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Abstract A hybrid material system consisting of (3-
glycidyloxypropyl)trimethoxysilane, dimethyldimethoxysi-
lane and zirconium(IV) n-propoxide was prepared. The in-
fluence of processing parameters including Zr content, UV
irradiation and sol ageing on the properties of the resul-
tant thin films was discussed. Refractive index, at 633 nm,
and reflectance measurements were performed and near-field
waveguide images of the samples were taken. Optical prop-
agation loss measurements, at 633 nm, were studied. Film
thickness and cross-sectional scanning electron microscopy
images were obtained as a function of process conditions.
FT-IR spectroscopy was used to monitor chemical reaction
pathways in the system during processing. It was demon-
strated that the crosslinking of epoxy groups in the structure,
along with inorganic network formation as a result of sol-gel
reactions, was the primary reason for the changes in the op-
tical and physical properties of the system. As Zr containing
species and/or UV irradiation may be employed to crosslink
the epoxy groups in the structure, the optical and physical
properties of the system can be tuned by optimal combina-
tion of these two crosslinking methods, as well as sol ageing
process.
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1. Introduction

Inorganic-organic hybrid sol-gel based material systems play
an important role in the development of optical waveguiding
devices and are of considerable interest for possible pho-
tonic interconnect and sensor applications [ 1-7]. The sol-gel
method has several advantages over conventional methods
such as chemical vapour deposition or flame hydrolysis de-
position to obtain such materials [8, 9].

Inorganic-organic hybrids with crosslinkable functional
groups, such as acrylate or methacrylate are most com-
monly used at present [10]. An advantage of epoxy-based
systems is that, crosslinking of the epoxy functional groups
can be achieved either by a suitable catalyst or by irradia-
tion with UV or visible light in the presence of a suitable
photo-initiator [11, 12]. In addition to Si containing precur-
sors, alkoxy compounds of transition metals such as Ti or
Zr can also be involved in the sol-gel synthesis so that op-
tical and physical properties can be tuned [10, 11, 13]. This
is typically performed in order to optimise the refractive
index of the cladding region in a planar waveguide device
in order to minimize insertion losses. Currently Zr is the
dopant of choice, as its reactivity can be more carefully con-
trolled via complexation reactions, than that of Ti. Therefore,
the compatibility of Zr dopant with epoxy-functionalised
inorganic-organic hybrid systems is of considerable
interest.

In this study, an inorganic-organic hybrid thin film system,
containing epoxy side chains, was synthesised via the sol-
gel route with different Zr compositions. The influence of
Zr content, UV irradiation and sol ageing on the optical and
physical properties of the material system was evaluated.
The comparative effects of Zr doping and UV irradiation on
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resultant film microstructure and functional properties were
detailed for the first time.

2. Experimental
2.1. Preparation

The following synthesis route was used: (3-
glycidyloxypropyl)trimethoxysilane (GDPTMS) (Fluka)
and dimethyldimethoxysilane (DMDMOS) (Fluka) were
mixed in a mass ratio of 9:1, respectively, to form the main
inorganic structure. Various amounts of the mixture of
zirconium(IV) n-propoxide (Zr(OPr")4) (Fluka), a network
former, a refractive index modifier and a catalyst for epoxy
crosslinking, and methacrylic acid (MAA) (Merck) (with a
mass ratio of 1:1) were added to the former mixture while
stirring. Zr(OPr")4 was stabilised with MAA to prevent the
particulation of Zr as ZrO, due to the higher reactivity of
Zr-alkoxides when compared to that of Si-alkoxides. After
30 min, aqueous HCI solution (0.1 M) and isopropanol,
with a mass ratio of 9:2:1.6, GDPTMS:aqueous HCI
solution:isopropanol, were added while stirring. After 1 h
triarylsulfonium hexafluoroantimonate salts (50% mass in
propylene carbonate) (Aldrich) were added to the system as
a photo-initiator with a mass ratio of 1:0.1, GDPTMS:photo-
initiator. After a further 1 h stirring, several samples were
stored to investigate the effect of sol ageing at ambient
conditions up to 240 h. The remaining samples were filtered
to remove any unintended particulates by passing the sol-gel
mixture through a 0.45 pum polypropylene Whatman™
filter. These samples were then spin-coated onto silicon
wafer substrates using a WS-400A-6NPP/LITE Spin-Coater
(Laurell Technologies Corp.) at a spin rate of 800 rpm for
30s. Coated substrates were then dried on a hot-plate at 75°C
for 30 min. Subsequently, several samples were irradiated
with UV light up to 10 min using a DEK 1600 UV Exposure
System to determine the influence of UV exposure time.
The intensity of the UV source was 0 mW/cm?2 at 220 nm,
0.11 mW/cm? at 254 nm, 5.0 mW/cm? at 365 nm, and
14.2 mW/cm? at 400 nm. This range was suitable to activate
the photo-initiator used in this study. Several samples
were irradiated through a chrome-on-quartz contact mask
for waveguide fabrication. All of the samples were again
heated on a hot-plate at 75°C for 30 min. All samples were
processed in the same manner. A schematic representation
of this route is given in Scheme 1.

2.2. Characterisation
All refractive index measurements were performed at 633 nm
using a Metricon 2010 Prism Coupler. The average of

15 measurements was used. The maximum deviation was
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Scheme 1 The schematic representation of the preparation route
followed

40.001. A Tencor Alphastep 500 Surface Profiler was used
to determine the film thickness. The reflectance of the sol-
gel films was measured with a Shimadzu 2401 PC UV /Vis
spectrophotometer. Changes in chemical functionality due
to modification of the sol-gel film during process steps were
monitored using a Varian FTS 7000 FT-IR spectrometer.
Cross-sectional scanning electron microscopy (SEM) of the
sol-gel films was performed using a Hitachi S-4000 Field Ef-
fect SEM instrument. Near-field images of the guided light
output from the waveguides were obtained using a CCD cam-
era. Optical propagation loss measurements were carried out
at 633 nm using a DALI E-2100 device alignment instru-
ment, with values calculated using the cleave-back method.

3. Results and discussion

A UV/Vis spectrum of a representative prepared sol-gel film
(0.00 mol% Zr, UV-exposed (5 min) and unaged) is given in
Fig. 1(a). It was observed, for all samples, that the reflectance
is uniform over the visible range. An FT-IR spectrum of a
representative prepared sol-gel film (11 mol% Zr, unexposed
and aged for 96 h) is given in Fig. 1(b). The assignments of
the generic peaks were made as follows: the broad peak
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centred at 3414 cm~! was assigned to O—H bonds; the fea-
tures at 2870 and 2932 cm~! were assigned to C—H bonds;
the strong peak centred at 1107 cm™! was assigned to Si—O
bonds. In addition, the peak at around 1261 cm~! was as-
signed to Si—CHj3 species [14], that at 760 cm™! was assigned
to the epoxy rings [15] and that at 613 cm~! was assigned to
Zr-0 species [16]. The peak at around 1261 cm™' was em-
ployed as a reference peak to be used in the evolution FT-IR
spectra. It was assumed that the number of Si—~CHj3 bonds re-
mained constant during the synthesis. The relative changes,
therefore, at any other wavenumber was monitored, by nor-
malising the absorbance at that wavenumber to that of the
Si—CHj3. Data processing was performed with appropriate
baseline corrections.

3.1. Effect of Zr content and UV irradiation

The influence of Zr content on the physical and optical prop-
erties of both the unexposed and the UV-exposed (5 min)
sol-gel films was investigated. Figure 2(a) and (b) show the
variation of refractive index and thickness, respectively, as
a function of Zr content. An increase in the refractive index
of the unexposed system with increasing Zr content was ob-
served. This may be attributed to two factors; firstly the high
polarisability and large atomic size of Zr [13, 17, 18], and
secondly, the catalytic effect of Zr on epoxy crosslinking
[11]. The latter is more pronounced in the early stages of
Zr doping, up to around 2 mol% Zr. A similar increase was
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observed in the refractive index of the UV-exposed system
with increasing Zr content. However, the refractive indices
of the UV-exposed samples, between 0 and approximately
11 mol% Zr, are higher than those of unexposed samples. It is
suggested that UV-induced epoxy crosslinking [12] leads to
this additional increase. This difference in refractive indices
between the unexposed and UV-exposed samples became
smaller as the Zr concentration increased and disappeared
at approximately 11 mol% Zr concentration (Table 1). It
is suggestive of a minimum Zr concentration at which all
the epoxy crosslinking reactions are carried out by the cat-
alytic effect of Zr. The relatively low refractive indices of the
UV-exposed samples, with Zr contents ranging between 0.35
and approximately 2 mol% result from the fact that both Zr-
and UV-induced epoxy crosslinking, in this concentration
range, play an active role in determining the refractive index
of the system. As the UV irradiation occurred after the film
structure was partially crosslinked by the catalytic effect of
Zr, the epoxy crosslinking potential of the UV irradiation
decreased. The thickness of both the unexposed and the UV-
exposed samples increased with increasing Zr content up to

Table 1  Variation of An with Zr content. (An: Difference in the
refractive indices of unexposed and UV-exposed samples)

Zr Content (Mole%)
0.00 035 070 1.2 1.7 34 6.6 11 17

An 0.017 0.010 0.009 0.008 0.005 0.004 0.003 0.000 0.001
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Fig. 3 Evolution FT-IR spectra
of the unexposed (a) and
UV-exposed (b) samples; and
variation of the relative number
of epoxy rings (c) and Zr-O
species (d) as a function of Zr
content doped. (Numbers on the
curves correspond to the Zr
content doped (mole%))
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around 2 mol%. Since this is the concentration range in which
the epoxy crosslinking is more pronounced, this crosslinking
leads to the formation of the main organic network structure,
which then causes an increase in the thickness of the film.
The thickness of the UV-exposed sample with 0.00 mol%
Zr, however, is much less than that observed around 2 mol%
Zr despite the high degree of crosslinking. This is possibly
due to the fact that the epoxy crosslinking, in this case, is
carried out only by UV light. This one-step crosslinking pos-
sibly leads to the formation of a more densely organically
crosslinked network structure, which in turn causes volume
shrinkage [10, 19]. In the case of UV-exposed samples, with
Zr content ranging between 0.35 and approximately 2 mol %,
crosslinking is carried out both by the catalytic effect of Zr
and also by the UV-irradiation. The network, formed by this
two-step crosslinking, is possibly less densely organically
crosslinked, which results in less shrinkage. Above 2 mol%
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Zr the thickness was observed to decrease monotonically.
This decrease was most likely the result of the relative di-
lution of epoxy groups in the structure with increasing Zr
content, which therefore caused a decrease in the relative
amount of organic crosslinks.

The above explanations are ascribed, in general, to the
epoxy crosslinking reactions carried out by either the cat-
alytic effect of Zr or the UV irradiation. In order to investigate
the hypothesis, the relevant regions of the FT-IR spectra of
the unexposed and UV-exposed samples were monitored and
are given in Fig. 3(a) and (b), respectively. The decrease in
the absorbance at around 760 cm ™!, for both unexposed and
UV-exposed samples, supports the hypothesis. The relative
amount of epoxy rings in the structure was also determined
using the ratio of IR absorbance at 760 cm~! (A7) to that
at 1261 cm™! (Aa61), plotted as a function of Zr content.
The change in the relative amount of epoxy rings with Zr
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Fig. 5 Evolution FT-IR spectra
of the sample sets with 1.7 (a)
and 11 (b) mol% Zr; and
variation of the relative number
of epoxy rings (c) as a function
of UV exposure time (Numbers
on the curves correspond to the
UV exposure time (minutes))
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content (Fig. 3(c)), for both the unexposed and UV-exposed
samples, is consistent with the explanations given above.

Figure 3(a) and (b) could also be used to show the
presence of Zr in the resultant sol-gel films. The increase
in the absorbance at around 613 cm™!, for both the un-
exposed and the UV-exposed samples demonstrated that
Zr was indeed present in the final film material. This in-
crease, which manifests itself after approximately 3 mol%
Zr, can also be followed from the ratio of IR absorbance
at 613 cm™' (Ag13) to Ajag as a function of Zr content
(Fig. 3(d)).

3.2. Effect of UV exposure time

The influence of UV exposure time was investigated for two
representative sample sets, containing 1.7 and 11 mol% Zr.

Sol Ageing (h) Sol Ageing (h)
(@) (b)

Figure 4(a) and (b) show the variation of refractive index and
thickness, respectively, as a function of UV irradiation time.
The refractive index of similar sol-gel hybrid materials was
shown to increase with increasing UV exposure time [13, 20].
For the material systems in this study, this effect can only
be taken into account in the samples with low Zr content,
as epoxy groups in the structure will be already crosslinked
by the catalytic effect of Zr before UV irradiation, for the
samples with high Zr content. Therefore increasing the Zr
content in the system decreases the potential UV-induced
epoxy crosslinking effect. The refractive index of the hybrid
system, at 11 mol% Zr, remains unchanged at all UV irradi-
ation times, consistent with this explanation. UV irradiation
of the sample, with 1.7 mol% Zr, for 1.5 min is sufficient
to achieve the maximum refractive index of this material
system. The thickness of samples at 1.7 and 11 mol% Zr
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Fig. 7 Evolution FT-IR spectra
of the unexposed (a) and
UV-exposed (b) samples; and
variation of the relative number
of -OH groups (c) as a function
of sol ageing. (Numbers on the
curves correspond to the sol
ageing time (hours))
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content were not influenced by UV exposure time. This is
most probably due to the main network structure being al-
ready in place before the samples were irradiated with UV
light. The thickness of the sample with 1.7 mol% Zr content
is higher than that of the sample with 11 mol% Zr content at
all UV irradiation times. This is consistent with the relative
dilution of epoxy groups with increasing Zr content in the
structure.

In order to track the progress of epoxy ring opening reac-
tions upon UV irradiation, the relevant regions of the FT-IR
spectra of the samples with 1.7 and 11 mol% Zr content were
monitored and are given in Fig. 5(a) and (b), respectively.
The decrease in the absorbance at around 760 cm™!,
consistent with the UV-induced epoxy ring opening, can be
observed for both sample sets. The ratio of A7gp to Az
was also plotted against UV exposure time (Fig. 5(c)) as a
function of UV irradiation time. This ratio slightly decreased
with increasing UV exposure time for both sample sets. The
ratios for both systems are low at all UV irradiation times.
This is due to the fact that these material systems are already
crosslinked, to a certain degree, before irradiation with UV
light.

3.3. Effect of sol ageing
The influence of sol ageing on the material system, with
11 mol% Zr, for both the unexposed and the UV-exposed

samples, was also investigated. Figure 6(a) and (b) show
the variation of refractive index and thickness, respectively,
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with sol ageing. It was observed that increasing the sol
ageing time decreased the refractive index of the system,
both for unexposed and UV-exposed samples. This is
consistent with the ongoing progress of hydrolysis and
polycondensation (including homo- and heterocondensation
of both Si and Zr containing species) reactions with time
[21, 22]. In the early stages of the sol ageing process,
because of weak branching combined with limited con-
densation and decreasing solvent concentration during
film formation, precursors interpenetrate and the structure
becomes densely packed and relatively less porous [23].
Therefore, the porosity of the structure increased with
sol ageing, which in turn decreased the refractive index
whilst also increasing the thickness of deposited films.
This increase in film thickness suggested that the inorganic
crosslinking was dominant over the organic crosslinking in
determining the network structure of the system at 11 mol%
Zr.

In order to demonstrate the progress of hydrolysis
reactions with sol ageing, the relevant regions of the FT-IR
spectra of the unexposed and UV-exposed samples were
monitored and are given in Fig. 7(a) and (b), respectively.
The increase in the absorbance at around 3414 cm™! was
attributed to the further hydrolysis reactions that occurred
during sol ageing. The progress of the hydrolysis reactions
during sol ageing can also be observed by monitoring
the ratio of IR absorbance at 3414 cm™! (Ass14) to Ajzg
as a function of sol ageing time (Fig. 7(c)). An increase
was observed in the ratio Asqi4/Aj261 for both unexposed
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Fig. 8 A cross-sectional SEM
image of a representative
prepared sol-gel film (a), and a
near-field image of the guided
light output from a
representative prepared
waveguide (b)

10 um

100 pli‘l

and UV-exposed samples suggestive of further hydrolysis
reactions during sol ageing. Nevertheless, the rate of
increase reduced with sol ageing. This may be attributed to
the saturation, in number, of Si—-OH and/or Zr—OH species
with sol ageing, and further condensation reactions, which
therefore decreased the number of Si-O-R and/or Zr-O-R
(where R is: methyl, or n- or iso-propyl) species, necessary
for hydrolysis reactions.

3.4. SEM and near-field optical analysis

A cross-sectional SEM image of a representative prepared
sol-gel film (6.6 mol% Zr, UV-exposed (5 min) and un-
aged) showed that the films can be obtained as crack-free
(Fig. 8(a)). A near-field image of the guided light output
from a representative prepared waveguide (0.00 mol% Zr,
UV-exposed (5 min) and unaged) demonstrated that the
light was confined to the core region of the waveguide
(Fig. 8(b)). The measured minimum propagation loss of the
guide was obtained from the same sample and found to be
0.8 dB cm™!. This material system therefore appears suitable
for potential short range photonic interconnect and sensing
applications.

4. Conclusion

A novel inorganic-organic hybrid system with epoxy func-
tionality was prepared by the sol-gel method. The optical
and physical properties of the materials were characterised
as a function of process variables including Zr content, UV
irradiation and sol ageing.

It was shown that both the refractive index (at 633 nm) and
thickness of the material system could be tuned by Zr dop-
ing and/or UV irradiation and/or a sol ageing process. The
comparative epoxy crosslinking effects of Zr doping and UV
irradiation were presented for the first time. Moreover, it was
demonstrated that the crosslinking of epoxy groups, along
with the inorganic network formation as a result of sol-gel re-

(a) (b)

actions, is the main influence on the observed modifications
in the optical and physical properties of the material system.
As Zr containing species and/or UV irradiation may be em-
ployed to crosslink the epoxy groups in the structure, the
combination of these two crosslinking methods provides a
new process regime to obtain thin film materials with desired
optical and physical properties.
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