducted at 85% RH and 25 °C.
After DCB testing, surface XPS scans (0−1000 eV) with optical
microscopy of the fracture surfaces was used to determine the
debond pathway in the film structures.
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