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Abstract

Two kinds of silanes, 3-glycidoxypropyltrimethoxysilane (GLYMO) and 3-trimethoxysililpropylmethacrylate (TMSPM), were used to

prepare ormosil waveguide films by the sol–gel method. Thirty percent Ti(OBu)4 and 70% silane were contained in the precursor sols. The

properties of films were measured by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), UV/VIS/NIR

spectrophotometer (UV–vis), atomic force microscopy (AFM), m-line and scattering-detection method. The films from GLYMO and

TMSPM precursors exhibit similar thickness (2.58 mm for GLYMO, 2.51 mm for TMSPM) and refractive index (1.5438 for GLYMO, 1.5392

for TMSPM, l = 632.8 nm), but the film from TMSPM precursor has higher propagation loss (1.024 dB/cm, l = 632.8 nm) than the film

prepared from GLYMO (0.569 dB/cm, l = 632.8 nm). Furthermore, the film prepared from TMSPM is easy to be opaque and cracks during

coating whereas the same phenomenon was not found for the film prepared with GLYMO. It is confirmed that GLYMO is a better precursor

than TMSPM for waveguide film preparation.
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1. Introduction

Planar waveguides have recently been paid much

attention due to their promising applications in integrated

optics [1–5]. The formation of waveguide requires the

guiding layer with refractive index higher than those of the

substrate and cladding. The number of guiding mode

depends on the thickness and refractive index of the guiding

layer. In spite of the fact that pure inorganic films with low

optical losses made by sol–gel technique combine good

mechanical and thermal stability, crack-free and thicker

(d >1 mm) coatings are difficult to be obtained with only

inorganic precursors. In fact, high treatment temperature is

necessary to burn out organic components in films and then

make films densification [6–9]. Organically modified silica

(ormosil) materials derived from sol–gel process combine

inorganic with organic properties, where inorganic ingre-

dient is mainly responsible for adjusting the refractive index
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and maintaining the hardness of films. Decreased network

connectivity originated from organic component leads to an

enhanced relaxation rate and to a lower densification

temperature. Thus, crack-free and thicker films can be easily

deposited in a single step by spin-coating or dip-coating

method and the preparation of multimode waveguides

become possible [10–11].

In recent years, investigations on inorganic–organic hybrid

planar waveguides prepared by sol–gel route are gradually

increasing due to their outstanding advantages compared with

other methods. Many articles have stressed the selection of

alkoxide, solvent, catalyst, organic precursors, and synthesis

process,whichreallyaffect theopticalpropertiesofwaveguide

films through changing the microstructure such as porosity,

cluster size, and surface roughness [12–15]. Ormosil materials

containing TiO2, ZrO2, GeO2, PbO, and ZnO have been

prepared by sol–gel method. Results indicated that planar

waveguideswith losses typicallyrangingfrom0.25to4 dB/cm

are possible to achieve [16]. However, little research has been

carried out on the effect of different organic precursors on

optical properties of films.
ved.
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Atkins et al. [17] reported the effect of an ormosil system

comprising methyl- and phenyl-substituted silica on the film

optical properties, where methyl and phenyl play an opposite

role in adjusting refractive index. However, they did

not measure the propagation losses. 3-Glycidoxypropyltri-

methoxysilane (GLYMO) and 3-(trimethoxysilil)propyl-

methacrylate (TMSPM) are typical chemicals often used

as organic precursors. GLYMO is an epoxysilane, which can

react by the formation of polyether linkages. These reactions

can be catalyzed by the addition of amine compounds like

in many conventional organic epoxide systems. TMSPM,

instead, is a methacrylate alkoxysilane, which can react by

radical polymerization or in combination with multifunc-

tional amines by a covalent nucleophilic polyaddition type

reaction. Both of them act as network formers in films [18].

In the present work, particular attention was paid to the

effect of either GLYMO or TMSPM on the optical properties

of waveguide films. In addition, the optical properties of

films prepared by GLYMO with different heat treatment

processes were also investigated in order to find proper firing

condition.
2. Experimental

Two different silanes, 3-glycidoxypropyltrimethoxysi-

lane [GLYMO > 98.8%] or 3-trimethoxysililpropylmetha-

crylate [TMSPM 95.4%], were used as organic precursors,

titanium butoxide [Ti(OBu)4 > 98.0%] as inorganic pre-

cursor. The detailed procedure of sol synthesis is described

as follows: GLYMO or TMSPM was dissolved in ethanol,

and prehydrolyzed with H2O (molar ratio GLYMO (or

TMSPM):H2O = 1:1). This solution was stirred for 1 h, then

mixed with another solution, prepared by mixing Ti-

alkoxide and acetylacetone (Acac) and stirring for about

15 min (molar ratio Ti:Acac = 1:1). The mixed solution was

stirred for 2 h and the resultant sol was obtained (molar ratio

Ti(OBu)4:GLYMO (or TMSPM) = 30:70). The final sols

will be indicated as GT (GLYMO + Ti(OBu)4) and TT

(TMSPM + Ti(OBu)4). All the experiments were performed

at room temperature and atmosphere humidity (60%). It

should be noted that HCl solution must be added to TT to

ensure pH < 6 and therefore promote TMSPM hydrolyzing,

otherwise phase separation would appear in the solution. All

the films were obtained by dip-coating with the withdrawal

speed of 1 cm/min. Soda-lime–silica glass slides and silicon

wafers were used as substrates after ultrasonically cleaning

with acetone, distilled water and ethanol. The viscosity of

sols was measured at once after coating films. The prepared

sols were stored in the darkness and aged for 1 week

altogether. The coated films from GT sol were dried at room

temperature or fired at 50, 100, 150, and 200 8C for different

durations from 2 to 17 h. The films from TT sol were only

fired at 150 8C for 2 h, or dried at room temperature.

The film thickness was measured with a scanning

electron microscope (SEM) (JSM-6360LV). Fourier trans-
form infrared (FTIR) absorption spectrum of the film

deposited on silicon wafer was determined by a FTIR

spectrometer (NEXOS, Thermo Nicolet) in the range of

4000–400 cm�1. The UV–vis transmittance spectrum of

film deposited on soda-lime–silica glass slide in the range of

250–700 nm was examined by a 900UV/VIS/NIR spectro-

photometer (Perkin-Elmer, Labmda). Surface morphology

and the root mean square (rms) roughness of film were

determined by atomic force microscopy (AFM) (Park

Scientific Autoprobe CP). The scan area was 1 mm � 1 mm.

The refractive index of film was measured with dark m-line

spectroscopy [19]. The incident light wavelength was

l = 632.8 nm. The viscosity of sol was measured with

rotation viscosimeter (NJD-1). The scattering-detection

method was used for optical loss measurement of the film

[20]. The laser light (l = 632.8 nm, He–Ne laser) was

launched into the waveguide by a prism and the polarization

of the laser beam was parallel to the plane of the waveguide

(TE mode). The scattered light was collected in a direction

perpendicular to the plane of the film, using a CCD camera

and the loss was measured through an exponential fit of the

decaying scattered intensity, assuming a homogeneous

distribution of the scattering centers in the film.
3. Results and discussion

3.1. The effect of heat treatment on the film thickness

and the refractive index

The thickness and refractive index of films prepared with

GLYMO are shown in Fig. 1(a) and (b). All the films are

single layer. Fig. 1(a) gives the change of thickness and

refractive index of the films, which were coated on soda-

lime–silica glasses and fired at different temperatures for

2 h. As expected, the film thickness decreases and the

refractive index increases when the heat treatment tem-

perature rises from room temperature to 200 8C, which is

attributed to the condensation of film resulting from the

removal of water and solvent in film. However, it deserves to

note that the film without heat treatment is very soft and

prone to be scratched even after storage for 1 week in air.

Fig. 1(b) shows the dependence of the film thickness and

refractive index on the firing time; all the samples were fired

at 150 8C. It is clearly observed that the refractive index rises

but thickness drops with the increasing heat treatment

duration. Therefore, longer duration of thermal treatment is

also beneficial to the removal of water and solvent and the

densification of film. In order to demonstrate those

conclusions, FTIR spectrometer was used to examine the

structure change of the film in firing process.

3.2. The FTIR spectra of the films

Fig. 2(a) and (b) reports the FTIR absorption spectra of

films prepared with GT sol in the range of 400–4000 cm�1.
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Fig. 1. Dependence of the thickness and refractive index of the GT films on

(a) firing temperature, (b) firing time.

Fig. 2. FTIR absorption spectra of GT films fired at (a) different tempera-

tures for 2 h, (b) 150 8C for different time.
The films were deposited on silicon wafers. Fig. 2(a) shows

the absorption spectra of films dried at room temperature and

fired at different temperatures of 50, 100, 150, and 200 8C
for 2 h. Fig. 2(b) gives the absorption spectra of films fired at

150 8C. All spectra show an absorption band at 1100 cm�1

due to Si–O–R stretching vibration of ethoxy groups directly

bonded to silicon, which are overlapped to the Si–O–Si

region around 1000–1200 cm�1 [21]. The bands at

1190 cm�1 are attributed to CH3 rocking vibration [13].

The bands between 910 and 940 cm�1 are assigned to Si–O–

Ti stretching overlapped to residual Si–OH stretching

vibrations and non-bridging oxygen Si–O� [22]. Further-

more, there are broad peaks at 2892 cm�1 due to –CH2–

symmetric stretching [13], another broad peaks between

3100 and 3500 cm�1 correspond to OH stretching. The

bands at around 620 cm�1 are due to the silicon substrates. It

can be observed that both higher temperature and longer

heat-treatment time help to reduce band intensity of OH

groups, but no obvious change with other band intensity is

observed. It confirms that the water content in film decreases

with increase of temperature and duration of thermal

treatment.

Fig. 3 gives the FTIR absorption spectra of films prepared

with TT sol. The films were deposited on silicon wafers fired

at 150 8C for 2 h and dried at room temperature. Comparing

with Fig. 2, a new band at 1658 cm�1 is observed in Fig. 3.

This band is considered to be the C=C stretching mode of the

methacrylate groups of TMSPM. At the same time, the main

difference between both TT films fired at 150 8C and dried at

room temperature is the disappearance of C=O double band

at 1729 cm�1 in 150 8C fired film. This indicates that

thermal treatment causes chemical reaction in the film from

TT sol. The dependence of viscosity of both GT and TT sols

upon aging time was examined and results are given in

Fig. 4. The viscosity of GT sol changed quickly after aging

for 1 week, whereas no variation was observed in TT sol.

These facts can be attributed to the important structure

difference between GLYMO and TMSPM. For GLYMO the

formation of Si–O–Si network happens via the opening of

the epoxy rings and the formation of a polyethylene oxide

chain. The ring opening is achieved by using the titanium
Fig. 3. FTIR absorption spectra of TT film fired at150 8C for 2 h and dried

at room temperature (25 8C).
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Fig. 4. Dependence of the viscosity of both sols upon aging time.
alkoxide as catalyst. Ti(OBu)4 plays a double role as a

precursor for the inorganic oxide formation and catalyst for

the organic polymerization in GLYMO [21]. The poly-

merization proceeds gradually in GT sol with aging. The

thermal treatment of the deposited film does not affect the

initial epoxy ring opening in GLYMO precursor [23]. How-

ever, polymerization of methacrylate groups of TMSPM

precursor can be activated only by heating. The organic

network chain is not formed during the sol aging process

[21]. Thus, the viscosity does not increase during aging.

3.3. The UV–vis spectra of the films

The UV–vis transmittance spectra of two films prepared

with GT and TT sols coated on soda-lime–silica glass slides

are shown in Fig. 5. Both films are fired at 150 8C for 2 h.

The GT film is not only transparent but also colorless.

Instead, the TT film is transparent but yellow. It can be seen

from Fig. 5 that both films exhibit sharp absorption edges

and the maximum transmission exceeds 90%, which

indicates that the films have no intrinsic absorption [24].

But it is evident that the transmittance of TT film is lower

than that of GT film in the 300–550 nm wavelength range.

The optical absorption coefficient of films can be

evaluated from transmittance [25]:

T ¼ A exp ð�adÞ (1)
Fig. 5. UV–vis transmittance spectra of GT and TT films.
where T is transmittance, d is film thickness, A is a coeffi-

cient related to the refractive index, which is nearly equal to

unity at the absorption edges, and a is the absorption

coefficient. The band gap energy (Eg) of film can be

estimated from the absorption coefficient by fitting the data

to the relation [26]:

ahn ¼ Bðhn� EgÞn (2)

where hn is the incident photon energy, B the edge width

parameter and n an exponent that determines the type of

electronic transition causing the absorption, which is 1/2, 3/

2, 2, 3 for direct allowed, direct forbidden, indirect allowed,

and indirect transition, respectively. The transmittance data

were found to fit n = 3/2, because the (ahn)2/3 versus hn plots

are linear in a certain range as seen in Fig. 6. It means that the

type of electronics transition causing absorption is direct

forbidden. The band gap energy Eg of the films can be

obtained by extrapolating the linear region of the plot to 0.

As can be seen from Fig. 6, the values of Eg are 3.78 and

3.62 eV for GT and TT films, respectively. Because the film

was believed to consist of nanometric cluster of titania and

exhibit quantum size effect, the following equation was used

to calculate the size of titania clusters [27]:

Eg ¼ Eb þ
p2h2

2r2

1

m�
e

þ 1

m�
h

� �
� 1:8

e2

er
(3)

that is

Eg ¼ Eb þ
2:45

r2ðnmÞ�
0:45

rðnmÞ (4)

where Eb is the band gap energy of bulk material, h the

Planck’s constant, m�
e;h are effective masses of electrons and

holes, respectively, e and r are dielectric susceptibility and

radius of TiO2 clusters, respectively. The estimated radius of

TiO2 clusters is 1.70 and 1.94 nm for GT and TT films,

respectively. Therefore, the relative lower transmittance of

TT film may be ascribed to the bigger size of TiO2 clusters,

which is probably due to the hydrophobic nature of TMSPM

that favors the aggregation of hydrophilic titania thermo-

dynamically.
Fig. 6. Plots of (ahn)n vs. photon energy of both GT and TT films.
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Table 1

The properties of the films from GT and TT sols

Sample Thickness (mm) Refractive index Attenuation (dB/cm)

GT 2.58 � 0.01 1.5438 � 0.0001 0.569 � 0.001

TT 2.51 � 0.01 1.5392 � 0.0001 1.024 � 0.001

The films were fired at 150 8C for 2 h and the refractive index were

measured at l = 632.8 nm.

Fig. 7. AFM micrographs of (a) GT film, (b) TT film fired at 150 8C for 2 h.
3.4. The optical properties of the films

The properties of films from GT and TT sols are shown in

Table 1. These two kinds of films have similar thickness

because of their similar viscosity as seen in Fig. 4. The

refractive index of GT films is a little larger than that of TT

films, indicating that the former has higher density.

Moreover, the loss of GT films is 0.569 dB/cm, suggesting

a high level of chemical homogeneity in this hybrid

waveguide. In general, the more the number of constituents

of a film, the higher the probability of high optical loss, since

attenuation is directly related to refractive index fluctuations

within the network [16]. AFM was used to examine the

surface morphology and rms roughness of the films. Fig. 7

shows the surface morphologies of GT and TT films coated

on soda-lime–silica glass slides. It can be seen that both

films have dense and porous-free morphology and small

roughness. In fact, the measured rms data are 0.192 and

0.328 nm for GT and TT films, respectively. Since the values

are smaller than 1 nm, the waveguide optical losses

significantly are not from the surface roughness [21]. But

the loss of TT film is 1.024 dB/cm, relatively higher and

beyond 1 dB/cm. This result is probably attributed to two

aspects: firstly, in a multi-component system where the

starting materials have different hydrolysis rates, the

homogeneity of the resultant ormosil is an important

consideration. For TT sol, the hydrolysis rate of TMSPM is

very different from that of Ti-alkoxide, the former

hydrolyzes with water only under acid condition, whereas

Ti-alkoxide can hydrolyze with water rapidly. So the

homogeneity of TT sol is problematic. It was found that the

film from 4 days aged TT sol was easy to be opaque. After

the TT sol aging for 7 days, the film was not only opaque but

also cracked even without heat treatment, while the film

from 1 week aged GT sol was still transparent and crack-

free. Secondly, the non-homogeneous chemical reactions

occurred in solid TT film during the thermal treatment as

discussed in Section 3.2. As we know, the chemical reaction

in liquid is always more homogeneous than that in solid.

Therefore, the non-homogeneous chemical reactions lead to

ununiformity of structure and followed by high loss. In fact,

the refractive indices of different points of TT film are

different, which demonstrates the non-homogeneity of

hybrid film. Besides, the larger dimensions of TiO2 clusters

in TT film as discussed above are also the reasons of higher

loss for TT film. Meanwhile, although the surface roughness

of film is not a dominating aspect affecting attenuation,
higher roughness of TT film can still produce larger light

scattering. TT film, therefore, has higher attenuation than

GT film.
4. Conclusions

Two kinds of hybrid inorganic–organic waveguide films

prepared from Ti(OBu)4 + 3-glycidoxypropyltrimethoxysi-

lane (GLYMO) and Ti(OBu)4 + 3-trimethoxysililpropyl-

methacrylate (TMSPM) sols have been fabricated by sol–

gel process. It was found that a heat treatment temperature of

150 8C for 2 h is appropriate to obtain low surface roughness

and high transparency in the visible range for GT and TT

films. There is no obvious difference in film thickness and

refractive index between the two kinds of hybrid films.

However, TMSPM is responsible for the high propagation

loss of TT film, because chemical reactions occurred in solid

TT film during heat treatment and different hydrolysis rates

between TMSPM and Ti-alkoxide lead to non-homogeneous

film.
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