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1. Introduction 

In recent years, there has been an intensive search of cost efficient techniques applied to 
integrated optic device fabrication. One approach with recognized potential is based on 
laser patterning upon photosensitive materials, which permits the fabrication of devices 
using a large material diversity and has a fast production cycle. This technique avoids the 
recourse to expensive and time consuming dry-etching processes, therefore reducing the 
cost and the processing time.  
The device patterning can be achieved through large area exposure using amplitude masks or 
by laser direct writing with a focused laser beam. The work described here is focused on the 
production of devices by selective polymerization of photosensitive materials like hybrid sol-
gel. In this chapter, the laser direct writing machine developed is described in detail; 
fabrication of lithographic masks in photosensitive photomask blanks, as well as direct-writing 
in hybrid sol-gel materials is also demonstrated. The fast prototyping of functional integrated 
optic devices that can be used as sensors, wavelength division multiplexing phased array 
devices and beam combiners for astronomical interferometry is demonstrated.  

2. Laser direct writing 

The fabrication of integrated optics (Hunsperger, 2009) follows a procedure that employs 
either the modification of the refractive index of materials or the deposition of layers of 
different materials. The objective is to create channels with a refractive index higher than 
that of the volume surrounding it, therefore light can be guided through a process of total 
internal refraction in close similarity to what happens in the case of optical fibres (Arnold, 
1976). 
Tridimensional definition usually requires some sort of photolithographic steps followed by 
a dry-etching step, making it a very time consuming and expensive process. On the case of 
the work described here, the devices are fabricated by laser direct writing in photosensitive 
materials (Marques et al., 2005), allowing the fabrication of intricate devices simply by 
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selective photopolymerization. In addition, the same laser direct writing process allows fast 
prototyping of photolithographic masks which can be used in a more conventional device 
fabrication procedure.  
Basically, the manufacturing process consists in depositing1 a thin film of a photosensitive 
material on a flat substrate, followed by selective photopolymerization of certain regions of 
the same film, which become resistant to the action of solvents. The aim is to use the laser 
beam to selectively polymerize certain regions of the film, according to the intended device 
pattern. This pattern appears embossed, immediately after the dissolution of the unexposed 
areas (which are not cured) with a suitable solvent. Therefore, the described process does 
not require the commonly photolithographic processes used in the manufacture of 
integrated devices. This method requires a laser emitting in a suitable wavelength 
compatible to the characteristics of the photosensitive layers. Fast prototyping can also be 
achieved using femtosecond pulsed lasers and non-linear multi-photon absorption. 

2.1 The laser direct writing unit 
The laser direct writing unit (Alexandre, 2011) is designed to work with different laser 
sources. A Diode Pumped Solid State Laser (DPSS) emitting at 532 nm is fitted inside the 
unit and is used for fast prototyping of photolithographic amplitude masks. The production 
of devices through photopolimerization uses an external frequency doubled argon laser 
emitting at 244 nm. 
The laser direct writing unit has six main blocks: the optical sources, the writing beam 
conditioning system (acusto-optic modulator and spatial filtering), the writing head (writing 
lens plus writing power monitoring and control), autofocus and viewing system, sample 
translation stages and computer control with in-house developed software. The schematic of 
the laser direct writing unit is shown in Fig. 1. 
The first order of the diffracted beam generated in the acusto-optic cell is aligned with the 
machine optical axis and is used for writing, allowing full on/off control. The control of the 
acoustic wave amplitude on the cell also allows dynamic control of the writing power by 
using a feedback control system. The optical system was designed so it could be easily 
converted to use one of the two available wavelengths. The quality of the beam is improved 
by a spatial filter (pin-hole between two plano-convex lens), at a cost of some writing power 
loss. The laser beam focusing objective was mounted in a vertical precision stage. Its 
movement is controlled by the autofocus control system or indirectly by the designed 
computer software. 
To carry out the production of high resolution/quality devices it is necessary to ensure the 
uniformity and the stability of the writing beam. This implies that, in addition to the 
alignment, it is necessary to ensure that the writing power remains constant especially if 
there are power fluctuations from the laser source or mechanical drifts. A usual solution is 
based on a feedback circuit that can be implemented in analogical/digital form. After spatial 
filtering the laser beam is divided by a beam splitter, 10% to the photodetector D1, used for 
power monitoring and control, while the remaining power is directed to the writing lens. 
The autofocus system uses the writing beam reflection at the substrate. The writing beam 
entering the microscope objective is collimated and, if the sample is at the focal distance, the 
reflected beam will be also collimated. In this situation, the power received at D2 is a 

                                                 
1 Deposition can be achieved by spin-coating, deep-coating, spray-coating, etc.  
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maximum (the opening A2 is placed in front of detector D2 and at the exact focal length of 
L2). When the sample is not positioned in the focal plane of the lens, the power in D2 
decreases, meaning that the focus is either above or below the plane of the sample. To 
eliminate this ambiguity, a similar system composed by A'2, M4 and L'2 is also used. In this 
case, the distance between L'2 and A'2 is not exactly equal to the focal length of L'2. When 
the measured power decreases in D2, it is possible to determine the direction of the 
movement from the derivative of the signal obtained in D'2. 
 

 
Fig. 1. In the left: laser direct writing unit schematic. In the right: the laser direct writing 
unit. The dashed lines indicate the optical path of each of laser beam that can be used. 

The positioning of photosensitive samples is obtained through the displacement of two 
high resolution stages (Aerotech ABL1000), placed orthogonally, allowing separately or 
jointly movements in two orthogonal directions. The position is measured in absolute 
terms through an embedded displacement encoder, being the minimum stable 
displacement for both stages 25 nm (although reading resolution is 2 nm). The stages can 
be independently moved with speeds varying from 0 to 50000 µm/s and accelerations 
between 0 and 25000 µm/s2. The minimum vertical displacement of the focusing lens 
positioning is 0.14 µm. The average time delay between the stop order reaching the stages 
and the laser beam cutting order is less than 0.1 ms, which at a speed of 2000 ┤m/s can 
induce errors up to 0.2 ┤m. The minimum focal diameters for the two lenses used are about 
2.8 µm and 1.3 µm, respectively, to the 10 mm and 5 mm focal length lenses. 
In the case of photolithographic masks writing, it is possible to watch the patterns appearing 
in real time since transmission is different in the exposed/unexposed areas. Monitoring is 
performed using back illumination with a white light source and the image obtained in the 
CCD camera.  
To control the entire system it was necessary to build dedicated software. Fig. 2 shows the 
appearance of the developed application, which displays a 1x4 power splitter device to be 
created by laser writing. The program is able to control, separately or together, all the direct 
writing unit systems, manage system errors and read/interpret/execute device patterning 
instructions. 
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Fig. 2. Interface of the designed software. In the draw area, a 1×4 power splitter is shown. 

Despite all the programmed functions it is also necessary to use external software for device 
design and simulation; a commercial program based on the Beam Propagation Method 
(Siegman, 1986) was used. After the simulation, it is necessary to convert the file describing 
the device design to a format that the direct writing unit software can interpret correctly. 
The design is exported in a bidimensional CAD file. Usually, the exported files contain only 
the contour information of the planned device, being necessary to use a program that 
interprets this information and perform the filling of the pattern as necessary, using a tool 
similar to the laser beam spot that will be subsequently used. It is also convenient to know 
the laser spot size, so that the contour is carried out within the limits of design, and also to 
decide the distance between centres of the parallel fill lines. The overlap factor between 
consecutive lines can be varied for increased uniformity. After this process, the resulting file 
is converted to Gerber format (Barco Gerber Systems Corporation, 1998; DiBartolomeo, 
1991) which can be interpreted by the developed application. The machine control software 
uses the Gerber file to write the patterns on the photosensitive substrate. 

3. Fabrication of photolithographic masks by laser direct writing  

The photolithographic masks are produced from photomask blanks plates (Canyon 
Materials), which are glass plates covered by a surface layer with a high number of colour 
centres. A focussed laser beam can erase these colour centres due to a localized heating 
effect, instantaneously changing the exposed area to a transparent state. The spot size 
recorded in the plates is smaller than the laser spot due to a nonlinear sensitivity effect. 
The first part of the direct writing process is the calibration of the energy dose required to 
achieve the desired patterns at the desired resolution. The energy dose (D=Energy/Area) 
can be controlled according to the used energy in a determined area which can be 
redefined in terms of the incidence power, the waveguide cross section (s) and the 
movement velocity (v): 

 .
PD

s v
  (1) 

Fig. 3 shows calibrations results performed for laser direct writing on photoblank masks. In 
a) some transparency already exists while in c) the use of excess energy dose leads to a 
damaged film and a decrease of transparency. 
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Fig. 3. Effect of writing power variation: a) 10 mW, b) 13 mW and c) 15 mW at a writing 
velocity of 500 µm/s. 

Fig. 4 a) shows the line width achieved in a single pass when the scan velocity is 200 µm/s 
and the writing power is 1.7 mW. 
To test the best filling conditions, squares were written using different distances between 
adjacent scans and/or different scan velocities. Fig. 4 b1)-b4) show the results obtained 
when the distances between adjacent scans range from 0.2 µm to 2.7 µm. Fig. 4 c) represents 
a set of straight waveguides with widths ranging from 2 ┤m to 10 µm, in steps of 1 µm (the 
distance between adjacent scan lines was 0.2 µm). 
 

 
Fig. 4. Straight waveguides with widths ranging from 2.0 to 10.0 µm in 1.0 µm steps. The 
distance between adjacent scans was 0.2 µm in each case, the scanning velocity was 
200 µm/s and the writing power was 1.7 mW. 

An important aspect is the relationship that should exist between the writing speed and 
acceleration/deceleration, while starting/stopping the stages. The time periods in which 
speed is not constant depend mainly on the difference between initial and final velocities 
and the value of acceleration. When the stages are not properly tuned, it is usual to observe 
an overshoot effect (Fig. 5), because the stages have nonzero velocity as they cross the 
destination position. This effect can be carefully compensated through parameters 
calibration, for a given range of speeds, accelerations and load on the stages. After 
calibration, this effect becomes negligible compared to the usual devices dimensions. The 
figure also shows a wobble effect due to the fact that one of the stages is still positioning (in 
the direction orthogonal to the motion) while starting a new line after a sudden change on 
the movement direction. This causes fluctuations around the desired straight line, during 
the beginning of the writing. This problem is easily solved by inserting a short time delay 
before starting a new line (typically 1 ms). 
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Fig. 5. a) Movement direction towards the end of a line,  b) overshoot effect at the end of the 
line, c) movement after reversal of writing direction and lack of the stabilization period 
before the start of a new line. The acceleration is 5000 µm/s2 and write speed is 2000 µm/s. 

In some cases the photopolymerization is obtained by flood exposure by a KrF excimer laser 
(248 nm) through an amplitude mask. Fig. 6 shows an amplitude mask defined by laser 
direct writing in photomask blank. This mask was used to replicate the pattern in a NiCr 
metallic film deposited in a pure silica plate, through conventional photolithographic steps 
and NiCr wet-etching procedures. This is necessary as the photomask blanks cannot be 
exposed to deep UV sources, such as the KrF excimer laser, without being damaged. 
 

 
Fig. 6. Mask photograph (NiCr film on a silica substrate) replicated from a photoblank 
pre-mask. Outside of the free propagation zone a few marks were draw to assist in device 
cutting. The irregularities are due to concatenation of photographs. 

3.1 Laser direct writing in hybrid sol-gel  
The first step is the synthesis of the sol-gel material and the fabrication of the thin film by 
spinning in an appropriate substrate (usually glass or silicon). The sol-gel materials  
used in this work were obtained by hydrolysis and polycondensation of 
methacryloxypropyltrimethoxysilane (MAPTMS), to which zirconium propoxide (ZPO) 
mixed with methacrylic acid (MA) was added, in a suitable molar proportion, to attain the 
desired value of the refractive index. More details of the synthesis can be obtained in 
(Moreira, 2006a). The device production follows the process represented in Fig. 7. 
As in the masks case, before starting the production of devices in hybrid sol-gel, it is also 
necessary to perform the calibration of the process, since the energy dose is a function of the 
incidence power and the exposure time (or movement velocity) during the writing process. 
The first step is the determination of the minimum amount of energy necessary to 
polymerize the hybrid sol-gel layer and, for that energy dose, what is the smaller feature 
that can be draw.  
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Fig. 7. Production of integrated optical devices, based on hybrid sol-gel technology, with the 
possibility to use (not shown) or skip the development step. The photopolymerization can 
be obtained by flood exposure through an amplitude mask, as represented in the figure, or 
by a focused laser beam (not shown). 

To check the minimum line width, some lines were written while varying the writing lens 
position relatively to the substrate. This is conducted in an extension that ensures that at 
some position the beam is perfectly focused on the film. Under these conditions there is 
significant variation of the energy dose, which means that in positions farther from the 
correct focus position (above and below the optimum position), the film polymerization is 
not completed through the film depth, implying that it will be removed during the 
development step, Fig. 8. In the test performed, lines with width below 2 µm were observed. 
 

 
Fig. 8. Effect of the movement of the focus objective during the stages translation. The 
minimum width obtained for a writing power of 20 µW, a velocity of 500 µm/s and a 20× 
objective was 1.7 µm. 

Fig. 9 shows the cross sections of the obtained structure when the focus position changes 
around the optimum position. 
 

 
Fig. 9. Top view and cross sections of waveguides obtained by direct writing for different 
focus positions (20× objective used). The focus position varies approximately from -56 to 
+56 µm, in 14 µm intervals. 
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The waveguide profile is not rectangular due to the fact that energy varies across the focal 
cross section; the writing process is accomplished by "dragging" the laser beam on the 
sample. On a non-saturation regime, and assuming that the material absorption is linear, the 
waveguide section has about the same shape profile of the energy dose applied in the 
waveguide writing process (Corbett et al., 2004). 
Assuming that the writing beam intensity is a Gaussian function, the energy density at any 
position parallel to this axis, can be obtained by integrating the distribution function for the 
corresponding x coordinate (assuming that the movement is in the y direction):  

 

2

22 ( , ) 2
20( )   

x

f x y y Ae

F x
v v

 


 


   (2) 

where A is the laser beam intensity. It was assumed for simplicity (x0, y0) = (0, 0), and 
σx = σy = σ, which is the case of a beam with radial symmetry (valid for a properly aligned 
laser beam). 
Fig. 10 a) shows a simulation of the profile variation for different writing powers.  
 

 
Fig. 10. a) Simulated profile of the provided energy dose as a function of the beam 
maximum intensity. b) and c) Waveguides written with the same power (25 µW) but with 
different velocities, v = 350 µm/s and v = 50 µm/s, respectively. The blue line is the energy 
dose  profile used in the writing process. d) Section of a waveguide after the development 
process and the deposition of a cladding layer. The writing power was 100 µW and the 
velocity 50 µm/s. 

Fig. 10 b) and c) shows the profile of two waveguides written at different velocities using the 
same writing power. It appears that the waveguide profile follows the energy dose profile 
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used in the waveguides polymerization. In b), the polymerization was not enough to 
"connect" the waveguide to the substrate at the bottom of the picture. This waveguide was 
not developed showing a smooth refractive index gradient from the waveguide core to its 
surroundings. In the case of figure c) the waveguide is developed, making it easier to 
determine its dimensions as the surrounding environment is air. As illustrated in Fig. 10 d), 
setting the writing velocity value, the power can be increased to obtain almost rectangular 
profile waveguides. 
After the analysis on the waveguide dimensions and profile, it is also necessary to perform a 
calibration involving the following quantities: 
 stages velocity; 
 laser beam power and beam focus position relative to the sample; 
 photosensitive film composition; 
 overlapping between adjacent lines. 
As already mentioned, there is the possibility that the photosensitive film polymerization is 
only superficial. When this happens, and despite the waveguides formation, during the 
development process these waveguides are removed, since the physical connection to the 
substrate is removed by dissolution. Fig. 11 shows a set of waveguides photographs where 
the stages velocity, the laser beam power and the writing beam focus position were varied. 

 

 
Fig. 11. Calibration of the waveguides writing process. In the rows the focus position was 
kept constant while in columns is the writing power that remains constant. Within each 
image there are (at most) 5 rows where the velocity is varied: i) 50 µm/s, ii) 100 µm/s, 
iii) 250 µm/s, iv) 500 µm/s and v) 1000 µm/s. 

Fig. 11 shows that many of the written lines have not been sufficiently polymerized to ensure 
fixation to the substrate. Sometimes during the development step, these lines are shifted from 
their original positions, being randomly deposited in other areas of the substrate, (B5, C3, D2). 
At the extremes, during acceleration or braking phases, the writing velocity is lower favouring 
the polymerization process, i.e. the end of the waveguide remains fixed while the rest of the 
waveguide is moved away (4A, 6B, C3, D5). Line A in Fig. 11 shows that it is possible to write 
larger lines with widths above 40 m, as shown in 1A and 2A. 
The graphs in Fig. 12 were elaborated from the table of Fig. 11, allowing the evaluation of 
the system behaviour for the different parameters. 
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Fig. 12. Width of the waveguides made by laser direct writing as a function of the writing 
beam power for different focusing offsets and for different stages velocities. 

Another factor that influences the quality of the fabricated devices is the structures 
homogeneity in terms of morphology and refractive index when these are composed of 
elements whose width is greater than the writing laser beam width, like found in the 
multimodal (MMI) device (M. Bachmann, 1994). In these cases it is necessary to perform the 
filling of some areas by writing successive parallel lines, overlapping the adjacent lines, 
while adjusting the overlap degree. Fig. 13 shows the test results performed on hybrid sol-
gel by writing several parallel lines, successively closer to each other. The spacing between 
adjacent rows was varied between 3 µm and 10 µm, centre-to-centre, with a writing beam of 
about 5 µm diameter. When the spacing between the lines is less than 5 µm, the variation of 
the surface height is less than 0.3 µm. 
 

 
Fig. 13. Effect of separation increase between the consecutive writing lines (hybrid sol-gel). 
The separations used ranged from 3.0 µm to 10.0 µm with increments of 1.0 µm for figures a) 
through h), respectively. Figures i) to p) represents the variation of height along the 
indicated cuts on the white line marked in the photographs from a) to h). The writing power 
was 200 µW and writing velocity 50 µm/s. 

The increase in the total number of writing lines has the disadvantage of increasing the 
device manufacturing time. However, the edges of objects tend to be more perfect, and the 
final dimensions more accurate. 
As mentioned, the linewidth decreases with increasing velocity, which can lead to surface 
non-homogeneities, as illustrated in Fig. 14. A better homogeneity is obtained for lower 
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velocities, although it is accompanied by a slight increase in the device width, since the 
contour is also accomplished with a broader line. In this case, the spacing between 
adjacent writing lines was held constant (4.0 µm, centre-to-centre). When the writing 
velocity was diminished there was an increase of the applied energy dose, which implied 
an increase of the refractive index (polymerized areas) and hence an increase in the 
refractive index contrast, Fig. 14 b). 
 

 
Fig. 14. Input section of two devices written using different velocities. The velocities used in 
a) and b) were 250 µm/s and 100 µm/s, respectively, for a 4.0 µm spacing between adjacent 
lines. The writing power was 100 µW. 

Although it was not deeply studied, it is obvious that the filling strategy influences the 
performance of the device. Fig. 15 shows a device written by scanning successive lines that 
follow the contour of the area to fill, starting from the outside, filling in every turn the next 
perimeter immediately next the chosen spacing. As the direction changes, a 
braking/acceleration is required in these areas, leading to non-uniform areas where a higher 
energy dose was applied.  
 

 
Fig. 15. Aspect of a complete symmetric, although not fully written in the propagation 
direction (indicated by the white arrow). The dashed lines indicate the direction and the 
shape of filling. The lines on the left and right are written using arc segments. 

Many of the patterns used in integrated optics are curvilinear, which can be set using small 
line segments, but it was found that this process lead to inhomogeneities because of the 
pauses in the transitions between lines that define the curves. Therefore, modifications were 
introduced in the control program implementing the Gerber instructions that allow arcs to 
be drawn in one movement, instead of be accomplished by a set of linear segments. The 
problems that arise due to the acceleration/direction change periods are also observed at the 
intersection of two concatenating line segments, Fig. 16.  
Another important case is the one in which the developing step is skip and the sample is 
thermally cured after UV exposure. On this situation, an observed refractive index 
difference between the UV exposed and non-exposed volumes still exist. The waveguides 
do not have a sharp contrast to the surrounding media since the non-exposed material is not 
removed, as usual, in the development step. 
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Fig. 16. Waveguides sections written in s-bend. a) Curve defined by short straight lines, b) 
curve defined by an arc segment, c) transition point between two adjacent line segments. 

Fig. 17 shows the waveguides cross sections images written at different velocities and 
powers and the respective waveguides mode profile, following the manufacturing process 
which eliminates the development step. It appears that for lower writing powers, the drawn 
waveguides dimensions decrease significantly. 
 

 
Fig. 17. Lines A1, B1 and C1: waveguides achieved by laser direct writing using the 
manufacturing process without development step. Lines A2, B2 and C2 are images of the 
waveguides modes acquired by a CCD camera ( = 1310 nm).  

Fig. 18 was obtained by processing the modal distributions included in Fig. 17, lines A2, B2 
and C2. Fig. 18 a) shows the variation of normalized maximum intensity of the obtained 
modes for each of the produced waveguides. For the lowest writing powers, there is a 
decrease in the intensity representing an increase of the losses caused by an insufficient 
waveguide polymerization, which is more evident for waveguides written at higher 
velocities. Fig. 18 b) shows the variation of the propagated mode width along the horizontal 
direction (solid lines) and the vertical direction (dashed lines). In the horizontal direction, 
the mode width increases when the writing power decreases (with no noticeable 
dependence on the writing speed) due to a lower energy dose used in the polymerization. 
This produces waveguides with lower refractive index and thus with less contrast relatively 
to the surrounding environment, in which the mode penetrates more deeply. In the vertical 
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direction, the modes width is almost constant which is justified by the fact that the latter is 
limited mainly by the thickness of the hybrid sol-gel layers deposited. 
 

 
Fig. 18. a) Maximum intensity (normalized) obtained from the analysis of the images in lines 
A2, B2 and C2 from Fig. 17. b) Modal width (obtained at 1/e2 of maximum power) for the 
vertical direction (dashed line) and for the horizontal direction (solid line). 

4. Design, fabrication and testing of functional integrated optic devices 

4.1 Integrated refractive index sensor based on a Mach-Zehnder interferometer 
In integrated optics there are several examples of integrated interferometers capable of 
measuring a wide variety of physical quantities (Alexandre et al., 2007a; Fushen et al., 1996; 
LukoszandStamm, 1990) and/or observe the presence of different chemical elements 
(Pruneri et al., 2009). The application of these devices in the biosensors field (Schmitt et al., 
2007; Schwartz et al., 2006) is a rapidly developing field due to the possibility of the 
implementation of real time measurements without the need for more complex and indirect 
procedures (Marques  et al., 2009).  
A prototype device for refractive index measurement with high sensitivity and high 
dynamic range based on a Mach-Zehnder integrated interferometer was developed, Fig. 19 
(Alexandre et al., 2007b).  
 

 
Fig. 19. Schematic of the refractive index sensor. The shaded zone represents the cavity with 
length L where the refractive index change will take place. 

In one of the interferometer arms a Bragg grating is recorded (Kashyap, 1999; Lee, 2003) 
which is partially exposed through a cavity defined in the cladding of the devices. This 
device enables high resolution measurements from the interferometric output and high 
dynamic range due to the reflections of the Bragg grating inscribed in one of the Mach-
Zehnder interferometer arms. Because the Bragg grating exists in two distinct sections of the 
device, inside and outside the cavity, the device behaves as if it has two different Bragg 
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gratings. This is due to the fact that, although the two sections have the same period, the 
effective refractive index is different in both sections. Therefore, two reflection peaks are 
produced at different wavelengths (with a few nanometres separation), when the 
waveguide is illuminated with a sufficiently broad spectrum source. Equation (2) describes 
the relationship between the effective refractive index of the monomode waveguide (nef), the 
Bragg grating period () and the Bragg wavelength (B) 

 2B efn    (3) 

The presence of two Bragg gratings allows exclusion of temperature effects on the device, 
i.e., if there is a refractive index variation in the cavity, there will be only a shift in the 
correspondent Bragg reflection. In the case of temperature variations, both gratings will be 
affected thus resolving the ambiguity, Fig. 20. 
 

 
Fig. 20. Interpretation of the reflected Bragg gratings wavelengths. a) Unperturbed system; 
two distinct wavelengths are reflected, ┣0 and ┣n. b) There is only change in the refractive 
index; ┣0 remains and ┣n is changed. c) There is only change of the temperature; both ┣n and 
┣0 are changed. d) There is a change in the temperature and in the refractive index; both ┣0 
and ┣n are changed, as in c), and ┣n additionally suffers the alterations registered in b). 

The device sensitivity depends ultimately on its physical geometry and refractive indices 
profile. The integrated optical devices geometry is shown in Fig. 21, where the device cross 
section in the cavity area is presented, with and without the device development step 
(before the cladding deposition and cavity definition) and outside the cavity. 
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Fig. 21. Geometry of the waveguides that comprise the interferometer. a) Section of the 
cavity zone with the developed device. b) Waveguide inside the cavity area without 
development. c) Section of a waveguide in an area outside the cavities. 

The separation between the two reflections, obtained from the Bragg gratings, will be 
proportional to the effective refractive indices difference between the cavity section and the 
cladding covered areas.  
The device sensitivity relatively to variations in the refractive index of the material that fills 
the cavity is proportional to the penetration depth of the evanescent wave in the material 
which, in turn, depends on the refractive index contrast between the core and the 
surrounding material. The sensitivity also increases with refractive index contrast increase 
between core and substrate and with the decrease of the refractive index contrast between 
the core and the material filling the cavity. It should be noted that if the refractive index of 
the material inside the cavity is very close to the core refractive index, the guiding 
conditions become unfavourable, leading to higher losses and consequently to a decrease in 
the interferometer output visibility. 
In order to maximize the interferometer output visibility, it must still be ensured that the 
device operates in single mode regime. It should be taken into account that the visibility will 
be degraded due to a power unbalance between the two interferometer arms. Additionally, 
in the cavity’s arm, there are additional scattering losses, since the waveguide has no 
cladding, together with extra coupling losses at the cavity edges. 
For an integrated interferometer as shown in Fig. 19, the phase difference (Δφ) between the 
two arms of the device for a given wavelength () is given by: 

  ' '
2

ef efn n ef ef

L
n n

  


      (4) 

where L is the cavity length, nef is the effective refractive index of the waveguide outside the 
cavity and  nef’ is the effective refractive index of the waveguide in the cavity region. 
The device output power is then given by: 

  2
'

2
cos ef ef

L
P n n




   
 

 (5) 

Since the parameters nef and L are fixed (determined by the device fabrication), the 
interferometer power output depends essentially on nef’. 
Fig. 22 represents the variation of the effective refractive index in the cavity region, as a 
function of the refractive index variation of the material inserted in the cavity for the 
situations described in Fig. 21 a) and b). 
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Fig. 22. Effective refractive index of the waveguide in the area of the cavity depending on 
the refractive index of the material (liquid) inserted into the cavity, with device 
development (Fig. 21 a)) and without device development (Fig. 21 b)). 

Using the same parameters of Fig. 22, Fig. 23 shows, for the developed device situation, the 
simulation results for the normalized device power output, as a function of the refractive 
index of the material placed in the cavity (ncav). 
 

 
Fig. 23. Normalized interferometer output power as a function of the refractive index of the 
material present in the cavity. 

From Fig. 22, it can be seen that as the refractive index of the material inside the cavity 
approaches the core material refractive index, its influence on the effective refractive index 
increases non-linearly (resulting that the device resolution is variable). This nonlinearity is 
mainly due to the fact that there is a greater penetration of the evanescent wave in the cavity 
material, as the refractive index difference between the core and the material inside the 
cavity decreases.  
The devices fabricated used a development stage in which the non-exposed areas were 
developed away. The Bragg grating was inscribed in the waveguides using an 
interferometric process that employs a conventional phase mask, Fig. 24 (Kashyap, 1999).  
The cladding layer was then deposited and structured to define the analysis chamber 
(marks were drawn in the sample to identify the limits of the Bragg grating for the 
subsequent alignment with the cavity). In some cases more than one cladding layer were 
deposited. 
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Fig. 25 a) shows a section of the Mach Zehnder power splitter in a device obtained by laser 
direct writing before the cladding deposition. Fig. 25 b) to d) contains photographs of the 
cavity section. 
 

 
Fig. 24. Fabrication of Bragg gratings by UV exposure (KrF laser at 248 nm) through a phase 
mask. The major length of the diffractive area of the phase mask is 1 cm. 

 

 
Fig. 25. a) Power splitter based on a Y junction. The width of the guides is about 4 µm. 
b) Waveguide interface with a thin cladding layer of ~ 7 µm. c) Cross section of a cavity 
containing a non-covered waveguide. d) Modulation corresponding to the Bragg grating 
written in the waveguide within the cavity. 

The fabricated devices were tested with a tuneable laser (interferometric output) and with a 
broadband erbium laser source (reflection output). The reflected signal was recovered with 
an optical circulator placed at the input of the Mach-Zehnder interferometer. 
When different fluids are introduced into the sample analysis chamber there is a clear shift 
in the reflected spectrum, as shown in Fig. 26 for two different liquids (after stabilization). A 
difference of  = 0.5 nm was found between the reflected central wavelengths when the 
cavity had only air and when the cavity was filled with an index matching oil (n = 1.380). 
This difference represents a change in the effective refractive index of n ≈ 5x10-4. The 
effective refractive index changes, observed when the index matching oil was used agree 
with the predicted results. However, the displacements obtained when the cavity was filled 
with water cannot be explained by the same equations. Also, there was an evident drift of 
the spectrum, taking some time to stabilize. 
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Fig. 27 shows the reflected central wavelength displacement as a function of time, when the 
cavity is filled with water. From this figure, it becomes clear that the central wavelength 
returns to its original value after removing the water, by an evaporation process, showing a 
completely reversible process. 
 

 
Fig. 26. Reflection of a Bragg grating with a period of 528 nm, when the cavity is filled with 
air (nar = 1), index matching oil (noil = 1.380) and water (nwater = 1.333). 

 

 
Fig. 27. Central wavelength of Bragg grating within the cavity during the stabilization 
period when the cavity is filled with water and then subject to a drying process. 

These results indicate that there is a diffusion process to the channel waveguide, which 
depends on the liquid solution used, being particularly noticeable in the case of aqueous 
solutions. Fig. 28 shows the result obtained at the interferometric output when the cavity 
is filled with water. The effect of absorption and water release (through heating), had 
already been described (Soppera et al., 2007) in the context of the origin of propagation 
losses at 1.55 µm. 
Fig. 29 shows the reflected wavelength variation for the Bragg grating as a function of the 
volumetric sugar concentration in the liquid that fill the sensor cavity. 

4.2 Integrated devices for wavelength division multiplexing  
The high bandwidth currently available is optical networks is partially due to the 
wavelength multiplexing capabilities. High density multiplexing requires complex 
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integrated devices that demand high quality fabrication methods as they are very sensitive 
to geometrical and refractive index errors. Fig. 30 shows a schematic representation of an 
M×N arrayed waveguide grating (AWG). The device consists of two star couplers, made by 
concave multimode waveguides (free propagation areas), linked by a waveguides array 
with equal dispersive optical length difference (∆L) between adjacent waveguides. 
 

 
Fig. 28. a) Interferometric output measured during the insertion of a drop of water in the 
cavity. b) Detail of the first 30 seconds of the interferometric output presented in a). 

 

 
Fig. 29. Wavelength reflected by the Bragg grating when the cavity is filled with sugared 
water versus the mass ratio sugar/water. 

 

 
Fig. 30. Schematic representation of an M×N arrayed waveguide grating. 

When the propagating beam, coming from an input waveguide, enters the free propagation 
region (FPR) it is no longer laterally confined. At the end of this section, the beam is coupled 
into the waveguides array, propagating through each of them to the second FPR. The length 
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of each waveguide in the array is chosen in such a way that the difference in optical path 
length between two adjacent waveguides equals a multiple integer (m) of the central 
wavelength (┣0) of the device. For this wavelength, the fields of the various waveguides 
reach the output opening with the same phase (or with a difference which is a multiple  
integer of 2) making the field distribution of the input opening to be reproduced in the 
output opening. The divergent beam into the input slot is thus transformed into a 
convergent beam with equal amplitude and phase distribution, and will form an image of 
the input field into the plane of the object in the centre of the image plane. The dispersion of 
the AWG is due to the linearly increasing length of the waveguides in the array, which 
causes the phase difference, caused by a change in wavelength in the input, to vary linearly 
along the output opening. As a result, the output beam is off centre and the focal point 
moves along the image plane as a function of wavelength. By placing receiver waveguides 
in suitable positions along the image plane, a spatial separation of the different wavelengths 
present in the radiation coupled to the device is obtained. 
To demonstrate the capabilities of fast prototyping of AWG devices, some devices were 
simulated with a commercial program, WDM Optiwave Phasar®. The simulations were 
performed with the following data: 
 Refractive index: Core Index of 1.511 corresponding to an effective refractive index of 

1.506. 
 Waveguides dimensions: 4×4 µm2. 
 Crosstalk: -20 dB. 
 Central wavelength c: 1265 nm. 
 Free spectral zone: 5.2 nm. 
 Channel spacing: 1.10 nm (bandwidth: 282 GHz). 
Fig. 31 shows the simulated spectrum for the device under study. 
 

 
Fig. 31. Simulated spectra at the AWG device outputs when a Gaussian signal is inserted 
into input 1. The free spectral range (FSR) is 5.2 nm and channel spacing () is 1.1 nm. 

Fig. 32 shows an implemented arrayed waveguide device, where the total writing time was 
about 17 minutes at a velocity of 500 µm/s. As this device was fabricated without the 
development step, it was difficult to identify the device position after the cladding 
deposition. Thus, it was necessary to add some identification marks near the input and 
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output waveguides for easier alignment with optical fibres. Several linear waveguides were 
also added to evaluate the guidance conditions as well as the propagation losses. 
Fig. 33 shows the free propagation zone of an AWG device implemented with four 
input/output channels and twelve waveguides in the array between the free propagation 
regions.  
 

 
Fig. 32. Arrayed waveguide grating device before the cladding deposition (complete and at 
scale). a) Marks for waveguides area identification, b) linear waveguides, 1 and 5 
input/output waveguides, 2 and 4 free propagating zones and 3 waveguides array. 

 

 
Fig. 33. Free propagation region of an AWG device. On the right are the input/output 
waveguides and in the left the waveguides array. The writing power was 100 µW and the 
writing velocity was 500 µm/s. 

Fig. 34 shows the output spectrum of an AWG device when a Gaussian signal, from a SLD 
centred at 1265 nm, is coupled to the device with the polarization orthogonal to the device 
plane (Δ┣ = 50 nm). Although the outputs are distinguishable, the crosstalk is much higher 
than the -20 dB expected, the best value was obtained for output channel 2 
(-6.5 dB @ 1270.5 nm). The free spectral zone (FSR) is 0.4 nm larger than the expected value 
(5.2 nm). The results clearly demonstrate that there are phase errors but the results are 
promising and can be improved. 

4.3 Integrated optic beam combiners for astronomical interferometry 
Astronomical interferometry is an active area of research and an increasing number of new 
conceptual ideas and designs are being proposed to achieve optimum astronomical 
instruments. Long baseline astronomical interferometers allow observation with angular 
resolution which is one order of magnitude higher than the largest resolution available in 
single telescopes. In this field, integrated optics has a lot to offer in what concerns beam 
combination and control.  
The integrated optic beam combiners can be implemented in different basic schemes 
(Ghasempour et al., 2008; Malbet et al., 1999). The coaxial arrangement (similar to the 
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Michelson interferometer configuration) can be implemented through a cascade of 
Y-junctions and broadband directional couplers for field separation and combination. The 
multiaxial combinator (Fizeau like interferometer) can be implemented by approximately 
collimated propagation in planar waveguides sections with the various telescopes angularly 
coded according to the propagation axis. Fig. 35 shows the two basic schemes of beam 
combiners. 
 

 
Fig. 34. Arrayed waveguide grating output spectra when an input signal (SLD with a central 
wavelength of 1265 nm and Δ┣ = 50 nm) is coupled to the input. The free spectral range 
(FSR) is 5.6 nm and channel spacing 12, 23, 34 are 1.2 nm, 1.0 nm and 1.0 nm 
respectively. 

 

 
Fig. 35. Schematic drawing of a two beams combiner: a) coaxial with photometric outputs 
and b) multiaxial. In the case of the multiaxial beam combiner, the fringe pattern is a real 
example of the interference image obtained. Adapted from (Khordoni, 2010). 

In both cases E1 and E2 are the inputs of the two beams to be combined. In a), both the 
interferometric (temporal) and the two photometric outputs are shown (the photometric 
outputs are used to correct the interferogram if the power collected by the several telescopes 
is not equal). In the multiaxial combiner, case b), the photometric outputs could also have 
been added. The semi-circular area with radius R corresponds to the free propagation zone 
(ZPL). In this region the propagation of light is confined only in the direction perpendicular 
to the device plane. The waveguides must end on the ZPL perimeter and are adiabatically 
expanded (by tapers), adapting each waveguide mode to the ZPL mode, originating an 
approximately collimated beam inside the interference region.  
There is interest in increasing the number of combined telescopes in order to increase the 
interferometric systems resolution, which can be achieved through a configuration that allows 
more inputs combination. Fig. 36 presents as an example a three coaxial beam combiner. 
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Fig. 36. Schematic of a three beams coaxial combiner with photometric outputs. X1 and X2 
are crossed intersections of the waveguides. Adapted from (Khordoni, 2010). 

One aspect that should be taken into consideration is the fact that it is necessary to match the 
different optical paths from each input to the interferometric output due to the fact that, in 
general, geometrically equal paths may not be optically equal. For example, the paths from 
E1 to I and E2 to I, although geometrically equivalent, are not optically equal as the first 
route passes through an extra reverse Y junction at point P, since the waveguide in this 
region is wider, this implies a higher optical path. To compensate for this difference the 
junctions J1 and J2 may be adiabatically enlarged (Moreira, 2006b). 
Besides the masks production for multi-axial devices fabrication by laser direct writing, two 
and three coaxial beam combiners were also prepared by laser direct writing in hybrid sol-
gel. Fig. 37 shows a coaxial two beam combiner where E1 and E2 are the beam combiner 
inputs, F1 and F2 the photometric outputs and I is the interferometric output. 
 

 
Fig. 37. Coaxial two beam combiner obtained by photographs stitching. 

The two devices were subsequently tested in a special characterization bench(Ghasempour 
et al, 2010). Fig. 38 shows the obtained interferogram for the two beam combiner, after 
normalization and correction using the photometry signals. Fig. 39 shows the obtained 
interferograms for the three-beam combiner when the inputs are combined in pairs.  
 

 
Fig. 38. Normalized and corrected interferogram obtained from the interferometric output of 
the two beams combiner. The obtained fringes visibility was 95.1%. 
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Fig. 39. Normalized and corrected interferograms obtained from the interferometric output 
of the three beam combiner. The obtained fringe visibility was 88.5%, 80.4% and 56.6% for 
the (E1, E2), (E1, E3) and (E2, E3) pairs, respectively. 

Although the obtained visibilities are less than others already published (Khordoni, 2010), 
the obtained values,  in the case of the two beam combiner, are approximately equal. In the 
case of the three-beam combiner, the differences are mainly due to some noticeable 
degradation in the tested device. Fig. 40 shows the comparison between the values for 
devices manufactured by standard methods involving flood exposure through amplitude 
masks (Ghasempour et al., 2010) and devices obtained by laser direct writing. 
 

 
Fig. 40. Fringes visibilities obtained for two and three beams coaxial combiners manufactured 
through masks replication (Khordoni, 2010) and using the laser direct writing process. 

5. Conclusion 

This chapter described the structure and characteristics of a laser direct writing unit that can 
operate at two different wavelengths, and which can be used for photolithographic masks 
production and direct writing on photosensitive materials. To demonstrate its capabilities three 
different types of integrated optic devices were produced in hybrid sol-gel for application in 
optical sensing, optical communications and astronomical interferometry. In some cases the 
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performance of these devices is slightly lower than the ones produced by conventional means 
but this technique is still very useful in the demonstration of practical concepts.  
An interesting aspect is the possibility of device correction or addition of other elements, both 
in masks and in devices that are defective or incomplete; the devices can be characterized 
simultaneously while in a correction process. This point was not explored in this work. 
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