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Hybrid organic-inorganic waveguides based on ZnO-(3-glycidoxypropil)trimethoxisilane (GPTS) have
been fabricated by sol-gel route. A transparent sol of ZnO was added to the GPTS host and the resulting
sol was deposited on silica substrates by spin coating technique. Waveguides with different molar com-

PACS: position (100—x)GPTS—xZnO (x = 10, 20, 30) were investigated by different diagnostic techniques. Mor-
32.30]c phological measurements were carried out by means of an AFM apparatus, and a roughness of few
33.20.Rm nanometers was estimated for all the waveguides. Optical properties such as refractive index, thickness,
3?%;‘\" number of propagating modes and attenuation coefficient were measured at 632.8, 543.5, 1319 and
81.07.Pr 1542 nm by the prism coupling technique as a function of the ZnO content. Photoluminescence measure-
81.20.Fw ments, upon excitation at 325 nm, showed a large luminescence band in the region between 350 and
84.40.Az 600 nm with a main peak centered at about 380 nm, due to the presence of ZnO nanoparticles.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

More and more, optical processing needs many functions to be
assembled. Planar lightwave circuits are generally expected to give
a solution for integrated optical functions [1].

For this purpose, both low cost technology and high density
scale integration are required.

One possible fabrication process to satisfy this demand is the
sol-gel route. It is considered as a versatile, flexible and a low-cost
technique useful for the realization of integrated photonic devices.
[2,3]. In particular, the technologies based on organic materials
offer a great deal of potential for performing integrated circuits
[4-6]. One of the organic materials largely employed in several
different applications, such as antiscratch coatings [7], contact lens
materials [8], passivation layers for microelectronics [9], and
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multifunctional coatings [10] is the (3-glycidoxypropil ))trimethox-
isilane (GPTS).

Recently, it was shown that using GPTS matrix it is possible to
obtain passive optical planar waveguides [11-13] as well as hybrid
thin films of TiO,/GPTS activated by erbium oxide nanocrystals
[14].

On this scenery the develop of new materials based on GPTS or-
ganic matrix can be considered extremely interesting in the field of
integrated optics opening the possibility to realize active planar
waveguides incorporating into the matrix active organic molecules
or semiconductor nanoparticles. As far as concerns the latter pos-
sibility there is a great effort in realizing novel systems suitable
for exploiting the particular properties of ZnO. For instance, it is
well know that ZnO is extremely efficient as piezoelectric materials
and it is a promising material for short-wavelength optoelectronic
devices [15,16].

In this paper, we report the procedure used to realize low losses
hydrib-organic-inorganic waveguides constituted by GPTS-ZnO,
with a tailored refractive index depending on the organic/inorganic
molar ratio. Optical, structural and spectroscopic properties of the
waveguides are investigated.
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2. Experimental

Three different waveguides, with the following molar ratio
GPTS:ZnO =90:10, 80:20 and 70:30, hereafter labeled W(90:10),
W(80:20) and W(70:30), were realized using the protocol below
reported.

First of all the sol used for the deposition of the organic-inor-
ganic matrix was prepared in two steps:

(i) the polymeric part was realized starting from GPTS, which
was diluted in butanol (volume ratio 1:0.5).

Moreover, a prehydrolysis treatment was performed by addi-
tion of HCl 0.1 M. The molar ratio GPTS:H,0 was 1:0.5.

The resulting solution was submitted to vigorous stirring over-
night at room temperature before adding the inorganic sol.

(ii) For the ZnO precursor part, zinc acetate was used as the
starting reagent. The acetate was dissolved in 2-propanol
with a molar ratio of 1:5. For total dissolution of the acetate
0.006 mol diethanolamine was added to the sol. After stir-
ring for 2 h a transparent sol was obtained.

The above two solutions were mixed and stirred for another 2-
3 h to obtain the desired sol for deposition.

Thin films were deposited on square SiO, substrates by spin
coating using the following speed parameters:

Step1: speed 800 rpm for 50 s; acceleration 133 rmp;
Step2: speed 2000 rpm for 1 s; acceleration 133 rmp;
Step3: speed 800 rpm for 50 s; deceleration 133 rmp.

Subsequently the films were treated by ultraviolet (UV) exposi-
tion with a UV lamp emitting at 360 nm and then heated at 150 °C
for 1 h in order to achieve densification.

The refractive index and the thickness of the waveguides were
measured for both transverse electric (TE) and transverse magnetic
(TM) polarization by an m-line apparatus (Metricon mod. 2010)
based on the prism coupling.

In order to measure propagation losses the light intensity scat-
tered out of the waveguide plane, which is proportional to the
guided 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, assuming a homoge-
neous distribution of the scattering centers in the waveguides [13].

The morphology of the waveguides was investigated using an
AFM NT-MDT P47H apparatus, in order to determine the roughness
of the surface of the samples.

Photoluminescence (PL) emission spectra were recorded at
room temperature with a Varian Eclipse fluorescence spectropho-
tometer equipped with xenon lamp as excitation source.

3. Results

Table 1 reports the optical parameters of the organic-inorganic
waveguides with different molar content of ZnO and GPTS ob-
tained by modal measurements.

Fig. 1 reports the refractive index profile of the waveguide
W(80:20) and Fig. 2 shows the squared electric field profile of
the TEy mode for the waveguide W(90:10) calculated at 1542 nm
(Fig. 2(a)) and at 632.8 nm (Fig. 2(b)) by using the parameters ob-
tained by the m-line measurements.

Fig. 3 shows a AFM image of the planar waveguide W(80:20),
where the average roughness measured using NT-MDT P47H appa-
ratus, was about 3 nm, for all the waveguides.

Table 1

Optical parameters measured at 543.5, 632.8, 1319 and 1542 nm (TE polarization) for
the ZnO-GPTS planar waveguides. Attenuation coefficient is measured by exciting the
TEo mode.

Waveguides labeling (GPTS:ZnO)  W(90:10) W(80:20) W(70:30)
Number of modes at 632.8 nm 3 3 2

Number of modes at 543.5 nm 4 2 2

Number of modes at 1319 nm 2 1 1

Number of modes at 1542 nm 1 1 1

Ngim at 543.5 nm 1.501+0.005 1.510+£0.005 1.517 £ 0.005
Nam at 632.8 nm 1.497 £0.005 1.506 +£0.005 1.513 +0.005
Naim at 1319 nm 1.487 £0.005 1.498 £0.008 1.501 +0.008
Ngim at 1542 nm 1.485+0.008 1.496+0.008 1.499 + 0.008
Film thickness (pum) 3.2+0.1 2.2+0.1 1.2+0.1
Attenuation coefficient at 04+0.1 0.7+0.1 1.5+0.1
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Fig. 1. Refractive index profiles of the organic-inorganic planar waveguides
W(80:20) reconstructed from modal measurements at 632.8 nm for: (a) the TE
and (b) TM polarization. The effective indices of the TE (®) and TM (H) modes are

reported.
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Fig. 2. Calculated squared electric field profiles of the TE, mode at 1542 (a) and
632.8 nm (b) across the layered structure, cladding of air C, waveguide W, and the
SiO, substrate S of the W(90:10) planar waveguide.
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Fig. 3. AFM image of the top surface of the planar waveguide W(80:20). The average roughness was about 3 nm.

30

20 -

15

10 -

Intensity [arb. units]

0_|
350

450 500 550 600

Wavelength [nm]

400

Fig. 4. Room temperature PL measurements of the waveguides: W(70:30) (a),
W(80:20) (b), W(90:10) (c) and of the blank film (d) (GPTS without ZnO).

In Fig. 4 are reported the PL spectra of the waveguides W(70:30)
(Fig. 4(a)), W(80:20) (Fig. 4(b)), W(90:10) (Fig. 4(c)), and of a blank
sample (Fig. 4(d)) obtained upon excitation at Aexc =325 nm. The
blank sample was obtained following the same protocol used to
realize the waveguides but without adding to the final sol the inor-
ganic content of zinc acetate.

4. Discussion

From Table 1, we can notice that the waveguides support many
propagating modes depending on their thickness, refractive index,
and exciting wavelength. As expected, the refractive index of the
film increases with the nominal inorganic content. The observed
variation is of the same order of magnitude of that observed in re-
lated organic-inorganic hosts containing HfO, nanoparticles [13]
and in particular the GPTS-ZnO-W(90:10) planar waveguide
exhibits an attenuation coefficient of 0.4 dB/cm, which is reason-
ably low for the wavelength of interest in the field of integrated op-
tics. This value is comparable with those reported in others works
[17-19].

The refractive index profile of the waveguides was recon-
structed from the effective indices at 632.8 nm, by an inverse
Wentzel-Kramers-Brillouin method [20].

From Fig. 1, we can observe that the waveguide exhibits a single
step profile with an uniform refractive index throughout the thick-
ness. The very small difference of the refractive index profiles ob-
tained for TE and TM modes indicates that the birefringence in
this waveguide is negligible. The other waveguides exhibit a simi-
lar behavior.

The modeling of the square electric field, reported in Fig. 2, indi-
cates that the optical parameters of the waveguide, i.e. refractive
index and thickness, appear appropriate for application in the third
telecommunication window. In fact, the ratio of the integrated
intensity, i.e. the square of the electric field in the waveguide to
the total intensity, which includes also the squared evanescent
field, is 0.99 and 0.94 at 632.8 nm and 1542 nm, respectively. This
means that an efficient injection at 1542 nm is possible for the pro-
duced waveguide.

From AFM measurements, reported in Fig. 3, it is possible to ob-
serve that the realized waveguides are free-cracks and an average
roughness of 3 nm is determined, for all the waveguides, confirm-
ing that the losses due to the surface roughness are negligible.

The spectra of Fig. 4 show that the films exhibit a very large
luminescence band covering the range between 350 and 600 nm.
Moreover, it is evident that the waveguides containing more
inorganic part present a more intense PL in the region at about
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Fig. 5. The continuous line drawn spectrum is obtained by subtracting the
spectrum of the blank film from that of W(70:30) waveguide. The dotted line
corresponds to the PL spectrum of ZnO thin film reported in Ref. [21].
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380 nm. Fig. 5 shows the procedure used in order to separate the
contribution of ZnO from that of the matrix. The photolumines-
cence spectrum due to ZnO is estimated by subtracting from the
spectrum of the W(70:30) waveguide the spectrum of the blank
film multiplied by a factor A (W(70:30) — A x blank). The resulting
spectrum is compared to that of ZnO crystallized thin film as ob-
tained from Ref. [21] (Fig. 5 dotted line). The shape of the calcu-
lated spectrum shows the classical shape of ZnO, where it is
possible distinguish a main emission in the UV region, due to the
bound excitation emission [22,23] and one weaker emission in
the visible region mainly due to the intrinsic defects such as
zinc/oxygen interstitials, zinc/oxygen vacancies [24]. This proce-
dure leads to the conclusion that the peak at about 380 nm can
be attributed to the presence of ZnO nanoparticles.

5. Conclusions

Hybrid organic-inorganic waveguides of different molar con-
tent, based on ZnO-(3-glycidoxypropil)trimethoxisilane (GPTS),
were prepared by sol-gel technique.

AFM measurements put in evidence an average roughness of
3 nm for all the waveguides. Optical parameters indicate that the
waveguides present a negligible birefringence, a significant con-
finement, and an attenuation coefficient equal 0.4 dB/cm for the
W(90:10) waveguide. PL measurements showed a large lumines-
cence band in the region between 350 and 600 nm; and a main
peak centered at about 380 nm due to the presence of ZnO
nanoparticles.
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