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Glasses for integrated optics: an historical perspective.

Fabrication processes of optical waveguides in/on glass:
¢ Vacuum deposition processes

¢ Ion-exchange.

.

Waveguide characterization technigues.
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Sol-gel deposition process.

Design and fabrication of integrated optical components:
¢ Waveguide lenses and gratings
¢ Directional couplers.

9  Thursday, 19 February 1998

Active and nonlinear optical waveguides and components:
¢ Ton-exchanged waveguides in CdS,Se..« -doped glasses

¢ Sol-gel CdS-doped thin-film waveguides

¢ Erbium-doped glasses / waveguides / amplifiers / lasers.



Chapter 1

INTRODUCTION TO INTEGRATED OPTICS:
CHARACTERISATION AND MODELLING
OF OPTICAL WAVEGUIDES

S. PELLI and G. C. RIGHINI

1. Introduction

The first demonstration of the laser in 1960 opened the way to the development of
lightwave technology; then the production of low-loss optical fibers in the 70s made guided-
wave optical communication systems become a reality. One of the problems associated with
the development of long-haul systems was obviously related to the introduction in the
transmission line of a number of repeaters, able to recondition and to reamplify the optical
signal. The solution offered by conventional optics was unsatisfactory, due to the size and
electrical power consumption, as well as to the critical dependence on temperature variations,
mechanical vibrations, and the presence of moisture. The alternative first suggested by S.E.
Miller, a researcher at Bell Laboratories, was to miniaturise the repeater, integrating all the
components onto a singie chip and interconnecting them via optical waveguides: the concept of
integrated optics was born. More than two decades have passed since then: innovative research
has been carried out on a vast spectrum of waveguide devices, and in recent years the goal of
performing useful optoelectronic functions in a number of commercial applications has
eventually come to fruition.

The bases of linear integrated optics, as concerns both propagation theory and the most
common manufacturing technologies, are generally well established, and we can refer the
interested readers to a number of books on the subject.” There is, however, a lot of activity
still going on and, as a consequence, an increasing need of fixing some standardisation,
especially concerning the definition and measure of the operational parameters of integrated
optical waveguides, components and devices. The knowledge of waveguide characteristics
such as propagation constant, chromatic dispersion, propagation loss, in-plane and out-of-
plane scattering, is fundamental for assessing waveguide quality; providing a feedback of the
characterisation results to the designers and to the people in charge of the fabrication process is
the key to improving both manufacturing throughput and device performance.

The scope of the present paper is to review the basic measurement techniques which are
employed for waveguide characterisation and to discuss an example of a numerical modelling
approach, in the case of gradient-index waveguides.

S. Pelli and G. C. Righini - Research Institute on Elecromagnetic Waves (IROE), CNR via Panciatichi, 64 -
50127 Firenze, Italy

Advances in Integrated Optics
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Fig. 1. The simplest structure of a planar waveguide; the guiding film has refractive index n_ higher than the
substrate index n, and the overclad index (here air, n_ = 1).

2. Waveguide Characterisation Using the Prism Coupler

The principle of optical confinement in a layer of dielectric material is based on the
phenomenon of total internal reflection. The simplest planar waveguide, which is sketched in
Fig. 1, is constituted by a three-layer structure: the guiding layer, with refractive index n, , is
supported by the substrate, having index #,, and is covered by a cladding (which in this case is
air, n, =1 ). Provided that the refractive index of the film n, is greater than n,and n,, any light
ray entering the film in such a way that the angle © formed by the ray in the film with the
normal to the film surface is greater than the critical angle for the interface with the smallest
index difference, namely © > arcsin (n, /n, ), experiences total reflection at both the upper and
lower interfaces: the light beam is thus trapped within the film. Those rays which, in addition,
fulfill the phase condition:

2kngdcos®-2¢g-2¢s=2mm (1)

R ki
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Screen

Fig. 2. Sketch of the two-prism experimental setup for the measurement of the effective index of guided modes

from their optimum coupling angles (often referred to as m-line setup).
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Introduction to Integrated Optics 3

(where k=2m /A, d is the film thickness, and m an integer which designates the mode number)
correspond to stationary solutions and represent optical guided modes supported by the film.
This is essentially a resonance condition; -2¢, and -2¢, are the phase changes suffered by the
light beam at the film-air and film-substrate interfaces, respectively. Their values are given by
the Fresnel coefficients and depend on the polarisation of the beam.

The practical excitation of a guided wave is one of the fundamental experimental
procedures, both for the testing and for the real operation of an integrated optical device; the
most straightforward methods are those of transverse coupling, in which the laser beam enters
directy through an exposed cross-section of the waveguide (end-fire and end-butt coupling
pertain to this class). When only the surface of the waveguide is accessible it is necessary to
use longitudinal couplers such as prism, grating and taper couplers, in which the beam is
incident obliquely onto the guide through a structure which provides the phase matching
between the incident wave and a guided mode.

The prism-coupling technique® is the most commonly used, because of some inherent
advantages: high coupling efficiency (up to 80% for a Gaussian beam), applicability both to
planar and to channel waveguides, and selective excitation of any of the guided modes. The

- main drawback is related to the critical effect on the coupling efficiency of a few factors: the

;i form and position of the incident beam, and the adjustment of the air gap between the prism

bottom base and the waveguide surface (gap thickness has usually to be less than 1 pm). The
experimental setup includes a sample holder that allows the experimenter to regulate the

. pressure of the waveguide against the base of the prism in order to change the air gap

thickness, and a precision rotating stage that allows the angle of the incident beam ©' to be
varied with respect to the waveguide.

In most cases, the excitation of the mode(s) of the waveguide is made evident by a visible
streak along the propagation path, which is due to the guided light scattered out of the plane of
the waveguide itself. Only in very low-loss guides, with attenuation below 0.2 dB/cm, will the
streak be not so easily observed: a confirmation of the guided-wave excitation can be obtained
by placing a second prism to outcouple light and by observing the light pattern onto a screen,
as sketched in Fig. 2. If all the modes are excited at the same time (as occurs, for instance,
when the mcident beam is focused onto the prism), the pattern consists of m-/ines, each one of
them appearing as a brighter spot superimposed onto a weak line which extends along the
direction parallel to the plane of the waveguide. Such a weak line is produced by in-plane
scattering of the gunided waves. By rotating the support table, one can preferentially excite one
mode, so that the corresponding spot becomes the brightest one. If we do not use a focusing
optical system, and the incident beam is collimated, we obtain the excitation of one mode at a
time, and correspondingly a single line should be visible on the screen. Even in that case, due to
scattering from topographical and/or index inhomogeneities, a portion of the power in the
excited mode is coupled into the other modes and thus the entire set of m-lines is generally
visible: the excited mode, however, produces a line on the screen which is much brighter than
the other ones.

If the waveguide material is highly absorbing, the propagation length can be very short
and it is not possible to use two prisms: a single symmetric, tent-shaped, prism is therefore
used. In this case (see Fig. 3) we observe on the screen a bright spot corresponding to the
reflected laser beam; when a waveguide mode is excited, part of the beam energy is coupled
into the guide itself and absorbed so that a dark /ine appears in the centre of the spot.

Both of these experimental arrangements can be used to measure the propagation
constants of the guided modes, since the propagation constant of the m-th mode is given by
Bn =k n,sin@, , where O, is defined according to Eq.(1) and it is correlated in a simple way to
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Fig. 3. Sketch of the singie (tent-shaped) prism experimental setup for the measurement of the effective index of
guided modes from their optimum coupling angles (often referred 10 as dark-line setup).

the external incidence angle ©'. Thus, we can measure the angles ©’, corresponding to the
excitation of the different modes and from these values calculate the respective propagation
constants {or the effective indices n,, =n, sin®,). To have an idea of the measurement
accuracy, the error in n,, is of the order of 10 -4 when the synchronous coupling angles are
determined with an accuracy of about 10 - rad (20 seconds of arc).

In the case of a step-index waveguide, i.e. having a constant refractive index n, , the
refractive index and thickness of the guiding layer can be easily determined by measuring the
effective indices of at least two modes and by using Eq.(1). When a waveguide is single-mode,
one can solve the system of two equations in two variables by measuring either the TE and TM
fundamental mode at the same wavelength, or the TE fundamental mode at two wavelengths.
When the available measurements are more than two, iterative numerical procedures are
generally used to increase the accuracy of the computation.

The same straightforward approach cannot be used for graded-index waveguides, namely
those guides which are produced by diffusion processes (ion-exchange in glass, Ti-indiffusion
in lithium niobate, ...) and have a refractive index distribution along the direction normal to the
waveguide. This case is treated in Section 5.

3. Measurements of Other Waveguide Characteristics

A variety of specialised test and characterisation techniques can be employed in the
evaluation of waveguides and components, especially when one is concerned not only with
dielectric materials like glasses but with semiconductors as well. In the latter case the
electronic properties are also very important, and measurements of the dopant profile,
resistivity, carrier mobility etc. may be necessary. The techniques to be used include all the
structural analysis developed for the characterisation of surfaces and solid-state materiais (e.g.
scanning and transmission electron microscopy, electron microprobe, ESCA, SIMS) plus
optical techniques such as photoluminescence, Raman spectroscopy and so on.

Limiting ourselves to the most general problems, two simple and widespread
measurements which are complementary to the prism-coupler characterisation are the direct
observation of the mode profile and the evaluation of waveguide performance as a function of
the wavelength. The setup for the former measurement is sketched in Fig. 4: the laser light is
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Fig. 4. Measurement of the modal field distribution in a channel waveguide.

end-fire coupled to the waveguide and the output face is imaged by an optical system onto a

. vidicon or CCD camera; a computer allows a detailed analysis of the image and therefore of
- the intensity profile of the mode. This knowledge is quite important to check the quality of the

waveguide (this is especially true for channel waveguides) and also to properly model devices
such as directional couplers and Mach-Zehnder interferometers; the mode profile is also a
critical parameter for efficient coupling of the waveguide to external optical fibers. Moreover,
from observation of the profile of the fundamental mode it is also possible to calculate the

" refractive index profile using the scalar wave equation.

The experimental arrangement shown in Fig. 5 refers to the measurement of the
transmission of the waveguide as a function of the propagating wavelength, using a white-light
source and a monochromator in front of the detector. This measurement allows one to
determine the range of wavelengths in which the given material structure has acceptable losses
and can therefore be employed; it can also be important for analyzing whether the film has the
same properties as the bulk material or if changes have been produced during the waveguide
fabrication process. By the same technique, the spectra of species adsorbed on the film or of a
fluid in contact with the film can be obtained.

Both these techniques have the common disadvantage that the waveguide end faces have
to be accurately polished in order to permit efficient end-fire infout coupling: the processing of
the sample edges is often one of the most critical and time-consuming operations in the
manufacture of waveguides and simple components.

CHOPPER

WAVECUIDE
DETECTOR
SPECTROMETER -—D
L
— s

Fig. 5. Measurement of the spectral transmittance of a channel waveguide,
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4. Measurements of Transmission Losses and Scattering

Visual observation of the light streak in the waveguide can give a quick but non-
quantitative measure of the propagation loss coefficient a. As has already been said, the streak
is very weak and difficult to observe in films with loss below 0.2 dB/cm, while in high-loss
films (& > 5 dB/cm) an approximate value of the loss can be inferred from the measurement of
the length L (cm) of the streak itself. Since the dynamic range of the eye is of the order of
27 dB, the loss « in dB/cm can be evaluated as o =27/L. In the intermediate range of
propagation losses it is necessary to perform a direct measurement; moreover, in order to
provide feedback to the manufacturers it is often very useful to separate the contribution of the
absorption from that of bulk or surface scattering. Most of the techniques briefly described in
the following measure the total losses, i.c. due to both absorption and scattering. A very
accurate measurement of absorption-only losses is possible by calorimetric techniques,’” in
which the temperature rise of a sample during laser irradiation is detected. The results of
measurements in out-diffused lithium niobate waveguides show that absorption losses are of
the order of 0.02 dB/cm, almost two orders of magnitude smaller than the total losses, thus
demonstrating that, at least in the samples considered, scattering is the limiting mechanism in
waveguide transmission. The authors have estimated that the minimum waveguide absorption
coefficient measurable for samples with optimum geometry is on the order of 10~ dB/cm.

4.1. Prism-Coupler Loss Measurements

One of the simplest and at the same time very effective methods of measuring the total
loss is based on the use of two prisms,® according to the sketch depicted in Fig. 6. The intensity
measured by the detector is plotted as a function of the propagation length Z , which can be
varied by keeping prism 1 fixed and moving prism 2. The most critical factor of this
nondestructive method is that the outcoupling efficiency should remain constant at all the
different positions of prism 2: this aim is sometimes reached more easily by using between the
prism and the waveguide a liquid with refractive index slightly lower than that of the guide.
The Emit of accuracy of the method is approached when the film has losses lower than
0.2 dB/cm, although some authors claim that the error can be kept down to + 0.01 dB/cm. To
achieve such results, however, the complexity of the measurement increases, and a good deal
of operator skill is necessary.

0 Z L

Fig. 6. Measurement of the transmission losses in a planar waveguide by the two-prism sliding method.
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Fig. 7. Accurate measurement of the transmission losses in a planar waveguide by the three-prism sliding
method.

A substantial relaxation of the constraints on the stability of the efficiency of the
‘outcoupling prism is obtained when one uses the setup shown in Fig. 7, where three prisms are
independently clamped to the guide. In this case both the prisms 1 and 3 are kept fixed, and
prism 2 is moved along the guide. It has been shown® that, by measuring the intensity at
detector 2 when prism 2 is removed and subsequently the intensities at detectors 2 and 1 for
the various positions of the prism 2, an expression for the intensity of the guided light as a
function of propagation length can be derived which is independent of the outcoupling
efficiency of both prisms 2 and 3. Thus, even if in principle this technique is not any more
accurate than the two-prism technique, it is more practical and rapid. An accuracy of the order
of £ 0.01 dB/cm can now be achieved without taking particular care with the prism clamping
pressure and without the use of matching fluids.

Another experimental arrangement, which is equivalent to the three-prism setup, is
shown in Fig. 8; here, the light which was not coupled out by prism 2 and continued to

DETECTOR 2

WAVEGUIDE

e

o z L

Fig. 8. Combination of the prism-sliding and end-fire techniques to measure the transmission losses of a planar
waveguide.
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propagate inside the waveguide is collected by a lens and measured by detector 2. This
arrangement, which requires polishing of the output face of the guide, can be useful for
short-length samples, where the positioning of three prisms and the movement of the
intermediate one can be quite difficult.

4.2. Scattering-Detection Techniques

A simpler technique for measuring losses is one using a fiber optic probe, ' according to
the setup in Fig. 9. If we assume that the scattering centres in the waveguide are uniformly
distributed and that the intensity of the scattered light in the transverse direction is proportional
to the number of scattering centres, we can take the intensity of the scattered light along the
guide (i.c. the brightness of the light streak) as proportional to the guided-light intensity at each
point. Thus, to derive the plot of transmitted intensity versus propagation length it is sufficient
to detect the scattered light by means of an optical fiber which is accurately moved along the
streak, while keeping constant both its angular position and its distance from the waveguide.
The use of the fiber probe in combination with a microscope allows better control of the
distance, thereby improving the overall accuracy.

A variation of the method in which the distance does not need to remain constant,
consists in moving the fiber probe normally to the guide until it just touches the guide surface
and then withdrawing it until it just loses contact; the distal end of the fiber is connected to 2
detector, whose output goes to a chart recorder. By repeating this kind of measurement .'.1t
several points along the streak and by analysing the resulting trace on the recorder chart, it is
possible to measure atenuations as low as 0.3 dB/cm."!

The assumptions given above concerning waveguide uniformity are correct for most of
the waveguides actually employed in device fabrication; an indication of the accuracy of a
specific measurement can be given by the extent of the scatter of data points around the best-fit
straight line (in a logarithmic-scale plot): the larger the extent, the lower the accuracy. By this
method losses down to 0.2 dB/cm can be measured, with an error of £ 0.1 dB/cm.

All the previous techniques cannot be easily employed to measure losses of devices, be
they Y-branches, directional couplers, or bidimensional components such as waveguide lenses.
To overcome this difficulty, the scattering-detection method can be modified by using, instead
of the fiber probe, a video camera onto which the image of the entire circuit is projected.”

LOCK~IN AMPLIFIER
LOG AMPLIFIER

PHOTODETECTOR

FIBER PROBE

WAVEGUIDE

1 t
o L

Fig. 9. Measurement of the waveguide transmission losses by the scattering detection method: here an optical
fiber is used to collect the light scattered out of the guide.
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Fig. 10 This measurement technique is analogous to that sketched in Fig. 9, except that here a TV
camera is used to collect scattered light instead of an optical fiber.

Easily available software allows the analysis of the image, as well as the evaluation of the
propagation loss and the insertion loss of a component, if desired. In the setup of Fig. 10, end-
fire coupling is assumed but the camera-detection technique can obviously also be used
together with an input prism coupler. To improve the sensitivity of this technique, and to
measure losses as low as 0.1 dB/cm, the use of a fluorescent overlayer has been suggested!s;
fluorescent light is emitted by the Nile Blue A perchlorate dye through the linear Stokes
process, and therefore the fluorescent light intensity is proportional to the guided intensity.
This method, however, requires special preparation of the sample and is not applicable to high-
index materials; moreover, its use for measurements at near-infrared wavelengths would
require the search for other suitabie dyes.

A common advantage of all the scattering-detection methods is that they are not only
nondestructive but also noncontacting; moreover, the optimum conditions for loss
measurements have also been determined through an extensive set of measurements. 4

Since scattering losses are usually dominant in dielectric waveguides, the assumption that
absorption and radiation losses are negligible is acceptable, and in this approximation the above
measurements of the scattered loss can be taken as equivalent to the measuremnent of the total
loss. If, however, one is interested in deriving some specific information on the scattering
characteristics of the waveguide, the fiber-probe or camera measurements can be repeated as a
function of the mode and the collecting angle; in other words, for a given propagating mode
one can move the detector in order to make an angular scanning in the plane containing the
light streak and perpendicular to the guide surface: the position and size of the scattering
centres, as well as the correlation length, can be thus evaluated. s

Additional useful information for the design of specific devices (e.g. for the design of an
integrated optical spectrum analyser) is represented by the amount and the angular distribution
of the in-plane scattering, namely of the light which is scattered by the waveguide
inhomogeneities inside the plane at angles ¢ with respect to the propagation direction (see
Fig. 11). For this measurement, the output beam is spatially Fourier-transformed by a lens, and
the light distribution in the Fourier plane is measured by scanning it with a slit and
photodetector (an image sensor can also be used to get the entire transform distribution): a plot
of the scattered intensity vs the angle ¢ can be obtained, since the scanning coordinate ¥y I8
related in a simple way to the angle @.'s Measurements on high-quality lithium niobate
waveguides have shown that the scattering level can be as low as -55 dB at an angle ¢ = 0.5°
for a propagation length of 20 mm.
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FOURIER TRANSPORM
LENS

WAVEGUIDE
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LOCE~IN AMPLIFIER
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P
RECORDER

Fig. 11. Measurement of the in-plane scattering characteristics of a planar waveguide.

/ Lasar source

Substrate

Thin film

Fig. 12. Experimental setup for precision measurements of the opiical attenuation in a waveguide, based on the
outcoupling of guided light into a liquid with refractive index n' slightly higher than (n) of the guiding film. R,
rotation stage; P, prism coupler; G, glass cell; L, focusing lens; Ap, aperture; D, photodiode; SR, sliding rail.
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4.3. Precision Measurements of the Waveguide Losses

Because the quality of the materials and the fabrication processes have continued to
improve, the propagation loss in a passive waveguide may well be quite small, below
0.1 dB/cm; it is therefore necessary to use more accurate measuring methods, without
increasing their complexity. In a very recent paper an experimental technique has been
reported, which is claimed to offer repeatability and accuracy of the measured attenuation
typically better than 5%, even for measurements of losses below 0.1 dB/cm with less than
lcm-long guiding paths.!” The experimental setup is shown in Fig. 12. A collimated laser beam
is coupled into the thin-film waveguide by a prism coupler P which is mounted onto a rotation
stage R. A V-shaped glass cell G, filled with a fluid having refractive index n' slightly higher
than that of the guiding film, is mounted onto the sliding rail SR and can be moved in a
direction parallel to the guide. As the film is immersed into the fluid, the guided beam does not
undergo anymore total reflection at the upper interface and all the guided light is eventually
outcoupled into the fluid, in the same direction (corresponding to the wave vector k'). The
light emerging from the glass cell is focused by the lens L through the aperture AP and
collected by the detector D. By translating the glass cell with respect to the sample, i.c. by
immersing the waveguide for different lengths, it is possible to measure the guided-light
intensity as a function of the propagation distance. Values of loss as low as 0.05 dB/cm have
been measured, with standard deviation of the data below 0.01 dB.

' 4.4. Photothermal Deflection Technique

Another class of noncontacting loss measurement is that based on the photothermal
deflection (PTD) effect. When some energy of a laser pump beam is absorbed by a material, a
thermal gradient is produced, which in turn produces a refractive-index gradient in the
absorbing and surrounding media. The PTD technique is based on the measurement of the
refraction of a second laser beam, the probe beam, induced by such an index gradient.’® Both
crossed-beam and collinear-beam configurations are possible; in the former,'® which is sketched
in Fig. 13, the probe beam almost perpendicularly crosses the waveguide that is heated by the
pump laser coupled into the waveguide itself. In the collinear configuration?*2! the probe beam
is parallel to the film surface and is refracted by the refractive index gradient induced in the gas
(air) region close to the surface of the sample. The crossed-beam configuration was used® to
measure the propagation loss of K-exchanged glass waveguides, which turned out to be
1.2 £ 0.2 dB/cm. Both the pump and probe beams were from He-Ne lasers at 633 nm: the
probe beam was focused to a spot on the waveguide surface, and its deflection was detected by
a bicell photodetector placed below the sample; the differential voltage of the bicell was
amplified and separated from the noise by using a chopper and the lock-in detection. It was
calculated that using 3 mW of pump power the induced index change was less than 105 : this
gives an idea of the sensitivity of the method, which, according to some authors, in optimum
conditions should be able to measure losses as low as 103 dB/cm,

5. Modelling of Graded-Index Optical Waveguides

Efficient numerical tools are necessary to simulate the operation of guided-wave
components and devices, in order to properly design them and avoid “trial and error” steps
towards their optimisation.
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Fig. 13. Experimental setup for the photothermal deflection measurement in the crossed-beam configuration.

An example of a well known and widely used numerical algorithm for the modelling of
integrated optical circuits is the one designated as the Beamn Propagation Method,? which can
be applied to both two- and one-dimensional guiding structures. In order to use these
simulation tools, however, one of the most important parameters required is the refractive
index profile of the guiding structure, which strongly affects the form of the guided field
distribution; it can be of crucial importance especially in the design of nonlinear devices. It is
therefore very important to determine the refractive index profile as a function of the process
parameters used in the realisation of the waveguiding device. As mentioned in Section 2, the
case of step-index waveguides permits a rather simple treatment; in the following discussion,
we will consider some of the problems associated with the fabrication process of a very widely
used class of graded-index waveguides, namely those produced by ion-exchange in glass, and
with the reconstruction of the index profile from the experimental measurements of effective
indices.

5.1. Characteristics of the Diffusion Process in Glass

Ion-exchange is the most widely used technique to obtain optical waveguides in various
substrates such as glasses or lithium niobate.??# Therefore it can be worthwhile to briefly recall
the fundamental aspects of the dynamics of ion-exchange which can allow one, by assuming
that the index distribution is proportional to the concentration of the exchanged ions in the
substrate, to forecast the form of the refractive index profile.

The interdiffusion process between the metallic ions in the substrate and those in the salt
melt is described by the Nernst-Planck equation

f EJ @

F = —D(VC—~ 2C =~
RT
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where F is the ion flux, C is the concentration of any of the mobile ions normalised to the total
concentration of the exchanged ions, £ is the local electric field generated by the concentration
gradient, D is the diffusion coefficient (assumed to be independent of the concentration), z is

the ion valence, f is the Faraday constant, R is the gas constant and T is the temperature.
In one dimension, considering a one to one exchange of two ion species a and b, with

F,=-F, it can be proved that

3c, _ 3 (b, ac, 3)
0t dx\/-aCdx
with
a=y1-Ce @)
D

a

Under these assumptions the solution of Eq. (3) can be written as

_ X
C.(x) = C_erfc(z Jo—t) )

where ¢ is the diffusion time and D is defined by

= D"Db = D“ . (6)
D.C.+D,C, I-oC

Hence, we would expect to find in most cases refractive index profiles of the form
X
n(x)=n,+{n, - ns)crfc(&—) (7)

where 7, is the substrate index, #, is the surface index and d is the exchange depth parameter.
However, it can be shown that this holds true only when the ion depletion of the salt melt near
the substrate surface during the exchange process can be neglected; in any other case the
expected profile form would be a half-gaussian profile. We will see in the next sections how
these models can be compared with practical cases.

5.2. WKB Method

Analysis of the guided wave propagation can be carried out in the most complete way by
starting from Maxwell equations, with the proper boundary conditions.
The resulting wave equation:

2 (k5 (2 —n?) k(2 -n'(x))|E, =0 (8)

4

however, can be explicitly solved only for few special systems (among which are step-index
waveguides); an approximate approach has to be followed for graded-index structures.



A B A . AEM> +: &

-

T

a B

. &

2 ER . AAL i

Li &

14 S. Pelli and G. C. Righini

In particular, the WKB approximation (Wentzel-Kramers-Brillouin, developed first in
quantum mechanics)?2’ can be a useful tool to handle this kind of problem, provided that the
term k3 (n%—n2(x)) varies slowly over a distance A.

Under the WKB approximation the modal dispersion equation becomes

kaj; Jn*(x)—nl(m) dx=m1t+¢a+-3£ &)

n(x,(m)) =n,(m) (10
n -1

= e ___ 11

¢, nﬁ-—nf (11)

n(m) being the effective index of the mode of order m, n(x{m)) being the so-called “turning
points” (from their physical meaning of maximum penetration depth of the guided light in a ray
optics description) and ¢, is half the phase shift caused by the reflection at the air-waveguide
boundary.

In order to obtain the parameters that describe the refractive index profile of the
waveguide, namely its mathematical form, the surface index n, and the diffusion depth 4, it is
therefore necessary first to obtain the effective indices of the guided modes of the waveguide,
given the substrate refractive index and the operational wavelength.

The effective indices can be measured by means of the experimental setup shown in Figs.
2 and 3, as already explained in Section 2.

Unfortunately, neither Eq. (9) cannot be solved analytically, so many numerical
methods?® have been proposed; here we will concentrate on two of them.

5.3. Dispersion Curves Method

This method, proposed by Yip and Albert,® requires the choice of a definite profile form,
whose parameters must be fitted to the experimental data.

With the change of variable:
x
y== 12
y (12)
Eq. (8) gives:
k(mn +¢,+ E)
4 (13)

d= o
L n*(x)—n’(m) dx

This expression allows one to directly calculate the exchange depth, once the effective
indices of the waveguide and all parameters of the index profile are given. Hence, in order to
obtain the form of the index profile, it is sufficient to make the change of variable (12) and
then, starting from a value slightly higher than that of the 0®-order effective index, increase the
value of the surface index, until the sum of the squares of the differences between the
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w Fig. 14. Flow-chart of a program capable of computing the refractive index profile of a graded-index waveguide
following the method proposed in Ref. 29,

experimental effective indices and the ones calculated by means of Egs. (9-13) reaches a
/ minimum. In Fig. 14 the flow-chart of a program capable of such a task is shown.
| As trial profiles exponential, half-gaussian, erfc or second-order polynomial functions can
be chosen. The most appropriate profile is usually the one which minimises the square sum
| mentioned above.

After this step, the modal dispersion curves are computed for a definite set of
waveguides fabricated under the same conditions, using as surface index the mean of the
surface indices of the whole set of waveguides considered. Agreement between the
5 experimental data and the average dispersion curves is then checked as a final control on both
| the homogeneity of the set of waveguides and of the goodness of the fit process as a whole.

These dispersion curves are very important in the design of 10 components, as they
define the relationship between the effective indices and the thickness of the waveguides.
Another relation which can be verified is the one between exchange depth and time, as shown
in Fig. 15. As can be seen in the figure, the behaviour of the depth as a function of the
exchange time follows quite well the theoretical square root function of Egs. (5, 7), even for
relatively long exchange times. The knowledge of this relation allows one to produce a
waveguide of predetermined thickness and hence, by using the dispersion curves, with a priori
well-defined propagation constants.

——

e




- - A - &85 =

~ R

o A A R -

A BA .. ARE i

ii s

. A AR

i

16 S. Pelirand. s L. x1g Nl

60
50 3
CONE Ag 5% 400 °C
2 403
b= 3
E 3
~ 303
= 3
= E
a3
A 203
3 Ag 208 305 °C
10 3
E M’C
0-‘lllllll]lll]l[l]lll!llI['”[l'll!lllI|II'IIII'II|l]fl]IlIIl"ll"['lIIllll'llll]ll‘]l"llill
0 120 240 360 480 600 720 840

TIME (min.)

Fig. 15. Exchange depth vs. exchange time for various ion-exchange processes in a soda-lime glass.

5.4. Chiang Method

In this case, no profile is chosen at the beginning of the computation. The aim of this
method, developed by K.S. Chiang,® is actually not to find any particular mathematical
function as refractive index profile, but to determine through a recursive process an “empirical”
index profile.

First of all, the experimental effective indices are interpolated with a polynomial function.
This is a somewhat crucial step, because great care must be taken in the choice of the
polynomial degree; too high a degree could for example lead to the enhancement of oscillation
in the interpolated polynomial, caused by random errors in the experimental effective indices.

It is easy to show that by putting x{m)=0 in Eq. (8) the surface index is obtained as the
effective index of the non-physical -0.75 order mode; thus, it is sufficient to extrapolate the
interpolated polynomial to immediately obtain the surface index. Of course, as this parameter is
the result of an extrapolation, it is very sensitive to the accuracy of the interpolation, but as this
process is very straightforward this method becomes very attractive. In order to determine the
entire index profile, the effective index profile is then approximated by a staircase function,
which, once substituted in the integral of Eq. (9), transforms the integral into a series of sums,
which are easier to deal with. In Fig. 16, where the flow chart of the whole process is shown,
N/s are successive sampling points of the interpolated effective index profile, whereas N,'s are
the means between two successive sampling points. The recursive formula shown in Fig. 16
can then be derived and the whole profile computed. As a final step, the empirical profile can
be fitted to a mathematical analytical function like the ones mentioned in the previous section,
in order to have a result which is easier to treat in the following design processes.

5.5. Experimental Results
In order to provide an assessment of the agreement between the two numerical

algorithms, the data for various ion-exchanged waveguides were processed using both
methods, and the results are shown in Figs. 17 and 18.
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The two figures correspond to different ion-exchange processes in the same soda-lime
glass substrates, Fig. 17 referring to a 20% Ag*/Na* exchange and Fig. 18 to a 100% K+*/Na*
exchange.

In both figures the experimental data, the profiles obtained by the dispersion curve
method, the “empirical” profile obtained by Chiang’s method and the fit of an analytical
function to the profile resulting from Chiang’s algorithm are shown .

As it can be seen, the agreement between the two methods is fairly good, especially when
considering the two fitted analytical profiles. In both cases, a gaussian profile seems to fit the
experimental data best. This is not always the case, however; for example in Fig. 19, where the
case of a Cs*/K* exchange waveguide is considered, the proper choice consisted of a erfc type
profile, as suggested by Eq. (5).

We compared the results in terms of surface index and exchange depth obtained by
means of the two methods for a set of 20%, 5% Ag*/Na* and K*/Na* exchanged waveguides,
Apart from a few exceptions the agreement is quite good.

In order to gain more confidence in these numerical methods, however, it is useful and
sometimes necessary to make direct measurements either of the concentration of exchanged

Inpat
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Fig. 16. Flow-chart of a program capable of computing the refractive index profile of a guided-index waveguide
following the method proposed in Ref. 30,
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Fig. 17. Comparison of the reconstructed refractive index profiles of a waveguide produced by 20% Ag'/Na*

ion-exchange, as obtained by using the two numerical methods described in the text.

ions as a function of depth {which can be accomplished by such techniques as Rutherford Back
Scattering or SIMS)*- * or of the refractive index itself by interferometric techniques.®
Unfortunately, these techniques are generally difficult of implementation; the limited number of
tests we have been able to perform, however, tend to support quite well the simulation results.

6. Conclusions

A number of valuable characterisation techniques have been developed for the accurate
measurement of the various parameters of an optical waveguide, from the thickness and
refractive index to absorption and scattering losses. Most of the experimental techniques briefly
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Fig. 18. Comparison of the reconstructed refractive index profil
Cs*/K* ion-exchange.
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mentioned in the previous sections apply to any kind of waveguide structure, but it may be
worthwhile to assess the best technique for the specific sample to be investigated.

It also should be emphasized that this summary is not at all inclusive, as the ingenuity of
researchers has led to the development of a much larger number of measurement techniques,
some of which, however, are suitable or cost-effective only in very specific cases.

Similar observations can be made concerning to the proposed modelling techniques. Here
only two simple numerical techniques, easily implemented on a personal computer, have been
summarised, which allow one to reconstruct the refractive index profile of graded-index
waveguides. The results obtained by these methods, however, are accurate enough to give a
good description of the realised waveguides and to be used as input data to more sophisticated
modelling programs, e.g. based on the Beam Propagation Method or finite differences, which
in turn allow one to optimise the design of discrete integrated optical components as well as to
simulate the operation of more complex guided-wave circuits.
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MICROFABRICATION TECHNOLOGIES
FOR INTEGRATED OPTICAL DEVICES

G.C. Righini and M.A. Forastiere

Optoelectronics and Photonics Department (IROE CNR)
“Nello Carrara” Electromagnetic Waves Research Institute
Via Panciatichi 64, 50127 Florence, Italy

1. INTRODUCTION

Microelectronics and Integrated Optics (IO) share most of the microfabrication
technologies, in particular micropatterning. Fabrication processes of IO devices, however,
are subject to specific requirements, imposed by the nature of light confinement, which are
often tighter than the ones usually adopted in microelectronics.

As a matter of fact, optical waveguiding structures are usually a few centimeters long,
but at the same time their transverse dimensions must be of the order of the guided-light
wavelength (i.e. ~ 1 pm); this generates a number of problems, mainly connected with the
necessity of keeping propagation losses as low as possible. As an example, low propagation
loss and highly tolerant fabrication processes are generally not easily compatible with high-
An structures (i.¢. structures where the refractive index difference between the guiding layer
and the surrounding media is larger than 0.1), because this implies a further reduction in
waveguide dimensions (e.g. down to sub-micrometer size). While this may be an advantage
from the point of view of compatibility with microelectronics IC technology (especially in
view of integrated optoelectronics silicon wafers), it is clear that high-An guides suffer very
high coupling loss (even larger than 3 dB/facet) with input/output fibers. On the other hand,
in low-An structures (where the index change may vary between 0.001 and 0.01) the
bending loss can be very high unless the curvature radius of the guide is kept above a certain
value, typically of the order of centimeters: this puts therefore a strong limit to the
integration capability.

Much work is therefore currently devoted to the development of fabrication processes
which could at the same time guarantee high compatibility with electronic LSI and yield
integrated optical devices with low insertion loss; low cost and high flexibility are other two
key factors for a process to be adopted in industrial production of IO components and
devices.

The choice of the material structure and of the fabrication process of course depend
also on the functional requirements of the device to be realized; since planar structures are

Diffractive Optics and Optical Microsystems
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Buried Ridge

Strip loaded Strip
Fig. 1 Different types of channel waveguides. Light is confined transverse in the shaded regions.

being used only in very few cases, however, a common need is that of patterning the guiding
layer and/or the cladding layer in order to create 2D guides. Various index or topographic
configurations can be used, such as the ones sketched in Fig. 1, where darker shading
indicates higher refractive index. Buried waveguides are generaily obtained by diffusion
processes (such as ion-exchange in glass, Ti-diffusion or proton exchange in lithium niobate,
jon implantation or electron bombardment), while the other structures (ridge, strip, or strip-
loaded waveguides) are produced in deposited layers. Accordingly, transverse light
confinement is achieved by increase of the effective refractive-index of a limited dielectric
region with respect to the surrounding regions: in most cases this is achieved by coating the
substrate (or the guiding layer) with a mask material, which is then patterned lithographically
with waveguide features. The following step consists of diffusion through the mask openings
or of material removal, by wet or physical etching, respectively. In some cases, direct
fabrication of 2D guides may be obtained, e.g. by laser or electron-beam writing.

In this Chapter a brief overview of the most important fabrication processes is
presented, with particular attention devoted to glass material systems 12 and to silica-on-
silicon integrated optics.”*

Quartz tube

Cells Sliding bar

Substrate Graphite boat

Fig. 2 Fabrication of thin films by Ar-plasma sputtering: behaviour of refractive index as a function of
pressure and RF power (inset).
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2. THIN FILM DEPOSITION TECHNIQUES

Most guided-wave optical devices are based on dielectric multilayer structures,
obtained by successive deposition of thin films having tightly controlled thickness and
refractive index. At this time, several deposition techniques are available. Some of them
(such as e-gun evaporation, radio-frequency and magnetron sputtering) are definitely
mature, having been borrowed from the classical area of optical coatings. Others were
originally developed for semiconductors or optical fibers, and include for example Chemical
Vapor Deposition (CVD), Flame Hydrolysis Deposition (FHD), and epitaxial growth
techniques like Liquid Phase Epitaxy (LPE), Metal-Organic Chemical Vapor Deposition
(MOCVD), and Molecular Beam Epitaxy (MBE). Recently, production processes have been
implemented which exploit the power and selectivity of laser sources: as an example, Pulsed
Laser Deposition (PLD) is becoming a widespread technique.’ Finally, a deposition process
which appeared only recently in IO is the so-called “sol-gel” technique:® its potential has yet
to be fully explioited, but the prospects are quite appealing.’

2.1. Radio-frequency (RF) sputtering

Among the various vacuum thin-film deposition techniques, RF-sputtering is probably
the most popular method for producing low-loss glassy planar waveguides. Sputtering is
based on the use of positive highly accelerated ions to eject particles - usually atomic
clusters or neutral atoms - from a target made of the material to be deposited. The ions are
generated by injecting an electron current into an inert gas plasma (usually argon) at a
pressure of 10 ° >+10 - * Torr. RF-sputtering was first used in IO to deposit films of
Coming 7059 glass (bulk refractive index about 1.53) onto ordinary soda-lime slides.®
Several authors have since investigated the effect of various operating parameters on the
deposition rate and composition of deposited films.* ">

A drawback of RF-sputtering is its slow deposition rate: as an example, in a diode
sputtering system with a single 6”-diameter target the average deposition rate of Corning
7059 glass is about 1 nmy/hour per Watt of RF electric power applied to the electrodes.

The quality of films is generally quite good, with propagation losses repeatedly lower
than 0.8 dB/cm, for applied power less than 400 W. At higher sputtering powers, however,
waveguide quality worsens and some yellow-brown discoloration of the films may occur.,

The composition and optical characteristics of sputtered films vary as a function of the
power level and gas pressure at which the deposition is made. This is likely due to the loss of
Oxygen caused by dissociation of the oxides of glass during the impact of ions onto the
target. Introduction of a percentage of oxygen in the plasma (reactive sputtering) and
application of a little potential to the anode (bias sputtering) can help reduce these effects.
On the other hand, the possibility of varying the refractive index according to the sputtering
parameters is also interesting because it can be used to increase flexibility in the design of the
deposited films. As an example, a variation in the index of a 7059 glass film from 1.53 to
1.585, at 0.633 um wavelength, was measured ° for a corresponding change of the RF
sputtering power density from 0.5 W/emn? to 4.0 W/em?, For the same type of glass, a series
of measurements were carried out on the refractive index as a function of pressure in a pure
argon plasma at 300 W: the results are reported in Fig. 2, where a significant decrease of the
index with increasing pressure can be observed. In the same figure, the inset shows how the
refractive index increases with increasing RF power, becoming much larger than the index of
the bulk material itself. In the same working conditions, the addition of oxygen produces a
further decrease of the refractive index, of the order of - 2x10 - ? for a 60% Ar - 40% 0,
mixture. One can easily conclude that the RF-sputtering process permits us to tailor quite
accurately the optical properties of the deposited film.
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Fig. 3 Schematic diagram of apparatus for chemical vapour deposition (CVD).

RF-sputtering has also been applied for the deposition of active and/or nonlinear
guiding layers: for instance, rare-earth-doped 1314 “and semiconductor-doped '° glass
waveguides have been produced using a co-sputtering technique.

2.2. Chemical Vapor Deposition (CVD)

The CVD method was originally developed for the production of preforms of optical
fibers, but it can be advantageously applied to planar waveguides as well. The classical CVD
plant is sketched in Fig. 3: the silica (or silicon) substrate is placed in a reaction chamber,
where accurately controlled flows of oxygen (carrier gas), Si Cl,, BBr; and Ge Cl. gases are
introduced. The reaction with oxygen at a temperature higher than 1200 °C causes reagent
oxidation and the deposition of a thin oxide layer (with Si0,-B,0,-GeO, composition} onto
the substrate. The waveguide is then obtained by vitrification of the soot at a temperature
around 1700 °C. A lower-index cladding layer can be finally deposited on the waveguide by
reducing the flowing rate of Ge Cl..

Salt melt Glass

o Q<‘:‘-o ®

(NO.Y

A;lus + B!nuﬂ::-_‘ Ammc + Bdm

Fig. 4 Diagram of a setup for liquid phase epitaxy (LPE).
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The resulting CVD-deposited glass films usually show absorption loss lower than
0.1 dB/cm at 0.633 pm wavelength. Low-loss channel waveguides can also be formed by
this technique, using suitable grooves previously formed by any reactive etching procedure.

The CVD process lends itself to many modifications, which have been developed in
different laboratories with the aim of optimizing both the quality and the yield of the process.
Among the most common types of CVD-derived fabrication processes used to make IO
devices we can cite: flame hydrolysis deposition (FHD), '® ""? low-pressure (LPCVD), *°
plasma enhanced (PECVD), ***' and atmospheric pressure (APCVD) % processes.

2.3. Liquid Phase Epitaxy (LPE)

This technique is the simplest one among the epitaxial growth processes, and consists
of the deposition of a solid phase from an over-saturated solution of the material to be
grown, In the case of III-V semiconductors, the solvent is the same metal which is present in
the compound (for example, Ga in GaAlAs). A sketch of the equipment for epitaxial growth
- is shown in Fig. 4. Schematically, it consists of a graphite boat placed in a quartz tube where
H, flows. Several cells are present in the boat itself, each of them containing a different
solution. The bottom of each cell is a slide containing a slot for the substrate, which
therefore can be put in contact successively with the various solutions. Temperature is
around 750 to 900 °C and must be tightly controlled (within £0.01 °C) in order to assure the
required uniformity. Mechanical tolerances are obviously very strict, but the equipment is
altogether very simple.

The LPE technique has mostly been used to produce waveguiding structures for laser
diodes operating at wavelengths in the range from 0.7 pm to 1.5 um, such as Ga, Al As
layers grown on GaAs,”® but LPE has also been used to grow waveguides in ferromagnetic
materials, e.g. Y;Sco;Fe ; Oy; grownon Gd, Gas0 ), ¥ and in magneto-optical materials.

Channel waveguides, multilayer structures and various passive integrated optical
components can be obtained by using the LPE technique combined with photolithographic
and reactive etching procedures.

2.4. Sol-gel

The sol-gel process is a glass deposition technique based on the hydrolysis and
polycondensation of metal alkoxides.®** The procedure undergoes three steps: 1) hydrolysis
of the different metal alkoxides in a mutual solvent (formation of the sol}; 2)
polycondensation and subsequent polymerization to form a highly porous solid network (the
gel); and 3) drying of the gel and final heat-treatment to produce a stable and compact glass.

A number of features make the sol-gel method inherently attractive. First, this
technique is based on liquid solutions, and therefore allows easy fabrication of fibers and
waveguiding films. Moreover, it is a low-temperature process, so that special
multicomponent compositions can be obtained without risk of phase-separation and
crystallization; thus, many dopants can be introduced in the matrix, allowing for production
of non-linear or active optical materials. Finally, the optical characteristics of the final glass
can be varied by simply changing the initial sol composition.

Fig. 5 schematically illustrates how bulk, fiber and thin film materials can be produced
by the sol-gel technique, through the careful control of process parameters (viscosity, drying
and heating conditions).

Channel waveguides can be realized, as in most film deposition techniques, by the use
of photolithography and a suitable etching procedure. However, since the sidewalls may
remain quite rough, thus heavily contributing to scattering loss, a reflow treatment may be
necessary.”®
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Fig. 5 Different material configurations obtainable by the sol-gel technique.

Recently, a great deal of work has been reported concerning sol-gel preparation of
semiconductor-doped 7% and rare-earth-doped waveguides.” '

3. ION DIFFUSION AND ION IMPLANTATION TECHNIQUES

Although thin-film deposition techniques are widely practiced, and some of them are
also easy to implement, nevertheless it is sometimes more convenient to exploit the
properties of a bulk material and create a guiding structure in it by locally modifying its
refractive index. In this case one mainly uses diffusion techniques: a very common and
effective one for glass and some crystals (such as lithium niobate, KTP and a few others) is
jon-exchange, while a more general approach is that of inducing the thermal diffusion of a
dopant in the bulk material. Another possibility is that of using high energy ion beams to
implant a large variety of ions into a material.

Here, we will principally discuss the ion-exchange technique in glass; only a short
description of the ion implantation approach will be given.

3.1. Ion implantation

The apparatus for ion implantation consists of a generator of ions, an accelerator, an
ion separator and a deflector. lons having energy ranging from 20 to 300 KeV can be
implanted in various substrates, causing lattice modifications and the formation of impurities.
These in turn produce an increment in the refractive index within a thin layer close to the
surface, and therefore the creation of an optical waveguide.

As an example, the first experiments with this kind of technology were carried out on
fused-silica substrates, bombarded by H* ions at 1.5 MeV ** and by Li" ions at energies
between 32 and 200 KeV.** The most reproducible results were obtained by using Li", for

i




109

e
—
y——
|
—

1552 156
:c‘ 158t 155
Q
5 154
2 1548} 153 Rulk
o matenial
£ 152
Q 1546}
x 1851
1 544[— 15 4
o 2 4
P, (Wrcm®)
15421
- ¢ ¢ $
10 15 20 25

Pressure (mtorr)

Fig. 6 Diagram of the ion-exchange process in a molten salt. The ionic species A is Na® in soda-lime glasses.

which a proportionality between refractive index increase and dose of implanted ions was
verified. Propagation loss in ion-implanted waveguides can be as low as 0.2 dB/cm at
0.633 um wavelength.

Unfortunately, ion implantation requires very large and expensive equipment, although
it has the advantage of allowing very precise control of fabrication parameters. The
interested reader is referred to a recent review of current developments for waveguide
formation as used in electro-optics, lasers or nonlinear optics applications; economic factors
related to implantation have also been analyzed there.*

3.2. Ion exchange in glass

The suitability of ion-exchange technology to produce integrated optical components in
glass has been recognized since the early 1970’s, when a few pioneering studies
demonstrated how to take advantage of the refractive index increase produced in the glass
by replacing the sodium ions with other ions having higher electronic polarizability (such as
silver or potassium).”> *® One of the greatest advantages of the ion-exchange technique is the
extreme simplicity and low cost of the process, which can also be easily transferred to batch
production. 137

In order to understand the principle of the method, one needs first of all to remember
that the so-calied “network modifier” ions, i.e. alkali ions such as Na* which may occur in
the silicate network of a glass, have a temperature-dependent mobility following an
exponentially decreasing behavior with inverse temperature. At sufficiently high
temperatures (typically a few hundred degrees Celsius), and in the presence of a melt
solution containing other ions with similar chemical properties, the alkali ions of the glass
can leave the silicate lattice, being readily substituted by similar ions from the melt solution.
A sketch of the thermal ion-exchange process is shown in Fig. 6.

In a qualitative way, the exchange proceeds as follows. The glass substrate, containing
for example Na* ions, is immersed in a molten solution of MeNQ; in NaNQO,, where Me can
be Ag, K or any other metal chemically similar to Na. Since a gradient exists in both ion
concentrations, a diffusion process will take place, being essentially driven by thermal
agitation. Random collisions will therefore cause replacement of Na* ions by the Me* ones in
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the glass matrix, which gradually forms a thin layer close to the surface. The process
terminates when the substrate is allowed to cool down to room temperature.

The exchange temperature is usually slightly higher than the melting point of the salt
(ranging from about 200 °C to 550 °C). Excessive heating may in fact cause damage of the
surface due to nitrate decomposition and thermal relaxation of glass.

The index change resulting from ion exchange can be casily determined from the fact
that the ions taking part in the exchange have different electronic polarizabilities and that
they occupy a different volume in the glass lattice.” Quantitatively, the refractive index
variation An can be expressed as

An~ X AR - Repy (1)
v v

4] [+

where % is the concentration of the new ions in glass, Vo is the volume of glass per mole of
oxygen atoms, R, the refraction per mole of oxygen atoms and AV, AR are the changes of
these quantities due to the ion exchange.

The above model, though a very simple one, holds very well for bulk changes of composition.
For surface jon-exchange, as is the case with IO, one should also take into account the effects of stress,
due to the substrate resisting the localized volume change. As a consequence, the estimation of AV
may not be accurate. Nevertheless, the model provides very useful information, giving at least the
correct order of magnitude of the index change.

As an example, the predicted maximum index change in Ag™-Na* exchange is 0.09, in good
agreement with experimental results. In some cases, such as that of K*-Na* ion-exchange, a
birefringence effect also arises, due to anisotropic stress. Therefore, the index change for TM
polarized modes is different from that of TE polarized modes. By taking into account volume
variations induced by stress one can calkulate a correction to Eq. (1) and find, for the K*-Na*
exchange, A n e = 0.0089, A nny=0.011. The experimental results agree fairly well with the
theory, being approximatly A n :~0.008 to 0.009 and A n ny=0.0095 to 0.011.* The
refractive index profile resulting from the ion-exchange method depends on the particular ions
involved. For example, the Ag*-Na* index profile for planar waveguides is well approximated by a
complementary error function:

()

n(x) =n_, +An erfc

X
JD.t

where n,,, is the substrate index, An the maximum index change, D. an “effective diffusion
coefficient” and t the exchange time. Since the process is diffusion driven, the D, coefficient
has the following temperature dependence:

D, =C, exp (—(;r—z} 3)

where C; is proportional to the activation energy of the process. For the Ag™-Na” jon-exchange process
the salt used as the source of ions, AgNO,, is usually diluted in NaNOs, with concentrations varying
from 5% to 20%; the temperature is kept around 300 °C (the melting point of AgNQO, is 212 °C),
while exchange times are of the order of a few minutes to obtain mono-modat waveguides. Dilution is
advisable in the case of Ag’-Na’ ion-exchange because it both increases the reproducibility of the
process and relaxes the tight constraints necessary for undiluted melts.
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Fig. 7 Schematic setup for the production of glass waveguides by the ion-exchange technique.

A typical, economical laboratory setup for the production of waveguides by the
ion-exchange technique is shown in Fig. 7 ; it consist mainly of an oven (a fluidised-bath
furnace, in the case depicted in the figure, where the air flow through the sand gives rise to
very good heat convection and therefore produces homogeneous heating of the reactor
vessel) with accurate temperature controls in order to guarantee reproducibility of the
process.

4. MICROSTRUCTURE FABRICATION

Fabrication of a guided-wave device, as already mentioned, requires not only having the
proper refractive-index distribution but also in most cases creating a topographic structure.
This means that some material has to be deposited or removed through a suitable mask.
Etching, either chemical or physical, is the best process to produce these microstructures.
The minimum size of the features which can be produced depends mainly on the resolution
of the photoresist, which is the basic material in almost any lithographic process: currently,
the minimum line width with negative resists (i.e. resists where exposure to light causes
polymerization of the material, making the exposed regions insoluble in the developer) is
larger than 1 pm, and a bit smaller (around 0.5 um ) in positive resists (where exposed areas
become soluble and therefore removable in the proper developer).*’

While microlithography is still the most widespread and effective tool to produce
nanostructures,’ in less demanding applications locally-selective processing can be done by
direct laser-writing: the applicability of the method obviously depends also on the choice of
the material system. As an example, 2D waveguides may be produced in sol-gel films by
direct laser densification, or other structures may be obtained by removing material through
laser ablation.
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4.1. Lift-off technique

The principle of operation of the lift-off technique, which is an alternative to the
conventional etching process, is indicated in Fig. 8. A pattern is formed in the photoresist
layer, previously deposited onto the substrate by spin-coating, by means of the
photolithographic technique. As illustrated in the figure, an overhang is formed in the resist
during development, if suitable thickness, exposure and development conditions are
provided. Moreover, it is necessary that the resist thickness be larger than the thickness of
the film to be deposited; the masking film is in most cases a metal film, which is deposited by
means of vacuum evaporation or sputtering. Finally, the sample is immersed in a suitable
solvent which dissolves the resist and thus causes the removal of the film directly deposited
on it. In this way, the desired pattern is replicated in the masking film.

A few requirements have to be met in order to obtain good results by the lft-off
technique: 1) an appropriate overhang must exist; 2) the resist layer must be completely
removed from the patterning windows before film deposition; and, 3)good film adhesion
must be guaranteed.

In order to enhance film adhesion, one can slightly ash the resist with oxygen plasma
after development; another possibility is to post-bake the substrate at a temperature which
does not cause resist deformation (100 to 150 °C). When using Al films for the mask, their
adhesion to the substrate can be improved by previously depositing an underlayer of Cr or Ti
on the substrate.

4.2. Etching techniques

Fig. 9 shows a schematic representation of a conventional etching procedure. The
resist may operate as a masking material itself (in such a case the film indicated in the
figure is the guiding layer), or instead it may be used to transfer the features from the
master mask to the masking film for the waveguide fabrication process. If the resist
cannot withstand the etching process, a masking underlayer must first be deposited on
the substrate.

Etching processes can be divided into two classes: chemical (or wer) etching, which
makes use of liquid chemicals, and dry etching, which uses gaseous etchants.

Wet etching can be achieved by a variety of substances, such as aqueous solutions of
acids (HF, H,PO,, HNO,), alkalis (NaOH), and salts (NaCN, FeCl;). The sample is
immersed in the appropriate etchant after development, kept at a certain temperature and
stirred in order to remove air bubbles. The process can be monitored by observation through
a microscope. Although wet etching requires extremely simple equipment and is thus very
attractive, good results are rarely obtained, primarily because of the difficulty in achieving
acceptable reproducibility of etch rate.

The term dry etching includes in fact a number of quite different technigues. Many of
them are commercially available, being extensively used in the semiconductor industry. As an
example, the basic plasma etching consists of an apparatus which produces plasma by RF
discharge in a reactive gas (e.g. CF, ) at a 0.1 to 10 Torr pressure; chemical reactions with
the resultant neutral radicals produce the etching of both silicon and silicon compounds.*
Sputter etching is based on an ordinary sputtering apparatus, the only difference being that
the samples are placed at the target position and undergo physical bombardment by Ar* ions,
which cause the etching of the substrates. Variations or combinations of these two basic
processes, based on physical-chemical and purely physical actions, respectively, include
dry-etching configurations known as reactive ion etching (RIE), ion beam etching (IBE}),
and reactive ion beam etching (RIBE). **
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Fig. 10 [llustration of the procedure for realisation of waveguide paiterns (such as gratings).

Fig. 10 summarizes some of the possible procedures to be followed for the fabrication
of topographic waveguides and 10 devices. When the aim is to fabricate a periodic
structure, such as a grating coupler or filter, instead of using the conventional
photolithographic process one can also exploit holographic techniques to produce the
desired modulated pattern in the photoresist; using this approach it is easier to produce
sinusoidal gratings.

4.3. 2D-waveguide fabrication by direct laser writing

Writing of integrated circuit masks is often done by electron-beam exposure of suitable
resists (usually, PMMA), because this method offers very high resolution and dimensional
precision. Laser writing, however, may also be used as an effective tool for mask production
in all the cases where geometrical tolerance constraints are relaxed. Both methods can also
be used for direct writing of the waveguides through an induced change of refractive index
or of matenial thickness.

Early demonstrations of direct laser writing included fabrication of guides in Kodak
KPR photoresist films, 4 in sensitizer-doped polymers by the so-called photolocking
mechanism, * and in SiO,-TaO, films by CO,-laser irradiation.*” More recently, laser writing
has been widely used in conjunction with the sol-gel deposition technique, either through
local densification of the still-porous film or through UV-irradiation of a sensitizer
introduced in the starting solution.

The formation of topographic structures in sol-gel films is possible by laser-induced
selective densification.®® ~*® Strip waveguides with propagation loss below 1 dB/cm have
been produced in silica-titania sol-gel films by exploiting the localized heating of sol-gel
material due to the absorption of laser light by the film itself and by the substrate.’® A
schematic representation of the selective densification process induced by a focused CO:
laser is given in Fig. 11: the sol-gel film is spin-deposited and baked at a temperature below
200 °C, in order to leave it quite porous. The strip of the material which is irradiated by the
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Fig. 12 SEM photograph of a strip waveguide in sol-gel glass.

focused scanning beam from a cw CO; laser (the power actually delivered onto the strip is in
the range 50 to 60 mW) heats up and shrinks; the unexposed, and therefore undensified
areas of the film are removed by immersing the sample in a buffered and diluted HF solution,
which almost has no effect on the densified strip, due to the much slower etching rate of the
dense material.

Another recently developed procedure uses UV light imprinting in a photosensitive
hybrid organo-silicate film produced by a dip-coating sol-gel process. The good optical
quality of a ridge optical waveguide fabricated by this procedure can be seen in Fig. 12,
which shows a scanning electron microscope photograph of a 5-um wide and 4-pum high
ridge waveguide deposited onto a silicon wafer.”' Propagation losses as low as 0.1 dB/cm at
A = 1.55 um have been measured. A set of passive integrated optical devices, including
directional couplers,”®> power splitters and wavelength-division-multiplexers, have been
fabricated by this process.

5. CONCLUSIONS

A quick overview of the most common fabrication processes in integrated optics has
been given, with particular attention devoted to practical problems in the production of
passive components in glass materials and in silica-on-silicon structures.

The basic requirements for any process are the capability for very accurate control of
the refractive index and thickness of the guiding layer, freedom from scattering defects and
smoothness of surfaces. Moreover, in order to facilitate the commercialization of fabricated
components and devices, the process should not be highly expensive nor very critical, and
should be suitable for batch production. A significant role in the optimization of the
processes and in the development of 10 devices is obviously played on the one hand by
modeling and design techniques, and on the other hand by the characterization and quality-
assessment techniques, some of which have been developed specifically for use in optical
\a'.f.ewcguidf:s.53
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Schematic of the laser densification method. A: deposition of the sol-get layer; B: laser densification;
C: densified strip: D: removal of the undensified layer by chemical etching.
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Abstract

Sol-gel process is attracting a growing attention as a rather simple technology with potential for low-cost batch
manufacture of integrated optical waveguides. Here experimental results are presented on the fabrication of silica-titania
sol-gel films and on their laser densification, a technigue which may be very useful for rapid circuit prototyping.
Transversally multimode waveguides with propagation loss around 1 dB /cm have been produced by selective densification
using a CO, laser. Data from optical and structural analysis of the sol-gel strips are reported and discussed.

1. Introduction

The realisation of integrated optical devices re-
quires the patterning of the guiding layers in order to
obtain the appropriate structures for the circuit. In
most cases conventional photolithographic tech-
niques borrowed from the electronics industry are
employed in this crucial step of circuit fabrication;
however, other routes are also exploited in order to
find solutions which could lead to a higher yield or
simply to be more convenient in specific applica-
tions.

Direct writing of patterns in the guiding films is
one viable solution in order to avoid the need for
photolithographic steps, and has been pursued by
several groups using different materials and tech-
niques. This approach may be particularly useful in
the prototyping stage of the device, since it makes
possible an optimisation of the structures after the

design process by simply changing the software that
controls the writing equipment. The same action
using photolithographic techniques would require the
production of a new mask each time the design
changed, even if by only a small amount. In large-
scale production, other time and economic considera-
tions might have an influence on the choice between
direct wniting and photolithographic techniques, but
in the optimisation process direct writing may defi-
nitely have an advantage over lithography.

Direct writing of masks [1] or waveguide struc-
tures by means of laser irradiation have already been
demonstrated in silicon dioxide [2] and nitride [3],
lithium niobate [4,5], polymers [6] and also sol-gel
glass [7].

As far as materials for integrated optics are con-
cerned, the sol-gel process is emerging, thanks to its
flexibility and to its capacity to produce films (espe-
cially glass films) with a controlled composition and

00925-3467 /96 /$15.00 © 1996 Elsevier Science B.V. All rights reserved
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almost free of contamination. This capacity makes it
extensively possible to fine-tune the film characteris-
tics to the particular needs met by the design. Varia-
tions in the refractive index or dopanis, added in
order to confer to the material special (e.g. nonlinear
or active) properties, are achieved simply by chang-
ing the composition of the starting solution.

In this paper we report on the fabrication of
silica-titania sol-gel layers suitable for direct laser
densification and in general for integrated optics
applications, and on the results of laser writing in
these films.

2. The sol-gel process

The steps which have to be followed to produce
bulk or thin-film silica glass by the sol-gel process
are summarized in Fig. 1. First of all, a silicon
alcoxide is hydrolised in an alcoholic solution. Sub-
sequently, it can react with the organic or hydroxyl
group of the surrounding ones creating an 0-5i-0
bond. If the same reaction is repeated for all the
molecules present in the solution, a porous silica
network enclosing a liquid is obtained.

After the solution has been poured into a suitable
vessel (to produce bulk glass) or deposited onto a

Preparation of the alcoxide
precursors solution

'

substrate (to produce a glass thin film), a baking
treatment burns out the organic content and the grid
relaxes into a state of minimal energy, which corre-
sponds to the shrinking (about 40%) of the sol-gel
material. This stage must be accomplished with care,
since irregular or excessively rapid baking may cause
stress in the material, leading to undesired cracks
which would completely impair its optical character-
istics.

At the end of the process, a material that is
substantially indistinguishable from the correspond-
ing bulk glass can be obtained.

2.1. Preparation of sol-gel films

We have been preparing sol-gel films starting
from an alcoholic (ethanol) solution of the silicon
alcoxide tetraethoxysilane (TEOS); 30% relative tita-
nium butilate is also added to the solution as the
precursor of titania in order to increase and control
the refractive index of the resulting film. The total
concentration of the solution, expressed as the total
weight of final oxides per liter, was 50 or 100 g/1.

The pH of the solution may have a strong influ-
ence on the final structure of the sol-gel glass, since
a basic environment increases the tendency of the
molecules to produce clusters, whereas an acidic

Spinning or dipping of the solution

Vo

. ~
Gelation | r —

e

Thermal densification

Fig. 1. Sketch of a typical sol-gel process for the production of glasses. In the chemical equations

and X indicates an OH or alcoxide group.
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environment helps the hydrolysis of the molecules
and produces more branched polymers. In order to
obtain the right pH, 0.01 mol HC! per mol TEOS
was added to the solution.

The films were deposited on soda-lime glass
(Chance Propper ‘“Gold Star’” microscope slides) by
using the dipping technique, which consists of im-
mersing the substrate in the sol-gel solution and
subsequently removing it at a constant speed. The
removal speed influences the final thickness of the
film: the thickness is greater when the speed is
higher.

Gelation of the solution, in contact with the air,
occurs a few seconds after the substrate has emerged
from it.

The parameters of the subsequent baking process
depend on the results that we want to achieve: when
denser films ready for waveguiding are desired, the
samples are baked at 500°C for 4 hours; otherwise, if
more porous films are needed to be used for laser
writing processes, baking is carried out at tempera-
tures ranging from 60 to 200°C to obtain sufficient
mechanical properties.

The maximum thickness which can be obtained
by the deposition of a single layer without experienc-
ing cracking effects is about 0.15 pm (measured
after baking at 500°C). Greater thicknesses can in
any case be obtained by superimposing several lay-
ers of sol-gel, till the desired thickness is reached.
We have produced multilayer structures with thick-
ness larger than 1 pm; but in this case great attention
must be paid to the cleanliness of the environment,
since any dust particles included between the layers
would strongly worsen the quality of the film. The
refractive index of the resulting films, with 30%
titania content, is 1.65.

Before any serious attempt at producing strip or
channel waveguides was made, much attention was
devoted to optimising the characteristics of the sol-gel
films, especially in order to achieve low propagation
loss. So far, we have obtained films with losses of
the order of 0.5 dB/cm, low enough to allow the
fabrication of devices,

3. Preparation of laser-written strip waveguides

The laser writing of sol-gel films to obtain strip
waveguides exploits the localised heating of sol-gel

Laser irradiation

Shrinked film

7

After chemical etching :
strip waveguide

Fig. 2. Schematic representation of the selective densification
process induced by a focused laser beam.

due to the absorption of laser light by the film itself
and/or the substrate, which substitutes the heating
usually performed in an oven during the sintering
stage of the sol-gel process (see Fig. 2).

Obviously, in order to heat the film sufficiently, it
is necessary that the laser irradiation be carried out at
a wavelength that is strongly absorbed by the film
and /or the substrate. In the case of silica glasses this
means working in the ultraviolet or infrared region
of the spectrum, as the material is completely trans-
parent to visible light.

Alternatively, a thin cladding layer, which ab-
sorbs at a convenient wavelength, may be deposited
on the sol-gel layer. The heat absorbed by the
cladding can then be transmitted to the sol-gel film,
producing its densification. Experiments with metal
claddings and a Nd:YAG laser source have been
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performed by various groups [8].

In our case we used a continuous-wave CO, laser
operating at 10.6 pm. The choice was motivated by
the fact that the CO, radiation is absorbed both by
the substrate and by the sol-gel film, thus fulfilling
the requirements of having sufficient heating of the
sol-gel material at a low laser power. The wide
availability and reasonable cost of such a laser sys-
tem were further advantages offered by this choice,
while its major inconvenience derives from the long
wavelength of the radiation, which due to diffraction
limits prevents obtaining a writing spot smaller than
30 m. This fact limits the use of CO, laser writing
to the production of highly-multimode or tapered
guiding structures.

In our case, the laser processing was carried out
on porous films baked at 60-200°C. When working
with low-temperature baked films, the superimposi-
tion of a large number of layers is not possible since
it would lead to the cracking of the film, even before
the actual writing process. We have thus limited
ourselves in general to the superposition of a couple
of layers, reducing in this way the maximum final
thickness of the waveguides to about 0.3 pm.

After passing through proper attenuators, the beam
from a 12 W cw Synrad CO, laser was focused on
the surface of the sample, mounted on a translation

stage moved by a step-motor. The translation speed
was 2 mm/s.

The power of the incident laser light is a very
crucial parameter in the whole process, since insuffi-
cient power density produces too little or no effect
on the sol-gel layer, whereas excessive irradiation
leads to damage of the film and even to fusion of the
substrate. Since the right amount of power irradiated
on the sample depends, of course, also on the spot
size of the laser beam, the right balance is very
critical. Nevertheless, it is possible to find a range of
values (not very broad, but large enough to allow a
sufficient control of the parameters) which make
possible a correct densification of the layer. We
found the best incident power to be 50-60 mW, at
which the spot size was about 100 pm.

A good control of the focusing conditions is very
important as well. We therefore tried to obtain repro-
ducible focusing of the laser beam on the surface of
the sample, by using a micrometric transiation stage
for the focusing optics and with our looking at the
burning effect of the beam on paper positioned pre-
cisely in the place of the sample. Though very
simple, this system proved to be quite effective. We
used focusing lenses having 50 and 100 mm focal
length: of course, the best results in terms of mini-
mum spot size were obtained with 50 mm lenses,
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Fig. 3. Quality assessment of silica-litania strip waveguides as a function of the incident power density. Evaluation is made by optical
inspection through a microscope, with typical magnification of 200. The *‘not classified’” label indicates stripes where, despite of the lack of
evident defects, the operator was feeling that the structure was not truly good (e.g. because of a weak appearance). The optimum value of
the incident energy density (corresponding to values in the range 50- 100 in the graph) was found to be about 6 W,/mm?,
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although in this case the smaller depth of focus made
control of the best focusing distance more difficult.

In order to assess the reproducibility of the pro-
cess as a function of the laser power, a statistical
analysis was made of the quality of the strips ob-
tained. In Fig. 3 we show a representation of the
quality of the waveguide as a function of the power
density that is incident on the sol-gel layer. It is
evident how quickly the relative amount of “‘burned’’
waveguides increases as the power exceeds the opti-
mal value. The damages that excessive irradiation
can create on the sample are shown in Fig. 4. In this
case, the boundary of the region of the substrate
melted by the laser beam is clearly visible in the
SEM picture.

During the writing process, the films experience
the usual shrinkage caused by the material sintering;
this is now localised in the area heated by the laser
light, as shown in Fig. 5, where the transversal
profile of an imadiated sol-gel film measured by
means of a stylus profilometer is shown.

The undensified areas of the film must then be
removed, in order to eliminate unstable material,
which may deteriorate in the course of time. Its
removal is achieved by immersing the samples in a

&
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Fig. 5. Depth profile, as measured by means of a stylus profilome-
ter, of a ransversal section of a laser-heated sol-gel sinp before
the etching process which removes the unexposed part of the film.
The zero-thickness level corresponds to the surface of the original
(unexposed) layer: the shrinking of the sol-gel film due to the

laser densification (80 mW laser power, 50 mm focal length lens)
is evident.

buffered and diluted solution of HF (HF:NH, = 1:6
diluted 1:1 in water). An etching time of | minute is
enough to remove all the undensified sol-gel, leaving
the densified strips practically unaffected, thanks to

Fig. 4. SEM picture showing a typical damage induced on the sample by excessive laser irradiation. The boundary between the melted part

of the substrate and the intact part is clearly visible.
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Fig. 6. Typical profile of a strip obtained by laser densification
afier the removal of the unexposed portion of the sol-gel film.

the high difference in etching rates between the two
materials.

At the end of the process sol-gel glass strips are
obtained. Their width is obviously dependent on the
spot size achieved during the writing process; on an
average, we have obtained strips about 100 um
wide. In Fig. 6 we show the transverse profile of a
typical strip.

As noted above, this value is too high for normal
waveguides, but may be of interest for tapered struc-
tures; further optimisation of the focusing system
should make the production of 50-pm-wide wave-
guides possible, comparable with standard multi-
mode optical fibres (even if the thickness remains
very different).

Topography left

Lateral force left

. N

Topography right

Lateral force right
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4. Optical and structural characterisation

The most relevant step in the characterisation
process is constituted by the measurement of light
propagation loss along the produced waveguide. A
scattering detection technique has been used, which
employs a semiautomatic system with a Vidicon
camera collecting the light scattered out of the plane
of the waveguide. If we assume that the light inside
the waveguide is proportional to the light scattered
outside the waveguide, as is usually true, from this
measurement we can readily obtain the decay of the
radiation inside the strip.

The light was injected into the waveguides both
by end-fire and prism coupling., since the width of
the strips permitted this latter technique, thus making
it possible to avoid the endface polishing step.

So far, the measurements have given average
values of about 1 dB/cm propagation losses, with
best values (in very few, and unfortunately not yet
reproducible, cases) of 0.7 dB/cm. These values are
very interesting, because they are very close to those
obtained by other methods and represent a substan-
tial improvement compared to our earlier results, that
were obtained with much higher incident power

61.4 nm

0 1.3  2.6um

0 1.3 26um

Fig. 7. The upper AFM pictures show the topographic map of the area at the border between the substrate and the edge of a strip waveguide,
taken in the two senses of the transversal scan direction; lower pictures indicate the friction measured by the stylus during the scar_l. The
plots on the right represent the topographic and friction data respectively as measured along the highlighted line. An inversion of
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white /dark areas in the lateral force pictures has to be attributed to the difference in the material structure.
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Fig. 8. The upper AFM picture shows the enlarged topographic
map of an area close to the strip edge; the lower picture shows the
sorresponding friction measured by the stylus during the scan. The
plots on the right represent the topographic and friction data
respectively as measured along the highlightzd line. The inhomo-

gencity of the film in this area (due 10 some clusters of what is
considered to be partially densified matenal) is evident.

(about 0.3-0.4 W on 250 pm focal spots), and

which had shown propagation losses of the order of
6 dB/cm.

In order to obtain more information on the quality
of the laser-densified sol-gel strips, and possibly to
compare them with films obtained by conventional
oven densification, structural analyses were also per-
formed.

As a first step, we performed a series of Atomic
Force Microscope ( AFM ) measurements in order to
determine the surface porosity and rugosity of the
sol-gel strips. In Fig. 7 is shown the edge of a strip
waveguide as taken by AFM: the border of the edge
is clearly visible, especially in the friction pictures
where the material difference between the strip and
the glass substrate is clearly visible. No clear evi-
dence of residual porosity exists, as in the case of
oven-densified waveguides; there seems, however, to
be a little roughness, possibly caused by stresses that
arose during the laser irradiation. This type of defect
could be reduced by carrying out a reflow process
after the etching, in order to relax the stresses. The
quality of the waveguides would also be improved
by the subsequent deposition of a low-index cladding
layer.

In Fig. 8 the AFM picture shows some small
residuals of undensified strips still remaining near
the strip edge after the chemical etching process. The

Fig. 9. SEM microphotograph of the entrance face of a laser densified strip. Apart from the very poor quality of the edge itself, which had
not been properly polished, the overall quality of the waveguide appears to be quite good.
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extent of this defect is very small and should not
heavily affect propagation.

Fig. 9 is a picture taken by Scanning Electron
Microscope (SEM) of a laser-densified strip. Apart
from the poor edge polishing, the overall good quai-
ity of the strip is visible, as well as its very asymmet-
ric aspect ratio, since it is much wider than it is
higher. To overcome this limitation, work is in
progress to obtain thicker monolayers, e.g. by leav-
ing higher organic content in the film.

Another concern was the residual carbon left in
the strip after the laser irradiation. Actually, the rapid
heating of the sol-gel layer and buming of the or-
ganic content during the laser-densification process
can hinder the release of combustion products out-
side the film, leading in the end to higher propaga-
tion losses due to absorption by the residual carbon.
In our first trials using nuclear techniques (Ruther-
ford Back Scattering) we indeed found a higher
content of carbon compared to that present in oven-
densified samples [9]: at that time we attributed part
of the contribution to the higher losses measured on
laser-densified waveguides to this effect. However,
later measurements, obtained by means of micro-
probe spectroscopy, have shown that in the most
recent, low-loss samples, the carbon content is very
low; therefore in the current samples propagation
losses can be attributed mostly to the roughness of
the strip edges.

The problem of high losses in laser-densified
waveguides has been discussed in detail also by
Faber [10], who carried out a comparative analysis of
different results reported in the literature. So far it
has not been possible to assess quantitavely the
various causes of losses, but there are indications
that a better choice and a more accurate control of
laser heating conditions could lead to achieving loss
values almost equal to those in oven-heated films.

5. Conclusions

The applicability of laser-writing techniques to
the selective densification of silica-titania glass sol-
gel layers was investigated. Laser-densified sol-gel
strip waveguides were produced and characterised.

Although achieving low-loss waveguides appears
to be difficult, as this requires an accurate control of

both the environmenta! conditions and laser-writing
parameters, our recent results, with propagation
losses below 1 dB/cm, are very promising. More-
over, since the main source of loss seems to be
related to the residual roughness of the strip walls
rather than to carbon content or titania crystalliza-
tion, effective improvements can be obtained by
inducing glass reflow and/or by depositing a pure
silica glass layer.

Further attention has to be devoted to the design
and realization of the waveguide structures, both by
optimizing the laser-writing optical system, in order
to obtain almost diffraction-limited focal spots, and
by using thicker sol-gel films, in order to obtain
strips with a better height/width ratio.
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Abstract. In recent years a large amount of activity has been carried out searching for novel or
advanced materials which exhibit large nonlinear third-order susceptibility x®. Emphasis has
been put on materials suitable for integrated optical circuits, since the guided-wave format can
provide additional routes to the conception and realization of photonic devices. The preparation
of nanoparticle-doped glass by the sol-gel technique represents one of the most promising
approaches: here we give a short overview of alternative processes 10 control the size of
semiconductor clusters and we present experimental results from CdS- and PbS-doped silica-
titania sol—gel films.

1. Introduction

Current developments in optical telecommunications are leading to demand in the near
future for devices capable of uitrafast signal switching and routing, in order to cope with
an mncreased volume of transmitted data. These functions, presently carried out mainly
by electro-optical circuits, will have to be performed by all-optical integrated devices to
guarantee sufficiently fast response times. In order to realize such devices, new optical
materials, exhibiting strong nonlinear properties, must be developed. Research has been
moving along several directions, ranging from polymers to semiconductors, from organic to
inorganic materials; in this paper a brief survey is provided of the properties of a particular
class of materials, namely that of semiconductor-doped glasses (SDG) produced by the
sol—gel technique.

SDGs offer the advantages of glass as a cheap and robust material for integrated
optical circuits, together with the nonlinear properties of semiconductors; the aim of many
researchers has been the increase of their nonlinearity, as required for all-optical switching
devices [1) and the assessment of an easy and reliable production process. The sol-gel
method, on the other hand, has gained considerable attention in recent years, since it allows
low process temperature and easy manufacture of glassy materials, combined with the
possibility of inserting in the glass matrix a huge variety of dopants, which can confer
special properties to it.
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While reporting on current efforts in the development and characterization of SDG
films obtained by the sol-gel technique, particular reference here will be given to our work,
carried out in the framework of a European Commission’s ESPRIT project.

2. Sol-gel glasses

The sol-gel method aliows the synthesis of inorganic networks at low temperature. A
solution of specific chemical precursors is hydrolysed and, through a polycondensation
process, is transformed into a gel. The drying of the gel, which is constituted by
interconnected solid and liquid phases, eliminates the liquid and thus produces a porous
xerogel. Finally, by a proper heat treatment, densification occurs and the xerogel transforms
into a solid material: an amorphous one, i.e. a glass, or, if crystallization takes place along
with sintering, a ceramic one.

Sol-gel bulk materials and coatings are not new, but only at the end of the 1980s was a
significant amount of work being focused onto the deposition of sol—gel layers to be used as
optical waveguides and onto the possibility of doping amorphous glasses, either in bulk or
in film format, with organic and inorganic compounds in order to produce novel nonlinear
or active optical materials.

Silicate sol-gel glasses, in particular, are often obtained by hydrolysing monomeric,
tetrafunctional alkoxide precursors such as tetraethoxysilane (or tetraethy! orthosilicate,
TEOS), Si(OC;Hs)4. The hydrolysis reaction replaces alkoxide groups OR (where R
indicates an alkyl group, C;Ha 4 —in this case the alkyl is ethyl, CoHs) with OH hydroxy!
groups; subsequent condensation reactions produce siloxane bonds (Si-0-Si) which in turn
start forming a porous solid network. The gelation stage can be carried out in a vessel,
thus obtaining a bulk sample, or by depositing the solution onto a substrate (by spinning or
dipping), which leads to the formation of a film with quality suitable for integrated optics
applications. A first drying process, typically at temperatures around or below 100°C,
eliminates most of the solvents still present in the porous gel, and a further process at
higher temperature (300-500°C) densifies the material, producing a dense glass with only
5-10% porosity left.

Several parameters may seriously affect the process and therefore the optical quality
of the resulting glass: they include the choice of the solvent and catalyst, the pH of the
solution and the process temperature {2].

The addition of other compounds gives the process great flexibility; thus, for instance,
if titanium butoxide Ti(n-Obu), is added to the solution as a precursor of titanium dioxide,
the refractive index of the resulting glass can be tailored in a wide range by controlling the
relative quantity of the two precursors.

Much effort is currently being put toward producing novel or advanced glassy materials
by the sol-gel route and to developing suitable patterning techniques for direct fabrication
of integrated optical circuits [3].

3. Semiconductor-doped glasses

The inclusion of semiconductor microcrystais such as CdS, CdS-Se, ZnS, PbS, CuCl, CdTe
and PbTe in a glass matrix host represents an effective way of producing a material with
enhanced nonlinear properties. Moreover, it is well known that if the dimension of the
semiconductor clusters is of the order or smaller than the exciton Bohr radius (about 20 A
for CdS), the quantization of the energy levels due to size quantization can lead to a strong
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improvement of the nonlinear characteristics of the material itself [4, 5],

Research has initially concentrated on commercially available SDGs, commonly used
as sharp-cut optical filters [6], though this first approach has been important for the
understanding of some basic mechanisms of the nonlinear properties enhancement, these
materials were not optimized either for integrated optical applications or for optimal
performance in terms of nonlinear response (7, 8].

The first problem which had to be addressed to optimize these materials was the size
distribution of the clusters, which in the early samples, obtained by usual melting processes,
was too broad to obtain a sharp, strong enhancement of the nonlinearity [8].

The second problem was constituted by the darkening of the glasses when exposed
to light beams (photodarkening). This phenomenon, probably caused by photochemical
reactions which take place at the boundary between the semiconductor and the glass matrix,
although usually improving the time response of the glass, also increases its absorption,
which of course harms light propagation.

While optimization of the production of SDGs by the melting processes is stll
considered, other processes have been explored, such as RF-sputtering deposition [9, 10]
and sol—gel deposition, which offer better prospects especially for the control of size of
nanocrystals.

An advantage of the sol—gel route is that the glass synthesis through chemical reactions
can start from ultrapure components: thus, the problem of photodarkening can be strongly
reduced, since the possibility of impurities located at the cluster-glass matrix interface is
reduced. The high purity of the glass and the complete control of the material composition
also allows an increase in the dopant concentration, which can, in turn, further improve the
special characteristics of such glasses.

Several techniques can be applied to the process in order to effectively control the size
of the clusters, obtaining narrower size distributions of the crystallites; even subsequent
thermal treatments for drying and densification, at temperatures usually lower than 500°C,
do not induce unwanted effects of growth of the nanocrystals and broadening of the size
distribution, as occurs in SDGs produced by standard melting processes. In contrast, the
particle size can be controlled by applying appropriate heat-treatment schedules [11, 12].

Two main approaches are being investigated in order to efficiently control the size of the
semiconductor clusters: the first one takes advantage of the porosity of the sol-gel matrix
to put an upper limit to the growth of the crystallites (pore doping), while the second one
uses chemistry to control the cluster surface and to terminate it by capping groups which
prevent further aggregation and growth of nanoclusters (surface capping).

3.1. Nanocrystal control by pore doping

Many recent papers describe good results achieved by this approach [13-23].
Herron and Wang [15], for instance, explored different routes to the preparation of
semiconductor nanoparticulates; in particular, they prepared porous silica glass starting
from tetracthoxysilane and introduced semiconductors into the pores, the average size of
the pores being controlled by the pH of the starting solution. If a metal (e.g. Cd) precursor
had been previously added to the starting solution, the samples were annealed in an H>S
atmosphere (the size of the cluster is also controlled in this case by the annealing time);
otherwise, Cd could be inserted into the porous glass by impregnation, soaking the substrate
in a cadmium nitrate solution and then obtaining CdS by carrying out the annealing process.
The latter technique may lead to very high density of semiconductor clusters in the glass
pores, but the authors realized that it is very difficult to achieve a uniform dispersion of the
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dopant throughout a large substrate using an impregnation approach. They also made use
of MOCVD-type chemistry to introduce III-V semiconductors such as GaAs into a glass.

The impregnation approach was also followed by Choi and Shea [16] who used Na,S
instead of H,S for the sulphidation step.

Yeatman et al [17] investigated thoroughly the influence of the sol-gel process on the
pore size distribution and obtained CdS crystals with an average size of 4 nm by annealing
a silica gel in an H;S atmosphere where Cd had already been dispersed in the gel by
adding cadmium acetate to the starting solution. They found that the higher the annealing
temperature, the smaller the crystal obtained. Nonlinear m-line measurements using low
and high intensities (0.76 pJ/pulse and 8.41 uJ/pulse, respectively) were performed on a
film obtained by the process described: from these results the nonlinear refractive index
at the wavelength of 0.532 um was estimated to be n, = —5.5 x 10~ cm? kW~! [18].
However, the higher values of n, obtained for thinner films, e.g. 3.2 x 1078 cm? kW™!
in [19], suggest that substantial improvements are possible. Such values of nonlinear
refractive index n,, defined according to the expression n = ng + n,1, can be transformed
into values of third-order nonlinear susceptibility x‘® by using the numerical relation
ny (cm?* kW) = (4n?/n2)Re x® (esu) [20]. Thus, corresponding values of x‘* are
3.2 x 107'% esu and 1.8 x 107° esu, respectively.

Using a similar technique, Minti et al [21] obtained CdS clusters with sizes mostly
in the range 2-5 nm, but going up to 20 nm; despite this rather broad size distribution,
third-harmonic generation signals were observed when the sample was laser irradiated at

1.06 um and observed at 0.355 um: the corresponding x was evaluated to be about
107'2 esu.

3.2. Nanocrystal control by surface capping

The approach described in the previous section corresponds to introducing a physical
size restriction, but more flexibility can be provided by nanochemistry itself. The basic
problem is how to prevent aggregation of the nascent crystallites into larger clusters and
eventually into a macroscopic bulk solid, as required by the system’s thermodynamics: an
effective answer is to use a terminating agent, i.e. a molecule which attaches to the growing
cluster surface and thus controls the size to which it can grow. Research efforts have
therefore focused on the selection of the best ligands and on the optimization of the entire
process: the development of a synthetic methodology to prepare monodisperse nanoclusters
1s important not only for optical devices, but also for catalysis (e.g. for the preparation of
size-selective photocatalysts), for chemical sensing or novel magnetic devices (nanoscaie
magnetic particles exhibit new physical properties and have potential for application to
information storage and colour imaging) {22].

To mention some examples, Mackenzie and co-workers [23] developed CdS-doped glass
samples by combining the previous technique with the use of chemical agents to control the
cluster growth. They started producing a porous organically modified silica gel containing
CdO clusters and carried out an annealing under an H,S atmosphere to obtain CdS clusters,
as described above. By introducing 3-aminopropyitriethoxysilane (APTES) as a ligand
functionai to the solution they obtained a narrow distribution of the cluster size (2.8 nm
on average, 0.9 nm standard deviation). The ligand anchors the Cd to the gel-glass matrix,
avoiding its precipitation during the drying step and thus improving the homogeneity of
the film. A huge nonlinearity, with x* of about 107° esu, is claimed from preliminary
measurements on these samples but its repeatability has yet to be checked.

A different approach based on the production of colloidal particles and the control of
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their size through surface capping independently of their incorporation in sol-gel media
has been used by several authors {16, 21, 24, 25]. For example, Gacoin et al [22] produced
semiconductor nanoclusters capped with phenylthiol, which were then dispersed in a sol-gel
precursor solution. .

Herron and Wang [26] also obtained CdS clusters of size up to 40 A by using
thiophenolate as a capping agent. In this case the clusters were in acetonitrile solution
and showed a x® of around 107'* esu. Since the clusters are easily solubie in a wide
range of solvents, the authors suggest either to produce pure CdS films by spray pyrolysis
or to incorporate them in polymeric films like PMMA.

4. Preparation of CdS- and PbS-doped sol-gel films

In our experimental work we have concentrated on the preparation of silica—titania glasses
doped with CdS and PbS semiconductor clusters. Our approach has been similar to the
last method described in the previous section: we first prepared a colloidal suspension
of semiconductor microcrystals and then we added it to the solution used for the sol-
gel synthesis of a pure silica-titania film. The latter was an ethanol (EtOH) solution,
prepared by mixing TEOS and methyltriethoxysilane (MTES) in 1:1 molar ratio, plus
titanium butoxide as a precursor of titania. The other compounds added to the solution
are; water for the hydrolysis, HCI as a catalyst to the reaction and acetylacetone in order
to stabilize titanium alkoxide against fast hydrolysis. Usually a molar ratio of 7:3 was
used between MTES + TEOS and titanium butoxide. The other components were mixed
in the following molar ratios: H,O/(TEOS + MTES) = 2, HCI/(TEOS + MTES) =
0.01, (TEOS + MTES)/EtOH = 1.

MTES was used in order to obtain thicker coatings by a single deposition run.
Colloidal solutions of CdS and PbS were produced by dissolving cadmium and lead acetate,
respectively, in methanol (where the solubility is higher than in ethanol} together with
surface capping agents. A second solution of thioacetamide, as a source of suiphur, was
prepared and thereafter mixed with the former solution. As a result of the reaction between
the metal acetate and thioacetamide a colloidal suspension of CdS or PbS was obtained at
room temperature.

Various surface capping agents were tested for their efficiency in controlling
the crystal growth:  acetylacetone, 3-aminopropyltrimethoxysilane (APT and 3-
mercaptopropyltrimethoxysilane (MPTMS). The best results were obtained with MPTMS,
which was thus chosen for the production of all the films. By changing the molar ratio
M = MPTMS/cadmium (or lead) acetate, different growth rates and dimensions of the
clusters were obtained. As an example, CdS particles having 3.5 nm and 7.5 nm size were
obtained by using M = 2 and M = 0.5, respectively; these values were deduced, using
the Scherrer equation [27], from x-ray diffraction analysis of the powders obtained by the
corresponding sols.

The colloidal suspension produced was added to the TEOS-MTES-Ti(n-Obu), solution
(with the molar ratio between semiconductors and silica + titania equal to 0.05) and almost
immediately deposited by dipping on soda-lime microslides. The samples were dried at
60°C and densified at 300-500°C for 1 hour in a nitrogen atmosphere to prevent the
oxidation of sulphides and the consequent decrease in the optical properties of the films.
The typical refractive index of the films produced was around 1.54.
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5. Characterization of the samples

5.1. Spectroscopic measurements

Spectroscopic characterization is very important, since the appearance of the characteristic
absorption edge confirms the presence of semiconductor clusters in the films. Also, the shift
of the edge with respect to the bulk value gives an indication of the crystallite size, as the
quantum confinement shifts the edge toward higher energies (and hence shorter wavelengths)
for smaller clusters. According to Kayanuma {28], the relationship between the band gap
energy shift AE, and the cluster radius R is given by

h* (1 1 1.786¢2
AE, = — (— + —) —~
8RI\m. my eR
where m. and my, are the reduced masses of the electron and the hole, respectively.

The blue shift is evident in figure 1, where the comparison between the spectra of CdS
films obtained with two different MPTMS concentrations is shown. The film with higher
MPTMS concentration (M = 2) has the absorption edge shifted toward shorter wavelengths,
as expected. This shift indicates values of cluster size which are quite a lot smaller than
the ones measured by x-ray diffraction in the powders.
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Figure 1. Absorption spectra of CdS-doped pure silica fitms dried at 60°C; M =0.5and M =2
refer to MPTMS/Cd ratios of 0.5 and 2, respectively. In the sample with M = 2, clusters are
likely to be so small as to shift the absorption edge below 320 nm, where the substrate itself is
highly absorbing.

In figure 2 the broadening and decreasing of the resonance upon higher temperature heat
treatment for a CdS-doped film is noticeable. While the shift and the broadening can be
attributed to the increase in size of the clusters and to the likely increase in size dispersion,
respectively, the overall decrease of the effect with the increase in temperature may well be
due to oxidation of a number of sulphide clusters and to evaporation of sulphur.

Figure 3 shows two absorption spectra of PbS-doped films, corresponding to two
different MPTMS/(lead acetate) molar ratios. All of the PbS spectra taken in films showed
featureless absorption edges: various explanations of this behaviour are possible and further
investigations are therefore necessary for a better understanding of it. According to Wang
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Figure 2. Absorption spectra of CdS-doped silica-titania films heat treated at different
temperatures in a nitrogen atmosphere. The red shift of the absorption edge makes evident
the effect of higher temperature treatment on the particle growth and on the broadening of the
size distribution.
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Figure 3. Absorption spectra of PbS nanoparticles in silica-titania sol-gel films. Analogously
to figure 1. M indicates the molar ratio between MPTMS and lead acetate.

et al [29], for instance, the absence of excitonic structures may be attributed to the weak
exciton binding energy due to strong Coulomb screening and/or to broad size distributions.

-

5.2. X-ray diffraction measurementis

XRD measurements carried out on powders obtained either directly from the precipitation
of the metal-thioacetamide solution or from bulk or film samples of the final composite
gel have allowed us to make a direct evaluation of the dimensions of the semiconductor
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crystals. The analysis of thin films was performed using a Philips diffractometer, Cu K,
Ni filtered radiation at 40 kV and 50 mA and glancing-incidence x-ray optics. The
average crystallite size was calculated from the Scherrer equation by fitting the expenimental
profiles.

Thus it was confirmed that, by suitably changing the MPTMS concentration, we were
able to produce particles with dimensions ranging from 2 to 20 nm. An interesting effect
is the fact that PbS particles measured from powders of bulk gel glass are larger than
those obtained from films: we measured 8 nm in powders and 2.5 nm in films treated
at 300°C [30]. The same situation was also observed for CdS particles, even if it could
not be quantified (at least by XRD only) due to the fact that the peaks of CdS in the
films, although clearly present, were too broad and weak to enable the size calculation.
The different particle sizes of the precipitates produced from the colloidal sol and of the
particles in the films indicate that the history of the particle growth is different in the two
cases. With the conditions used for the preparation of the colloidal sol, the particle growth
rate was strongly decreased, but not stopped, by the presence of the capping agent. In films
this growth was ‘frozen’ by the sol-to-gel transition, differently from what occurs in the
colloidal sol, thus giving smaller particles.

5.3. Nonlinear optical measurements

Apart from the structural characteristics, the most relevant parameter to be measured in such
films is constituted by the value of the nonlinear refractive index n, or, equivalently, the
third-order nonlinear susceptibility x .

In order to accomplish such a measurement a guided optics configuration has been
chosen, since it is a sufficiently sensitive technique and we had produced good quality
sol-gel waveguides, having a typical propagation loss below 1 dB em™!.

The technique is based on the fact that the optimum coupling condition of a light beam
to a waveguide is determined by all the parameters constituting the waveguide. If any
parameter changes (in particular, the index of the guiding film) the coupling angle changes
as a consequence. QOur experimental technique allows us to detect quite small variations
of the optimum coupling angle caused by the index change induced by the nonlinear Kerr
effect in the doped film [31].

The experimental set-up is shown in figure 4; the light from a frequency tripled mode-
locked Nd: YAG laser (8 ns pulse length, 10 Hz repetition rate) pumps an OPO source, which
allows tunability over a wide range of wavelengths (400—3000 nm). This is then aimed onto
a holographic grating realized by us on the surface of the film or on the substrate, which acts
as a light coupler to insert light into the waveguide. The optimal coupling condition depends
on the incidence angle of the laser beam on the grating. The intensity of reflected beam has
a minimum when the optimal coupling is met; by tracking the position of this minimum, any
change of the refractive index of the film is detected. By fitting the experimental reflectance
versus coupling anglie data to a theoretical model curve an evaluation of the guiding layer
index is possible.

In figure 5 two measured reflectance curves, corresponding to the fundamental mode
coupling m-line in a CdS-doped film are reported, one of them corresponding to low
laser intensity, the other to high intensity (the energies were 5.5 pJ/pulse and 60 J/pulse,
respectively). The deduced value of the nonlinear coefficient at a wavelength of 532 nm
is, in this case, n, = —3 x 10~% cm? kW~! (corresponding to x® = 1.8 x 107! esu).
The measurements could be repeated several times without change in the m-line patterns,
demonstrating the repeatability and reliability of the measurement process.

T
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Figure 4. Experimental set-up of the nonlinear m-line measurements: the sample has a grating
coupler built into the substrate or the guiding film itself.
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Figure 5. Resonant coupling curves showing the normalized intensity transmitted through the
grating coupler as a function of the incidence angle, as measured by the corresponding photodiode
in figure 3. The curves, both at tow and high incident laser energy, show the expected behaviour
according to a theoretical model: it can be seen that the fit between experimental data and the
theoretical curves is quite good. These nonlinear measurements refer to a CdS-doped sampie
heat treated at 300 °C in nitrogen.
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coupling the light of the Nd:YAG laser into the waveguide through an isosceles prism
instead of a grating, gave as a preliminary result the very promising value of ny =
—46 x 10-° cm? kW-'. This value, equivalent to x® = 2.8 x 107'% esu, compares
favourably with other results, such as the one obtained by Pellegri et al [32] who measured
by degenerate four-wave mixing a x» = 1.95 x 10~'! esu at 532 nm in PbS-doped gels
prepared by reverse micelle and sol-gel routes.

Figure 6 shows the time decay of the nonlinear properties of a CdS-doped sample during
a six month period. The nonlinearity is rather stable and in any case we expect to further
reduce or cancel the decay of the nonlinear coefficient, which is probably caused by the
oxidation of CdS molecules, by depositing a protective pure silica cladding layer on top of

the guiding layer.
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Figure 6. Evolution of the nonlinear refractive index of a CdS-doped sample as a function of
storage time in the laboratory.

Further work is now being carried out on the inclusion into a silica—titania glass matrix
of other semiconductors such as HgS and HgSe in order to find even higher nonlinear
coefficients at longer wavelengths.

6. Conclusions

The unique features of the sol-gel method—primarily the capability of material synthesis
at low temperature—make it ideal for the preparation of many nonlinear optical materials.
The technique has been successfully applied to the preparation of many composite glasses,
doped with nanoclusters of II-VI semiconductors such as CdS, CdSe, CdTe, ZnS, HgS
or of other semiconductors like PbS, CuBr and also GaAs. All of these matertals exhibit
interesting third-order nonlinear properties. Sol-gels, however, also have the capability of
producing another class of highly promising nonlinear optical materials, namely that of
organic—inorganic hybrids, which can also exhibit second-order nonlinearities.

Referring to SDGs, a good control of size and dispersion of semiconductor clusters
has already been obtained by using either the pore doping process or the surface capping
nanochemistry; however, there is still room for further improvement.
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In our experiments we worked mostly on CdS-doped sol-gel films, but we are also
producing and studying films doped with PbS, (Cd, Pb)S systems, HgS and HgSe, searching
for composite materials exhibiting a high nonlinearity in the near infrared region. The
control of size of semiconductor clusters in the range 2-20 nm was achieved. The quality
of CdS-doped films, having a typical refractive index of around 1.54, is good for application

to integrated optics, as demonstrated by measured propagation losses, always within the
range of 1-1.9 dB cm™! at 633 nm wavelength.  Nonlinear optical measurements on
both CdS- and PbS-doped films, based on the difference in high- and low-intensity laser
coupling into the waveguide through a grating etched in the substrate, showed values of
the nonlinear refractive index n; in the range 10-9-10"% ¢cm? kW-!, corresponding to a
third-order nonlinear susceptibility x® of the order of 10~'°~10-2 esy. Samples of CdS-
doped films exhibited high nonlinearity over the entire region 450-570 nm, with a best
value of n; = —2.9 x 1077 cm® kW~! [33]. These results appear so far to be among the
best ever achieved for SDGs, independently of the manufacturing technique used, and are
closely approaching the value of about 10~7 ¢cm? kW~ considered necessary for practical
all-optical switching integrated optical devices.
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ABSTRACT

Integrated optical lasers and amplifiers are attracting large attention for their use in optical sensing as well in optical
communication systems. Here we present preliminary results on the characterisation of optical waveguides fabricated in Er-
doped phosphate glasses either by ion-exchange or by pulsed laser deposition. It is shown that spectroscopic features of the
waveguides are fully suitable to the implementation of active guided-wave devices.

INTRODUCTION

Since very shortly after the discovery of laser, glasses have been used to host a number of active compounds and especially of
rarc-carth ions.' Later on, the advantages offcred by guided-wave format, namely the small size, the high pump power
density, and the larger flexibility in design and fabrication, led to the development of fibre lasers and subsequently of erbium
doped fibre amplifiers (EDFAs): the latter devices, which exploit the radiative transition from excited to ground state of
erbium at about 1540 nm, find large use in long-haul optical communication systems.

More recently, a growing activity was aimed at achieving optical gain in Er-doped planar waveguides, having in mind the
single~chip realisation of integrated optical amplifiers and fasers as well as of lossless splitters to be employed in particular in
the distribution of an optical signal to single users in their homes (fibre fo the home). Some remarkable results have been
already achieved using various technological routes, from doping of bulk glasses and later fabrication of the guiding layer by
ion-exchange to the deposition of active layers by co-sputtering, CVD, FHD, sol-gel techniques.2” but further work is still
necessary to exploit all the potential of active glass waveguides. Material requirements, in fact, are much more stringent for
integrated optics than for fibres, due to the different fabrication technologies and to the resulting much higher losses of planar
or channel waveguides.

Here we describe some preliminary results concerning the characterisation of erbium-doped glass waveguides produced by
ion-exchange in both commercial and experimental glasses or by pulsed laser deposition of the active material.

ION-EXCHANGED Er’-DOPED GLASS WAVEGUIDES

Ion-exchange is a quite simple, low-cost and effective process to produce optical waveguides in glasses containing a sufficient
percentage of alkali ions;® in silicate glasses, a sodium oxide content higher than 7% in weight is usually regarded as fully

! 'Fax: +3955 412878, e-mail: righini@iroe.fi.cnr.it; * Fax: +34 1 5645557, e-mail: afonso@pinarl.csic.es ; * Fax: + 31
40 449350, e-mail: jyan@ipd.tno.nl
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satisfactory. As to laser glasses, nowadays many efforts are focused onto the production of low-phonon-energy materials, such
as germanate or fluoride glasses, suitable also for hosting Pr* ions: the manufacture of these glasses, however, is not yet a
mature technology and ofien the realisation of optical waveguides (integrated optical or fiber guides) is a difficult process.
Among the easily produced and potcntially useful glasses, silicates and phosphates are the most widely employed, their
phonon encrgy is similar, but phosphates have larger values of both oscillator strength and peak stimulated emission cross
section for the transition at 1.5 pm.”

Thus, we started investigating a number of different phosphate glasses, including commercial glasses produced by Kigre
(US.A) and experimental aluminophosphates developed by some of the authors at TNO.'” Table I shows the main
components of some of the glasses investigated; stars (*) indicate that exact quantities are unknown. A common requirement
for experimental glasses
was a relatively high

Table I - Main components of some Er-doped glasses (weight %) sodium oxide content, in
Glass label | P:0Os | ALO; | L0 | N&O | EnO; | Yb04 order to make easy the
Kigre Q89 K-Q89 Py Py 2 realisation  of  optical

_ Qs Q8 2 ¢ waveguides by the ion-
Kigre Special Melt K-SM 67 5 3 1 exchange process. Several
batches of  alumino-

Phosphate glass C PG-C 54 19 23 7.1 phosphates were produced,
Phosphate glassE | PG-E | 54 . 791 | 27t | 17 changing  slightly _the
chemical composition

and/or using different

thermal treatments: all

thes_c samples are indicated here with the label PG, followed by a letter (A to E) which corresponds to a different batch.

Erbium content is quite high in PGs, with atomic concentration ranging from 0.4 to 4%. Co-doping with Ytterbium, which

absor:)s light at the same wavelength as Erbium (i.e. 980 nm) and then transfers energy tc Erbium, is also very high in some
samples.

First of all, the characterisation of bulk
samples was carried out, and typicai
results are reported in Figures 1 and 2:
the former one presents the absorption
curves of two samples (K-Q89 and PG-E),
while the latter shows the fluorescence
curves of three samples. For that
measurement the beam at 514.5 nm from
an argon laser was used as a pump, S0
that the Er** ions were excited at the
H,,. level, from there they first decay
non-radiatively to the ‘I3 level and then
to the ‘I;s» level emitting radiation at
0 ; ' around 1540 nm: radiated light was

collected by a Jobin-Ivon Spex 270-M

Trasmittance (%)

400 9C0 1400
specirophotometer using a3 InGaAs
Wavelength (nm) photodiode as detector.

J Table 11 reports the spectroscopic
characteristics of some samples, while the
Figure 1. Absorption curves of a commercial (a) and an experimental (b) lifetimes experimentally measured n
phosphate glass doped with Er” and Yb" ions. several of our samples are presented in

Table IIL.
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Figure 2. Fluorescence curves of a commercial (a) and two
experimental (b, c) Er-doped phosphate glasses, exhibiting typical
emission peak at around 1540 nm.

Table II - Spectroscopic characteristics of some Er-doped glasses

The overall characteristics of these doped glasses are
very good, as we have doping levels, absorption and
emission cross sections, and lifetimes comparable with
the best results already reported in literature. For
instance, the lifetime of about 8 ms for the samples
having 2% atomic Er concentration (glass type PG-A)
appears to be suitable for device applications. The
reduction to about 4 ms of the fluorescence lifetime in
the samples doped with 4% atomic erbium (as in glass
type PG-C and PG-D) indicates that in this case there
might be some quenching effects, as it could have been
expected due to the very high Er concentration.

After these measurements on bulk glasses, we started
trying to produce optical waveguides in them, first of all
by using the ion-exchange technique.

The Kigre glasses, however, contain only lithium as an
alkali ion and our attempts of fabricating optical
waveguides (that require a local increase of the refractive
index) by Li-Ag exchange were not satisfactory because
of the poor repeatability of
the results. Thus, the

Glass Erbium Emission Absorption Emission Absorption production of ion-
. . . exchanged waveguides was
atoms (cm™) | peak (nm) | peak (nm) | cross section cross section ied out only using the

(=10 cm?) (=10 cm?) aluminophosphate glasses,
K-Q89 | 198¢10° | 15305505 | 974 5 73 which include a- suitable
. 5306.510. 11 6.510. 340.5 quantity of sodium. In these
K- SM 8.9010" 153010.5 97711 8.310.5 46105 samples, having in mind
- the achievement of +lm_,z

PG - A 3.1%10% 153140.5 97611 4.8403 2.410.5 propagation losses, Na /K
jon-exchange was tested

Table Il - Lifetimes of various Er-doped glasses

first: the stresses caused by the large difference

in ionic radius of sodium and potassium,

Glass tabel EryO; weight % | Lifetime (ms) P
however, led to significant damage of the surface
Kigre Q89 K-Q89 2 9.5 of the sample, where the maximum
. : concentration of K-ions occurs. We therefore
Kigre Special Melt | K-SM ! 8.4 moved to Na'/Ag’, using diluted melts of
Phosphate glass A PG-A 36 8.1 AgNQ13 in NaNO3 . The dilutions ranged from
5% down to 0.5% molar, while the melt
Phosphate glass B PG-B 36 5.5 temperature was kept at 325 °C. The process
Phosphate plass C PG-C 71 45 proved to be very ef:ﬁc:ent, w1.th exchange times
P & of the order of 1 minute leading to waveguides
Phosphate glass D PG-D 7.1 3.0 supporting several modes at 633 nm. The

propagation constants were thereafter measured
by dark-line spectroscopy and the refractive

index profile derived from the experimental data. In the case of 0.5 % silver nitrate molar dilution, that was eventually
chosen as the best process for these glasses, we found an erfc profile, with a surface refractive index change of 0.03 at 633 nm
(the refractive index of PG samples at that wavelength is around 1.495). The typical propagation losses measured by
detecting the decaying light scattered out of the plane of the waveguide by means of a Vidicon camera'" were slightly under
1 dB/cm at 633 nm, sufficiently good to enable the production of optical devices.
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Since the host matrix of the glass can influence the decay rate of the fluorescence, we checked if the ion-exchange process
had caused any change under this respect. Thus, the chopped pump beam was coupled into an ion-exchanged waveguide and
mmwastakenmoolleadwﬂuomnceproducedbytheguidedptmpbamandonlytlﬁs.byshieldingthepansofthe
sample out of the guided light path. The fluorescence lifetime was of the same order, if not longer, than the one measured in
bulk samples, thus indicating that the ion-exchange process did not affect the spectroscopic propertics of the glass.

We also checked the existence of possible ageing effects; thus, measurements of the fluorescence were performed on fresh as
well on aged samples. Figure 3 shows the fluorescence curve of a waveguide (sample # S15) as performed 4 months afler its
production, compared with the one of a companion waveguide, i.c. produced in the same batch, (sample # S19) which had
been measured just after its fabrication. No relevant differences in the spectrum exist, thus indicating a good time and
environmental stability and demonstrating that both the material and the process are suitable for practical devices.

A relevant problem still unsolved in wavegnide

60 fabrication is concerned with the realisation of

- X channel waveguides in PG samples. As a matter of
3 501 fact, these glasses did not prove able to withstand
g the whole photolithographic process; in particular,
g 40 4 both the metal (aluminium) layer and the etching
- solution used to remove it caused unacceptable
S W+ damage of the surface of the samples. Changing the
= metal and etching solutions did not improve the
.E 2 ¢ situation. We are therefore trying to use a different
4 guiding structure, where lateral confinement of the
‘E 10+ light is achieved by realising strip-loaded
w waveguides. By choosing as loading material of an
0 jon-exchanged planar waveguide a photoresist layer

1450 1500 1550 1600 | 0-2 um thick, having 1.¢ refractive index at 633 nm,
where a strip of width of about 6 microns is defined,
we got a multimode waveguide. Transversal
confinement is thus achicved, but the quality of the
waveguide is so far very poor, because it exhibits
Figure 3. Fluorescence curves of two companion waveguides measured propagation losses higher than 15 dB/cm, too large

at 4-month distance from each other ( sample # S15 was tested for practical application. Tests are under way in
4 months later than sample # S19). order to improve the described process and therefore
the quality of the waveguides.

Wavelength {(nm}

PULSED LASER DEPOSITION (PLD) OF ACTIVE LAYERS

The impossibility of using ion-exchange to fabricate optical guiding layers in Kigre glasses led us to consider a different
approach, based on the ablation of the material from this type of glass and its subsequent deposition as a thin film on any
substrate.'? A 12-ns pulsed AsF laser emitting at 193 nm with repetition rate of 6 Hz was focused onto the target, placed in a
vacuum chamber at 45° with respect to the incident beam; energy density was varied in the range of 4 to 5 Jem?. After some
preliminary tests in vacuum, it was decided to perform depositions in an oxygen atmosphere, at typical pressure of 0.06 mbar.

Films of K-Q89 and K-SM glasses were deposited onto a number of substrates, namely silicon, silica on silicon, pure silica,
and soda-lime glass.

The refractive index of the deposited material, measured by m-line technique in layers of thickness suitable to support at least
two propagating modes, was in the range 1.562 to 1.570, slightly higher than the index of the bulk material (1.551). The high
optical Idzv:.'.n.sit)r of films prepared by PLD is usually due to the presence of energetic species bombardment during film
growth.

The spectroscopic properties of the deposited film are quite similar to those of the bulk glass, as demonstrated by Figure 4,
where the fluorescence spectra of the bulk glass (K-Q89 type) and of a deposited film are shown. The difference in cmission
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Figure 4. Fluorescence curves measured in bulk K-Q89 glass and
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intensity is obviously related to the different
volumes of material contributing to
flucrescence in the two cases, while a slight
variation in the curve profile can be attributed
to minor compositional and density changes in
the host matrix during the film growth.

A major problem, however, is related to optical
propagation losses in these planar waveguides:
the values measured at 632.8 nm are in the
range 11 to 20 dB/cm. This high loss is
attributed to the scattering produced mainly by
the surface roughness of the deposited films,
which is confirmed by independent
measurements carried out by using a scanning
electron microscope (Zeiss-DSM960) and a
stylus profilometer (Tencor Alphastep). Figure
5 shows the values of surface roughness
measured by the profilometer in a number of
samples. The wvarious symbols indicate
depositions made onto different substrates:
O corresponds to silicon wafers, @ to
soda-lime glass, @ to pure silica (fused
quartz), and finally @ refers to films
deposited on top of a silica layer grown
onto a silicon wafer. Since the
measurements for each sample were
carried out in a number of different
surface zones, the vertical bars indicate
the spreading of the measured values,
their length corresponding to the standard
deviation around the average value for
that sample. It appears that soda-lime
glasses constitute the worst type of
substrate; however, even if we remove the
two worst samples (likely obtained in
deposition conditions not corresponding
to the standard ones), the average surface
roughness measured in all the sampies is
around 12 nm, a value which surely gives
rise to a significant optical scattering of
the light propagating in the films.

20

Further tests are now being carried out,
with the deposition of new films produced
from different glass targets, particular
care is taken in the choice of substrates,

glass targets. Measurements have been carried out by using an Alphastep stylus in order to avoid detrimental effccts due
profilometer. Symbols indicate different substrates (sce text).

to the poor surface quality of the
substrates themselves.
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CONCLUSIONS

Planar waveguides have been produced in commercial and experimental erbium and erbium-ytterbium doped phosphate and
alumino-phosphate glasses with the aim of developing processes suitable to the realisation of integrated optical lasers a.nd
amplifiers. Two technological routes have been tested, one using ion-¢xchange technique 10 locally modifying the refractive
index of doped glasses containing NayO, and the other one using the deposition of active films through laser ablatipn of
doped glass targets. Both techniques led to the production of optical waveguides with spectroscopic properties, in particular
fluorescence lifetimes, fully compatible with the realisation of active devices. In both cases, however, processcs havc_lp be
improved in order to produce low-loss channel waveguides. The use of alternative matrix glass compositions, namely silicate
glasses, is now being investigated, and preliminary results scem to indicate that some of the above mentioned limitations are
being overcome.
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