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ABSTRACT We report on germania/organically modified silane
(ormosil) hybrid materials produced by the sol-gel tech-
nique for photonic applications. Acid-catalyzed solutions of
y-glycidoxypropyltrimethoxysilane mixed with germanium iso-
propoxide have been used as precursors for the hybrid mate-
rials. Planar waveguide films with a thickness of about 2 um
have been prepared by a single spin-coating process and low-
temperature heat treatment from these high germanium content
hybrid materials. Atomic force microscopy, thermal gravimetric
analysis, UV-visible spectroscopy, and Fourier-transform in-
frared spectroscopy have been used to investigate the optical
and structural properties of the films. The results have indi-
cated that a dense, low absorption, and high transparency (in the
visible range) waveguide film could be achieved at a low tem-
perature. A strong UV-absorption region at short wavelengths
~ 200 nm, accompanied by a shoulder peaked at ~ 240 nm,
has been noticed due to the neutral oxygen monovacancy de-
fects. The propagation mode and loss properties of the planar
waveguide films have also been investigated by using a prism-
coupling technique.

PACS 81.05.Pj; 81.20.Fw; 78.66.Sq

1 Introduction

Over the past few years, sol-gel techniques have
been playing a significant role towards the development of op-
tical materials in the planar waveguide film format for use in
integrated optics [1—4]. This technique possesses a number of
advantages over conventional film-formation techniques in-
cluding a relatively low processing temperature and a good
control of the composition and property of the final mate-
rial. We are aware of the fact that germanosilicate glasses
are widely used as the core materials for the production of
optical fibers because of their high optical transmission in
the visible and infrared range. Especially, they are potentially
ideal applications for integrated optics devices, provided that
they can be made compatible with single-mode fibers. The
use of germania as the core dopant and silica as the substrate
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ensure that these waveguides will have virtually identical
characteristics to single-mode fibers. Moreover, the ultravi-
olet photosensitivity of germanosilicate glasses has attracted
a great deal of attention because of the formation of Bragg
gratings and second-harmonic generation [5—7]. These prop-
erties provide a significant potential for photonic applications
such as data storage, information processing, optical inter-
connects, and integrated optics. Due to such promising appli-
cations, a number of research groups have reported progress
in such material systems [8—11]. On the other hand, organi-
cally modified silanes (ormosils) have attracted a great atten-
tion for integrated optics applications in recent years [12—15],
since Schmidt proposed this new type of organic—inorganic
hybrids in 1985 [16]. Especially, sol-gel integrated optics
of ormosils is beginning to show potential photonic applica-
tions and it stimulates studies on optical waveguide materi-
als. Considering that ormosil films of the required thickness
of a few microns can be deposited in a single spin-coating
process, the moderate processing temperatures could enable
direct integration with semiconductor sources and detectors.
For example, low-loss waveguides based on titania—ormosil
and zirconia—ormosil composite waveguides have been fabri-
cated and studied by the sol-gel technique [17-20]. However,
the preparation and properties of germania/ormosil compos-
ite waveguide films have not been reported so far. In this paper,
we report our recent study on the preparation, characteriza-
tion, and optical properties of the germania/ormosil hybrid
materials for photonic applications. The propagation mode
and loss properties of the hybrid planar waveguide films have
also been investigated based on a prism-coupling technique.

2 Experiment

2.1 Sample preparation

Because of the extreme moisture sensitivity
of the germanium alkoxides, all reactions and manipula-
tions were carried out under dry-nitrogen environment. In
the preparation of a germania/ormosil hybrid material
sol, y-glycidoxypropyltrimethoxysilane (GLYMO,
(CH,OCH)CH,O(CH,)3Si(OCHj3)3) was used as ormosil
source, 1 mole of GLYMO was mixed with 4 moles of ethanol
and 4 moles of de-ionized water, and after being stirred for
about 30 min, 0.01 mole hydrochloric acid (HCI, 37 wt. % in
water) was added to the solution. Then the solution was stirred
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for an hour. Germanium isopropoxide (Ge[OCH(CH3)]4)
was added to 2-methoxyethanol (CH3;OCH,CH,OH) at a mo-
lar ratio of 1 : 4 under a nitrogen environment and the solution
was agitated until homogenization was reached. Then, the
two solutions were mixed with a molar ratio dependent on
the desired germanium content in the final sol-gel film. In
the present study, the molar ratio of GLYMO to GeO, was
4 : 1. The final mixture was stirred for about 25 h at room tem-
perature. Following the common practice for spin coating,
a 0.1-micron-pore filter was attached to a syringe for remov-
ing foreign particles before the resultant solution was spin-
coated onto a substrate. The substrates used in our experiment
included silica-on-silicon (SOS) and quartz. One layer of the
sol—gel film was spun onto the substrate at 3500 rpm for 30 s.
The film-coated samples were then heated for 10 min at differ-
ent temperatures of 100, 200, 300, 400, and 500 °C.

2.2 Film characterization

The hybrid waveguide films (or powders) were
characterized by atomic force microscopy (AFM), thermal
gravimetric analysis (TGA), UV-visible spectroscopy (UV-
VIS), and Fourier-transform infrared spectroscopy (FTIR).
The morphology of the films was observed by a Digital
Instruments Nanoscope IIla AFM using the tapping mode.
A Perkin-Elmer 7 Series was used for TGA measurement of
the gel powders obtained from the corresponding solution,
which was done at a heating rate of 5 °C/min in a flowing ni-
trogen gas environment. The UV-visible absorption spectra
were measured for the films deposited on quartz in the range
of 200—800 nm on a UV-VIS spectrometer, which has a reso-
lution of £0.3 nm. The FTIR spectra of the films deposited
on silica-on-silicon substrates were measured in the range of
4000-400 cm~! with a resolution of &1 cm™~!.

The refractive index and thickness of the hybrid wave-
guide films were measured for transverse electric (TE) and
transverse magnetic (TM) polarizations by an m-line appara-
tus (Metricon 2010) based on the prism-coupling technique
at the wavelength of 633 nm. The propagation loss was meas-
ured by recording the light intensity scattered out of the wave-
guide plane, which is proportional to the guided intensity. This
intensity was recorded by a fiber probe scanning down the
length of the propagating streak. The losses were evaluated
by fitting the intensity to an exponential decay function, as-
suming a homogeneous distribution of the scattering centers
in the waveguide. The measurements were performed by ex-
citing the transverse electric TEy mode of the waveguide with
lasers at the wavelengths of 633 and 1550 nm.

3 Results and discussion

The dependence of the morphology of the hybrid
films on the heat-treatment temperature has been investigated
by AFM. Our results show that dense, nonporous, and smooth
film morphology could be obtained at the temperature of be-
low 300 °C. When organic groups are integrated into the inor-
ganic system, the shrinkage of the film is low, perhaps because
the bulky organic components fill the pores between the in-
organic oxide chains. The film can thus be made to reach
its final density at a low temperature. The value of the root

mean square (RMS) surface roughness of the films was ex-
amined over a 1 pm x 1 pwm area. The surface roughness of
the film obtained under the present processing condition is
sufficiently small for photonics applications. For example,
the surface roughness of the film baked at 100 °C is around
0.2 nm (obtained from the 1 um x 1 pum area). It is also noted
that, with an increased temperature, the RMS roughness be-
comes slightly reduced and thus the film becomes relatively
smooth.

Figure 1 shows the TGA curves of the gel powder. It can
be seen from Fig. 1 that the weight loss occurs at three stages
mainly, namely, below 100 °C, between 350 and 450 °C, and
between 450 and 550 °C. Below 100 °C, the weight loss is
considered to be due to the evaporation of water and the
volatilization and thermal decomposition of the remnants of
organic solvents. Between 350 and 450 °C, the weight loss is
attributed to the carbonization or the combustion of organic
compounds, that is to say, this weight reduction is due to
the loss of carbon, hydrogen, and oxygen. Between 450 and
550 °C, the weight loss is probably ascribed to the evapora-
tion of physically absorbed water and the further combustion
of organic compounds. As there is no major weight loss after-
wards, it can be considered that, for the powder sample, the
organic groups have been completely burnt off and the sam-
ple is inorganic glass. It can be seen clearly from Fig. 1 that
the obvious and faster weight loss occurs at the stage between
350 and 450 °C. Obviously, these results are helpful to under-
stand the results obtained by AFM, where the RMS roughness
of the film is found to be reduced with the increase of the heat-
treatment temperature. When the heat-treatment temperature
is increased, the volatilization and thermal decomposition of
the organic solvents or the combustion of organic compounds
occurs, and the film becomes relatively smooth. It should
be mentioned that the microstructure of the powders can be
quite different from that of a film; this analysis can, never-
theless, serve as a guide to what might similarly happen to
films.

Figure 2 shows the optical absorption spectra of the films
heated at different temperatures, these films having been
coated on quartz substrates. It is quite clear that the ab-
sorbance of the films is relatively low when the heat-treatment
temperatures are at 100 and 200 °C. As the heat-treatment
temperature is increased to 400 °C, there is a significantly
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FIGURE 1 TGA curve of gel powder obtained from the solution
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FIGURE 2 UV-VIS absorption spectra of the hybrid films heated at differ-
ent temperatures

larger absorption up to 350 nm that can be observed clearly.
However, the film heated at 500 °C has a much lower ab-
sorbance than that heated at 400 °C, even lower than the film
heated at 300 °C. Based on the results obtained by TGA as
mentioned before, this behavior could be explained as fol-
lows. The film heated at 400 °C was porous due to the incom-
plete decomposition of the organic compounds. As a result,
a relatively large degree of scattering of incident light could
also occur by the pores caused by the incomplete decom-
position and combination of the organic compounds. When
the heat-treatment temperature was increased to 500 °C, the
organic compounds have been nearly decomposed and a rela-
tively dense film was obtained. As aresult, both the absorption
and the scattering caused by the relatively large pores are sub-
stantially suppressed. It should be mentioned that a strong
UV absorption at short wavelengths ~ 200 nm accompanied
with an obvious shoulder located at ~ 240 nm is identified.
There is a consensus over the assignment of the absorption
band at around ~ 200 nm to Si E’ and Ge E’ centers [21-23].
The absorption at ~ 240 nm is also well characterized and
associated with an increase in the concentration of neutral
oxygen monovacancy defects [21-25]. It can be seen clearly
from Fig. 2 that a decrease in the ~ 240-nm absorption is
observed when the heat-treatment temperature increases, be-
cause of the reduction of the neutral oxygen monovacancy
defects. For the film heated at 400°C, there is no obvi-
ous ~ 240-nm absorption band observed. An explanation is
that the large degree of scattering of incident light by the
pores caused by the incomplete decomposition and combi-
nation of the organic compounds covers the ~ 240-nm ab-
sorption band. It can be concluded from the UV-absorption
results that a heat-treatment temperature below 300 °C is ne-
cessary to attain a dense, low absorption, and high trans-
parency (in the visible range) sol—gel hybrid waveguide thin
film by the present process. A decrease of the ~ 240-nm
absorption can be observed when the heat-treatment tem-
perature increases from room temperature to 500°C, be-
cause of the reduction of the neutral oxygen monovacancy
defects.

The structural properties of the as-deposited and the
treated films were studied by FTIR. Figure 3 shows the FTIR
spectra of the films heated at different temperatures. The main
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FIGURE 3 FTIR absorption spectra of the hybrid films heated at different
temperatures

band peak at 1092 cm™! is assigned to Si—O—R stretching
vibrations of ethoxy groups directly bonded to silicon [26].
This band decreases in intensity with increased heat-treatment
temperature. A simple explanation is that the reduction of the
silicon content may weaken Si—O stretching. There are two
weak peaks at 1195 cm~! and 1260 cm™! which correspond to
—CHj3; rocking vibration from Si—O—CH3; functional groups
and the vibration of the Si—C bond [27], respectively, but
these peaks vanish when the heat-treatment temperature is in-
creased to 400 °C or above. The band at 965 cm™~!, which is
present in those samples heated below 400 °C, is attributed to
Ge—O0O—Ge anti-symmetric stretching. We also observe that
the broad peak centered at 2892 cm™! is assigned to —CH,—
symmetric stretching. Furthermore, a broad band between
3100cm~! and 3600 cm™! is attributed to O—H stretching
vibration. It should be noted that a broad OH stretching vi-
bration and a —CH,— symmetric stretching vibration would
not be found with a heat treatment at the temperature up to
400 °C or above. In short, an increase in the heat-treatment
temperature leads to a decrease or even the vanishing of the
hydroxyl content. It should be mentioned that the peaks at
600 and 460 cm~! observed for all the samples are from the
substrate.

The optical waveguide properties of the films were studied
using an m-line apparatus based on the prism-coupling tech-
nique [28]. The theory of prism coupling has been treated
extensively. In its simplest form, the coupler makes use of
a high-refractive-index prism placed in close proximity to the
planar waveguide. In order to excite all possible waveguide
modes, the phase-matching condition between prism and film
needs to be met. This requires the refractive index of the prism
to be larger than that of the film. By using the prism-coupling
technique, light-wave guiding was easily demonstrated in our
hybrid films. In order to further characterize the waveguide
properties of the films, such films were deposited on silica-
on-silicon substrates to fabricate planar waveguides and to
observe the propagation mode of light-wave guiding. A laser
beam is coupled into the film through a prism. The effective
mode index (Np,) is calculated as [29]

N = N, sin (sin™' (sin 0/ Np) + Ap) (1
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where N, is the refractive index of the prism, A} is its base
angle, and 6, is the incident angle of the laser beam to the
prism. In our case, N, =2.1653 at 633nm and 2.1227 at
1550 nm, and A, = 50.75°.

The film heated at 200 °C was found to support several TE
modes or TM modes at 633 nm, as shown in Fig. 4a and b,
respectively. However, considering that the substrate index is
about 1.457 for a wavelength of 633 nm, only the two high-
estindices for each polarization are higher than this value, that
is to say, only two modes of TEy and TE; (TMy and TM)
can be guided modes of the waveguide and used for calculat-
ing the profile parameters. The incident mode angles, 6,,, and
the calculated effective mode indices, Ny, for the TEy, TE;,
TMy, and TM| modes are listed in Table 1. From theory [30],
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FIGURE 4 Optical guided modes of the hybrid waveguide film at the wave-
length of 633 nm. a TE modes, b TM modes

Mode Incident  Effective Film Film

angle  mode index refractive index thickness (jum)
TEy —14.94° 1.5017
TE, —16.45° 1.4832 1.5081 (at 633 nm) 1.95
TMy —14.94° 1.5017
™, —16.48° 1.4828 1.5085 (at 633 nm) 1.97
TABLE 1 Incident angle, effective mode index of the guided modes ob-

tained by the m-line technique, and refractive index and film thickness
calculated from the effective mode refractive index at 633 nm

the refractive index and the thickness of the film can be deter-
mined from the measured effective refractive index values of
both TE and TM modes. For TE modes, the results obtained
are 1.5081 and 1.95 pm, while for TM modes, they are 1.5085
and 1.97 pm, respectively. It is quite encouraging to note that
the values obtained from the TE and TM modes are in good
agreement. The small difference of the refractive indices ob-
tained for TE and TM modes indicates that the birefringence
in the waveguide is negligible. Figure 5 shows the dependence
of the thickness and refractive index of the films on the heat-
treatment temperature from 50 to 300 °C. As expected, with
the heat-treatment temperature increase, the refractive index
of the film increases and the thickness drops. It can be also
seen from Fig. 5 that the film thickness and refractive index
are not sensitive to an increase of the heat-treatment tempera-
ture from 50 to 200 °C. For example, the decrease of the film
thickness is about 1% and the increase of the refractive index
is about 0.03%, respectively, when the heat-treatment tem-
perature is increased from 100 to 200 °C. However, the change
in the film thickness and refractive index is more substan-
tial when the temperature is between 200 and 300 °C. It can
be concluded that a dense and nonporous hybrid waveguide
film can be obtained below the heat-treatment temperature of
300 °C. With the further increase of the heat-treatment tem-
perature, the thermal decomposition of the organic solvents or
the combustion of the organic compounds occurs and the film
becomes an inorganic film.

The optical propagation losses at 633 nm and 1550 nm, for
the TEy mode, were evaluated by a scattered-light measure-
ment technique based on a fiber photometric detection. The
losses were typically 7.3 dB/cm at 633 nm and 2.4 dB/cm at
1550 nm for the waveguide film heated at 100 °C. It is obvi-
ous that the loss of the waveguides prepared at the present
process conditions is relatively large as compared to those re-
ported previously for a Si0,-GeO, planar waveguide [8, 31].
The total loss of a planar waveguide consists of absorption
and scattering contributions, the latter being usually predom-
inant at the wavelength of interest in integrated optics. The
scattering loss for an amorphous waveguide is the sum of
two contributions, including surface scattering due to the sur-
face roughness of the film, and volume scattering due to local
fluctuations in the refractive index resulting from density and
compositional variations [19]. Actually, the measured wave-
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FIGURE 5 Dependence of the thickness and refractive index of the hybrid
films on heat-treatment temperature
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guide films have several defects, possibly dust, which visi-
bly scattered light to a greater extent than the surrounding
sol-gel medium. Loss measured through sections of a film
containing these defects should be higher. It is also possible
for a guided wave propagating in a planar medium that local
refractive index fluctuations in the volume of the guide and
deviations from a perfectly plane geometry at the waveguide—
cladding boundaries contributed to the losses. In addition,
large surface roughness of the film and nonuniform hydrol-
ysis and condensation of the binary alkoxide mixture un-
doubtedly resulted in the big scattering loss. The homogene-
ity of a sol-gel glass synthesized from a mixture of two or
more alkoxide precursors has been affected by the relative
rates of homocondensation and heterocondensation. Silicon
alkoxides hydrolyze rather slowly, and acid or base cataly-
sis has been employed frequently for accelerating the reaction
quite effectively. However, germanium alkoxides hydrolyze
at a much faster rate and, as a result, in mixtures of germa-
nium and silicon alkoxides, it is still possible that a hetero-
geneous network containing Ge-rich and Si-rich domains is
formed in this system [31]. It is strongly expected that a wave-
guide film with a lower loss can be obtained if the fabrication
processing of the waveguide is carried out in a clean-room
environment.

4 Conclusions

Germania/ormosil hybrid materials have been
studied in an optical planar waveguide configuration for pho-
tonic applications. A waveguide thin film with a thickness of
about 2.0 wm has been prepared by the sol-gel single spin-
coating technique and a low-temperature heat treatment. The
effects of the heat-treatment temperature on the structural and
optical properties of the waveguide films have been studied
by AFM, TGA, UV-VIS, and FTIR spectroscopy. The re-
sults indicate that a heat-treatment temperature below 300 °C
is expected to produce a dense, low absorption, highly trans-
parent hybrid waveguide film. The introduction of ormosil
GLYMO provides the advantage of producing thicker films
and obtains a dense film at low temperature. This trend partic-
ularly facilitates their use with semiconductor and integrated
optical devices. A strong UV-absorption region at short wave-
lengths ~ 200 nm, accompanied with a shoulder peaked at
~ 240 nm, due to the neutral oxygen monovacancy defects,
has been identified. Both propagation mode and loss proper-
ties of the waveguide films have been studied by using the
prism-coupling technique. About 2.4 dB/cm propagation loss
of the planar waveguide film heated at 100 °C has been ob-

tained based on the scattered-light measurement technique at
1550 nm.
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