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1. Summary 

This thesis describes investigations on novel integrated optical sensor 
schemes based on specifically designed waveguide and grating coupler 
arrangements. The sensors are mainly aimed for determining the properties 
of liquid substances. The sensing principle is based on influencing the light 
guiding properties of an optical waveguide by substances brought into the 
evanescent field of the waveguide. Two different integrated optical 
arrangements are mainly investigated for converting this variation to an 
externally measurable quantity. The first approach is based on locally 
fulfilling the grating coupler resonance condition for coupling light into the 
waveguide, whereas the second one employs an integrated optical 
interferometer. The chip design is aimed on low cost, high sensitivity and 
the integration of measurement variables and a high degree of optical 
functions into the structure itself to reduce the requirements for external 
optical and mechanical elements. 

The sensor chips were integrated into sensor modules together with external 
light sources and detectors. Results of measurements are shown that 
demonstrate the suitability of the sensor both as refractometer as well as 
chemical sensor. The demonstrated design of the structures together with 
their fabrication in polymer materials by replication techniques generally 
represent a step towards the low-cost fabrication of complex integrated 
optical components. 
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2. Introduction 

The measurement of physical quantities by determining their effect on 
guided optical waves is of great interest for various applications. Some of 
the advantages of this approach are the high sensitivity and the immunity 
against electrical disturbances. Another aspect of increasing importance is 
the possibility of miniaturization of the sensor system. The waveguide 
exposed to the measurand can indeed be made very small, but often the 
measurement system consists of bulky external optical and mechanical 
components which are expensive and need careful adjustment for obtaining a 
measurement. By designing the optical structure properly, many of the 
functions and degrees of freedom provided by the external elements can be 
integrated into the optical sensor chip [I]. By this, the requirements for 
external optical and mechanical elements can be markedly reduced. A 
further advantage of miniaturizing the complete sensor structure is the 
possibility of placing several equal sensor systems very close to each other, 
enabling very precise referencing of the sensor signal with respect to 
unspecific parameter changes. 

In many applications, like refractometry or chemical measurements in a 
liquid, the measurement contaminates the sensing structure, which has to be 
cleaned after each measurement. If the price of the integrated optical 
sensing structure can be held sufficiently low, it could act as a disposable 
part of the measurement system. It was already demonstrated in earlier 
works that stripe waveguide structures and optical diffraction gratings can be 
fabricated in polymer substrates by replication techniques, for instance hot 
embossing [2], The use of waveguide structures for sensing applications, 
however, requires much higher differences in the refractive indices of the 
waveguide core and the substrate to achieve high sensitivity of the 
waveguide properties to ambient changes [3]. Unfortunately, this design also 
increases the effect of waveguide inhomogenities and surface roughnesses. 
It had to be investigated, if replication techniques still were applicable to 
produce highly sensitive stripe waveguide structures. 
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This work focuses on the investigation of novel integrated optical structures 
for sensing applications and their incorporation into a miniature 
measurement system. The design, fabrication techniques and 
characterization of the passive integrated optical devices are described as 
well as refractometric and chemical measurements in a sensor arrangement 
employing these structures. 
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3. Theoretical fundamentals and design 

3.1. Evanescent wave sensors 

3.1.1. The dielectric slab waveguide 

A thin film deposited on a transparent dielectric substrate can act as an 
optical waveguide, if the refractive index of the film is higher than the 

(a) (b) 

Fig. l.(a) Basic configuration of an optical slab waveguide 
(b) Zig-zag wave propagating in the structure. 

substrate and the cover index [4]. Fig. 1 shows the basic configuration of an 
optical slab waveguide with a thickness hf of the guiding layer and infinite 
dimensions in the y- and z-direction. The refractive indices of the substrate, 
the waveguiding film and the cover medium are ns, nf and 1¼, respectively. 

The properties of the light propagating in the waveguide will now briefly be 
derived from the material properties and the dimensions of the structure, 
following the calculations in [5] and [6]. 
The light propagating in the waveguide can be described both by the field 
equations obtained by solving the Maxwell equations and by a ray-optical 
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picture, rendering consistent solutions, as shown in [5]. The model of a 'zig­
zag wave' in the waveguide was introduced in [7]. 

A ray of light propagating in the waveguide at an incident angle 0 onto the 
film surfaces is considered (cf. Fig. 1). The wave propagation constant in the 
wave-normal direction is ken/, with k0- 2it/X, X denoting the light 
wavelength in air. The propagation constants in the x and z directions are 
given by 

kx = /¾ rif cos 9 

kz~ kcTif sin 6 

The propagation constant kz =ß is -for a lossless waveguide- the same as for 
a plane wave in an infinite medium with index n/ sin Q. Therefore, an 
effective refractive index N is defined 

;v = «.sine = -£-, (3) 

which actually is 'seen' by the guided mode propagating in z direction. To 
obtain a guided mode, i.e. total reflection at the film-substrate and film-cover 
interfaces, the effective index has to be smaller than n/and larger than 
ns and ncy respectively. 
The propagation constant kx in x direction in the film is then given by 

^=VV"/2"*2- (4) 

Solving Maxwell's equations in a lossless, isotropic waveguide for a plane 
wave propagating in z direction yields two independent solutions for the 
components of the electric and magnetic field. The solution for the field 
components Ey, Hx and Hz is called TE (transverse electric field) mode, 
because the electric field has components perpendicular to the propagation 
direction only. Similarly, the solution for the Hy, Ex and Ez components is 
called TM (transverse magnetic field) mode. 

(D 

(2) 
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The field distribution of the transverse electrical field of a TE mode (which 
is analogous to the magnetic field distribution of a TM mode) is given by [6] 

E, = Ec-e
 y^X hf) for the cover region (x>hf) (5) 

Ey = Ef • COS(Ax • x + 0C) for the film region (O < x < hf) (6) 

Ey = Es • e' ' for the substrate region (x < 0) (7) 

The distribution of the transverse electric field is sinusoidal in the film and 
exponentially decreasing in the cover and substrate layers. The propagation 
constants in x direction in the cover and substrate yield the field penetration 
depths : 

rc = vV*2-«c2 (8) 

and $c is given by 

§c = arctan(yc I kx). (10) 

The dispersion relation for this waveguide can be written in a compact form : 

2hfkx+öfi + öfc = 27T-m, ( H ) 

which states that the total phase change for one round trip in the transverse 
waveguide direction has to be an integer multiple of 2TC, m denoting the order 
of the mode. The total phase shift is determined by the propagation in the 
film (2 h/ kx) and the phase, shifts due to the total internal reflection at the 
film/substrate (*¾¾) and at the film/cover (^interface. 
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The phase shifts at the interfaces are given by 

Ôfs - -2 • arctan 

öfc = -2 • arctan 

« / ,2p . JN2-ns
2 

H-) 

(¾2'-

•nf-N' 

N2-n, 

\nf
2-N< 

(12) 

(13) 

where p determines the polarisation of the mode : p = 0 for TE mode and 
p= 1 for TM mode. Introducing equations (12) and (13) into (11) gives a 
formula that can be solved numerically to calculate the effective index from 
the waveguide parameters and vice versa. 

3.1.2. Evanescent wave sensors 

Since the light guided in the slab waveguide is not completely confined to 
the high-index core layer as described in the previous chapter, changes in the 
optical properties of the cover medium influence the light velocity in the 
structure. As it was demonstrated in [8], this effect can be utilized to 
intentionally influence the waveguide properties by the application of an 
external medium. It was shown in later works [9] that this principle also is 
suited to construct refractometric sensors, where the test substance is used as 
the cover medium of the waveguide, thus influencing the effective index of 
the waveguide structure (see Fig. 2). 
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Waveguide 
mode 

Cover 
Film 

Substrate 

nc1 

Analyte 
ÙÙÒÒÒÒ 

nc2 

3 1 

U
 F e l d E 

Neff 1 Neff 2 d stribution 
Fig. 2. Principle of the evanescent field sensor. 

The conversion of a change in the refractive index of the cover medium nc to 
a change in the effective refractive index N described by the derivative 
oWdnc was evaluated for Ti02/Si02-waveguides on glass substrates in [10]. 
Calculations based on the formulas given in Chapter 3.1.1 show that thin 
high-index films on low-index substrates lead to the highest sensitivities. In 
[11] hard, stable dielectric films with an index larger than 2 were 
investigated, showing high sensitivity and low drift effects. Fig. 3 (a) shows 
the calculated sensitivities for TÌO2 films on polycarbonate substrates for 
aqueous cover media and the wavelengths of X - 633 nm and X = 785 nm. 
The maximum values for dN/dnc in the range of 0.24 are achieved for film 
thicknesses of about 110 nm and 140 nm, respectively. Although these 
highest sensitivities are -of course- desirable for sensor applications, they 
also lead to increased losses at waveguide imperfections. Especially in stripe 
waveguides, where the mode is also laterally guided, this leads to high 
technological demands for low roughness of the sidewalls to achieve 
reasonable waveguide losses. For this reason, the application of films with 
some lower index might be necessary for stripe waveguides. In Fig. 3 (b), 
the sensitivity of TiO2 I SiO2 mixed oxide films (nc = 1.8) is shown. The 
maximum sensitivity of this waveguide type is still very high, about half the 
value of what can be achieved employing TiO2 films. 
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150 2CO 

Film thickness [nm] 

ISO MO ZSO 

Film thickness [nm] 

Fig. 3. Sensitivities of planar waveguides on 
polycarbonate substrates with water as cover medium; 
TMo mode. 
Top : TiO2 film, bottom : Ti(VSiO2 film. 

Various optical arrangements exist to convert this change in the effective 
waveguide index N to an externally measurable quantity. In this work, two 
types of sensors were investigated. The first one is based on determining the 
resonance condition of a grating coupler by measuring the position of a 
locally excited mode (cf. Chapter 3.2), whereas the second type uses an 
interferometric setup (cf. Chapter 3.3). 



3.1 Evanescent wave sensors 11 

3.1.3. Chemically sensitive membranes 

The application of a cover layer to the waveguide which changes its optical 
refractive index upon the influence of a specific chemical substance, allows 

Waveguide Ana Iy te 

Neff 1 Neff 2 distribution 

Fig. 4. Arrangement of an evanescent field sensor 
employing a chemically sensitive membrane. 

the measurement of distinct chemical quantities (see Fig. 4). By choosing 
the thickness of the membrane significantly larger than the penetration depth 
of the evanescent field into the membrane, the sensing region is protected 
against possible disturbances caused by variations of the optical properties of 
the test substances. This is necessary to determine solely the impact of the 
chemical quantity of the analyte to be measured on the refractive index of the 
membrane, even when strongly absorbing or highly scattering substances are 
examined. 

In the scope of this work, membranes sensitive for calcium ions (Ca +) were 
employed for the measurements. They were developed and supplied by the 
Centre for Chemical Sensors, Biosensors and (bio-)Analytical Chemistry of 
the Department of Pharmacy, Swiss Federal Institute of Technology (ETH), 
Zurich. Their function is described in detail in [12]. Therefore, only their 
basic working principle will be described here. 

The membranes are based on embedding chemically sensitive substances 
into a plasticized Polyvinylchloride (PVC) matrix, which thermodynamically 
acts like a liquid phase, providing a well defined distribution of all chemical 
species involved in the analyte recognition - process between the test 
solution and the membrane. The employed plasticizer in this case was 
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bis(2-ethylhexyl)sebacate (DOS). The substances being dissolved within this 
PVC matrix to achieve selective sensitivity towards a distinct analyte have to 
be highly lipophilic to avoid their migration into the test liquid. 

Three substances are built into the plasticized PVC matrix : 

An 'ionophore* (L), a ligand which is highly selective for complexing a 
specific ion, in the employed system Ca2+ (ETH 1001). 
A 'chromoionophore' (C), an ionophore which changes its absorption 
spectrum significantly upon complexation of a specific ionic species. 
The substance used in the system (ETH 5294) changes its spectrum 
within the visible area highly selectively to Hydrogen ions (H+), which 
implies high basicity. 
Lipophilic 'anionic sites' (R"), negatively charged ions, which maintain 
electroneutrality of the membrane during the ion-exchange process with 
the liquid. 

The basic principle of the optode membrane is to combine the high 
selectivity of the ionophore ETH 1001 for Ca -Ions with the high absorbance 
shift upon protonation of the chromoionophore ETH 5294 by utilizing a 
Ca2+/H+ - ion exchange process between the membrane and the aqueous 
analyte solution. By this, the need for a single chromoionophore with high 
selectivity to Ca -Ions and a large absorbance shift is circumvented. 

When the membrane is in contact with an aqueous solution containing Ca2+ , 
an ion-exchange reaction between the membrane (org) and the solution (aq) 
takes place, as described by the following equation: 

Ca2+ (aq) + 2 HC+ (org) +2 L (org) <-> ( 1 4 ) 

CaL2
2+ (org) + 2 C (org) + 2 H+ (aq) 

The equilibrium constant Kexch of this reaction is given by 

( ^ ) [ H C + ] 2 [L]2 

Kv* -

[C^1I[CT («,)' (15) 
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with activities being regarded for the species within the aqueous solution and 
concentrations for those substances in the membrane. This is based on the 
assumption of constant activity coefficients of all species in the organic 
phase. 

The electroneutrality of the membrane is provided by the anionic sites R~ 
with the total concentration 

[R"] = [HC+] + 2[CaL2
2+] (16) 

The absorbance A of the membrane is determined by the degree of 
deprotonation a, the concentration ratio of unprotonated to total 
chromoionophore present : 

a = [C]/CT ; 1-ot = [HC+]/CT, (17) 

with CT denoting the total concentration of the chromoionophore in the 
membrane. 
A is given by 

A = Ala + A0(l-a) (18) 

where Ai and Ao are the absorbance values for a = 1 and a = 0, respectively. 
By adding the mass balance equations 

Cx = [C] + [CH+] and (19) 

Lr=[L] + [CaL2
2+], (20) 

the activity of the Ca - Ions can be calculated from a by combining equations 
(15-20) to the formula 
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a ~{n V K ( a Ï J g r - ( l - « ) C r (21) 
& " ' l V J ' - [l-a) 2-(Z,-{/?r-(l-«)Cr})> 

It is obvious by this equation, that the optical determination of the Ca2+ 

activity in a sample solution only is possible if the exchange equilibrium of 
H+ - ions between the membrane and the analyte solution remains constant or 
is exactly known, i.e. the pH value is buffered or is measured simultaneously. 

Furthermore, if the precise measurement of Ca2+ - concentrations is desired, 
as in most practical cases, the activity coefficients of the Ca2+ - as well as the 
H+ - ions within the analyte solution have to be held constant, which can be 
achieved approximately by a constant ionic background (i.e. a well-defined 
ionic strength), as provided by buffering. 

Measurements of the spectral absorbance of the membranes in dependency 
of the concentration of Ca -Ions were presented in [13]. By performing the 
Kramers-Kronig transformation on the measured absorbance spectra, the 
dispersion curves of the membranes as a function of the Ca + concentration 
were obtained in this paper. Both diagrams are depicted in Fig. 5. The 
maximum shift of the refractive index upon concentration variations was 
predicted from the calculated curve for a wavelength of about 690 nm, which 
refers to the deprotonated form of the chromoionophore. Measurements 
performed at this wavelength yielded a shift of the membrane refractive 
index of Anm = 4*10"3 upon changing the Ca2+- concentration in the test 
solution from 10"5 mol/1 to 10"1 mol/1 [13]. It also can be seen from the curve 
that the absorbance is quite high for this wavelength. Since the 
transformation in the Hilbert space described by the Kramers-Kronig 
equation relies on the spectral range of the input data, which ideally is 
infinite, but in this case is identical with the spectral interval of the 
calculated values for the refractive index, the calculated dispersion curve has 
to be interpreted only as a qualitative description. 
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400 500 600 700 800 
(a) Wavelength [nmj 

- , 1 1 ; 1 1 1 , , , , , . , , , 1 1 r 

ETH 5294 CaCI2. 

400 500 600 700 800 
(t>) Wavelength [nm] 

Fig. 5. (a) Measured absorption of the optode membrane, (b) 
calculated dispersion curve upon changes of the C a + -
concentration [13]. 
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3.2. The integrated optical light pointer sensor 

3.2.1. Linear grating couplers 

The coupling of light in free space to a guided wave in a slab waveguide by 
means of a diffraction grating was first reported in [14]. A grating coupler in 
a planar waveguide structure basically is the special case of a diffraction 
grating with an output angle of 90° and an output medium of index N with N 
being the effective index of the waveguide. 
The condition for resonant coupling of a free-space beam in a medium of 

index na into the waveguide of effective refractive index Ng (see Fig. 6) is 
given by 

A • (N t - n • sin 0,)• = mt - A (22) 

Fig. 6. Basic configuration of a grating coupler in a slab 
waveguide. 
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with A being the grating period, O1 the input angle, mg the grating diffraction 
order and na the refractive index of the ambient medium. For a precise 
determination of the resonance condition for coupling to the waveguide, it 
has to be taken into account that a grating of finite depth hg influences the 
waveguide parameters, leading to slightly different effective refractive 
indices Nw in the undisturbed waveguide and Ng in the grating region. 
Whereas the effective index of the undisturbed waveguide can be calculated 
by the formulas given in chapter 3.1.1, the determination of the effective 
index in the grating region requires calculations based on rigorous diffraction 
theory [15,16,17] to obtain precise results. To avoid the time-consuming 
rigorous calculation, an approximate solution can be found by assuming the 
grating region as a 4-layer waveguide, the grating being replaced by an 
'equivalent layer' of thickness hg and an intermediate refractive index with a 
value between the values of the adjacent media. A comparison of the results 
from this approximation for different formulas to obtain the index of the 
intermediate layer and rigorous calculations was recently presented in [18]. 

3.2.2. Grating coupler sensors 

Waveguide . Cover medium 
nratinn A = test liquid grating 

Planar 
waveguide 

Substrate 

Angular V v Laser 
adjustment 

Fig. 7. Principle of the input grating coupler sensor. 

The dependency of the grating coupling condition on the effective refractive 
index N can be employed for measuring a change of N. In many cases, the 
coupling angle is used as the adjustable parameter, from which the effective 
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index N can be calculated, if the waveguide and grating parameters are 
known. In Fig. 7, an input grating coupler is employed, leading to a 
measurement by adjusting the angle of the input beam to the resonance 
condition, as demonstrated in [19]. This setup has the disadvantage of 
needing a precise goniometer table that has to be adjusted to achieve a 
measurement. Employing an output grating coupler for the measurement 
avoids this necessity [20], when a position sensor is placed in some distance 
of the chip, determining the beam position as a measure for the output angle. 
This arrangement still does not have the possibility to be built very compact, 
since a considerable distance between the optical waveguide and the position 
is necessary to convert the angular shift into a measurable position shift. 

When employing a waveguide grating coupler as an evanescent field sensing 
device, the disturbance of the waveguide by the grating has to be included in 
the calculation of the resonance condition, as described in the previous 
chapter. When employing the thin grating approximation, assuming an 
undisturbed waveguide, the characterization of the chip by measuring the 
resonance condition yields a slightly deviated value for the physical 
refractive indices and dimensions of the waveguide structure. When the 
waveguide is employed as a sensor, these values are then employed to re­
calculate changes in the cover refractive index by determining the resonance 
condition. The error introduced into the model by this assumption can be 
held low by characterizing the waveguide structure with a cover medium of 
an index very close to the one applied in the sensor measurements. This 
method was employed for the refractometric measurements presented in 
chapter 5.2. 

In the grating coupler sensor, the section of the waveguide used for the 
measurement is confined to the grating region. Due to this fact, increasing 
the sensitivity by enlarging the interaction length between the medium and 
the waveguide is only possible by increasing the grating length. This can be 
done only to a certain limit, where the light coupled to the waveguide in the 
rear part of the grating starts to be coupled out by the remaining part of the 
grating, thus reducing the efficiency of the grating coupler. The method of 
producing very large, very weakly coupling gratings is only applicable to a 
certain extent due to practical considerations. 
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3.2.3. Principle of the integrated optical light pointer 

Equation (22) describes the resonance condition for coupling into the 
waveguide in every point of the grating coupler. If one of the parameters 
varies along the grating lines with all other parameters held constant, the 
resonance condition is only fulfilled at a certain position on the chip (see Fig. 
8). At this place, a locally excited waveguide mode, the "integrated optical 
light pointer" beam is excited, changing its position yb with the change of 

any of the parameters N, A, X and Q1 in formula (22). The concept of using 
the lateral position of the excited mode as an on-chip measuring variable was 
first proposed in [I]. 

One possibility to build a sensor based on this principle is to implement a 
spatial variation of the effective index N into the waveguide. This can be 
achieved for instance by a varying thickness and/or refractive index of the 
waveguiding film. The light pointer position then can be used as a sensor for 
the effective index, grating period, light wavelength and input angle. 

In this work, the application of the light pointer sensor principle for the 
detection of changes in the effective index N was investigated. As described 
in chapter 3.1.2, a change in the index of the cover medium of the waveguide 
leads to a change in the effective index. If the input grating G, is illuminated 
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Fig. 8. Principle of the integrated optical light 
pointer. 
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by an expanded laser beam at a fixed angle 6,, the position of the light 
pointer is a measure for the refractive index nc of the cover medium (see Fig. 
8). The mode can be coupled out by means of a second grating, the mode 
position being determined by a position detector, like a line CCD or a PSD 
(Position Sensitive Device), without the need of any additional optics and 
without the inherent need for a distance between the output grating and the 
detector, as described in Chapter 3.2.2. 

The travel of the light pointer upon changes of the cover index is dependent 
on the slope of the thickness of the waveguiding film. A flat slope forces the 
light pointer to a perform a large lateral shift to move to the new position 
where the resonance condition is fulfilled. The width of the lightpointer also 
depends -among other parameters - on the slope of the waveguide : a flat 
slope is related to a wide light pointer, whereas a steep slope generates a 
narrow beam. Obviously, the general tradeoff between measurement range 
and resolution also has to be done, because every gain in resolution 
decreases the measurement range. The sensitivity of the chip could be even 
be tuned by varying the slope locally to be very accurate in a small region but 
to cover a large range with low resolution outside that region. The light 
pointer width defines the limits of those variations due to practical reasons : 
A light pointer width coming close to the lateral dimensions of the chip 
makes the precise detection of lateral displacements almost impossible; a 
light pointer width close to zero makes the beam almost undetectable and the 
position determination might be disturbed even by slight inhomogenities in 
the waveguide, if the narrow mode-is currently at this position. 
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3.2.4. Chirped grating couplers 

In a chirped grating coupler, the grating period A varies along the grating 
lines . This leads to another possibility to implement a spatial variation of 
the resonance parameters for coupling to a planar waveguide, leading to the 

// Locally excited mode 

Laser 

Fig. 9. Light pointer excitation by a chirped grating 
coupler. 

excitation of an integrated optical light pointer [1] (see Fig. 9). The spatial 
variation of the grating period instead of the effective index as described in 
the last chapter has the advantage of constant sensitivity dN/dnc in every 
point of the waveguide as well as the high reproducibility of the waveguide 
pattern, when replication techniques are employed for fabrication. The 
fabrication of the grating pattern is challenging, since for a highly sensitive 
sensor, the variation of the grating period has to be very small to lead to a 
large travel of the light pointer to match the grating resonance condition. 
The production method for the chirped grating structures is described in 
chapter 4.2.2. 

1 The term 'chirp' stems from the variation in spatial frequency, analogous to the frequency 
variation of a tone. 
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3.2.5. Detection of the mode position 

3.2.5.1. Position sensor considerations 

In first experiments the lateral position of the IO light pointer was 
determined by imaging the scattered light of the mode with an objective on a 
CCD camera. If the mode is coupled out by a second grating, the spatial 
resolution and the intensity of the emerging light pattern can be enhanced. 
In the realized setup, the determination of the lateral position of the 
outcoupled light was achieved by employing either a linear CCD array or a 
position-sensitive detector (PSD). The advantages of the linear CCD array 
are the very high sensitivity to low light levels, the fixed and well-
determined size and position of the detector elements and the acquisition of 
the whole irradiation pattern, enabling the separation of different intensity 
maxima. The disadvantages are the complicated clock generation and the 
necessity of evaluating the acquired irradiation pattern to get the position of 
the mode. 

The main advantage of the PSD is the direct conversion of light into 
electrical signals corresponding to the position of a light spot. By 
performing the division of the difference and the sum of the two PSD signals, 
a voltage corresponding to the "center of gravity" of the measured light 
distribution is obtained without the need for additional signal processing. 
This leads to a quick determination of the mode position. The drawbacks of 
employing a PSD detector are the nonlinearity of the PSD itself and of the 
subsequent electronics, leading to the necessity for calibration of the whole 
system and to a slight dependence of the position signal of the total light 
intensity. Another drawback is the impossibility of dealing with more than 
one intensity maximum, leading to incorrect results in position determination 
in the presence of stray light. 
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3.2.5.2. CCD detector setup 

Taking into account the advantages of the linear CCD array considered in 
3.2.5.1, this device was employed for most mode position measurements. 
The CCD chip was a Toshiba TCD 131D, a 2048-element linear image 
sensor2 with a pixel size of 14 |im by 200 u.m and 14 u,m pixel pitch. The 
rectangular profile of the pixels increases the light sensitive area by a factor 
of 14 in one dimension while maintaining the spatial resolution of 14 jim in 
the other dimension. Since no commercial evaluation board was available 
for this chip, the clock generation and signal processing electronics had to be 
built in the laboratory. 

The CCD signal was pre-amplified directly at the detector chip, 
electronically symmetrized in a circuit close to the detector and connected by 
a 2 m long cable to a PC equipped with an analog/digital converter (ADC). 
The data acquisition board was a Keithley DAS1600 with 12 bit resolution 
and a sample rate of up to 100 KSamples per second. In the first setup, this 
maximum pixel clock rate limited the frame rate to 100 KHZ/2094 = 48 Hz, 
leading to a sensor integration time longer than 21 ms. Due to this fact, the 
light sensitivity of the chip was too high and the signal to be detected had to 
be attenuated by filters to avoid clipping. 

CCD 
clock 
generation 

CCD 

I Pixel signal 

Pixel data 

'Attention' 
signal 

Fig. 10. Block diagram of measurement system using CCD clock 
switching. 

In this chip 2048 of the total 2094 pixels are exposed to light; the remaining pixels arc used 
for referencing. 
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In a second design for the clock generation unit, this problem was avoided by 
using two cycles with different clock rates for the CCD readout (see Fig. 10). 
In the first cycle, the CCD pixel clock is set to 1..2 MHz (Pixel Clock 1), 
thus leading to integration times in the millisecond range. During this phase, 
the clock is not transmitted to the ADC. The second phase begins when the 
counter has counted to the total number of pixels. In this phase, 
Pixel Clock 2, having a reduced frequency of about 70 kHz, is transmitted to 
the CCD and is also used as external ADC clock, enabling the slow readout 
of the image generated in the shorter first exposure period. By this method, 
the sensitivity of the CCD detector can be set by choosing the clock rate 
during the first exposure period without the constraints given by the 
maximum A/D conversion rate. An 'attention' signal is generated every time 
the system switches to the fast clock rate. The computer then can activate 
the ADC at any time during this phase, while the conversion itself starts 
synchronized when the clock signal is turned on. The reduction of the 
effective frame readout rate by sampling only every second image is 
negligible, since the overall measurement speed is mostly constrained by the 
time required for the computer evaluation of the sampled data. 
In the computer controlling the measurement setup, a Gaussian curve with a 
superimposed linear slope represented by the formula 

I(y) = A + By + C<*p[-D(y-yb)
2] (23) 

was automatically fitted to the data representing the CCD irradiation pattern 
every time a new frame was sampled, the whole measurement and 
calculation procedure requiring about two seconds. The linear term with 
coefficients A and B is used to model the background irradiance; the height, 
width and position of the peak being modelled solely by the parameters C, D 
and yb , respectively. The algorithm for the fit procedure was taken from 
[21]. 

By using the position of the maximum of the Gaussian curve yb as the 
measure for the lateral position of the fight pointer, a spatial resolution in the 
micrometer range, significantly better than the CCD pixel pitch of 14 urn, 
was achieved. The calculated parameters of the fit function were listed and 
saved in a table together with the time of the data acquisition. This system 
enabled long-time measurements of the light pointer position. 
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3.2.5.3. PSD detector setup 

A one-dimensional position sensitive device is basically a long PIN-
photodiode3, incorporating one common contact at the n-layer and two 
contacts at both ends of the p-layer. When this structure is illuminated by a 
light spot at a certain position on the photosensitive surface, the 
photocurrents measured at the two contacts of the p-layer are a measure for 
the position of the light spot along the axis of the PSD [22]. In two 
transimpedance amplifiers, the two photocurrents are converted to the 
voltages Vl and V2. To get an intensity-independent position signal, the 
position information derived from the difference of the two signals has to be 
normalized by the total intensity, i.e. the sum of the two voltages. This 
process was performed by a commercial electronic circuit4, so that the 
position signal directly was available for further processing. 

Incident light 

V1-V2 
V1+V2 

• 
Intensity-inde pendent 
position signal 

Fig. 11. Schematic diagram of a PSD with evaluation 
circuit for generating a position signal. 

3 The capital letters denote the doping of the silicon layers : p-doped I intrinsic I n-doped. 
4 Hamamatsu Signal Processing Circuit C3683-01 
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3.2.5.4. Detector arrangement 

In the first experiments, the light coupled out from the sensor chip was 
reflected by a mirror and directed onto the detector chip with or without an 
imaging lens (see Fig. 12). The use of a mirror enabled to choose a small 

Waveguide Cover medium 
gratings = test liquid 

Mirror Lens Position 
detector 

Fig. 12. Experimental setup for the light pointer sensor. 

angular region near the collimated output beam to reduce the influence of 
scattered light and other reflections on the measured irradiance pattern. It 
also allowed to measure the mode position when the angles of input and 
output beam were very close to each other, thus avoiding the blocking of the 
input beam by the detector. To realize a compact assembly of the sensor 
device, in a second design the position detector was mounted on a revolving 
arm that was fixed to the measurement cell at the lateral position of the 
output coupler (see Fig. 13). The "sensor head" was adjustable in three 
dimensions and could be fixed after adjustment. This arrangement allowed 
the placement of the position detector very close to the integrated optical 
chip. 
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Fig. 13. Photograph of the detector arrangement for the compact sensor cell. 

3.2.6. Grating design considerations 

In the sensor chips used in this work, the input and output gratings had 
different grating periods to avoid disturbance of the mode detection by the 
light reflected from the input beam. Usually, at least one of the gratings on 
the sample could be used to couple into the waveguide by employing the 
second diffraction order (mg = 2 in Eq. 22). This could be utilized in the 
case of highly absorbing layers placed on the waveguide, as in the case of the 
chemically sensitive membranes (cf. Chapter 3.1.3). The high absorption 
attenuated the mode too much to be coupled out by the second grating. 
When the first diffraction order of the same grating is used for input and the 
second order for output or vice versa, the light pointer excited in the grating 
region propagates only a very short distance until it is coupled out. A 
disadvantage of this method is that the higher diffraction order generated by 
the grating itself superposes the waveguide mode coupled out in the same 
direction, reducing the signal-to-noise ratio of the detector. 
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3.2.7. Light sources 

The wavelength of the illuminating light source must be known precisely for 
calculating the cover refractive index as a function of the lateral position of 
the light pointer. A finite bandwidth of the source leads to an increased 
width of the light pointer. 

For the evaluation of the sensor system, three different light sources were 
employed. A red HeNe-laser with a wavelength of X = 632.8 nm was used as 
a reference due to its high wavelength stability (thermal drift - 2.5 pm/°C) 
and small bandwidth (typically -2 pm for a multimode laser) [23]. The 
output power was about 10 mW. 

To build a miniaturized system, a semiconductor laser diode as light source 
is best suited due to its size and weight. A laser diode with a wavelength 
^ = 785.1 nm was used in the system. Laser diodes at this wavelength are 
very low-cost devices due to their application in CD players. To obtain good 
wavelength stability, the device was temperature-controlled employing a 
Peltier element. The operating temperature was chosen by monitoring the 
light of the laser diode by means of a spectrometer while sweeping the 
device temperature in an interval of some centigrades. At certain 
temperatures "mode-hops", fast transitions between different longitudinal 
modes in the laser cavity occurred. The operating temperature of the laser 
was then chosen in between those temperatures to guarantee good 
wavelength stability. With a temperature stabilization to about 0.1 0C and a 
temperature coefficient of the laser diode wavelength of - 60 pm/°C, a 
wavelength stability of about 6 pm was achieved. 



3.2 The integrated optical light pointer sensor 29 

3.2.8. Measurement cell design 

In the measurement cell, the liquids to be measured are brought into contact 
with the waveguide structure. The basic configuration of the cell is shown in 
Fig. 14. The front of the cell is formed by the optical chip with the 
waveguiding film inside to allow contact of the film with the test substance, 
hence the light enters and exits through the substrate. The cell temperature 
has to be monitored continuously, since the temperature coefficient of the 
refractive index is quite high for liquids, as an example, ethanol changes its 
refractive index by about -4XlO"4 K°. For this purpose a temperature sensor 
was built into the cell, in this case a 'PtIOO' element, which consists of a 
platinum resistor with a resistance of 100 Q at 0 degrees Celsius. 

Sensor chip Gasket 
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Fig. 14. Basic configuration of the 
measurement cell. 

In principle, the cell volume should be as low as possible to minimize the 
required amount of test substance; in practise, each of the cell dimensions 
has to obey certain constraints. In the sensor based on the light pointer 
principle, the input and output grating should both be covered with the 
measured liquid. The grating length exposed to the test substance defines 
the range of the possible light pointer excursion, hence the measurement 
range. The height of the channel for the liquid flow is absolutely limited by 
the penetration depth of the guided light into the liquid, but in the realized 
device it was chosen larger (200 jxm) to avoid problems with the liquid flow 
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in extremely thin channels. The gratings on the test chip were 2 mm wide, 
being separated by 1 mm. A light pointer excursion of 15 mm was found to 
be sufficient for the test measurements. These dimensions gave a cell 
volume of 15 microliters and a cross-sectional area of 1 mm2. The flow 
channel was tapered at the liquid input and output to form a "funnel" to 
obtain a smooth transition from the circular teflon tube connected to the 
measurement cell into the rectangular flow channel. The avoidance of 
abrupt changes in the cross-section of the liquid flow prevented outgasing of 
the test liquid due to pressure changes. 

The cell was completely fabricated of black delrin (polyacetal), which has 
good mechanical stability and is inert to ethanol, which was used as test 
solution. This was checked by measuring the refractive index of ethanol 
before and after placing delrin chips into it for some days. 

3.2.9. Adaptation for micropumps 

The incorporation of a pump for liquid transportation into the sensor enables 
the stand-alone operation of the system. Miniature pumps with a size of 
22 x 22 x 2 mm were developed and supplied by the Institute of 
Microtechnology, Neuchâtel, Switzerland. A measurement cell was built 
incorporating such a device in the liquid stream, having the same size as the 
previously designed cell. 

The function principle of the micropump is depicted in Fig. 15 [24]. The 
pump consists of a glass plate of 1.5 mm thickness, which acts as the base 
plate of the system, and a thinner glass plate of 0.3 mm thickness, which 
serves as the pump membrane. Between the plates a micromachined silicon 
chip is installed, which is shaped to act as input and output valve. A piezo 
disk is glued onto the thin glass membrane by using conductive epoxy. 
When the piezo is driven by a square wave voltage of about 200 V, the liquid 
is pumped from the left to the right chamber and out of the outlet hole upon 
bending of the glass membrane by the piezo disk. When the strain is relaxed, 
the left chamber is filled with new liquid from the inlet hole. With an 
actuation frequency of 400 Hz, the devices perform liquid pumping with a 
flow rate of up to 1 ml per minute. In the normal operation mode, the flow 
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speed is set to about 200 uJ /min, so that the contents of the measurement 
cell described in 3.2.8 can be exchanged in about four seconds. 

plezodisc glass membrane 
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Fig. 15. Operating principle of the piezoelectric 
micropump [24]. 
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3.3. Mach-Zehnder interferometer sensors 

3.3.1. Principle of the Mach-Zehnder sensor 

In the Mach-Zehnder interferometer, the light path is split into two separate 
arms and then recombined [25], [26] . If both interferometer arms exhibit 
the same length and phase velocity, the guided light will show constructive 
interference after recombination. Every effect changing the optical path 
length in one of the interferometer arms, leading to a phase shift of the 
respective guided wave, then changes the intensity of the emerging wave 
resulting from the interference [17]. 

In an integrated optical realization of the Mach-Zehnder interferometer as 
demonstrated in [27], the light is guided in stripe waveguides, the 
beamsplitters being replaced by Y-couplers (cf. Fig. 16). The evanescent 
field of the stripe waveguide forming one of the interferometer arms is 
influenced by the test substance acting as the cover medium of the 

Fig. 16. Function principle of the integrated optical Mach-Zehnder 
sensor. 

waveguide, thus changing the phase velocity. A change of the refractive 
index of the cover medium can then be determined from the interference 
signal at the output. An advantage of this interferometric sensor compared to 
the sensor based on grating coupler resonance is the potentially long 
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interaction length of the test substance with the waveguide; it is in principle 
only limited by the sensor size, in practise also by the waveguide losses. 
To enable precise measurements, the stripe waveguides only should guide a 
single-mode, thus avoiding mode dispersion which distorts the interference 
signal. This requires a width of the waveguide stripes in the range of some 
micrometers. To avoid the necessity for photolithographic steps on each 
sample for the definition of the channel pattern, a method using replication 
techniques as the only patterning step is highly desirable [28,29]. Following 
the formation of a surface relief, a hard dielectric film with a high refractive 
index is deposited over the whole area to form the waveguide [30]. 

3.3.2.The stripe waveguide 

3.3.2.1. Stripe waveguide fundamentals 

In a stripe waveguide, the guided wave is not only confined to the core layer 
in one dimension as in the slab waveguide described in chapter 3.1.1, but is 
also confined laterally. This avoids spreading of the mode due to diffraction 
effects and allows a precise control of the light path. 
The calculation of the waveguide modes is much more challenging than for 
the slab waveguide. The modes are not purely TE or TM modes, but 
so-called hybrid modes, having longitudinal components of both fields. 
Various methods exist to calculate the resulting field approximately. A very 
efficient method for calculating the field distributions is the "Method of 
Lines" [31], for which a Computer code exists at the Paul Scherrer Institute. 
The field arrangements shown in the next chapter were evaluated with this 
method. 
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3.3.2.2. Waveguide concept and arrangement 
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Fig. 17. Stripe waveguide concept : fabrication by embossing and large-
area deposition of dielectric. 

The approach for the stripe waveguides is based on a concept proposed in 
reference [30]. Ridge waveguide structures are defined in the substrate 
material by hot embossing followed by coating the whole chip with a high-
index film, which acts as the core of the waveguide. Since an anisotropic 
deposition process is employed and the height of the ridge structures is 
chosen much larger than the film thickness, the film is deposited primarily 
on top of the ridges and at the bottom of the embossed grooves (see Fig. 17). 
Both the film on top of the ridges as well as the film in the grooves act as 
stripe waveguides of widths Wr and W8, respectively, if the groove depth h is 
chosen sufficiently large as to avoid mode coupling between the two 
waveguide types. In [30], the beat length of a directional coupler consisting 
of two vertically separated Ta205 waveguides on a polycarbonate substrate 
was considered as a function of the distances between the waveguides. It 
was expected from the results in this paper that a ridge height h ~ 3 p.m is 
sufficient to optically decouple adjacent groove- and ridge-type waveguides. 
It was then experimentally shown (cf. Chapter 5) that this dimension also 
leads to efficient decoupling of waveguides formed of TiO2 on quartz and 
TiO2, TÌO2/S1O2 and SÌ3N4 waveguiding films on polycarbonate. 
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Fig. 18. Electrical field distribution contours of a 
stripe waveguide calculated using the Method of Lines. 

To prevent the edges of the ridge structure from also being coated with the 
high-index film, they have to be very steep. Additionally, the use of high-
index films implements high scattering losses at imperfections of the 
waveguide surface and edges. The technique employed to achieve steep and 
smooth edges is described in Chapter 4.3.2. Due to the fact that the 
roughness of the waveguide edges is higher than the surface roughness, it is 
favourable to keep the index variations on the edges as low as possible. If 
the cover substance shows a lower refractive index nc than the substrate 
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index ns, the 'groove-type' waveguide is preferable, since the waveguiding 
film is laterally embedded into the substrate. For nc > ns the 'ridge-type' 
waveguide might be better suited, if no additional scattering occurs due to 
index variations of the cover substance. 

Ridge widths in the range of a few microns are required for single-mode 
operation of the waveguide. Fig. 18 shows the electrical field distributions 
of the fundamental TM0 mode and a TM -mode of higher lateral order for a 
3.1 um wide groove-type stripe waveguide. The calculation was performed 
by the simulation program mentioned in the previous chapter. The 
waveguide is formed of a 219 nm thick TiO2 I SiO2 mixed oxide film with 
SiO2 cover on a polycarbonate substrate. At a wavelength of X = 785 nm, the 
width of the waveguide is close to cutoff for the higher order mode. At a 
width of 3.0 u,m, only the fundamental mode is guided. 

For testing purposes, stripe waveguides of the described type were realized 
on quartz substrates and polycarbonate substrates with widths ranging from 
1.5 to 8 nm. 

3.3.3. Focusing grating couplers 

By shaping the grating lines adequately, the light diffracted from a grating 
coupler can form a focus in free space or in the waveguide [43], The shape 

Fig. 19. Scheme of a focusing grating coupler. 
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of the grating lines can be calculated by a geometric optics approach 
requiring zero phase difference along the optical path from any point on the 
wavefront of the incident beam to the focal point in the waveguide. The 
necessary phase shift, which has to be provided locally by the grating 
structure, then defines the grating lines. For the general case of coupling 
light from a focus in free space to a focus in the slab waveguide, (see Fig. 
19), the equation for zero phase difference is [32] 

N -Jx2 +(y + f)2 +Jx2 +(y- F siny)2 + (F -cosy)2 = ( 2 4 ) 

N-f + F + m-X 

where the effective refractive index of the waveguide is denoted by A', the 
focal length of the grating in free space by /, the focal length in the 
waveguide by r, the input angle by <p and the free space wavelength by X. 
Solving equation (24) for the coordinates x and y leads to the curve of 4th 

order given by the formula 

x4 +Ix1 -(y2 +a,y + a2) + (y4 +by +b2y
2 +b3y + b4) = 0 (25) 

with the parameters 

N2f+F-sin9 

N7-\ 

(N2 + l)-(2NfF + 2Nftm + 2XmF + XW) + 2N2 -(f2 +F') 
Ü2 = _ _ _ _ _ (27) 

* 7 + F-sinç, 

N2 - 1 

2JVJ.(/a + f '-4/F-sinff) 
(N*-Xf 

(N2 + 1) • (2NfF + 2NfmX + IFmX + m2X2) - (N2f - F - sin <pY 
(N2-IY 

(29) 
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2N2fF-(F-f -siny) 
( JV2 - 1 ) 2 

(N' f - F -siny)-(2tyF + 2NfinX + 2FmX + m1X2) ^30) 

, ml • (2F + mA) • (2fN + mX) • (2F + 2JN + mX) 
b' = W^y (31) 

By calculating the grating lines using these formulas, a grating can be 
designed coupling the light of a laser diode -which can be seen as a point 
source- to a focused mode in the waveguide without any additional optical 
elements. To achieve optimum coupling conditions, the input beam has to 
be adjusted to the design parameters in five degrees of freedom ; the angle <p, 
the lateral tilt angle y/ and the three cartesian coordinates x, y and z. 

To ease optical alignment in the test phase, the gratings on the test samples 
were designed to couple a focused waveguide mode to a collimated free-
space beam. This setup is of course insensitive to a displacement along the 
axis of the input beam and only slightly sensitive to a lateral displacement of 
the beam. Thus, the adjustment of critical parameters was reduced to the 
input angles (p and the lateral tilt angle y/. 

For the special case of coupling a collimated free-space beam at an input 
angle <p to a focus in the waveguide, the mP grating line of a grating for 
diffraction in the first order is given by 

^ • Vy2 +(f-zf +z-sin(p = N-f + m-X (32) 
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Fig. 20. Schematic diagram of a collimated 
free space beam coupled to a focused waveguide 
mode. 

(see Fig. 20). Solving this equation for the coordinates y and z yields grating 
lines analytically described by an ellipse equation, the parameters of each 
line being defined by the integer index m. 

For the fabrication of the grating structures employed in this work at the 
Swiss Center for Electrotechnic and Microtechniques (CSEM), the 
calculated parameters of the grating lines had to be converted into the format 
of the program MENTOR, which is usually employed at CSEM for 
calculating diffractive optical elements (DOEs). It was thus possible to 
reduce the data submitted to the system to four parameters instead of an 
extremely large bitmap : 
(1.2 mm field length 125 nm grid size)2 = 2.3*109 data points = 2.1 Gbit, 
which is impossible to handle for the system. 
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3.3.4. Concept and design of the IO interferometer sensor 

The coupling of light into the waveguide is most conveniently achieved by a 
grating coupler, thus avoiding problems with end-face preparation of the 
chips [14]. The fabrication of grating couplers in waveguides by embossing 
was demonstrated in [33] the fabrication by photopolymerization of linear 
grating couplers [34] and grating couplers designed to form a focus in free 
space as well as stripe waveguides in [35]. If the grating is designed to focus 
light from an external source into the stripe waveguide on chip, the 
requirements for external optics are strongly reduced. 

Fig. 21. (a) Configuration of the grating pad, taper section and stripe 
waveguide, (b) detail of the transition region, (c) schematic view of 
the structure. 
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To ease the external alignment, the grating in the realized device was 
designed to couple a collimated free-space laser beam into a focus within the 
waveguide, as described in the previous chapter. The depth of the grating 
structure has to be in the order of 10 nm for the high-index waveguides 
employed [3]. 

The lateral intensity distribution of the mode focused in the slab waveguide 
can be described by a Gaussian beam approximation [36], the beam (half-) 
width being given by 

\ 2 

(33) 
o J 

where w0 denotes the beam waist in the focal point (see Fig. 21a and b). The 
light coupled in by the grating is first focused in a planar section of the 
waveguide. Instead of simply placing a straight channel guide with its end 
face into the focal region, the channel guide is connected to the focused 
mode via a width-tapered transition region, thus minimizing light scattering 
at the entrance of the channel guide. The shape of the taper was adapted to 
the envelope of a focused Gaussian beam by choosing its outline half-width 
wv(z) corresponding to the formula 

>nU)-",o = 5 -(Mz)-H-J (34) 

where wvo = Wr0/! denotes the half-width of the stripe waveguide and 5 is a 
scaling factor chosen to adapt the taper to the corresponding stripe 
waveguide width (see Fig. 21b). The scaling according to Equation (34) 
provides a smooth transition from the planar section to the channel guide. 
Most of the waveguide section connecting the grating pad to the channel 
guide has a straight boundary, except for the transition region next to the 
entrance face of the straight waveguide. This corresponds to the far and near 
field regions of the Gaussian beam, to which the width taper was adapted. 
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Fig. 21c schematically shows the combination of grating pad, taper section 
and stripe waveguide. In the device realized, this structure is surrounded by 
a groove with a width Wg = 100 (im. This width was arbitrarily chosen for a 
good decoupling from adjacent on-chip IO components. 
Based on this operating principle, a Mach-Zehnder interferometer can be 
fabricated incorporating input and output grating coupler pads to achieve 
convenient coupling to the structure (see Fig. 22). 

Collimateci 
input beam Analyte 

Collimateci 
output beam 

Focused 
waveguide mode 

Mach-Zehnder 
interferometer 

Fig. 22. Integrated-optical Mach-Zehnder interferometer 
focusing grating couplers for light input and output. 

sensor with 

Identical pads were used for input and output of the light beams due to the 
ease of fabrication and to achieve high flexibility with choosing the pads for 
input or output. It is well known that a free-space beam emerging from a 
waveguide via a grating coupler usually does not show a Gaussian intensity 
distribution [37]. This can be circumvented by varying the grating depth 
along the grating [38] to achieve a locally adapted grating efficiency, leading 
to a Gaussian output beam. 

In the test sample, focusing gratings were designed for the wavelengths 
633 nm (red HeNe laser) and 785 nm (infrared laser diode), an input angle 
<p = 15° and a focal length f =2.5 mm. The beam waist in the focal point was 
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designed to be W0 = 1.0 [im for X = 633 nm and W0 = 1.3 |im for X = 785 nm, 
for illumination producing a 1/e intensity halfwidth w(0) = 300 p.m at the 
grating pad boundary. The size of the pad was designed to be about twice 
the beam diameter, leading to the dimensions a = b = 1.2 mm. Additionally, 
linear grating couplers were implemented for test purposes. 

The stripe waveguides on the test sample had a width ranging from 1.5 u.m to 
6 p.m. For every waveguide width, a long stripe of 12 mm length and two 
short stripes of 1.8 mm length were implemented. This complete pattern was 
realized twice, each half being equipped with the focusing grating couplers 
for the respective wavelength. 

Similarly, short and long Mach-Zehnder interferometers equipped with the 
gratings for both wavelengths were realized on the test sample. 

3.3.5. Passivation and sealing layers 

For applying the replicated Mach-Zehnder device as a sensor, part of the 
structure has to be protected against the influence of the measurand. The 
necessity for passivating one of the interferometer arms could be avoided by 
choosing different arm lengths leading to different phase shifts under 
influence of the measurand, as demonstrated for an integrated-optical 
temperature sensor in [39]. However, the input and output grating pads have 
to be protected, since a change in the effective index in the grating region 
degrades the coupling efficiency from the free-space beam to the stripe 
waveguide. This effect would -for small index changes- superpose the 
intensity modulation caused by the interference or -for large index changes-
make the coupling to the stripe waveguide impossible. 

The passivation film has to be of good optical quality, since it forms the 
cover medium of the waveguide. SÌO2 layers, which are widely used as 
electrical passivation layers in chip fabrication, can be coated with high 
quality by Plasma-enhanced vapour deposition (PECVD), even at the low 
temperatures necessary for the polymer substrates. The window for the 
sensing region can not be opened by an etching technique, since this could 
damage the waveguiding film. A liftoff technique [40], where the SÌO2 layer 
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is partly coated onto a photoresist pattern, which is subsequently resolved, 
removing the cover layer at this location, has to be performed carefully. The 
solvents for removing the resist, acetone or Photoresist Remover5 attack the 
polycarbonate substrate, leading to an opaque white surface. Tests 
performed with coating the backside of the sample with a 50 nm SiO2 film 
before performing the liftoff step improved the situation, however, damages 
of the substrate still were visible. It can be concluded that the waveguiding 
film and the protection layer on the rear side need to be almost pinhole-free 
to make a liftoff-technique on the polymer samples applicable. 

5 Microposit 1165 Remover 
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4. Fabrication of the components 

In this section, the fabrication methods for the different integrated optical 
structures used in the thesis are described. The common fabrication 
principle of all integrated optical devices employed is to produce a surface 
relief in a planar substrate, followed by coating the whole surface with a 
high-index waveguiding film. While the coating process generally can be 
performed on a large number of samples simultaneously, the method for the 
fabrication of the surface relief mainly determines the effort for 
manufacturing the integrated optical structure. 

4.1. Substrate patterning techniques 

The most common method for producing well-defined surface relieves in a 
planar substrate is to first generate the desired pattern in a photoresist layer 
and to transfer it into the sample in a subsequent step [40]. The photoresist 
layer can be deposited directly on the chip, the pattern transfer into the 
substrate being achieved by an etching technique; or the surface relief is first 
transferred onto an intermediate structure, which is mechanically and 
chemically more stable than the resist pattern. If a polymer is used as 
substrate material, structuring of the sample surface then can be performed 
by a replication technique, such as hot embossing or injection molding 
[41,42]. Whereas the direct patterning technique requires a 
photolithographic step followed by etching on each sample, the patterning of 
the samples by replication techniques offers the possibility of low-cost mass 
production. 
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4.2. Grating Coupler fabrication 

4.2.1. Linear grating couplers 

Various types of grating couplers were employed for the different sensor 
schemes. For the sensors based on the integrated optical light pointer 
principle, linear gratings in thickness-tapered waveguides and chirped 
gratings in homogeneous waveguides were employed. For the excitation of 
modes in channel waveguides, focusing grating couplers were applied. 

The process of the linear grating fabrication established at the Paul Scherrer 
Institute is described in detail in [3]. Therefore, only a brief description of 
the technique will be given. The fabrication of the linear grating couplers 
starts with coating a quartz substrate with an anti-reflection layer6 and a 
photoresist film7. The sample is then exposed by laser interference 
(holographic exposure) of a HeCd laser operating at a wavelength of 
X = 442 nm. After development, a sine-shaped grating pattern in the resist is 
obtained. The sample then is placed into an e-beam evaporation system 
equipped with a chromium target and mounted with a tilt angle (about 10°), 
so that the anisotropic deposition process leads to covering only the top parts 
of the grating pattern with chromium ('shadow evaporation*). These metal 
caps serve as a mask in a subsequent oxygen reactive ion etching (RIE) step, 
so that the shallow grating is transferred deeply into the resist layer, featuring 
very steep sidewalls of the grating lines, and further into the quartz substrate. 
After stripping, a grating with almost rectangular profile is obtained. 

The necessary depth of the grating couplers for best coupling conditions 
depends on the specific dimensions and refractive indices of the substrate, 
waveguiding film and cover medium. For the high-index waveguides on 
low-index substrates employed in this work, the optimum grating depth 
generally was in the range of about 5 to 25 nm. To produce these shallow 
corrugations in a quartz substrate, an oxygen RIE system8 was used for the 
pattern transfer. Since laser end-point monitoring is not applicable at those 

6 Brewer ARC-XXT 
7 Shipley AZ14O0-17 
8 Oxford Plasmalab 80 Plus 
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very low etching depths, this system has the advantage of a very low etching 
speed (- 0.7 nm/min at the standard process parameters9), so that the etching 
depth can conveniently be controlled by the etching time. The use of more 
reactive etching gases - as for instance CHF3 - would reduce the etching time 
to the range of seconds, making a precise control difficult. The required time 
for etching to the desired depth was determined by performing atomic force 
microscope measurements of etched test samples. 

4.2.2. Chirped and focusing grating couplers 

Although more complicated grating structures such as focusing grating 
couplers can also be fabricated by interferometric exposure techniques 
[43,44], considerable optical aberrations occur due to the different 
wavelengths for exposing the grating pattern and for coupling to the 
waveguide [45]. Theoretically aberration-free structures can be realized by 
direct electron-beam (e-beam) writing techniques as first demonstrated in 
[46]. 
The e-beam writing steps for the samples used in this thesis were performed 
by the Swiss center for electrotechnics and microtechnique (CSEM) on a 
commercial e-beam system1 . For this technique, a chromium-coated (layer 
thickness ~80 nm) quartz plate is coated with e-beam resist, in most cases a 
200-300 nm thick layer of polymethylmethacrylate (PMMA). This sample is 
loaded into the e-beam system onto a xy-stage, which is used to move the 
sample under the e-beam source. The electrons in the system are emitted by 
a heated LaB^ (Lanthanum-hexaborate) crystal, accelerated by a voltage of 
2OkV or 5OkV and bundled by a magnetic field to a spot diameter 
adjustable from 30 to 800 nm. The electron beam irradiating the sample can 
be deflected by electrostatic fields, enabling an e-beam scan on the sample in 
a field of 400 x 400 u.m size, writing on an address grid of 25 nm, without 
moving the xy-stage. For writing a larger area, the xy-stage is moved to the 
next writing field. In the system employed at CSEM, structures with 
dimensions of 5" x 5" can be processed this way. After development, the 
pattern is transferred into the chromium layer by an RIE step using a 
chlorine-based process gas. This procedure is usually employed for the 

9 80 W, 20 seem O2, 5 mTorr 
10 Leica EBPG-3 (Electron Beam Pattern Generator) 
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fabrication of photolithographic masks for the semiconductor production, but 
also can be applied for the fabrication of very fine grating structures. The 
grating pattern was then transferred into the quartz substrate by an RTE step 
using oxygen as process gas, as described in the previous chapter. 
Fig. 23 shows an Atomic Force Microscope (AFM) image of a section of a 
focusing grating coupler pattern without waveguiding film fabricated by the 
process described above. The grating period is 462 nm, the measured 
grating depth is 6.1 nm. The average (RMS) roughness of the structure is 1.5 
nm, mainly due to residues of the process of chromium removal. 

Fig. 23. AFM measurement of a focusing grating profile etched into a 
quartz substrate. 
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4.3. Fabrication of stripe waveguides and interferometer 
structures 

4.3.1. Fabrication steps 

The pattern transfer by UV-exposure of a planar photoresist layer through a 
photomask is the most widely used technique in micoelectronics [40]. This 
method was used for the fabrication of the waveguide structures. In Fig. 24 
the main fabrication steps are outlined. After transferring the waveguide 
pattern into a relief in photoresist (see next chapter), the substrate is 
patterned by RIE (see Chapter 4.3.3). This sample then serves as a 'master 
structure', which is electroplated with a nickel layer that is subsequently 
used for embossing into a polycarbonate foil. On the structured polymer 
surface relief, the waveguides are formed by coating the complete structure 
with a waveguiding film (cf. Chapter 3.3.4). 

4.3.2. Patterning of photoresist 

In the first experiments, a chromium-coated quartz plate was spin-coated 
with a 1.8 p.m thick photoresist layer" , into which a stripe waveguide 
structure was exposed using a conventional Mask Aligner. After 
development12 and etching of the chromium layer by a Cerium-bisulfate 
solution13 [47], the structure was transferred into the quartz substrate by RIE. 
Characterization in a Scanning Electron Microscope (SEM) showed that the 
tilt angle (= 15°) of the sidewalls of the resist structure had been transferred 
almost identical into the sidewalls of the etched pattern in quartz, despite of 
the different etch rates. This indicated the necessity of producing steeper 
sidewalls of the resist pattern. 

11 Shipley Microposit 1818 Resist 
12 Shipley MF 319 Developer 
13 1 g Ce(S04>2 2(NH4J2 2H2O, 5 ml HNO3, 25 ml H2O , 28°C 
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Fig. 24. Schematic display of the fabrication steps for producing the stripe 
waveguide structures. 
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The steepness of the sidewalls can easily be increased by reducing the 
thickness of the resist layer. This method is limited, however, by the 
selectivity of the etching process. A tri-layer technique [48] combines the 
high quality of pattern transfer into a thin resist layer with the advantages of 
a thick resist layer in the etching process. In the test samples, a thick 
(1.8 |im) resist layer is spin-coated onto a chromium-coated quartz plate and 
then baked on a hotplate at 1400C for 10 minutes to completely remove the 
solvent from the film. Subsequently, a germanium film of 40 nm thickness is 
formed on the resist by e-beam evaporation, which is then coated with a thin 
(500 nm) resist layer. The waveguide pattern is exposed into this layer. 
After development, the pattern is transferred into the germanium layer by 
RDE using CF4 and O2 as process gases. The metal serves as a mask for the 
subsequent O2 REE step, this process being performed at low pressure 
(~ 5 mTorr) to achieve very anisotropic etching (cf. Fig. 24). The structure 
formed in the thick resist layer now can be used for masking in the further 
process steps like the directly exposed resist structure, while showing a 
higher thermal stability in the etching process due to the bake performed on 
this layer. Fig. 25 shows Scanning Electron Microscope (SEM) micrographs 
of the resist patterns resulting from direct exposure and application of the tri-
layer technique for the same 2 ^m wide stripe structure. 
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Fig. 25. SEM micrographs of resist patterns obtained by direct exposure 
(left) and tri-layer technique (right). 

To obtain smooth sidewalls of the stripe waveguides, a postbake was 
performed on the structured photoresist leading to a thermal reflow of the 
structure [49]. It is an advantage of the tri-level process, that the reflow can 
be done with the structures in the upper resist layer, so that the steepness of 
the resulting resist sidewalls is not degraded. In Fig. 26, the resist structure 
for a y-junction is depicted. The left figure shows the upper resist layer after 
the postbake step14, the right picture shows the lower resist layer after 
etching the chromium film. The substance deposited on top of the resist is a 
residue of the wet etching step. 

It is mandatory to perform the reflow step immediately after structuring the 
upper resist layer, because water absorbed in the lower resist layer destroys 
the germanium film during the heating process. 

14 140°C,10 minutes. 



4.3 Fabrication of stripe waveguides and interferometer structures 53 

Fig. 26. SEM micrograph of a y-junction in photoresist : 
Left : Upper layer after thermal reflow, right : pattern transferred to lower 
resist layer. 

4.3.3. RIE of Quartz 

The transfer of the waveguide pattern into the quartz substrate was done by 
reactive ion etching (RIE) [50]. An etching depth of about 3 |im had to be 
achieved to avoid strong mode coupling between the channel waveguides 
and the slab waveguide [30]. Since experiments had shown that the shape of 
the resist profile had a strong influence on the profile of the etched structure, 
a resist pattern with steep and smooth sidewalls had to be produced to 
achieve the same quality in the pattern in SÌO2 (cf. Chapter 4.3.2). 
Two RIE systems with different sets of process gases were tested for best 
etching results. Either CHF3 or a mixture of Freon (CF4) and Hydrogen were 
employed as etching gases. The main process requirements were 

i) high anisotropy of the etching process leading to steep sidewalls, 
ii) good selectivity of the process concerning the etch speed of the SÌO2 in 

comparison with that of the resist mask, 
iii) low roughness of the etched sidewalls. 

Generally, etching gases containing fluorine, carbon and hydrogen tend to 
the formation of polymer films in the reaction chamber [50], which can lead 
to masking effects that disturb the homogeneity of the etching process. The 
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process parameters used for the fabrication were a tradeoff between 
selectivity and polymer formation. The required anisotropy of the etching 
process requires low pressures, but this reduces the etching speed. 

A commercial RIE system was employed to perform etchings of quartz by a 
mixture of CF4 and H2. In [51], this set of process gases was investigated 
with a focus on the avoidance of polymer formation in the reaction chamber. 
However, the parameters given for a specific reactor usually are not 
transferrable to other systems. For this reason, various etching tests were 
performed to optimize the process parameters 

To optimize the process parameters with respect to etching selectivity and 
speed, a number of test samples were fabricated and processed. These were 
pieces of 10 x 10 mm size consisting of a thermally oxidized Si wafer (oxide 
thickness -2 run) with a resist film of 1.8 urn thickness, in which a relatively 
coarse grating of 160 ^m period was exposed and developed. The grating 
served as a convenient pattern to measure the structure depth with a stylus 
profilometer. By performing this measurement before and after the etching 
process and after stripping the resist, the etching speed in the SiO2 and in the 
resist film and hence the selectivity of the process was determined. 

—•— Etch rate quartz (10') 
—•—Elch rate resist (10') 
--••--Etch rate quartz (60') 
• • m • - Etch rate resist (60') 
—*—Selectivity (10') 
-•^-Selectivity (60') 

10 15 20 25 30 35 40 
% H2 (measured) 

Fig. 27. Etch rates and selectivity of RIE on quartz using CF4 and H2 as 
process gases. Etching time : straight line 10' / dotted line 60'. 

j 1 1 . 
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In Fig. 27 the etching speed of the resist and the SÌO2 are depicted for 
different H2 contents in the process gas while keeping the total flow rate 
constant at 50 seem. The Power was 100 W and the pressure was 15 mTorr 
for this process series. It can be seen clearly, that the etch rates for both the 
resist and the quartz decrease with increasing H2 content. But as the etch 
rate of the resist decreases more rapidly, the selectivity increases with higher 
H2 contents in the etching gas. Selectivities of up to 10 were achieved for 
short etching times, but already with some amount of polymer formation on 
the sample, leading to inhomogeneous etchings. Two series of etching tests 
were performed, the first batch being etched for IO minutes and the second 
for 60 minutes. The graph shows that the selectivity decreases significantly 
with etching time. For an etching depth of 3 (xm and an etching rate of about 
15 nm / min, the process takes 200 minutes, leading to a further reduction in 
selectivity. For this reason, the selectivities for the stripe waveguides 
etchings were around 3 for this system. 

The etchings using the CHF3 as process gas were performed on an in-house 
built RIE system with manually operated pressure and power control. It was 
evaluated that on this system selectivities of 6 to 7 could be achieved 
without significant amounts of polymer formation on the sample at a 
pressure of 10 mTorr, flow rate 23 seem and 80 W RF power. For this 
reason, the etching processes were shifted to this system. 
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4.4. Combination of grating and waveguide structure 

The combination of the waveguide structure with the grating pattern is 
shown in Fig. 28. After fabrication of the focusing grating patterns by e-
beam direct writing, the patterns are etched into the chromium layer and 
subsequently into the quartz substrate. Using the same technique, but 
without etching to the substrate, a photomask containing the waveguide 
structure is produced. This mask is then employed to transfer the waveguide 

Fig. 28. Fabrication steps for the production of a master sample containing 
both gratings and waveguide structures. 
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pattern in a photolithographic step into a photoresist layer coated on the 
sample with the focusing gratings. Obviously, the alignment of the grating 
pattern with respect to the waveguide structure has to be very precise 
(< 1 prn) to achieve coincidence of the grating focus and the entrance of the 
stripe waveguide. 
The master sample can be electroplated as shown in Fig. 24 to produce an 
embossing shim for replication of the structure. 

4.5. Replication 

The surface relief formed in the master structure can be transferred into a 
polymer substrate by replication techniques, such as hot embossing or 
injection molding [42]. Since the quartz substrate itself is not sufficiently 
stable for the use in the mentioned replication techniques, its surface relief is 
first transferred to a metal film. This can be obtained with high quality by 
electroplating the surface with a metal layer. Nickel is mostly used as 
deposited metal due to its mechanical stability and the rich experience in 
producing high-quality, stress-free films on the surface of the structure. In a 
first step, a 100 nm thick gold or silver film is sputtered onto the surface of 
the master sample to obtain a conducting surface. This process was 
performed in a commercial sputtering system15 using Argon at a pressure of 
16 u.bar as process gas and applying a RF power of 50 W to the chamber, 
resulting in a deposition rate of 16.5 nm/min. 

Then the sample is contacted and placed into a galvanic bath, consisting of a 
solution of Nickel sulphamate ( NiCNH2S03)2 )

16 and Boric acid (H3BO3) in 
water [52]. The electrodes are formed of the contacted substrate itself as the 
cathode and a metal basket filled with nickel pieces acting as the anode. A 
current density of 40 mA/cm2 is applied for the process commonly 
employed in our institute. With this parameters, a nickel film of 250 |xm 
thickness is deposited in about 5 hours. After separating, the shim is cleaned 
in an Oxygen Plasma Asher to oxidize residual contaminations. 

, s Perkin Elmer Randex Sputtering System, Model 2400 
16 BARRETT Nickel sulfamate concentrate SNR-24 
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If the surface of the sample is not completely smooth, but contains rougher 
sections due to the etching process, the process of separating the sample and 
the shim has to be performed with great care. In one of the samples 
processed for this thesis, the etched sections of the sample surface consisted 
of microscopic "needles" formed in the surface of structure. This led to an 
extremely strong adhesion between sample and shim, which could not be 
separated without destroying the quartz master. A better choice of the 
etching parameters leading to smoother surfaces avoided this problem in 
subsequent processes. 

The choice of either gold or silver as starting layer for electroplating depends 
on the further use of the shim. If it should be employed for producing 
additional shims in subsequent electroplating steps, the choice of a less noble 
metal than gold is mandatory to get the possibility of passivating the surface. 
Otherwise, the two structures can not be separated after electroplating. If the 
shim is directly used for embossing, coating with gold is preferable due to its 
high chemical durability. 

The hot embossing process is a good method for the replication into polymer 
materials in small quantities. It is described in detail in [33], where also a 
theoretical model for describing the shaping process in the polymer surface 
is given. The principle of the embossing process is to press the hard master 
structure into the substrate material, which has been softened by heating. 
Thermoplastics are well suited substrate materials for this process since they 
show a soft, viscous state in a large temperature range between their glass 
transition temperature and their melting point. The glass transition point, 
which can be defined for all polymers, describes a transition from the solid to 
a viscous state, where the polymer chains show an increased mobility 
relative to each other. 

In all experiments performed in this work, polycarbonate (PC) was used as 
substrate material due to its high mechanical and thermal stability [53], and 
well suited optical properties. The glass transition point is about 145°C for 
the PC [33], which can easily be reached by a hot embossing system. PC 
foils of 250 (im thickness17 were used as substrates. 

17 Röhm Europlex 
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The embossings were performed on an in-house built embossing system (see 
Fig. 29) with pneumatic cylinders as actuators providing a stamper pressure 
of about 20 bar. The sample is placed on a glass block with the shim on top 
of it. Then a silicon foil and a glass plate are put on this stack. The whole 
structure is then placed into the embossing system, where the top plate is 
heated to about 2400C, and pressure is applied. The usual duration of the 
embossing process is 4.5 min. After removing the stack from the embossing 
system, it is cooled by placing two copper blocks of about 4.5 kg weight 
directly on the shim for about 10 minutes. Then the separation of shim and 
sample can be performed. 

An investigation of the sample temperature during the embossing process 

Fig. 29. Scheme of the employed embossing system. 
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[54] with a heater temperature of 2200C revealed a temperature rise to 1750C 
in 140 seconds; the glass transition point was reached after 40 seconds. The 
temperature of the sample was reduced to 1000C in only 30 seconds during 
the cooling process. The process temperature has to be sufficiently high to 
reach the viscous state of the polymer in a short time, whereas too high 
embossing temperatures lead to bubble formation in the sample. The 
embossing time is not a very critical parameter, but should not be 
exaggerated due to the reduction of the substrate thickness. 
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4.6. Film deposition 

For the purpose of producing high-index waveguides, different processes for 
the formation of high-index films on quartz and polymer substrates were 
developed by Balzers AG, Liechtenstein. 

The formation of Ta205 films on quartz substrates was performed by a 
"Reactive-low-voltage ion plating" technique [11], by which optical films of 
excellent quality were generated. Unfortunately, this technique is not 
applicable on polycarbonate substrates, since the high particle energy 
damages the polymer surface. 

The coating of TiO2 films also was done by Balzers AG, employing a 
modified magnetron sputtering process [29, 55]. This technique allows to 
generate compact high-index films both on quartz and polycarbonate 
substrates. 

Plasma-enhanced chemical vapour deposition (PECVD) is a useful technique 
to obtain high quality films at relatively low temperatures [55]. Typical 
process temperatures are in the range of 30O0C; it was found in this work that 
even lower temperatures of about 12O0C are applicable to form SiCh and 
Si3N4 films on polycarbonate with good quality. 

The process is based on starting a glow discharge plasma over the sample in 
the reaction chamber which is powered by an external RF source. The 
sample itself is placed on a heated base plate. The high temperature of the 
electrons in the plasma, usually about 104 degrees Kelvin, leads to the 
formation of reactive species when interacting with the atoms, ions and 
molecules in the chamber. This allows the use of moderate substrate 
temperatures for the coating process. 
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The coatings were performed in a commercial PECVD system supplied by 
VACUTEC Inc. The process parameters for the formation of SÌ3N4 layers on 
polycarbonate substrates were : 

225 mTorr, 
86 seem of 5% SiH4 in H2 

147 seem N2 

100 W 

These process parameters led to the formation of a film that was 
characterized on an ellipsometer. The evaluated refractive index of the film 
at X = 633 nm was 1.86, the deposition rate was 23 nm/min. The refractive 
index of the film was significantly lower than the value reported in literature 
[55], but additional measurements performed by B. Maisenhölder at PSI 
revealed stochiometric composition of the deposited SÌ3N4 film. This led to 
the conclusion that the film either has some hydrogen content, or it is porous, 
the pores leading to the decrease in refractive index. If the film is employed 
for sensing applications, this effect has to be investigated more thoroughly, 
because the pores might lead to storage effects of the sample solution in the 
film. 

4.7. Deposition of chemically sensitive membranes 

The chemically sensitive membranes for integrated-optical chemical 
measurements were supplied by the Centre for Chemical Sensors, Biosensors 
and (Bio-)analytical Chemistry, headed by Ms. Dr. Spichiger at the Swiss 
Federal Institute of Technology in Zurich (ETH Zurich). These substances 
change their spectral absorption and hence (related by the Kramers-Kronig 
equations) their retractive index upon a change in the concentration of a 
chemical substance in the ambient medium. The membranes are solved in 
Tetrahydrofurane (THF), a highly volatile solvent 

Since the membrane forms the cover layer of the waveguide, it has to be of 
good optical quality. The deposited solution was filtered to 0.2 jam using 
teflon membrane filters to avoid scattering at dust and other particles. 
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Spin coating is a widely used procedure to obtain high-quality films, but the 
common spin-on procedure for photoresist had to be modified due to the 
high vapour pressure of the solvent, leading to solidification of the film 
before the substance had spread uniformly over the surface. In first 
experiments, a spinner with the chuck placed in a solvent atmosphere was 
employed, the membrane solution being brought onto the surface by a 
syringe through, a hole in the top of the chamber. The drawback of this setup 
was an inhomogeinity in the center of the deposited membrane, probably 
caused by air streams due to the hole in the lid. In a second setup, a spin-
chuck suitable for a commercial spinner was constructed. It was equipped 
with a Hd that was placed onto the chuck immediately after depositing the 
membrane solution onto the sample. Using this device, films of high quality 
were deposited. 

However, optical measurements on planar waveguides consisting of TÌO2 on 
fused silica showed a highly increased attenuation after deposition of the 
membranes. This effect could not mainly be caused by scattering, due to the 
good film quality; and it also occurred with membranes without dyes, thus 
excluding the effect of optical absorption in the membrane. It was found that 
by depositing a thin (= 20 nm) SiO2 layer by PECVD onto the TiO2 film 
before applying the membrane, this effect could be removed. Samples 
containing this 'barrier layer* showed no apparent degradation after 
application of the membranes without dye and the absorption expected due 
to the dye when coated with the measurement membrane. 

Since this effect was not observed with waveguides based on Ta2Os films, it 
might be caused by an interaction between the Polyvinylchloride (PVC) that 
forms the matrix of the sensor membrane and the TiO2 film. It was already 
found by other researchers that the direct deposition of TiO2 onto 
polycarbonate substrates leads to the formation of an absorbing intermediate 
layer [56]. 
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5. Component characterization and measurements 

5.1. Characterization of the components 

5.1.1. Determination of planar and tapered waveguide parameters 

To use the waveguide as a sensor chip, the waveguide parameters must be 
known precisely. The periods of the waveguide gratings were determined by 
measuring the angles 6 of the -1st diffraction order in the Littrow 
configuration [17], the grating period being given by [3] 

A = - ^ - . (35) 
2 sinG 

Then, different waveguide modes were excited at the same position yb by 
adjusting the resonance angles 6/ of the beam illuminating the input grating 
coupler. In the waveguides used for the measurements, only the TEo ^ ^ 
TMo mode could propagate. The thickness and the refractive index of the 
waveguiding film at the actual position yb can be calculated from the 
resonance angles based on the formulas given in Chapter 3. By repeating 
this procedure at different waveguide positions y and fitting the evaluated 
data by a linear model function, the slopes of the waveguide's thickness and 
index variations are calculated. This measurement was performed at 
A = 633 nm and A = 785 nm. 

Theoretical expressions derived under the assumption of isotropic dielectric 
materials in the thin grating limit were used for both characterizing the 
tapered waveguide and determining the cover refractive index. Therefore, 
the values hf for the thickness and nf for the refractive index are 

'equivalent' values corresponding to this approximation [18]. Since the same 
model was used for determining the gradients hf (y) and nf (y) as well as for 
deriving the cover refractive index, errors resulting from the deviations 
between the true (hf, nf) and the equivalent values (hf, nf) are kept 
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negligible if the cover refractive index does not vary in an extremely wide 
range. Therefore, in order to minimize the error in determining the absolute 
refractive index, ethanol (instead of air) was used as the reference cover 
medium for evaluating the spatial refractive index and thickness gradients. 
For increased precision and a very wide range of refractive indices to be 
absolutely measured, numerical corrections or a series of calibrating test 
liquids would have to be applied. 

5.1.2. Focusing grating coupler characterization 

For testing the FGCs embossed into a planar substrate coated with TÌO2/SÌO2 
mixed oxide, a collimated laser beam was directed onto the grating and the 
light scattered from the focused mode in the slab waveguide was observed by 
a microscope. Fig. 30 shows a focused TM0 mode excited by a HeNe laser 
directed onto a grating coupler of 12 nm depth. In the figure, the light 
scattered from the structure was intensified by image processing to enable 
visualizing the focusing characteristics. The resonance angle was 16.4°. 
The beam waist in the focal point on the waveguide could not be measured 
directly due to the limited resolution of the microscope image. It was 
determined by measuring the lateral 1/e2-width of the focused beam at 

^ b = 1.2 mm " ^ f = 2.5 mm ^' 

Fig. 30. Focusing grating coupler replicated into a polycarbonate 
substrate, focusing a TMO mode. 
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different z positions between the grating edge and the focal point, and by 
calculating the beam width in the focal point based on the focusing 
properties of a Gaussian beam. For the grating shown in Fig. 30, the 
diameter of the focal spot was determined to be 2w0 = 3.2u.m. The two 
bright vertical lines visible in the grating pad are caused by scattering at the 
boundaries between the 400 Jim x 400 p.m scan fields of the e-beam written 
structure. The film parameters were determined by characterizing a uniform 
grating coupler substrate coated in the same batch. The effective TM0 mode 
indices were JV= 1.641 at A = 633nm and N= 1.522 at A = 785nm, 
respectively. 

Grating depth : 5 nm Grating depth : 8 rim 

Grating depth : 12 nm 

Fig. 31. Influence of grating depth on focused waveguide mode 
excitation. 



5.1 Characterization of the components 67 

Fig. 31 shows focusing grating couplers of different depths embossed into a 
planar substrate to determine the quality of coupling to the waveguide. The 
waveguiding film is again a TÌO21 SiO2 mixed oxide. 

5.1.3. Characterization of stripe waveguides 

For characterization of an embossed and coated sample it was placed in a 
holder incorporating two tension springs to avoid bending of the thin foil. 
The sample was then mounted on a goniometer table and illuminated by a 
collimated laser beam. The test sample incorporated waveguides with 
widths ranging from 1.5 \im to 6 \im and several Mach-Zehnder 
interferometer structures with a waveguide width of 3 |im. 

42 mm 
Fig. 32. Photograph of a test sample consisting of a 
replicated polycarbonate foil coated with a SÌ3N4 film. 
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In Fig. 32, a photograph of the polycarbonate foil mounted in the holder is 
shown. The foil was illuminated laterally by a white light source to make the 
grating couplers visible. The short and long waveguide structures are clearly 
visible, as well as the different gratings facing toward stripe waveguides or 
into planar regions. In one of the short waveguide structures, indicated by 
the arrow, a waveguide mode was excited in a 4 um wide stripe waveguide 
by illumination of a grating pad with a red HeNe laser. 

The grating couplers and waveguide structures were investigated by 
adjusting the incident light beam to the resonance angle and observing the 
light scattered from the excited mode in the planar waveguide and the 
waveguide stripes by means of a microscope connected to a CCD camera. 
First, a structured polycarbonate foil coated with a Si3N4 film of 260 nm 
thickness was investigated. 

Fig. 33 is a micrograph of a focusing grating coupler connected to a 4 (im 
wide stripe waveguide. A focused mode in the planar waveguide section is 
excited by a collimated laser beam at a wavelength of A = 785.1 nm and 
coupled into the waveguide stripe of 1.8 mm length. After exiting from the 
stripe waveguide, the divergent mode propagates through a second planar 
waveguide section to the output grating. 

The attenuation of the waveguides was obtained by fitting an exponential 
decay curve to the intensity plot of the scattered light. First, a mode was 
excited in the slab waveguide with a wavelength A = 785.1 nm employing a 
linear grating coupler. The attenuation of the mode without lateral 
confinement was 5.4 dB/cm. Obviously, this value is a lower limit for the 

Fig. 33. 4 um wide stripe waveguide with input and output grating pad 
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attenuation of the stripe waveguides, where additional scattering at the 
sidewalls occurs. The attenuation of the 4 p.m wide waveguide stripe was 
8.5 dB/cm. 

In Fig. 34, a scanning electron micrograph of an embossed Y-coupler in a 
polycarbonate substrate is shown. During the separation process, a "burr" 
has been formed in the upper arm of the interferometer, and the waveguides 
are slightly deformed. This demonstrates the necessity of a careful 
separation of the two structures as well as the requirement for smooth 
sidewalls, allowing a "gliding" separation of the master and the embossed 
structure . The edges of the structure are quite smooth, the roughness of the 
surface is below the resolution limit of the microscope. 

Fig. 34. SEM micrograph of a Y-coupler embossed into a 
polycarbonate substrate. 

The Mach-Zehnder interferometer structures also were investigated by 
exciting modes via the focusing grating coupler. Fig. 35 shows a Mach-
Zehnder interferometer consisting of 3 u.m wide stripe waveguides. The 
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splitting of the light paths into the two arms at the first Y-coupler and their 
recombination in the second one is clearly visible. Additionally, the light 
guided in the subsequent part of the stripe waveguide can be observed, 
demonstrating the light transmission through the complete interferometer 
structure. 

Fig. 35. Mach-Zehnder Interferometer structure guiding a TMO mode at 
A = 785.1nm. 
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5.2. Refractometric measurements 

5.2.1. Sensor response on different Ethanol/Water mixtures 

5.2.1.1. Demonstration of sensor concept feasibility and 
measurement range 

5.2.1.1.1. Waveguide parameters 

First experiments to test the feasibility of the sensor based on the light 
pointer concept were performed with a chip consisting of a Ta2O5 film 
(nf = 2.2184) deposited on a fused silica substrate (ns = 1.4571) of 0.85 mm 
thickness by a shadow mask technique. In spite of the relatively deep 
gratings (hg = 12 nm), the thickness taper characterization was performed 
based on the expressions given in Sec. 2 in the thin grating approximation. 
In order to minimize the systematic error introduced into the refractometer 
measurements by this approximation, the films were characterized with 
ethanol (nc = 1.3565 @ 27.50C), one of the test liquids, as cover medium. 
The refractive index nc was determined by an Abbe refractometer with an 

accuracy of 3*10'4 a nd by applying the temperature correction coefficients 
found in [57, p. E-384], The exponential model function 

hf = HFO + HFl exp (y [UJTI] / HF2) [urn] (36) 
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was fitted to the experimental data to yield the solid curve shown in Fig. 36. 
The resulting values of the fit parameters were HFO = 0.1289 um, 
HFl = -0.02128 \im, and HF2 = 4315 um. An input coupling pad GPj with a 
periodicity Aj = 482.0 nm and an output coupling pad GP0 with 
A0 = 521.8 nm were separated by a smooth waveguide section of 1 mm 
length. The input grating was illuminated at a fixed angle 9j = 18.05° over a 
length Lj = 0.5 mm by a weakly focused beam at the wavelength 
X = 632.8 nm through the substrate according to Fig. 12. Due to the large 
coupling coefficient of the doubly stacked gratings (cf. [3", Fig. 2b]), the 
effective grating length Lg is expected to be substantially smaller than Li. 
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Fig. 36. Thickness taper profile (top) and Integrated optical 
light pointer irradiance (bottom) for a miniature 
refractometer chip based on a gradient in the effective 
waveguide index. 



5.2 Refractometric measurements 73 

5.2.1.1.2. Refractometric experiments 

The peaks shown in the lower part of Fig. 36, measured with the linear CCD 
array, correspond to the positions yb of the IO light pointer for ethanol or 
water as the cover medium. Since an other setup at an other temperature was 
used to determine the thickness taper profile hf (y), the position of the 
"ethanol peak" was used to calibrate the position y = 5.12 mm on the y-axis 
corresponding to the refractive index nc = 1.3547 for ethanol at the 

temperature of 32°C at which the experiments were performed. Due to a 
magnification factor of 1.62, the range of 6 mm shown in Fig. 36 amounts to 
a range of 9.72 mm on the CCD array, corresponding to 694 pixels. The 
solid lines shown in the lower part of the figure have been obtained by fitting 
the model function 

I(y) = A + By + Ccxv[-D(y-yb)
2] (37) 

to the experimental data points. The function I(y) represents the irradiance 
distribution of the IO light pointer at the output coupler location. 

Upon changing from ethanol to water, a shift of the IO light pointer position 
by an amount Ay0 = 1.87 mm, corresponding to a thickness change 
Ahf = 2.28 nm was observed (cf. Fig. 36). What becomes obvious from the 
results is the effect of the exponential taper profile not only on the 
sensitivity, but also on the width of the peaks. 

The smaller slope of the taper profile at the water peak position produces a 
higher sensitivity and an increase of the peak width. The experimentally 
determined full widths at half maximum of the peaks were W06 = 467 ^m 
and wDW = 703 p.m for the ethanol and water peaks, respectively. 

The position shift of the light pointer was in good agreement with the 
theoretically predicted values. Further measurements (see next section) were 
performed to determine the absolute accuracy of the refractive index values 
obtained from the light pointer positions. 
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5.2.1.2. Demonstration of sensor accuracy 

5.2.1.2.1. Waveguide parameters 

In this experiment, a waveguide consisting of a TÌO2 film deposited on a 
fused silica substrate was employed. As in the previous experiment, the 
values for the thickness A/and the refractive index n/ of the waveguiding film 
were determined with ethanol, one of the test solutions, as cover medium to 
reduce the error introduced by modelling the waveguide in assumption of the 
thin grating limit. 

The results of the sensor chip characterization for the TÌO2 waveguiding film 
are shown in Fig. 37. 
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The measurements yielded a linear taper of the equivalent thickness 

hf*(y) = a + b * y (38) 

with coefficients a = 78 nm, b = 1.0*10-6 for X - 632.8 nm and a = 79 nm, 
b= 1.0*10-6 for A = 785.1 nm. The two equivalent thicknesses differ by 
less than 1 nm (cf. Fig. 37). 

The corresponding results for the refractive index gradient 

nf (y) = c + d * y (39) 

with coefficients, c = 2.33 and d = 2.1*10-3 nun"1 for X - 632.8 nm, and c = 

2.27 and d = 2.1*10-3 mm"! for X = 785.1 nm (see Fig. 37). The input and 

output waveguide gratings had periodicities of Aj = 481 nm for the input 

grating and A0 = 650 nm for the output grating coupler. 
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5.2.1.2.2.Refractometric measurements 

For this measurement series, TMo light pointer modes were excited by 
illuminating the grating G1 by a HeNe laser beam (X = 633 nm) at an angle of 
incidence 8j = 12.2°. Different mixtures of ethanol ('pro analysi' quality, 
purity > 99.8 %) with a small amount of water were pumped through the cell 
and the irradiance distribution on the line CCD was measured. For 
comparison, the refractive index of the mixture was determined by a 
commercial Abbe refractometer in a subsequent step. Fig. 38 shows the light 
pointer irradiance distributions, obtained by fitting the experimental data 
with a Gaussian model function. With 1 mm of grating length illuminated, 
the theoretical model given in [58] predicts a minimum beam width of 
- 200 (im, which is in good agreement with the observed widths > 250 |im. 
A change of the refractive index by 10_4 produces a light pointer shift of 
> 10 Jim which is at the resolution limit of the present setup. 
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The refractive index of an ethanol-water mixture rises upon adding small 
amounts of water to the ethanol, until the azeotropic concentration is 
reached, then it decreases to the index of pure water. Fig. 39 shows the rise 
of the refractive index upon adding water to ethanol [60]. The values at 633 
nm plotted in Fig. 39 were determined based on the light pointer positions 
Yb (nc ), measured for the TMo mode. For this purpose, the linear regression 
curves shown in Fig. 39, representing the refractometer chip parameters, 
were used. For the mixtures considered here, the optical dispersion does not 
differ much from that of pure ethanol. Therefore, the original nD (X = 589.3 
nm) values from the Abbe refractometer measurements were dispersion 
corrected to the wavelength of the HeNe laser using a fit to the literature data 
[59] for pure ethanol. The resulting values are included in Fig. 39. 
Repeating the measurements, an accuracy of about 2*10"4 was observed for 
both the Abbe refractometer and the IO chip. First experiments at the 
wavelength X = 785 nm, also performed for the TMo mode, show a similar 
change of the evaluated cover refractive index. The angle of incidence was 
changed to Q1 = - 8.8° in order to keep the pointer position in the same chip 

region. If the whole width of the present refractometer chip (17 mm) is used 
for the measurements, a full range of the absolute refractive index of about 
0.19 can be achieved per fixed angle of incidence. 
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Fig. 39. Comparison of absolute refractive indices 
determined by the IO chip (•) and by a commercial 
Abbe refractometer (D). 
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5.2.1.3. Dynamic sensor measurements 

Dynamic measurements, where the position of the IO light pointer was 
continuously monitored during a repeated switching between ethanol and 
water, have been performed employing the sensor chip characterized in 
5.2.1.1 and using the setup shown in Fig. 12, but with the CCD array 
replaced by a position sensitive detector (PSD, Hamamatsu S3932). The top 
part of Fig. 40 shows the control signals used for switching between an 
ethanol or water flow through the refractometer cell. The resulting output 
signal, created by the IO light pointer beam moving over the PSD surface, is 
shown in the lower part of the figure. It was obtained by feeding the output 
of the PSD circuit into a digital oscilloscope with an 8 bit resolution. 

Two different times characterizing the sensor response are defined in Fig. 40. 
The time delay xj between the edge of the valve control signal and the 
beginning of the sensor reaction originates essentially from the valve 
switching time and the time the liquid needs to flow from the valve to the 
sensor cell. A value Td = 200 ms was observed at a flow speed of 2m/s in 
the connecting tube and 0.3m/s in the test cell. The rise time x r , describing 
the time for a signal change between 10% and 90%, was -350 ms. 
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Fig. 40. Output signal (bottom) and valve control signals (top) for 
an IO light pointer transducer chip. 
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It is mainly determined by the time required to completely exchange the two 
pure liquids in the cell. 

An output signal undershoot of ~8% with a duration of -200 ms is 
reproducibly observed upon reaching and leaving the pure ethanol condition. 
This corresponds to an apparent transient increase by Anc« 2.4*10-3. 

According to the results shown in chapter 5.2.1.2.2, a difference of this 
magnitude would correspond to a water content of about 8 %. Therefore, 
this transient refractive index excursion corresponds well to the mixtures 
dynamically sweeping through the azeotropic concentration. However, a 
lower signal excursion results from the bandwidth of the PSD electronics 
being too low to follow the very fast light pointer displacement. 
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5.2.2. Measurements of chemical quantities 

For performing chemical measurements, the chemically sensitive membrane 
described in Chapter 3.1.3 was deposited on a waveguide consisting of a 
tapered TÌO2 film deposited on a quartz substrate with etched gratings. Two 
different gratings having the periods Ai = 650.4 nm and A2 = 480.0 nm had 
been etched into the substrate. Due to problems encountered with direct 
coating of the membranes on the TiO2 film (cf. Chapter 4.7), the chip had 
been coated with a 20 nm thick S1O2 intermediate layer. The spin coating 
was performed at 800 rotations per minute for 45 seconds immediately after 
filtering the membrane cocktail. 

After installing the chip in the measurement cell, the membrane had to be 
'conditioned', i.e. a buffer solution was pumped into the cell to protonate the 
ionophore, while at the same time positively charged metal ions were 
removed from the membrane into the solution. 

In first experiments performed at a wavelength of X= 690 nm, modes were 
excited by illuminating one of the grating couplers as depicted in Fig. 12. 
However, it was not possible to observe light coupled out from the mode via 
the second grating. This might be due to the grating distance of 1 mm in 
combination with the high absorbance of the membrane at this wavelength. 
For this reason, the operating wavelength was changed to X = 785 nm, where 
the absorption measurement displayed in Fig. 5 showed lower values. 
Additionally, the scattering due to waveguide imperfections is lower at this 
wavelength. 

The incident TE-polarized laser beam illuminated the grating of period 
Ai = 650.4 nm at an angle Qj = 45.1°. By this, the TE0 mode was locally 
excited by the first diffraction order of the grating, producing an integrated 
optical light pointer (cf. Chapter 3.2.3). Since the mode coupled out from 
the output grating was only faintly visible due to waveguide losses even at 
this wavelength, the second diffraction order of the input grating was 
observed for the measurements. The linear CCD detector was placed into 
the output beam of the second diffraction order at an angle of 29.9°. 
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The irradiance on the linear CCD device was scanned continuously by a 
computer controlled setup, as described in Chapter 3.2.5.2. The position of 
the maximum of a Gaussian curve fitted to the irradiance was written to a file 
approximately every three seconds. Five subsequent measurements were 
averaged to obtain a data point in the position signal displayed. 

In these first measurements, solutions with different concentrations of Ca-
ions were pumped through the measurement cell. For a first demonstration 
of the sensor principle, Ca2+-concentrations of 10"5 mol/1 and 10"1 mol/1 were 
chosen. An amount of 15 ml test solution was pumped through the cell of 
about 15 p.1 volume during each liquid exchange phase, so that a complete 
exchange of the cell content could be assumed. The pumping then was 
stopped and the solution remained in the cell for 10 minutes, which was 
expected to be a sufficient period of time for the membrane to get close to 
the equilibrium state. After this waiting period, new test solution was 
inserted. The time for insertion of the new test liquid was about 30 seconds. 

Fig. 41. Concentration of Ca-ions in test solution (top) and 
evaluated light pointer position (bottom). 
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The results of the position measurements of the light coupled out from the 
integrated optical light pointer are shown in Fig. 41. In the first phase, the 
membrane was in an equilibrium state being in contact with buffer solution 
without any Calcium content for about 30 minutes. Subsequently, the test 
solution was switched several times between the 10"!-molar Ca -solution and 
the 10 5-molar Ca -solution to test the repeatability of the experiment and the 
long-term stability of the setup. 

The position signal depicted in Fig. 41 shows that the chosen cycle period of 
ten minutes is too short for the membrane to reach the equilibrium state for 
both concentrations. The system shows a slightly longer time constant for 
switching from the high to the low concentration than vice versa. It can also 
be seen that the light pointer positions are quite reproducible when the 
measurement is repeated several times. The measurement range tested can 
easily be subdivided into at least ten or twenty steps, leading to a resolution 
of about one fifth of a decade of concentration for the present setup. 

The measured shift in the light pointer position of = 200 um upon varying 
the Ca-concentration by four decades corresponds to a change in refractive 
index of the chemically sensitive membrane of about 4*10"3. It is evident 
from the measurement that a larger excursion of the lateral pointer position 
will occur if more time is allowed for the system to reach the equilibrium 
state. This change is in the same order of magnitude as the results presented 
by Freiner et al. in [13], where a change in the membrane's refractive index 
of 1.3*10"3 per decade of Ca-concentration was reported for a wavelength of 
688 nm. 

The measurement shows both the suitability of this sensor arrangement for 
sensitive chemical measurements as well as its possible application for 
measuring dynamic effects of the sensor membrane. 
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It was also tested to deposit the chemically sensitive membrane on T1O2 -
coated polycarbonate substrates. For stability purposes, these chips of 
0.25 mm thickness are usually glued on small glass slides using UV-curable 
epoxy resin in our laboratory. Unfortunately, the solvent of the membranes 
(Tetrahydrofurane) attacks the epoxy, leading to opaque areas under the chip. 
For future measurements with sensor membranes coated on these chips, the 
epoxy has to be protected laterally against the solvent. 
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6. Conclusions and Outlook 

In this thesis, different schemes for miniature integrated optical sensors 
suited for miniaturizing the complete sensor system were proposed and 
investigated. The sensors were based on measuring the influence of external 
parameter changes on the evanescent field of a guided wave. 
The first system was based on the spatial variation of the resonance condition 
for coupling into a planar or slightly tapered waveguide via a grating coupler, 
thus exciting a so-called 'integrated optical light pointer'. The refractometric 
experiments performed on a setup of this type showed that the system is 
suitable for building compact refractometers with fast response time and 
high precision [60], the accuracy being comparable to commercial systems. 
For a higher precision or a larger range of refractive indices to be measured, 
the waveguide simulation used for the re-calculation of the cover refractive 
index from the waveguide parameters and the light pointer position has to be 
extended to model gratings with finite depth [18]. 

The use of sensitive membranes as cover of the waveguide to convert 
concentration changes of a specific chemical substance into a refractive 
index change of the cover medium was also investigated. After solving 
problems with the coating process and chemical interactions between 
waveguide and sensor membrane, a measurement of Ca-ion concentration in 
a solution was performed based on a waveguide with thickness variation. 
The sensor response on the change between a solution with 10' and a 10" 
mol Calcium per litre as test solutions was quite high, so that a resolution of 
the system of about 0.2 decades of Ca-ion concentration can be expected. In 
subsequent works, membranes of the same type being sensitive to heavy 
metals might be applied to the measurement chips. 

Another approach for the realization of highly sensitive integrated optical 
sensors are interferometric structures. A new method was developed to 
produce Mach-Zehnder interferometer structures together with focusing 
grating couplers for input and output in a single hot embossing step into a 
polycarbonate foil followed by waveguide coating. Samples of this type 
were fabricated and characterized; the input and output of a collimated free-
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space beam to a 4 p.m wide stripe waveguide was experimentally 
demonstrated as well as the light transmission through a Mach-Zehnder 
interferometer formed of 3 \im wide stripe waveguides. This approach is 
very promising for the fabrication of very sensitive low-cost sensors, since 
not only the chip itself is a low-cost device, but the integration of the 
focusing coupling function into the chip allows to reduce the demands for 
external optical elements and adjustment devices. 
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Title figures : Embossed polycarbonate substrate with various waveguide and 
interferometer structures combined with focusing grating couplers, excited by a HeNe-
laser beam (Fig. 32) and scheme of a Mach-Zehnder interferometer sensor with focusing 
input and output couplers (Fig. 22). 


