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ABSTRACT: Interfaces between organic and inorganic
materials are of critical importance to the lifetime of devices
found in microelectronic chips, organic electronics, photo-
voltaics, and high-performance laminates. Hybrid organic/
inorganic materials synthesized through sol−gel processing are
best suited to address these challenges because of the intimate
mixing of both components. We demonstrate that deposition
from heterogeneous sol−gel solutions leads to the unique
nanolength-scale control of the through-thickness film
composition and therefore the independent optimization of
both the bulk and interfacial film properties. Consequently, an outstanding 3-fold improvement in the adhesive/cohesive
properties of these hybrid films can be obtained from otherwise identical precursors.
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■ INTRODUCTION

Liquid-phase deposition has long been carried out from fully
homogeneous solutions because of the belief that non-
homogeneous solutions can lead to a lack of predictability or
reproducibility and poor film properties. We show that
deposition from a heterogeneous solution presents an innovative
strategy to prepare thin films with unique properties that may
be unobtainable with classical synthesis routes because of the
independent nanolength-scale control of both the bulk and
interfacial properties of these materials. In this study, we
focused on a hybrid organic/inorganic system designed to
address the bonding of two fundamentally different materials,
namely, an organic and an oxide surface, which are found in
applications ranging from encapsulation barriers in flexible
electronics to multilayer fiber−metal laminates for aerospace
applications.1−8 We found that the full benefit of the hybrid
nature of these materials can be achieved when films are
deposited from heterogeneous solutions, whereby it becomes
possible to control the distribution of the organic and inorganic
molecular components throughout the film thickness. As a
result, when we introduce this film at the interface between an
organic and inorganic material, we can improve the adhesion by
up to 3-fold.
Typically, hybrid organic/inorganic materials synthesized

through sol−gel processing present superior properties
resulting from the nanolength-scale mixing of both compo-
nents.9,10 For instance, the system comprised of two primary
precursors, an epoxysilane, (3-glycidoxypropyl)trimethoxysilane
(GPTMS), and a zirconium alkoxide, tetra-n-propoxyzirconium
(TPOZ), has been investigated for its ability to bond an oxide
surface to an organic material.11−15 Here, the epoxide group on

GPTMS allows chemical cross-linking within the film and
guarantees bonding with an adjacent organic layer, while the
inorganic silicon/zirconium network binds to an underlying
oxide substrate.11−15 In previous studies, film deposition was
always carried out in homogeneous solution conditions.11−15 As
we demonstrate, using a heterogeneous approach allows
improved and independent control of the film composition in
the bulk and at both interfaces, maximizing the interfacial
adhesion and bulk cohesion.

■ RESULTS AND DISCUSSION

First, we established sol−gel parameters to access both
homogeneous and heterogeneous realms of the TPOZ/
GPTMS solution. In order to put TPOZ on a similar hydrolysis
rate as GPTMS and to prevent fast precipitation of ZrO2 in
water, we reacted TPOZ with acetic acid (TPOZ-Ac) to
introduce acetate ligands to the zirconium.16,17 In addition, we
controlled the degree of homogeneity of this system by working
in dilute conditions (3.75 wt %) and by varying the sol−gel
aging time. This allowed us to obtain a larger window of time to
explore the heterogeneous range. Figure 1 shows the transition
of the solution from heterogeneous to homogeneous, changing
from relatively cloudy but without precipitates to transparent.
By controlling this variable, we were able to demonstrate the
impact of both the solution state and the deposition
parameters, such as the dip-coating speed, on the resulting
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deposited thin-film molecular structure and mechanical proper-
ties.
The films were dip-coated with a withdrawal rate of 1 mm s−1

from a solution aged for various times with an optimized Zr/
GPTMS ratio, which in previous studies has been shown to be
approximately 0.7.12 Using X-ray photoelectron spectroscopy
(XPS) depth profiling, we then studied the through-thickness
composition of the deposited films. Because of the high carbon
(C) content provided by the silane, the C atom percent was
used as a trace for the organic network in the film, while the
zirconium (Zr) atom percent traced the inorganic network. As
shown in Figure 2a, the overall Zr content throughout the films
increased with the aging time of the solution, while the total C
content of the deposited films decreased systematically with
increasing aging time (Figure 2b). This variation in the film
composition suggests that the hybrid network deposited on the
film varied dramatically from the organic and inorganic
contents in solution and was a function of the solution aging
time. Furthermore, the XPS data indicated that the Zr and C
contents toward the top of the film, i.e., short sputtering time,
differed significantly as a function of the aging time. After 1 min
of sputtering time (Figure 2a), the Zr content was less than 5
atom % for the 5-min-aged sample, while it increased to more
than 10 atom % for the samples aged for 1 h or more.
Interestingly, this trend appears to be consistent with a solution
transition from heterogeneous to homogeneous that occurs
after 1 h of aging (Figure 1). Under the same sputtering
conditions, looking at 1 min of sputtering time, the C content
decreased with increasing aging time (Figure 2b), contrary to
the Zr trend described above. It can be concluded that, by
altering the solution homogeneity, we were able to control the
organic/inorganic composition throughout the deposited films.
As a result, the interfacial adhesive properties of these films to
an adjacent organic layer and oxide substrate should also vary
significantly with aging time.
The adhesive/cohesive properties of the hybrid layer (HL)

were evaluated by measuring the fracture energy, Gc, using a
well-established double-cantilever-beam (DCB) test method
(see the Experimental Section).3,6,18 We found that the fracture
energy decreased by a factor of 3, from 60 J m−2 upon
deposition from a heterogeneous solution (5 min of aging

time) to 15 J m−2 upon deposition from a homogeneous
solution (24 h of aging time; Figure 3). As shown in Figure 3, a
decrease in the fracture energy was accompanied by a change in
the fracture path. At short aging times, we found that the
fracture path meandered through the epoxy film and failed
cohesively within the HL, close to the silicon/HL interface. As
the aging time increased to 24 h, the fracture path became more
uniform and almost completely adhesive between the HL/

Figure 1. Evolution from heterogeneous to homogeneous of the TPOZ-Ac and GPTMS sol−gel solution in water.

Figure 2. XPS depth profiles of the (a) Zr and (b) C contents in the
films deposited from solutions aged for various times. The data
indicate the Zr and C contents obtained from sputtering through the
film until the HL/silicon interface was reached.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am403032v | ACS Appl. Mater. Interfaces 2013, 5, 9891−98959892



brittle epoxy interface. This shift in the fracture path can be
attributed to the change in the organic and inorganic contents
of the film and their distribution throughout the film thickness.
On the basis of the XPS composition of the films deposited
from heterogeneous conditions, the top surface enrichment in
organic species led to higher cross-linking at the brittle epoxy/
HL interface. The strong bonding of the hybrid film with the
adjacent epoxy layer caused the fracture path to force its way
through the bonds between the inorganic zirconia network and
silicon substrate. For the films deposited from a homogeneous
solution, we suggest that the failure path is the result of a lack of
organic bonding between the hybrid film and epoxy layer
because XPS depth profiling confirmed that these films have
lower C content than those deposited from heterogeneous
solutions. This demonstrates that the interfacial and bulk
network properties of hybrid organic/inorganic films can be
separately controlled in a single deposition step. It is evident
that this is strongly correlated with the solution state
(heterogeneous vs homogeneous), which is a result of the
species solubility at a given time and their interaction with the
underlying substrate.
We have attempted to correlate the variability in the

composition and resulting mechanical properties not only to
the hydrolysis and condensation reactions undergone in
solution but also to the interaction between the forming
network and underlying substrate. It is important to note that
the solution opacity emerges when we add TPOZ-Ac to the
aqueous GPTMS solution, suggesting that the hydrophobic
species are predominantly acetate-bound zirconium and
zirconia clusters that are not fully dissolved in water because
of their hydrophobicity. This is supported by the fact that
zirconium alkoxide precipitates out of solution almost
immediately if not stabilized via a coordinating ligand.16,17,19,20

Therefore, although stabilization of zirconium slows the
hydrolysis/condensation reactions of the compound, it is,
nevertheless, fairly insoluble when it is initially added to an
aqueous solution but becomes soluble over time as the
hydrolysis proceeds. As a result, we suggest that the change
in the solubility of the TPOZ-Ac species over time is what
induces the transition of the solution from heterogeneous to
homogeneous. When the films are deposited via dip coating
from a heterogeneous solution, we believe that selective
elimination of these hydrophobic species occurs as a result of
draining and gravitational forces, resulting in the enrichment of

hydrolyzed GPTMS and depletion of the hydrophobic zirconia
species. The extent of GPTMS enrichment should also
correlate with the degree of hydrolysis and polycondensation
of silane in solution. Further studies are currently underway to
specifically address this point. Nevertheless, the suggested
mechanism above is consistent with our XPS depth profile
results for films deposited from a heterogeneous solution, as
well as the fracture path results obtained from DCB testing.
Conversely, when the solution is aged for longer times

(homogeneous), the zirconia species become more hydrophilic
and fully soluble in water. As a result, more zirconium was
introduced in the deposited films, which is again consistent
with the XPS depth-profiling results described above. There-
fore, we expect to see a dependence of the composition and
film mechanical properties as a function of the dip-coating
speed in heterogeneous systems because the draining forces
vary with the withdrawal rates. On the other hand, these should
be independent of the deposition conditions at longer aging
times.
Next, the substrate dip-coating rate was maintained at 10 mm

s−1 during film deposition, while the withdrawal rate was varied
from 0.2 to 5 mm s−1. For simplicity, we divided the dip-coating
withdrawal rates into three categories, namely, slow (0.2 mm
s−1), moderate (0.7−1.2 mm s−1), and rapid (3−5 mm s−1). It
is worth noting that this overall range (0.2−5 mm s−1) in the
dip-coating withdrawal rate corresponds to a well-known
“draining regime”, whereby the thickness of the film is
governed by the equilibrium between the wettability of the
solution on the substrate and gravity-induced viscous drag.21,22

Therefore, a slow withdrawal rate allows time for the solution
to recede, leading to thin films, whereas at faster withdrawal
rates, there is not enough time for the solution to drain from
the substrate, causing thicker films to be deposited.21 In our
experiments, we observed a systematic increase in the thickness
of the deposited films with increasing dip-coating withdrawal
rates for both the homogeneous and heterogeneous systems,
which is consistent with previous dip-coating studies.
We observed a strong dependence of the resulting

mechanical properties and film composition on the deposition
parameters upon deposition from a heterogeneous solution
(Figure 4a), while this dependence was lost for films obtained
from a homogeneous solution (Figure 4b). As discussed above,
as the solution aged and the precursors evolved to form a
homogeneous network, we deposited all of the species in
solution, which had become fully soluble. In the homogeneous
case, although the films increase in thickness with increasing
dip-coating speed, the composition remains the same for all of
the films independent of the dip-coating speed (confirmed by
XPS depth profiling). This constant composition resulted in a
plateau of the fracture energy at ∼30 J m−2 for all dip-coating
rates. These Gc values differ from those obtained during the
aging study by ∼15 J m−2 because of the inherent variability of
the sol−gel solutions. By moving to heterogeneous solutions
and also utilizing an ideal withdrawal rate, we expect that this
draining effect enables selective elimination of hydrophobic
species, leaving only those well-anchored to the substrate.
We effectively highlight this selective elimination effect upon

deposition from a heterogeneous solution because the fracture
energy nearly doubles under optimized dip-coating conditions.
At slow dip-coating speeds, i.e., 0.2 mm s−1, we obtained films
of about 10−20 nm thickness with poor adhesion, ∼30 J m−2.
The draining forces in this dip-coating withdrawal rate range
are fairly strong, and because the zirconium species are mostly

Figure 3. Fracture energy, Gc, of films deposited on silicon substrates
as a function of the sol−gel aging time from 5 min to 24 h.
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hydrophobic under these solution conditions, we obtain very
thin films that lack the inorganic network to form a truly hybrid
organic/inorganic layer. This very low thickness unfortunately
prevented us from clearly identifying the fracture path for these
samples. At rapid dip-coating rates, the films were about 120−
150 nm thick with fracture energies also of ∼30 J m−2.
Interestingly, the fracture path here did not match the fracture
path previously observed at low aging times but rather
resembled that of the 24-h-aged films, i.e., almost entirely
adhesive at the HL/epoxy interface. Under these conditions, it
is possible that all of the species in solution are deposited, even
those that did not fully hydrolyze or condense into a network in
solution, leading to nonidealized bonding to the adjacent
epoxy. As we moved to moderate withdrawal rates, we obtained
films with thicknesses ranging from 60 to 80 nm that incurred a
maximum fracture energy of ∼60 J m−2 at about 1 mm s−1. This
suggests that the draining forces in this range are ideal for
selectively eliminating only a fraction of the hydrophobic
TPOZ-Ac species, while enriching the organic composition,
resulting in a molecular structure optimized for strong bonding
with both the epoxy and silicon substrate.

■ CONCLUSION
These results suggest that deposition of thin films in
heterogeneous conditions allows us to exploit the multifunc-
tional properties of hybrid systems by gaining full control of the
through-thickness composition using a single deposition step.

We demonstrate the ability to obtain selective elimination of
undesirable species by controlling the solution aging time and
dip-coating conditions, resulting in a 3-fold increase in adhesion
to an underlying oxide surface and adjacent organic layer. With
such nanolength-scale control of the composition and
mechanical properties of these films, we envision the synthesis
of hybrid materials with targeted properties, such as moisture-
resistant adhesion and barrier functionality.

■ EXPERIMENTAL SECTION
(3-Glycidoxypropyl)trimethoxysilane (GPTMS; Sigma-Aldrich Co.,
Madison, WI), tetra-n-propoxyzirconium (70% in n-propyl alcohol,
TPOZ; Sigma-Aldrich Co., Madison, WI), and glacial acetic acid
(GAA; EMD, Gibbstown, NJ) were used as received. The sol−gel
solution consisted of 3.75 wt % solids in solution with a zirconate/
GPTMS molar ratio of 0.7. The solution was prepared by first mixing
GPTMS with deionized water at 500 rpm at room temperature. In a
separate vial, TPOZ (70% in n-propyl alcohol) was stabilized with 45
wt % GAA. After the GPTMS/water and TPOZ/GAA solutions were
mixed together, the sol was aged from 5 min to 24 h while
continuously being stirred at 500 rpm before film deposition. All
experimental work was carried out in a laboratory air environment,
which remained constant at 25 °C and approximately 40−45% relative
humidity. Immediately after the predetermined solution aging time,
stirring was stopped and films were deposited by dip coating onto
substrates (50 mm × 12.5 mm × 0.777 mm) of a natively oxidized
single-crystal [100] silicon. The silicon substrates were submerged in
the sol−gel at a rate of 10 mm s−1 and immediately withdrawn at rates
of 0.2, 0.7, 1, 1.2, 3, and 5 mm s−1. The films were then thermally
cured for 2 h at 120 °C in air. The 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 fracture energies of the hybrid films were measured in terms of
the critical strain energy release rate, Gc, using DCB specimens. The
DCB test geometry is a well-established method for measuring the
critical strain energy release rates of thin-film structures and interfaces.
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 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−1, from which a load versus displacement
curve was recorded. Equation 1 was used to calculate Gc, whereby Pc is
the critical load at which crack growth occurs, a is the crack length, E is
the plain strain elastic modulus, and the specimen dimensions are
width B and beam thickness h.23
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After DCB testing, surface XPS scans along with optical microscopy
were used to determine the location of the fracture path in the film
stack.
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