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Abstract

This paper describes the design, fabrication and testing of a pigtailed integrated optical (10) phase-modulated Mach—Zehnder
interferometer (MZI1) including both the optical chip and the electronics. The optical chip is realised in SION technology. The 10
components (the sensing function, the straight waveguiding channels, the phase modulator, the polariser, the splitter, the combiner and the
fibre-to-chip connection unit) are individually optimised and interconnected by using transversal adiabatic tapers. To obtain a high
waveguide evanescent field sensitivity, the sensor is designed for — but not limited to — a wavelength of 632.8 nm. The integrated MZ|
is actively phase-modulated by virtue of the electro-optic effect of the incorporated material zinc oxide (ZnO). The electro-optical
voltage—length product V, is ~ 16 V cm at frequencies above ~ 10 Hz. The polariser is a distributed function, that effectively filters
TM-polarised light (TE/TM polarising ratio > 30 dB). The fibre pigtail, affording remote optical sensing, is based on a cheap,
easy-to-use fibre-to-chip connection with a typical coupling efficiency of 50%, while the device throughput (‘‘insertion loss'’) is ~ —20
dB. The drive- and demodulation electronics enable a phase resolution 5 X 105 X 277, corresponding to a refractive index resolution of
~ 2 X 1078, The sensing system as has been realised up to now shows a phase resolution of ~ 1 X 10~ X 27, its long-term stability
(hours) being < 3 x 10™4 x 2. This corresponds to a refractive index resolution of ~ 5 x 108, and a long-term stability of ~ 1077,
© 1999 Elsevier Science SA. All rights reserved.
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1. Introduction

There is a growing need for sensitive chemical sensors
in areas such as process technology, health care, environ-
mental control, biotechnology, etc. [1,2]. For many appli-
cations these sensors should show a high resolution over a
wide dynamic range, they should be very sensitive, selec-
tive, fast, small and cheap, and should be suited for remote
sensing. An attractive option fulfilling all these require-
ments is offered by integrated optical (10) sensors [3]. In
these optical chips the chemical parameter to be sensed,
the measurand, influences in the sensing region directly or
by means of a chemo-optical transduction layer the propa-
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gation properties of a guided light beam propagating
through the chip. Using appropriate optical circuitry, these
changes of propagation properties can be converted into a
change of the optical output power. In turn, this is mea-
sured using a photo detector and appropriate electronics.
Generally, selectivity is provided by the chemo-optical
transduction layer, aternatively called the sensitive layer.
This layer contains receptor units, that selectively associate
with the chemical entities of the measurand. In addition,
this layer can concentrate the measurand molecules and
enhance the optical effects of their presence.

Using identical optical chips and €electronics, the con-
centration of a large variety of measurands can be deter-
mined, simply by applying the appropriate transduction
layer. Such sensor families can imply immunosensors hav-
ing antibody proteins as receptor molecules [4], gas sensors
(eg., CO,, SO,) with silicates containing functiona or-
ganic groups [5], etc.

0925-4005,/99/$ - see front matter © 1999 Elsevier Science SA. All rights reserved.
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Mostly the relevant changes of optical parameters occur
in aregion just outside the core layer of the waveguide, the
evanescent field region (see Fig. 1). Hence, such chemical
O sensors are often called evanescent field sensors. The
changing optical parameters imply whether the refractive
index n, the absorption coefficient «, or luminescence
parameters. In the refractive and absorptive sensors the
parameter change expresses itself as a change of the
(complex) phase velocity of the guided beam and can be
quantitatively expressed as the change of the (complex)
effective refraction index Ny of the propagating mode. A
pure index change manifests itself as a change of the rea
part of the effective index, an absorption change as a
change of its imaginary part. In the refractive sensors
(purely An) the read out of the change A Ny; can be based
on mode coupling, as is the case in surface plasmon
resonance (SPR) sensors [6—8] and grating sensors [9,10],
or on the related change of the phase. The latter form the
base for the interferometric sensors such as the difference
interferometer (polarimeter) [11,12] and the Mach—Zehnder
Interferometer (MZ1) [13-18].

For al these types of An-based sensors, the minimal
detectable change of the effective refractive index A Ny
has been derived [3,19] to be:

ANyt minima = 9(A/Lint) (1)
with L, the ‘‘interaction length’’ of the guided wave with

int
the analyte, A is the wavelength used, and the factor g,
depending on the applied experimental measurement tech-
niques, is generally in the order of 1-5x 1072 [3].
Although very good results are obtained with both the
SPR sensor and the grating coupler concept, the interfero-
metric sensors are generally supposed to have the highest

sensitivity potential [3,17,19]. This is mainly based on the

analyte

interaction length (L)
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Fig. 1. Cross-section of a three-layer waveguide along the propagation
direction of the light. The sensing region is filled with the chemo-optical
transduction material of which the optical properties are probed by the
evanescent tail of the modal field.
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Fig. 2. Schematic top view of an IO MZI consisting of channel wave-
guides. The sensing branch contains the sensing region (grey).

possibility of using large interaction length values resulting
in enhanced sensitivity (see Eq. (1)). A typical value of
L, is 1 cm for the MZI, being (at least) an order of
magnitude larger than the typical values of 1 mm for the
grating coupler and 10-100 pm for the SPR sensor.
Amongst the interferometric sensors it is only the MZI
sensor that contains an easily accessible reference arm (see
Fig. 2). When used properly, this reference arm can make
the sensor (nearly) insensitive to many perturbing effects
[19,20]. The resulting large intrinsic stability results in an
improved sensor resolution, making the MZI sensor very
attractive [4].

The high potential of the integrated MZI has initiated a
large amount of research. Recently much progress has
been made, resulting in various promising applications
[13-18,20-22]. Nevertheless, until now the IO MZI is
seldom applied for commercial sensor applications. The
reason may be, that coping with intrinsic factors, such as
fringe order ambiguity, directional ambiguity and sensitiv-
ity fading, just as with extrinsic disturbing factors such as
light source and temperature fluctuations and in addition
the influence of technological imperfections, will lead to
rather complicated optical chips and processing electron-
ics.

In this paper, we will describe the design, the realisation
and the performance of a complete MZI system, including
both the optical chip and the electronics. The design
objectives will not be directed to obeying a given set of
guantitative specifications but will show a more qualitative
nature, such as a low detection limit and a high resolution
over awide range. Also the system should be incorporated
into a fibre network, hence amongst others a low input
power is wished. The area of the optical chip has to be
kept small, while there is a strong wish to keep the
technology as simple as possible implying a small number
of technological steps only.

An analysis of the MZI (Section 2) enables the transfor-
mation of the general objectives into more operationa
ones. A functional structure is proposed and requirements
are set to the individual functions. In Section 3, a novel
serrodyne type of modulation principle will be introduced.
After a discussion of the choice of the materials and the
(available) technologies (Section 4) the individual func-
tions are designed, optimising them with respect to their
requirements (Section 5). In Section 6 the separate steps
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for the fabrication of the optical chip are given. Both the
individual components and the complete sensing system
are tested and the results are discussed (Section 7). Finally
the prospects of this new device are given (Section 8),
followed by a summary of the main conclusions (Section
9).

2. MZIl analysis
2.1. The principle

InaMZI (see Fig. 2), the incoming light is divided over
two branches. Both branches are combined again, that
combination leading to the interference of the individual
branch beams. This results into an output power P, that
depends on the phase difference A ¢,, of both beams in the
combination area. It is that phase difference that will be
made dependent on the measurand concentration.

2.2. Conversion of a chemical concentration into a phase
difference

A cross-section of the sensing waveguide along the
propagation direction has been given in Fig. 1. In that
waveguide, the light can propagate in the form of some
specific modes only: lateral patterns of the electric field
(field profiles), each pattern being related to a specific
value of the phase velocity and hence to a specific value of
the effective index Ny. The number of modes able to
propagate through the waveguide, their corresponding
Ng-values and their field profiles depend strongly on the
refractive index distribution in a cross-sectional plane per-
pendicular to the propagation direction. Mono-modal
waveguides are possible. To make the propagation insensi-
tive to environmental conditions, the waveguide core layer
is sandwiched between a cladding layer and a substrate
layer (see Fig. 1). Both layers have such a thickness, that
the field profile is completely confined within that three-
layer waveguiding system. To sense however, the cladding
layer has to be locally removed (the sensing region) and
there the mode propagation will be sensitive to the refrac-
tive index changes of the materials within the evanescent
field region.

Here two cases have to be distinguished.

- In the first case the evanescent field region is com-
pletely filled with one sensitive material only (homoge-
neous sensing). This materia can be a liquid, eg., a
mixture of two liquids or a solution of one chemical
compound, the refractive index being a measure for the
mixing ratio or the concentration ([c]), respectively. It also
can be a solid in which (selective) receptor sites are
incorporated, its refraction index being a measure for the
fraction of filled sites.

+ In the second case a very thin chemo-optica trans-
duction layer has been applied within the evanescent field

region directly on top of the core layer (surface sensing).
The evanescent field is extending into the environment
above that layer too. This is, eg., the case in immune
sensors, where the transduction layer is formed as a
mono-layer of antibodies. Here Ny is sensitive to changes
of the refractive index in both the transduction layer and
the environment.

In the sensing part the refractive index change within
the evanescent field region (due to the measurand) results
into a change of the effective index A Ny and hence into a
phase change A Pm(easurand)-

27
Ag,= A LintANeff (2)
0

where A, is the vacuum wavelength of the light used, L,
is the interaction length.

The phase difference will be the larger with larger A Ny
and L;,, and with smaller wavelength A,. The available
chip area limits the interaction length.

2.3. Conwersion of the phase change into a power change

2.3.1. Perfect technology

At firgt, a hypothetical MZI will be considered that is
produced by a perfect technology, enabling to produce
exactly the device as is intended. This perfectness implies,
e.g., that the ratio of the beam powers in both branches is
exactly one, and the phase difference in absence of the
measurand is exactly zero. We also assume the light source
to be strictly monochromatic. It can be derived [23] that
the output power P,, can be given as.

Pout = Zpin,k(1+C05A€Dm,k) (3)
k

where P, isthe input power of the k-th mode, A ¢, is
the measurand-induced phase difference related to mode k.

For the case that only one mode is propagating, the
transfer function of the MZI, i.e., the power ratio P, /P;,.
is depicted as a function of A¢,, in Fig. 3. The points
where A ¢, = (n+ 1/2)7r are called the quadrature points.
From this power ratio the phase difference A ¢,, has to be
derived. This implies that in addition to P, also P;, has
to be measured. This can be realised by tapping off a small
and constant part of the input power and leading this to
another detector.

The transfer function is periodical, one period being
called a fringe. Fig. 3 clearly illustrates the three intrinsic
problems related to the MZI principle.

- The fringe order ambiguity: in determining the phase
difference from a given value of the power ratio in addi-
tion to Ag,, every A/, = Ag,, + k2, with k, being an
integer, is an equally probable solution.

- The directional ambiguity: within a fringe starting
from an extremum in the transfer function the direction of
the change of A¢,, cannot be deduced from the transfer
function change only.
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Fig. 3. Plot of the transfer function of the MZI versus the phase difference A ¢, showing the fringe pattern and the associated intrinsic problems for the

determination of A ¢, from a measured transfer function value.

- The sengitivity fading: the sensitivity (e.g., the Sope
of the fringe pattern) is dependent on the value of Ag,,,
becoming even zero at the extremes of the transfer func-
tion.

Using perfect technology a solution might be found in
adjusting Agy, @ Ag,=0 (=A¢, _o=A¢,) t0 a
quadrature point and to lower the interaction length to a
value where al possible A ¢, changes are limited to a
quarter of a fringe. This however will be at cost of the
resolution and the detection limit.

A more promising way is to apply active phase modula-
tion, which overcomes the problems of directional ambigu-
ity and senditivity fading. In Section 3, a new phase
modulation principle will be presented, that also affords
for counting the fringes in an easy way.

Propagation of severa modes at a time will complicate
the measurements remarkably. Hence, in general, the MZI
is designed as a mono-modal system which, in spite of the
epithet mono-modal, has two modes (the TE, and the
TM,) having their electric and magnetic field vectors,
respectively, parallel to the layer boundaries, which can
propagate. Both modes have non-identical field profiles
and (in general) also non-identical Ny-values, hence in the
MZI they will behave in a different way. Now, there are
several options to proceed.

+ One can launch one mode only (either TE or TM)
and then Fig. 3 holds.

- In case both modes are launched at the same time,
the separate input and output powers can be determined by
introducing appropriate filter functions, appealing on the
differencein Ny or field profiles of both modes [24]. This
is in fact a variation of the well-known dual wavelength
interferometry [25], in principle, enabling the determina-
tion of the fringe number.

- If launched from a common single-mode fibre, where,
in general, the polarisation state of the mode at the fibre
output is unknown, the power ratio of the launched TE,
and TM, modes will be unknown. In case one desires
one-mode propagation only, the other mode has to be
removed, eg., by implementing a TE/TM polariser. To
exclude the chance that all launched light will be in the
wrong polarisation state, either a non-polarised laser or a
smart polarisation converter has to be applied; such a
device is subject of current research within our group.

2.3.2. Imperfect technology

A lot of on-chip technological imperfections (non-uni-
formity of the thickness, width and losses of the wave-
guide, imperfect splitter and combiner functions, sensor
window-induced losses, etc.) result into deviations from
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relation (2), which can be represented by introducing the
so-called fringe visibility V together with a bias phase-off-
set A, [23]:

l:)out~ Pin(1+VCOS(A‘Pm +A¢’O)) (3&)

where Ag,, + Apy=A¢,,and 0<V <1

The phase offset A ¢, now represents the optical path
length difference between the arms of the MZI in absence
of the measurand:

Aeo= [ Na(Ddi=[°  Ng(Ddl - (3)

A branc

where A and B correspond to the splitting and combining
point, respectively (see Fig. 2).

From the power ratio P,,/P;,, A¢, can be deduced
only if V and A ¢, are known from calibration.

Obviously V weights the effects of a phase change on
the transfer function and for obtaining a high resolution V
has to be close to unity. This means that imperfections
have to be reduced as much as possible. The V-value is
also related to the non-monochromatism of the light source
expressed as the spectral band width A fg,,, . Which can
be can be easily quantified for laser diodes [23] as being:

AfF\NHMA‘Pb) (4)

where V, is the fringe visibility for a monochromatic light
source with frequency f,.

In order to fulfil the wish of having V close to unity the
unbalance A ¢, has to be low. Hence, for reducing effects
of spectral band width a well-balanced (i.e., both branches
as identical as possible) MZI is required. This points to the
implementation of a sensing window not only in the
sensing branch, but also in the reference branch, the latter
being filled with a passive material with a refractive index
and — in case of surface sensing — also a layer thickness
as near as possible to that of the sensitive material.

V=V0exp( T
0

2.4. Noise influences

Noise is generated both by the light source and the
detector. Effects of noise in the driving current of the
source in general can be reduced strongly by using well-
balanced MZIs. Effects of laser shot noise and spectral
band width can be expressed as uncertainties in the phase
difference. In case the MZI is (held) in a quadrature point,
as will be done using the phase modulation method pro-
posed in Section 3, the exact expressions become [23]:

1 [2hf AT,

VAed) =y — 5 (5a)
[(A g2 = %F o (5b)

where P is the power emitted by the light source, 7 is the
delay time, i.e., the difference in time needed for propaga

tion along both branches, t, is the coherence time, Af,, is
the detection band width.

From the relations it can be seen that, also for reducing
the noise, the V factor has to be close to unity and the MZ|
has to be well-balanced (7 — 0). Both phase errors are
proportional to the square root of the detection band width,
so this band width has to be made as small as possible. To
obtain a spectral band width related phase error smaller
then 277 X 10~° over a wide range, a laser has to be used
as the light source [23]. Because gas lasers are much less
sensitive to temperature fluctuations and to reflected light
then laser diodes, gas lasers are preferred.

As to the detector noise; if the smallest detectable phase
step (the resolution) is equivalent to a power difference
AP, then the ratio of AP and the NEP (noise equivalent
power) of the detector has to be larger than about three.
Because of the sinusoidal periodicity of the transfer func-
tion, AP will depend on A¢,. To obtain a phase resolu-
tion of 277 X 105 near the quadrature point, AP/P,_ has
to be smaller than 5x 10~%, where P,_ is the power on
the detector in case A ¢, = m27r, m being an integer. P,,.
is related to the power emitted by the light source P, ..
by:

Py = Psource”’)source—(:hipnchiF)“’]Chip—de“eCtor ! (63.)

Where Ngurce—chip @0 Menip_getector A€ the efficiencies of
coupling light from the source into the chip and from the
chip into the detector, respectively, and 7y, indicates the
transfer function for A ¢, = m2, this value being larger
with smaller propagation losses of the MZI.

Because the sensor has to be incorporated into a fibre
network, the laser has to be connected to a fibre: therefore,
Tsourcechip = Tsource—fibre Mibre—chip: 10 obtain a resolution
better than 1 X 10™° X 277, one has to obey the relation:

AP 3NEP
Z ]
5x107% 7 5x 1078

P,,> thus (6b)

Psourcensource—fibrenfibre—chipnchipnchip—fibrenfibre—detector
> 6 X 10° NEP (at A ¢, = m21r) (6c)

To feed many sensor chips from one laser source, the
required P, has to be as small as possible, meaning
that

— all coupling efficiencies has to be high; for this

reason, at the input a single-mode fibre and at the output

a high NA multi-modal fibre will be used;

— the propagation losses of the MZI have to be small;

— the NEP of the photodiode has to be smal, in

combination with:

— the detector band width has to be small.

urce

2.5. Temperature fluctuations

Theinfluence of temperature fluctuations on the read-out
system is small, because both branches of the MZI can be
close (distance about 40 wm) to each other. To minimise
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the temperature difference between both branches a sub-
strate with a high thermal conductivity (such as a silicon
wafer) is preferred. The effect of temperature on the
association constants of the receptor units in the sensitive
layer cannot be compensated for; hereto, temperature sta-
bilisation- or software-based corrections after measuring
the real temperature are needed. Influence of temperature
on the refractive index of the senditive layer (empty sites)
and of the environment (in case of surface sensing) will
aso influence A¢,. This can be compensated for by
applying a comparable sensing window in the reference
branch. Here, this window should be provided with a
passive layer with parameters (thickness, refractive index
and temperature coefficient of the refractive index), nearly
identical to those of the sensitive layer, e.g., a passivated
sensitive layer. In case of homogeneous sensing this passi-
vation can be obtained by simply covering the layer with
an additional layer that should be impermeable for the
measurand molecules.

2.6. Conclusions

The given analysis enables a conversion of the original
system objectives into more device or component oriented
goals and into boundary conditions.

(1) Functions for dynamic modulation have to be imple-
mented on the chip.

(2) In addition to the sensing window in the signa
branch, an identical window has to be implemented in the
reference branch. This window has to be filled with an
inactive layer, having an identical layer thickness, refrac-
tive index and temperature coefficient of the refractive
index as the sensitive material in the sensing window.

(3) TM- or TE-polarised light has to be detected only,
hence a TE/TM polariser has to be added at the chip.

(4) From the fibre the light has to be coupled efficiently
into the chip, requiring the implementation of a fibre—chip
coupling function.

(5) A function has to be implemented to tap off a
constant part of the input power.

(6) Electronics for modulation and demodulation has to
be added.

(7) The waveguide channels have to be mono-modal.

(8) The MZI has to be well-balanced, or (alternatively)
the fringe visibility has to be close to unity. This means
that the optical path length and the losses in both branches
have to be nearly identical. Also the splitting and combin-
ing functions, the latter being the inverse of the first one,
have to show a splitting ratio close to unity. To obey the
balancing condition it should be nice to apply modulators
in both branches, being driven in counter-phase. This can
be realised by using two identical electro-optical modula-
tors. Here An,_, is proportional to the electrical field E
and so to the applied voltage. Besides, electro-optical
modulation requires low energy consumption and does not
produce excess heat, which could disturb the detection
process. To become compatible with standard electronics,
the driving voltage has to be low, preferentially not ex-
ceeding the 5-V level.

(9) Propagation losses of the MZI have to be small.

(10) Light source and detector have to show alow noise
level. Here a small detection band width is favourable.

(11) The spectral band width of the light source has to
be small, just as the wavelength, favouring the use of a gas
laser.

(12) A substrate material with a high thermal conductiv-
ity is preferred.

(13) Cadlibrations are required for determining the val-
ues of the fringe visibility V and the phase offset A ¢,.

All these requirements result into a functional structure
as depicted in Fig. 4.

In the previous sections, the theoretical sensitivity con-
siderations on an 10 MZl-sensor have led to severd
important choices and recommendations. In Fig. 4, those
choices have been summarised. From this functional struc-
ture analysis, the difficulties for commercia exploitation

electronic wires

opfical fibre

1,8. fibre-to-chip connection unit

2. polariser
3. power splitter

4. single-mode channel waveguide

5a.,b. phase-modulator

6a. sensing interaction window
6b. reference interaction window
7. combiner

9 photodiode

10. (de)modulation electronics

Fig. 4. Functional structure of an 10 phase-modulated MZI sensing system. For an explanation of the optical components, see text.
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of 10 MZI sensor systems can be understood: the MZI
should be actively phase (de)modulated, requiring elabo-
rate external electronics. Besides, the optical chip should
consist of single-mode optical channels supporting five

3. (Del)modulation principle

In Section 2, it has been concluded to apply an AC
modulation scheme and to implement an electro-optic

modulator in each of both interferometer branches. Many
modulation principles are known to increase the sensitivity
of the integrated interferometer [22,23]. A survey of the
most relevant ones in case of electro-optical phase modula-
tion has been given in Ref. [23]. Here we propose a novel
serrodyne type of modulation method based on the detec-
tion of quadrature points. The principle is visualised in
Fig. 5. In Fig. 5a the time dependence of the triangular
modulating voltage V, is shown, being the sum of absolute

main functions, being:
- gplitters and combiners;
- sensing regions;
- optical phase modulators;
- apolariser;
- fibre-to-chip connection units.
Optimal performance of all these main functions will
put different and — as can be expected — sometimes
contradictory conditions to the waveguide structure.

) Ta
5 V27t E
250
e
TEQ
a. 0 :
fime
_ quadrature
8 L,/ T/Oims\ /N
83 |
b, =3 0
time

quadrature

l BAVAV!
/

a.c.-Mzl-
output (V)

C.
‘ T
é A [
s Ay,
O - < >
g3 T
d 83 : |
fime

Fig. 5. Schematic representation of the active phase modulation used: the time triangular-shaped voltage with amplitude V,,. and period T, (a) results into
a time-dependent MZI output (b). With an appropriate RC network this response is AC-coupled (c), and digitised to standard TTL level using a

‘‘zero-level” comparator (d).
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values of the voltages as applied to the individual elec-
trodes. The maximum voltage has to correspond to an
induced phase difference A ¢,_, exactly equal to 24; this
voltage is called V,,.. Using a modulation voltage with V.
as top-to-top value in every haf cycle, the quadrature
points will be passed two times (see Fig. 5b). Using this
modulation voltage, the average value of the transfer func-
tion will become independent on the specific value of the
measurand-induced phase difference A¢,,. This is very
important, because after filtering out the DC component by
an appropriate RC network, the zero points of the remain-

107

ing output voltage always coincide with the quadrature
points (see Fig. 5c). With a zero-crossing comparator this
response is digitised to standard TTL-level (see Fig. 5d).

The value of A ¢,, can be obtained easily from Fig. 5d
according to:

T
A(p=A(pm+Ag00=(T— 47+ N2, (7)

A

where T, is the period of the triangular modulation volt-
age, N is the fringe number and A ¢, is the phase offset.

comparator
output (V)

—_—
—

\ 4

Y

\ 4

fime

Fig. 6. The passing of a fringe is registered for by an abrupt change in the value of T, this change having a magnitude of ~ 1/2T,, its sign determining

fringe number increase/ decrease.
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The fringe number is determined by counting how
many times a fringe has been passed since the last ‘‘ mea-
surand is zero'’ state. The passing of afringe is recognised
from an abrupt change in the value of T (see Fig. 6), this
change having a magnitude of 1/2T,. The sign of the
change determines the direction of the fringe passing. This
principle solves both the fringe ambiguity problem and the
sensitivity fading, as within a fringe A ¢ is linear with the
time interval T. The principle also shows additional advan-
tages.
— Only for V, =V, the time interval AT, (see Fig.
5) is exactly equal to 1/4T,, giving a criterium for adjust-
ing V with the aid of a feedback loop.

— The zero crossings position is independent on the
amplitude of the output voltage (Fig. 5¢). So these posi-
tions are influenced neither by the specific value of the
fringe visibility V nor by the specific value and low
frequent intensity fluctuations of the light source. Hence,
the requirement of obtaining the exact values of both the
input power (using the tap-off) and the fringe visibility (by
cdibration) can be cancelled. However, for obtaining high
resolution it remains relevant to maintain the requirement
of V being close to unity.

The output signal is periodic, with a period T,; within a
period the signal varies sinusoidally with a frequency
2/T,. In order to have a small detection band width, T,
has to be large. It is clear that the value of the period T,
also limits the maximum speed of the refractive index
changes that can be measured: the smaller T,, the higher
that speed. More quantitative statements are strongly re-
lated to the specific properties of the electronics applied
and shall not be treated here.

4. Materials and technology

To realise the passive 10 circuits, the SION technology,
as developed in our laboratory [26], is well-suited. By
varying the O/N ratio the refractive index can be set
between n=1.46 (SO,) and 2.01 (Si;N,). The specific
value is controlled by the gas flow ratios, when depositing
these layers by low-pressure chemical vapour deposition
(LPCVD) or plasma-enhanced chemical vapour deposition
(PECVD) technologies. The waveguiding multi-layer
structure (see Fig. 1) commonly consists of a SO, sub-

strate layer, a SION core layer and a SIO, cladding layer
and will be deposited on a silicon wafer, being a well-suited
substrate material amongst others because of its high ther-
mal conductivity. The Si wafer also offers the possibility
of being provided with V-grooves for the fibre—chip cou-
pling [27-32]. These multi-layer stacks have to be laterally
patterned for defining the channel structure and therefore
the optical circuitry. For that, photolithography and dry
and wet etching methods are available. The relevant data
concerning our technology are given in Table 1.

An attractive silicon compatible material allowing elec-
tro-optical phase modulation is zinc oxide (ZnO) [18,33—
35]. As ZnO can withstand temperatures up to 350°C
without degradation of its (electro)optical characteristics
[34], it enables its shielding to environmenta influences
using a passivation layer of PECVD SO,. When used in
an optical waveguide geometry, it shows reasonable low
attenuation values (1-3 dB/cm for A > 600 nm, [34]) in
combination with attractive voltage—length products (V,),
being typically 25 V cm [18]. The preferred deposition
technique, sputtering [34], results into a polycrystalline
columnar structure of thin ZnO films, with a homogeneous
preferential polar axis orientation perpendicular to the
substrate surface [34,35]. As only an electric field in the
direction of thisaxiswill result in macroscopic electro-optic
effects, the top—bottom electrode configuration has to be
applied (see Figs. 10 and 14), enabling the use of two
electro-optical coefficients: the r; — (1.4 X 1072 m/V)
coefficient for TE-polarised light, or the r,; coefficient
(2.6 X 1072 m/V) for TM-polarised light [36].

It has to be noticed that the ZnO film structure is known
to have hardly any resistance to almost every liquid [37],
hence specia care has to be taken when fabricating both
the modulator and the sensor interaction windows (see
Section 6) [18].

5. Design of the individual functions
5.1. Introduction

In a first stage, the design of the individua functions
optimised to the requirements will be presented. That

concerns the waveguiding channels, the splitting and com-
bining functions, the sensing function, the TE/TM po-

Table 1

Materials properties

Parameter LPCVD Si;N, PECVD SiON

M aximum thickness (nm) 500 ~ 5000

Thickness non-uniformity §d over 5 5 cm (%) 15-20 <1

Refractive index non-uniformity An over 5 5cm 2-5x107* 2-6x107*
Reproducibility of thickness (%) 1 1-3

Reproducibility of refractive index 5x107* 6x10"%

Optical lossat A = 632.8 nm (dB /cm) < 0.2 (as deposited) < 0.2 (as deposited)
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lariser, the modulator, and the fibre-to-chip coupling unit.
For al calculations we will rely on well-established soft-
ware, eg., for calculating Ng-values and field profiles of
the modes of a multi-layer stack the ATR program and for
calculating the beam propagation through an optical circuit
the FDBPM method of the Prometheus program [38]. The
optimal layer structures for the individual compounds will
be compared and a strategy for coping with contradictional
requirements will be presented and worked out. Finally the
design of the electronics will be treated shortly. Because
for all components the optimisation is strongly dependent
on the used optica wavelength we will start with dis-
cussing the choice of the used wavelength and therefore
the light source.

5.2. The light source

To have an efficient A Ny-to-A ¢ conversion, the wave-
length has to be small, as was concluded in Section 2.2.
The reguirement of having low propagation losses limits
the wavelength to the transmission windows of the applied
materials. Reduction of scatter losses asks for a large
wavelength: due to the scatter losses in ZnO the minimal
wavelength is limited to about 600 nm. To reduce the
noise related to the spectral band width a laser should be
used. Because of its smaller sensitivity to temperature
changes and back reflection, a gas laser is preferred over a
solid state laser. Considering al this, a He—Ne laser
(A =632.8 nm) has been chosen, the common type having
5 mW emission power.

5.3. The waveguiding layer structure

The waveguiding layer structure, the slab guide, has to
be mono-modal and for light transport the field profile has
to be well-confined within this slab guide in order to avoid
any influence of the environment. For example, the sub-
strate layer has to be sufficiently thick to obtain negligible
power leakage into the silicon wafer. From technological
point of view it is advantageous to have a thin layer
packet. Together this means that the index contrasts be-
tween the core layer and both other layers have to be large.
Hence, the layer stack SiO,—Si;N,—SIO, is well-suited.
For a mono-modal layer, the minimal thickness of the
substrate layer to have alowable leakage losses (< 0.01
dB /cm at 632.8 nm wavelength) has been calculated as a
function of the core layer thickness (see Fig. 7). It is seen
that for the TM, mode the required thickness is much
higher then for the TE, mode. This suggests the possibility
to remove the TM, mode simply by exploiting its power
leakage into the silicon. To get an impression of the
effects, the TM , losses are calculated as a function of the
core layer thickness t,, the substrate layer having a thick-
ness value corresponding to a TE, loss of 0.01 dB /cm for
every t.-value (see Fig. 8).

From Fig. 8, it can be concluded that maximal TM
rejection can be obtained at t,= 60 + 10 nm. For conve-
nience, a vaue of 70 nm is chosen, as it goes with minimal
SiO, thickness of only 1.32 wm. This combination yields
a TM regjection of ~ 5.5 dB/cm, yielding a distributed
polariser action of ~ 22 dB at a channel length of 4 cm. It

E
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Fig. 7. Relation between the core layer thickness (Si;N,) and the buffer layer thickness (SiO,), required for having a Si-related attenuation of 0.01 dB /cm

for the TE, ( )and TM (----- ) modes.
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Fig. 8. The TM,, attenuation as a function of the SizN, thickness for each value of that Si;N, core layer thickness (--- - - ), using the SiO,thickness value

as required for 0.01 dB/cm TE, attenuation ( ).

should be noted that this TE/TM polariser action can be
strongly improved — at the cost of an increased TE,
attenuation — by a small reduction of the SO, layer
thickness. For example, the combination t,= 70 nm, t,=
1.25 pm yields ~8 dB/cm TM,, attenuation, at a TE,
attenuation value of 0.018 dB/cm. In practice, the latter
combination will be used.

5.4. The sensing unit

In the sensing unit the core layer will be in intimate
contact with the sensitive material, being either a gas
(seldom), a liquid or a solid. One of the objectives is to
have a high sensitivity, meaning that dN;/0ng, has to be
high, ng, being the changing refractive index of the sensi-
tive material (e.g., the chemo-optical transduction layer).
Physicaly thisisin line with saying that the fraction of the
mode power propagating through the sensitive layer has to
be as high as possible. In addition the core layer has to be
resistant to any attack from the outside: it has to be
chemically stable and aso liquids are not allowed to
diffuse from the environment into the core layer. The latter
especialy favours the use of LPCVD Si;N, because of the
absence of pores and pinholes.

The quantitative elaboration of the high sensitivity re-
quirement depends on the type of mode propagating
through the waveguide (in our case a TE, mode at A =
632.8 nm) and the refractive index distribution within the
evanescent field region of this mode in the sensing unit.
The latter leads to two extremes, being the homogeneous
sensing (only one material in that region) and the surface
sensing (a very thin sensitive layer on top of the core

layer). In case of the used ‘‘three-layer’” slab guide, the
sensitivity as a function of normalised parameters for both
extremes is given by the charts presented in [39]. For
surface sensing, the sensitivity is increasing with a larger
refractive index of the core layer. Hence, again from the
SION materials, SizN, is the best choice for the core
material. This is also a proper choice for homogeneous
sensing. For surface sensing, most often being restricted to
biochemical reactions in a watery environment (N, ~
1.33), the optimal Si;N,, thickness can be calculated to be
~ 75 nm.

For homogeneous sensing, the optimal core layer thick-
ness strongly depends on the refractive index of the sensi-
tive material. Assuming the substrate layer consists of
Si0,, from the charts [39], the optimal thickness can be
obtained for various sensitive materials (see Table 2). It
should be noted, however, that for ng, > Ngpgae (PEING
1.457), the optimal thickness is the cut-off thickness. Asin
these situations, the evanescent field expands infinitely in
the sensing material, this layer should be extremely thick.
From practical point of view, this situation is therefore
avoided.

Table 2
Optimal Si;N, thickness for different materials in case of homogeneous
evanescent field sensing™®

Watery gl Gelatine Polyimid
(ng, ~1.35) (ng,~15 (n~16)
Optimal Si;N, thickness(nm) ~ 75 ~30 ~ 45

*As calculated from Ref. [39].
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Fig. 9. Cross-section (perpendicular to the propagation direction) of the
transport waveguide channel.

From the analysis given in Ref. [39] it follows, that for
systems in between homogeneous and surface sensing,
high sensitivities also require a thin (typical thickness
about 100 nm) core layer with a high refractive index,
while the sensitivity decreases with the wavelength of the
light applied. In our sensor system, we will choose the
core layer thickness to be 70 nm.

5.5. Definition of the waveguiding channels

The channels in the dlab guide will be structured as
mono-modal ridge type channels (see Fig. 9), the ridge
being applied in the core layer. Accepting a mask genera-
tor defined minimum channel width of 4 wm, the ridge
height is in the order of magnitude of nanometers. The
exact value depends upon the material on top of the core
layer, being SIO, in the transport guides and ZnO or the
sensing material in the modulator and sensing function,
respectively.

In order to have a small influence of temperature gradi-
ents both interferometer branches have to be close to-
gether. The minimum distance is determined by the
evanescent field tails (defined as the 1 /e-value of the field
at the channel boundary) of both channel modes, where the
overlap has to be negligible for excluding any inter-modal
interaction. For that reason the tails have to be short, the
shortest value being obtained if the lateral refractive index
contrast is just below the first order mode cut-off contrast.

Table 3

The corresponding maximal ridge heights are calculated
for the various cover layers, using the 70-nm thick Si;N,
core layer (see Table 3).

Although maximal ridge heights lead to minimal chan-
nel mode evanescent field decay lengths, in view of tech-
nological tolerances in practice (dlightly) lower ridge
heights are chosen (see Table 3) to assure mono-modality.
Furthermore, this allows for an easy fabrication scheme, as
all ridge heights can be defined using only one channel
mask. The corresponding evanescent field decay length
values are also shown, alowing for a minimally required
inter-channel distance of ~ 15 um.

5.6. The splitting and combining functions

From the various types of 3-dB splitting and combining
functions, such as 3-dB couplers, multimode interferome-
ters and Y-junctions the latter type is chosen. The main
reason for this choice is the simplicity; furthermore, a
precise 1:1 splitting ratio is not required. The Y-junction
has two functions: to split the power and to bring the
powers on the desired channel distance. Because of the
low lateral contrast, the splitting angle has to be small in
order to prevent radiation losses at the splitting point. At
the other side, a small angle requires long channels for
obtaining the required channel distance, in that way in-
creasing the propagation loss. Dependent on ridge height
and channel losses, an optimum can be found. Having
channel losses of 0.85 dB/cm and a ridge height of 0.7
nm, the optimum splitting is obtained by using two S
shaped bends with a bending radius of about 50 mm. The
junction losses are calculated to be about 1.5 dB. In fact, a
combiner is a reversed splitter, enabling the use of the
same lay out.

5.7. The electro-optic phase modulator

Within each interferometer branch a phase modulator
has to be inserted, both modulators being driven in
counter-phase. ZnO will be used as electro-optical mate-
rial, its characteristics allowing for AC modulation only.
The driving voltage has to be low, preferentialy at the 5-V
level and has to be swept over a phase range .

Channel parameters using the 70 nm SigN, core layer and 4 wm channel width

Water cover SiO, cover Gelatine cover Polyimid cover ZnO (~ 350 nm)
n.=133 n, = 1.46 n.~15 n.~ 16 -SiO, cover®, ny,o = 2.0
Critical ridge height (nm) 0.9 0.85 0.8 ~6
Used ridge height (nm) 0.7 0.7 0.7 2.0
Evanescent field decay ~2 ~2 ~2 ~4

length at used ridge (um)

*This situation will be explained in more detail in Section 5.7.
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Just as to the chemically induced phase change, the
ZnO-based electro-optically induced phase change in each
branch (see Fig. 14) can be written as:

2
Ape_o= /\_ LeiecA Neffe,o' (83)
0
with L is the electrode interaction length (Lo < L,n0),
and
aNeff aNeff
AN, = 5 ANz + 5 Adzpo. (80)
ZnO ZnO

As the piezo-electrical effect of ZnO is very small [36], the
most right-hand term in Eg. (8b) can be neglected. The
coefficient 0Ny /dn,,o is determined by the waveguide
parameters used. For TE-light it can be derived [40]:

ANz =1/2r;3n30Ez 0, (8c)

with E, o the field strength in the ZnO layer in the
vertical direction, and r,, is the appropriate electro-optical
coefficient, being 1.4 X 1072 m/V [36].

Because An is linear to E,, o, the sign of the external
electric field E,,, determines the sign of the induced
phase change. The modulators have a configuration as is
shown in Fig. 10, both having the S wafer as a common

A
'tSiOQ—cover

Ezl thO
_ . \ 4
S|3N4 70 nm
SIO, tSiOQ—subsTroTe
Si
i
ground

Fig. 10. Cross-section aong the propagation direction of the modulator
layer structure.

bottom electrode. Applying driving voltages with reversed
polarities to the two top electrodes therefore doubles the
electro-optically induced A ¢,,o. Combining this with Egs.
(8a), (8b) and (8c) results in an MZI phase change:

2w N

Ao omz =13 n%noT Letec MNyro Ezno- (8d)

Lowering V,_ can therefore be obtained by:

« increasing the (electrode) interaction length Lg.;
+ decreasing the used wavelength;
+ maximising (0Ny/9N,,0) Ezpo-

In Fig. 11, the theoretica dependence of the required
modulation voltage as a function of the ZnO layer thick-
ness is given, using the modulator configuration shown in
Fig. 10. The reason for the presence of the Si;N, layer
will be given in Section 6 item (8). The oxide layer
thicknesses at a given ZnO layer thickness are taken in
such a way that the total electrode-induced attenuation is
equal to 0.01 dB for the used TE-polarised light at A =
632.8 nm. The driving voltage shown in Fig. 11 can be
regarded as the voltage—length product (V cm), yielding
V. [41].

From Fig. 11 it follows that the driving voltage does not
critically depend on the exact thickness of the ZnO layer.
In view of the slow ZnO deposition process, a thickness of
about 350 nm has therefore been selected. Although this
dab guide is multi-modal, application of tapersin the ZnO
layer as will be described in Section 5.9, will afford an
adiabatic transfer of the incoming TE, mode to the modu-
lator. The corresponding minimum values of the thick-
nesses of the substrate and cladding layer, required for the
electrode-induced losses to be smaller then 0.01 dB/cm,
are calculated to be about 500 nm. For safety reasons, we
have chosen those layers to be 600 nm thick, resulting into
a dightly enlarged theoretically calculated driving volt-
age—length product of 15V cm.

The single-mode ridge height is defined also here in the
Si;N, layer. In this way, photolithographical patterning of
the (very reactive) ZnO can be conveniently avoided.

5.8. The fibre-to-chip interconnection unit

The main requirement for an efficient fibre-to-chip
coupling is a good match of the field profiles of the
single-mode fibre mode and the waveguide channel mode.
To obtain a large overlap between the modal field of the
fibre and the channel waveguide, either the fibre can be
adapted to the channel waveguide (lensing and/or tapering
the fibre) or vice versa. In view of the commercia avail-
ability of standard fibre cleavers and the desired compati-
bility with mass production, the latter option is more
attractive. Using very thin (‘‘loose-mode’’) layers, a high
coupling efficiency can be obtained. Here the loose-mode
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Fig. 11. Driving voltage as required for a 27 phase modulation as a function of the ZnO thickness. Here, the modulator geometry as shown in Fig. 10 is
used, resulting into an extra electrodes-induced 0.01 dB/cm propagation loss (TE-polarised light at 633 nm, electrode interaction length Lge. = 1 cm).

structure should be adapted to match at the wavelength In Fig. 12a the loose-mode configuration yielding opti-
used, being 633 nm, to the mode of a fibre with a core of 4 mal results is depicted, as derived elsewhere [32]. The
pm and waist of 4.75 wm, which istypical for single-mode optimal channel width and ridge height are 4 pm and 2

operation. nm, respectively: the corresponding TE, fibre-to-chip cou-
¥
1 “2nm T
te Si,;N, n=2.012
1.25 um SiO, n=1.457
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Fig. 12. Cross-section of the loose-mode waveguide configuration used for efficient fibre-to-chip coupling () and the corresponding fibre-to-chip coupling
10SS @fipre—cnip (fOr TE-polarised light at 633 nm) as function of the Si3N, layer thickness (b).
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pling loss « (in dB) as a function of the thickness of the
nitride core layer isdepicted in Fig. 12b, using TE-polarised
light (A = 632.8 nm).

According to this simulation and neglecting reflections,
a coupling loss from fibre to the TE, mode as low as 1.4
dB (~ 75% coupling efficiency) is therefore possible,
provided the Si;N, layer thickness is accurately controlled
to a value of 8 nm. Although that can be done, in practice
a safer value of ~15 nm is used, as a compromise
between wafer yield and coupling efficiency. The corre-
sponding TE, coupling efficiency is 3.0 dB, while the
corresponding coupling loss for TM polarisation is ~ 5.0
dB (not shown).

The theoretical mode overlap values refer to a perfect
alignment between the fibre and the channel waveguide.
Regarding a 5% decrease as acceptable, the maximum
allowable misalignment in the lateral, vertical and angular
orientations are 2 wm, 1 wm and 0.5°, respectively [32]. In
view of the typical single-mode fibre characteristics, show-
ing an inaccuracy in the core positioning with respect to
the centre of the fibre of ~ 1% (~ 1-2 pwm), this is not
trivial.

Using the well-known wet-etched V-shaped groove ob-
tainable in silicon {100) wafers [42] (see Fig. 13) and
using a double mask technique [43] for nearly perfect
lateral alignment, these alignment requirements can be
met. The remaining V-groove plane preventing close phys-
ical contact of the fibre facet end with the channel end

V-groove

facet is removed using a sawing procedure (see Section 6).
Additional advantage is the adjustability of the fibre tip
position along the vertical direction (see Fig. 13b), that
direction being the most sensitive to misalignment.

The attenuation losses of the TE, and TM, mode in
this loose-mode section are completely determined by the
layer thickness of the substrate material SIO,. With a
thickness of ~ 1.25 pm, these values are ~ 20 and 100
dB /cm for the TE and TM polarisation, respectively. To
obtain acceptable TE attenuation values the length of the
loose-mode section should be as small as possible. In
practice, a value of 100 wm is used, yielding the TE
attenuation is < 0.2 dB. The corresponding TM, mode
attenuation is ~ 1 dB.

The same type of coupling unit can be applied for
coupling the light to the output fibre. Because here the
mode power is the only parameter of interest, the single-
mode fibre can now be replaced by a multi-mode fibre
increasing the coupling efficiency even more.

5.9. Discussion

The optimisation of the individual components delivers
multi-layer cross-sections being strongly dependent upon
the desired function, as shown in Table 4.

One approach to cope with that problem is to look for
the best compromise [18]. Holding the thickness of all
SION layers constant over the whole chip will result into a

channel waveguide

force

o.

Fig. 13. Schematic representation of the fibre-to-chip connection unit. Cross-section of the silicon V-groove (left) and top-view of this groove and the
aligned channel waveguide (right), see (a). Side-view cross-section of the adjustable fibre-to-chip interconnect, see (b).
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Table 4
Layer thickness values for the different functions
Laubstrate, sio, teore,sig, teladding,sio, tzno
(nm) (nm) (nm) (nm)
TE/TM polariser 1250 70 1500 0
Modulator 600 0 600 350
Sensor window > 1250 70 0 0
Fibre—chip coupler > 8000 15 > 8000 0

remarkably worse performance. Taking the thickness of
the core, the cladding and the substrate layers at values of
70, 1500 and 1250 nm, respectively, should result into a
modulation voltage of 56 V instead of 15V and a fibre—
chip coupling efficiency of 8% instead of 75%.

Our policy however will be to maintain the optimised
structures for the individual components by local deposi-
tion or local etching and connect these different structures
by applying transversal tapers. These tapers form the tran-
sition regions for matching two waveguides with different
cross-sections to each other [44]. The taper-induced loss is
determined mainly by the taper angle. Properly designed

interaction

window
fiber-to-chip
inferconnect  Sawcut

loose-mode
region

tapers add no extra loss: the required taper angle for these
so-called adiabatic tapers is generaly small [45]. The
FDBPM method enables calculation of the taper losses
both for simulation and for verifying purposes. Experimen-
tally, atapered ZnO segment can be obtained by sputtering
using a shadow mask, while tapering of the SION layers
can be achieved by wet etching (see also Section 6).

The final layer structure aimed at is presented in Fig.
14. The Si;N, core layer has everywhere the same thick-
ness of 70 nm, except in the fibre—chip coupling region
(having a length of 100 wm only). Here, it will be
gradually tapered down to a thickness of 15 nm. To have

] |

electro-opftic
phase m‘.odulo’ror polarizer

l SisN,

fiber

Silicon

Fig. 14. Schematic top-view (a) and side-view cross-section (b) of the IO MZI. For convenience, only the outcoupling fibre is shown.
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functional tapering losses smaller than 0.1 dB the (linear)
taper angle 6 should be smaller than 0.03°. The ridge type
waveguiding channels are defined in the Si;N, layer and
have a ridge height of 2.0 nm both in the fibre-to-chip
coupling unit and the modulator section, and 0.7 nm
elsewhere.

The ZnO layer will be applied in the modulator region
only and will be tapered by using a shadow mask. The
absence of ZnO outside the modulator region has severa
advantages. Firstly, the definition of the interaction win-
dows has not to be achieved on top of the fragile crys-
talline structure of ZnO, which is known to show only low
resistance to amost every liquid [37], but on the very
stable Si;N, layer. Secondly, the overall optical through-
put of the MZI will increase, as the intrinsic waveguide
loss of ZnO, although relatively low, is still larger than
that of SizN, (typically 1 and < 0.2 dB/cm for slab guide
attenuation at a wavelength of 632.8 nm, respectively).
The ZnO taper angle should be smaller than ~ 1° to obtain
functional tapering losses smaller than 0.1 dB.

In this modulator region the stack Si;N,—ZnO acts as
waveguiding core, both isolating SiO, layers preventing
electrode (silicon and gold)-induced attenuation, can be
significantly reduced in thickness without a relevant in-
crease of the propagation losses. The SO, substrate layer
will show a thickness of 1.25 pm except at the modulator
region. Here, the thickness is reduced to 600 nm. Although
this thickness reduction does not act as a waveguide taper,
the corresponding angle is also restricted to limited values,
as it actualy acts as a curve for the waveguide on top. To
prevent curvature-induced scattering, a taper angle smaller
than ~ 10° [38] is required. The SiO, cladding layer shall
have a thickness of 1.50 pm except in and near the
modulator and the sensing function, where it will be 600
and 0 nm, respectively. The required tapering angle of the
sensing window depends on the refractive index distribu-
tion within the window; for convenience, we will apply the
value of 10°. The taper angles at the modulator region are
not relevant however because the evanescent field does not
penetrate so far.

Using these values, the corresponding losses for the all
important optical components are calculated (see Table 5).
For convenience, the losses in the sensing window are
given using severa different ‘‘sensing layers'”’.

From these numbersiit is clear that the sensing window
should be filled, as an air-clad waveguide shows signifi-
cant losses. In view of the lengths of the different compo-
nents (see below), these values result in a theoretical
overall TE/TM polarisation > 30 dB.

Large interaction lengths of the sensing unit and the
modulator should increase the sensing effect and decrease
the required modulation voltage, respectively, but should
need an extended chip area. We have chosen them to be 4
and 8 mm, respectively.

5.10. Electronics

The electronic system has two main functions:

- generation of the driving voltage with adjustable ampli-
tude;
- demodulation of the signal.

Furthermore, the system should be flexible, alowing
the implementation of feedback loops (for example, main-
taining the modulation voltage to exactly V,_), be easy to
use, alow for stand-alone and computer-controlled use,
etc. For reasons of compatibility with future developments,
a standardised approach has been used [46]. In Fig. 15 a
functional scheme of the designed electronics is depicted,
which will be discussed briefly.

The “*controller’” block provides for the main functions
and the communication with the sub-controllers (the stimu-
lus and the response blocks), performs the calculations on
the raw MZI signals and sends the results to the display.
The system can be run stand alone, but because it is aso
made (field)programmable, it is able to perform additional
functions. This makes the system very flexible and easy to
use. It is also possible to connect the system directly to a
host computer. This enables advanced measurements over
extended periods where data storage is needed. Optionaly,
the system can receive extra instructions from a separate
keyboard.

The “*stimulus” block generates the triangular driving
voltage(s) to be applied to the two modulator electrodes.
The effective amplitude is regulated to a value of V,_,
using the feedback loop as discussed in Section 3.

The “‘response’’ block converts the modulated optical
signal into a TTL-levelled electrical signal and generates
raw ‘‘phase data’ for the ‘‘controller”’. It consists of a
photodiode, an amplification circuit, an RC network per-

Table 5
Attenuation values of the (quasi)TE/TM O-th order modes for the different components
Fibre-to-chip Loose-mode Basic 70-nm Phase Sensing window with n,
coupling loss waveguide* channel guide modulator region 1.0 1.33 150
(dB) (dB) (dB,/cm) (dB,/cm) (@B /cm)
(quasi)TM,, ~50 ~1 ~8 0.2 ~ 3000 ~ 450 ~11
(quas)TE, ~ 3.0 0.2 0.018 0.01 3.7 0.15 0.008

*This waveguide section has a length of only 100 wm.
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Fig. 15. Functional scheme of the electronic system. See the text for explanation.

forming the AC coupling, a zero-level comparator and a
micro-controller measuring the time T (see Fig. 5).

The phase resolution is principally limited by the accu-
racy of the time interval measurement. Hence, the phase
resolution which can be obtained using this (de)modulation
technique is depending on both the clock rate and the
frequency of the triangular modulation voltage. The latter
is determined by the desired application, as the applied
frequency should exceed the maximum frequency going
with the parameter to be detected. In theory, for every
specific application an optimal choice can be made. How-
ever, in this prototype electronic system, a compromise

o.

between phase resolution and applicability in real sensor
systems has been made. The chosen drive frequency of 56
Hz restricts the maximum detectable frequency related to
the parameter to be detected to ~ 10 Hz, and alows a
phase resolution of ~5X 107° X 277. We want to stress
that the latter value is by no means the limit of the sensor
concept.

6. Fabrication

The masks contain both stand aone individual compo-
nents and complete MZI systems. The latter are located in

l

~

76 2

B
30

Fig. 16. Top-view (a) and side-view cross-section (b) of the |0 MZI, showing the numbers of the main fabrication steps in relation to a specific function.
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groups of five, the lateral dimensions of such a unit
corresponding to 55 X 3 mm. This chip area is used as a
standard for packaging. In the following, the most impor-
tant wafer processing steps, as elucidated in Fig. 16, will
be briefly described.

(1) Starting point of the optical chip is a highly conduct-
ing (0.010-0.018 Q cm) 3-in. silicon {100) wafer.

(2) Thermal wafer oxidation (at 1150°C), resulting into
a 1500-nm thick SiO, layer at both sides of the wafer.

(3) Determination of the Si crystal planes orientation
with an accuracy better than 0.1°, this being relevant for
proper orientation of the mask in order to be able to make
well-shaped V-grooves.

(4) Local etching of the SiO, layer in the modulator
region using HF:NH ,F = 1:7 solution (BHF), for reducing
the SIO, layer thickness to 750 nm.

(5) Etching of V-grooves with a KOH solution (73—
74°C): V-groove width 145 pm. During this process step
also the SO, layer is partly etched off, diminishing its
thickness to 500 nm in the modulator region and to 1250
nm elsewhere.

(6) Deposition of 70 nm Si;N, using LPCVD at 800°C.

(7) Etching the loose-mode regions using BHF. The
resulting layer thickness is adjusted to a value of 15 nm.

(8) Channel ridge definition using BHF. By applying
the two-step photolithography method [43] a ridge height

of 2.0 nm is etched in the loose-mode regions and the
phase modulator region, and 0.7 nm elsewhere.

(9) Growing of the ZnO layer with a thickness of 350
nm using RF diode sputtering at 200°C [33]. Using a
shadow mask, this deposition is restricted to the modulator
region. The geometry of the mask is adjusted to the
required tapering angle (see for that Section 7.7).

(10) Growing of the 1.5-um thick SO, layer using
PECVD at 300°C.

(11) Etching of the sensing windows (length 4 mm,
width 50 p.m) using BHF.

(12) Fabrication of the top electrodes using the lift-off
technique. First the SIO, layer thickness at the electrode
positions is reduced to a thickness of 500 nm using
reactive ion etching (RIE), directly followed by metal
deposition (a ~ 5-nm Cr adhesion layer and a 300-nm Au
layer) using electron beam sputtering. By applying a lift-off
process the excess metal is removed. In Fig. 17, a SEM
photograph of the layer structure at this location is shown.

(13) If desired by the specific application, the appropri-
ate sensitive layer is applied.

(14) Remova of the remaining Si V-groove plane pre-
venting close physical contact (see Fig. 13) using a dia-
mond saw with a blade width of 40 wm. The correspond-
ing saw cut depth is ~ 100 pm.

(15) Dicing of the individual sensor chips.

Fig. 17. SEM picture of the cross-section along the propagation of the electrode structure, as deposited in an etched region of the covering SiO, layer. The
ZnO layer thickness is ~ 350 nm, while the remaining SIO, layer thickness is ~ 550 nm (preventing electrode-induced optical losses). The SO,

boundary shows an angle of ~ 45°, resulting from an RIE process.
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Fig. 18. Photograph of the packaged optical chip, clearly showing the electrodes and the fibre-to-chip connection units. The chip contains four MZI
structures, which can be individually exited using the appropriate V-grooves. The four electrode pairs, fabricated in parallel, are connected through wire

bonds to the same driving electronics.

(16) Mounting of the chip in plastic (PVC) package (see
Fig. 18).

(17) Wire bonding of the top electrodes.

(18) Connecting the in- and out-coupling fibres to the
fibre-to-chip connection unit.

In the last step, either index matching gel (n = 1.50) or
a transparent, UV curable glue (n= 1.50) is used (Per-
macol, type 27 /3). The glue shows a very slight shrinkage
during curing. In case of the glue, the position of the fibre
is fixed after optimising the coupling efficiencies. The
parameters of the single-mode input fibre are: outer fibre
diameter 125 mm, core diameter 4 wm, NA = 0.11 4+ 0.01.
The parameters of the multimode output fibre are: outer
fibre diameter 125 wm, core diameter 50 mm, NA = 0.20
+ 0.02. In Fig. 18, a photograph of the packaged device is
shown.

The packaged optical chip is now connected to the
He—Ne laser and the external electronics.

7. Testing results and discussion

In this section results of testing both the individual
components and the complete sensing system will be
presented. Individual components will be treated in the
following sequence: straight channel waveguide, Y -junc-
tion, TE/TM polariser, fibre-to-chip coupling function,
modulator, sensing unit and tapers. The section ends with a
discussion of the phase resolution and long-term stability

as obtained with the complete system. An application
example is given.

7.1. Sraight waveguide channels

Using the cut-back method, the propagation losses of
the transport channels at a wavelength of 632.8 nm have
been determined, being 0.85 4+ 0.15 dB /cm.

The exact value of the Ny of this channels, being
relevant only for obtaining the sensitivity, cannot be deter-
mined directly. In fact for that dummy channels are needed,
being located close to the MZI on the same chip. They
have to be provided with grating couplers with a well-de-
fined period for coupling the light out of the waveguide.
From the coupling angle the Ny;-value can be determined.
It is simpler however to extend the calibration of the
complete system, yielding not only the determination of
A ¢y, but also the waveguide sensitivity itself.

7.2. The splitting and combining functions

Splitting ratios always deviate a little from the desired
1:1 value. Experimentaly, the typical splitting ratio is
found to be 0.48 4+ 0.02: 0.52 4+ 0.02. The typical losses of
the Y-junctions are measured to be ~ 1.5 dB /junction.

7.3. TE/TM polariser

The TM /TE rejection ratio of both a straight wave-
guide and the complete MZI (the MZI has been brought
into the state of constructive interference by applying an
appropriate voltage on one of the modulators) has been
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Table 6

Typicd fibre-to-chip coupler characteristics, with channel width of 4 pm
SizN,layer Channel Calculated Measured

thickness ridge height modal coupling

(nm) (nm) overlap (%) efficiency (%)
1542 20402 55+5 50+ 10

experimentally determined, the values being ~ 7.5 dB /cm
and > 30 dB, respectively. These values agree well with
the ones, theoretically calculated in Section 5.3, being 8
dB/cm and 33 dB, respectively.

7.4. The fibre-to-chip interconnecting unit

Elsewhere [32], we have published an extensive report
on this component. Here we will limit ourselves to present-
ing the results as obtained from a large number of 4-pum
wide channel waveguides from various batches (see Table
6).

From Table 6 it can be concluded that the experimental
and theoretically obtained values of the coupling efficiency
agree well with each other.
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7.5. The electro-optic modulator

The electro-optical phase modulation experiments are
performed using an optical chip without interaction sens-
ing windows. A typical response, using the voltage feed-
back loop (see Section 3.2.1) is shown in Fig. 19. In Fig.
19 amongst others the triangular driving signal, as applied
to one of the electrodes is plotted as a function of time,
just as the resulting optical signs, the synchronisation
signal as used for the demodulation, and the comparator
output signal.

An effective driving signal with a top-to-top value of 43
V (215 Vg, _op With reversed polarity to both electrodes)
to both appears to result into a phase modulation of exactly
27, asisvisiblein Fig. 19. In view of the electrode length
of 8 mm, this is equivalent to a voltage—length product V_
of 17 V cm, which is found to be typical for the chips
measured. This value is in good agreement with the theo-
retica one, i.e, 15 V cm (see Section 5.7). Note that the
required amplitudes of the triangular driving voltage as
applied to the electrodes are ~ 11 V only. The modulation
depth is typically 13 dB, corresponding to a value of the
visibility factor V equal to 0.90.

4
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Fig. 19. Oscilloscope plot while using the device electronics in the V, . feedback loop with a triangular signal of 56 Hz, showing four signals from top to
bottom: — the triangular driving signal as applied to each electrode of 8 mm length (21.5 Vo, _,,); — the resulting optical output after removing the DC

bias by an RC network; — the synchronisation signal; — the comparator signal.
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7.6. The sensing function

Experimental verification of the theoretically calculated
sensitivity requires a very accurately known refractive
index change of the sensitive material. For that we have
chosen aliquid of which the composition gradually changes
as can be realised by using a fluid injection system. The
chosen fluids are ethanol (n= 1.3602 + 0.0005) and
methanol (n = 1.3288 + 0.0005) at 20°C, as measured with
an Abbe refractometer at 632.8 nm. For this homogeneous
sensing the phase shift can be expressed as (see Eq. (2)):

( N

on )Anliquid' (%)

A 2 LA 2 L
Pm = A intA Nogy = Ao int quid
For the given waveguide structure dNy;/dn;;q,iq IS cal-
culated to be (20.0 + 0.5) X 102 (see Section 5.4). With
an interaction length of 4 mm and An,=(3.14 + 0.10) X

102, the phase shift at 632.8 nm can be calculated to be:

Ap(39.7 +2.3)27. (9b)
Experimentally (without the modulation) it is found:

| A @rnethanol — ethanoll = 3775 X 277 (%)

|A @thanol - methanoll = 37-70 X 277 (9d)

This match between theory and experiment is sufficient
to show the validity of the theoretical calculation of the
sensitivity. Nevertheless, the accuracies of the refractive
indices of both liquids, as measured by the Abbe refrac-
tometer, are too low for an appropriate calibration of
0Ny /dng,,. Hence, for accurate measurements, calibration
using well-known concentrations of the measurand is re-
quired.

7.7. The tapering sections

To characterise the tapers, their geometry and their
functional losses are relevant. Geometrical data can be
obtained from SEM pictures and /or a profile scanner; the
functional losses can be determined by subtracting the
losses of straight channel guides from those containing the
tapers.

The Si;N, taper has to connect a 70- to a 15-nm thick
layer. Using standard photo lithography a geometrical
taper angle of only = 0.25° could be obtained, correspond-

J—

SN,
S0,
Si

04 mm$iSi

ing with a taper length of ~ 12 pm. In terms of mode size
however, the taper angle is quite large, because it converts
the (transversal) mode waist from 4.75 to ~ 0.25 pum,
corresponding to a mode size taper angle of ~ 20°; using
FDBPM a taper loss of ~ 1.5 dB can be calculated. The
latter value is experimentally verified to be ~ 1.25 + 0.25
dB.

Using specia photolithography [45], the obtained taper
angle appeared to be reduced to a value of = 0.10°,
resulting in measured taper-induced loss < 0.5 dB. Asthis
value is regarded as sufficiently low, no further effort has
been put in optimising this taper.

The ZnO linear taper angle is defined by the dimensions
of the geometrical shadow mask and the spacer used [44].
Two mask geometries, as given in Fig. 20, are used. The
resulting tapers show taper angles of 0.05° and 0.01°,
respectively, as shown by using a profile scanner. Both
tapers lead to negligible losses, as can be theoretically
calculated and is experimentally verified. In practice, mask
geometry | is used, as it enables a significantly shorter
taper length.

The wet-etched SiO, tapers (see Fig. 21) show tapering
angles of about 15°. The effects of the SO, substrate layer
taper on the losses of the modulator appear to be about
0.25 dB /taper. The excess compared to the calculated
value (0.05 dB) can be ascribed to a irregularity of the
taper near the thicker end (see Fig. 21a). If the sensing
window is filled with water, both the calculated and the
experimental functional taper losses are close to 0.1
dB /taper, being well-acceptable.

7.8. Device performance

7.8.1. Losses

The insertion loss of the complete device in case of
completely constructive interference can be calculated from
the losses of the individual components. In Table 7 thisis
summarised.

The sum of the losses of the individual components is
~ 16 dB. The experimentally obtained value is dightly
larger, being ~ 20 dB. In view of the large amount of
components on the chip, this increase with regard to the
calculated sum of the losses of the individual components
is not striking.

0.4 mmi[Si . P

Fig. 20. The tested shadow mask geometries, in fact being KOH-etched Si wafers (I and 11).
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We daso performed experiments on devices designed
and realised for an MZI working at a 850-nm wavelength
for use of a VCSEL (vertical cavity surface emitting laser)
as a light source. These sensor systems show remarkably
lower insertion losses, being only ~ 10 dB!

7.8.2. Device short-term phase resolution

To have a device short-term phase resolution A, =5
X 107° X 27, several conditions have to be fulfilled.
Firstly, the sum of the uncertainties arising from laser,
detector and electronic noise have to be smaller than A ¢,.
For the detector noise we derive:

1/2Pg 0 X — 16dB > 10° X NEP X (Afy)"%  (10)

Here P, Means the power emitted from a pigtailed
He—Ne laser; Afy, isthe band width of the detector; —16
dB represents the insertion loss at A ¢, = n2s, and the
factor 1/2 arises from measuring at the quadrature point.
In our experiments Py,..=1mW, NEP=33Xx 10" W
Hz /2 and Afy, = 1000 Hz, the modulation frequency
being 56 Hz. Hence, the condition is amply obeyed, even
in case of the experimentally obtained —20 dB insertion
loss. The laser noise arising from a He—Ne gas laser is
<1x1077 x 27 [23].

Very essential is that the S/N ratio at the input of the
comparator allows for a hysteresis setting around the zero

crossing detection obeying the resolution requirement. Here
also the noise generated by the electronics plays a part. As
a detailed discussion goes beyond the scope of this contri-
bution, we only state the experimental result: the noise
originating from the electronics (including the comparator)
to the system does allow for the required short-term phase
resolution A ¢, = 5 10~° X 21, provided that the amount
of optical power on the detector exceeds ~ 5 nW. In the
described practical situations, this requirement is easily
fulfilled.

For experimental determination of the resolution, pig-
tailed optical chips have been connected to the driving and
demodulation electronics. The driving modulation voltage
is adjusted to V,,., using the discussed feedback loop.

In order to exclude influences of fluctuations of the
measurand, the sensing windows in both branches are
filled with the sensing material, in our case a gelatine layer
with a thickness of 2 wm. The refractive index of the
gelatine, being sensitive to relative humidity (%.RH) is
~ 15, showing — at room temperature — a refractive
index change of ~ 0.10 in the RH range 0-100%. Using a
gelatine layer thickness of 2 wm, we are dealing with
homogeneous sensing as the evanescent field is completely
confined to the gelatine layer.

Experimentally, a short-term phase resolution of =1 X
10~4 X 27 is observed. This remarkably low value shows

Fig. 21. Examples of SEM photographs of the tapered region in the SIO, substrate layer () and the cover layer (b), the latter for the interaction windows.
In (a) aso a (non-optimised) waveguiding layer stack in the modulator region is visible. For both SiO, tapers, the taper angle is ~ 15°.
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(b)

229182 7KV X20.0K

Fig. 21 (continued).

that the noise, corresponding to the optical circuitry is
indeed always smaller than 1 X 1074 X 27, as required.
Furthermore, it shows that also the noise generated by the
(electro)optical circuitry is very low. Because the electron-
ics has not been optimised completely, an even better
phase resolution should be possible.

7.8.3. Long-term stability

The long-term stability of this pigtailled 10 MZI is
probably even more important than the short-term phase
resolution. This long-term stability, amongst others, ex-
presses the influence of disturbing environmental effects
(e.g., temperature variations) on the MZI response. For

Table 7

Summary of experimentally obtained loss contributions

Channel losses Y -junctions Tapers Fibre—chip couplers
3cmSizN,: 0.85dB/cm 2 Y-junctions: ~ 1.5 dB /junction 2 SizN, tapers: 0.5 dB /taper sm* input: 3 dB
1cmZnO: ~3dB/cm 2 ZnO tapers. < 0.1 dB /taper mm** output: 1.5 dB

Total: ~6dB Total: ~3dB

2 SO, substrate tapers: 0.25 dB /taper
2 SiO, cover tapers: < 0.1 dB /taper
Total: ~2dB Total: ~4.5dB

*sm: single-mode inpuit fibre.
** mm: multi-mode output fibre.
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these experiments two types of devices are used. In the
first type both sensing windows are completely filled with
gelatine. In the second type, the sensing windows are
completely absent. Temperature differences between both
branches are manifesting themselves in the performance of
the first type (due to the temperature dependence of the
association constant of the gelatine) but this effect does not
hold in the second type.

The devices are placed in a non-thermostated room
(showing a temperature change of several degrees over a
day) and monitored continuously. Both (maximal) phase
variations per hour and phase variations over a day are

subtracted from these experiments. Maximal phase varia-
tionsof ~3x 104X 27/hand ~1Xx 10* X 27 /h are
found for the type one and type two devices, respectively.
Phase values after a day (‘‘drift’’) deviate less than 30 X
1074 X 27 and 20X 10~ 4 X 27 from the starting value
for both types, respectively. The latter means an averaged
long-term stability (*‘drift’’) of are ~1-2x 10™* X 27 /h
and <1X10 %X 27/h, respectively. Comparing with
previously reported MZI related vaues [4,5,13-19] these
remarkably good value is found in the nearly completely
balanced geometry, the smaller temperature gradients due
to the high thermal conductivity of the Si substrate and the
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Fig. 22. Preliminary experiments applying a typical sensor for RH measurements: (a) optical output (converted to voltage) without phase modulation as
function of time, while increasing the humidity from ~ 0% to ~ 15%. (b) The phase change as a function of RH from 0% to ~ 93%.
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type of modulation. The latter makes the read-out signal
insensitive to long-term intensity fluctuations due to the
light source and /or the fibre-to-chip coupling. This long-
term performance of this pigtailed sensor with a sensor
window length of 4 mm only, enables a long-term refrac-
tive index resolution of 1-3 X 10~ ".

7.8.4. RH measurement

Fig. 22 refers to a typica MZI sensor provided with
gelatine layers in both branches for sensing the RH. Using
a two-channel flow-through system, the RH values around
both windows can be altered independently of each other.
The reference window is kept at constant humidity (~ 2%,
technical nitrogen), while the humidity in the sensing
window is varied.

Fig. 22a shows the (non-electro-optically modulated)
MZI output, when switching the gas above the sensitive
layer from green band nitrogen (water content 10 ppm) to
~15% RH, as measured by a commercia instrument
(Rotronic). Remarkable is the very low noise level and the
high value of the fringe visibility, being > 0.9. The very
smooth interferometer output indicates the absence of
TM-polarised light.

Fig. 22b shows the effect if changing the RH from 0%
to ~93%. The curve depicts the relation between the
number of passed fringes, as measured by and displayed
on the modulated device. To verify the correctness of the
electronic fringe counting using the modulation principle,
the experiment has been repeated but now without the
modulation, by simply visualy counting the number of
fringes passed by the non-modulated output signa. In both
cases, the number of fringes is identical, being 220. This
corresponds to a gelatine refractive index change of ~
0.094, as calculated from Eq. (9a) inserting there the
calculated dNy/INggzine-Value of 0.36.

8. Prospects

The MZI realised here shows a better short-term phase
resolution (< 1 X 10~ X 27r) and long-term stability (<
3 X 1074 X 27 /h) than those reported in literature [11-20]
[21,22]. This mainly stems from the improved chip design
and the introduction of an effective modulation principle.
These figures can be improved even more by doing the
following.

- Increasing the interaction length, now being 4 mm
only, to larger values. This however can only be obtained
at the cost of the required chip area.

- By taking channels with a width of 2 pm instead of
the 4 wm applied now, the lateral contrast can be increased
offering the possibility to put both interferometer branches
closer together. In that way the temperature differences
between both branches will be lowered hence improving
the long-term stability.

Inaccuracies arising from the temperature depen-
dence of the device, especialy originating from the sensi-
tive layer, can be reduced whether by thermostating the
system or by adjusting the output to the correct value by a
software temperature correction. For the latter, an 10
thermometer, e.g., an MZI with alarge difference between
the lengths of the individual branches, has to be added.

The phase resolution can be further reduced by
increasing the oscillator clock rate and by further reducing
the electronics noise

If desired, the modulation voltage can be reduced to
lower values (at the cost of the required chip area) by
increasing the electrode length.

As the used waveguide materials (Si0,, Si;N,) alow
for a thorough chemica cleaning without damaging the
device, it is possible to reuse the sensor chip by repeated
removal of the (possibly contaminated) interface layer,
followed by applying a fresh or even another type of
sensitive layer.

The optical chip can be designed for use at larger
wavelengths (~ 850 nm) to enable the use of cheap VC-
SELs as light source (see Section 7.8). As a consequence,
this larger wavelength corresponds to increased V,_-values
and reduced sensitivity, however. Furthermore, due to the
small coherence length of VCSELSs, the dynamic range of
the sensor will be limited.

The device can be used as a stand-a one sensor, but —
resulting from the pigtailing — it can also be inserted into
a fibre network enabling on-line remote sensing, as desired
for example in process technology.

The dimensions of the developed device are not yet
minimised. It is expected that the chip dimensions (includ-
ing the fibre-to-chip couplers) can be reduced to 1 X 1/2
X 40 mm?3, enabling a significant cost reduction.

The used electro-optical phase modulation scheme en-
ables multiplexing of the optical chip. Here, severa MZI
structures can be used in paralel using one light source
only. As also the electrodes can be driven in parallel, only
one modulation voltage (feed-back loop) is necessary pro-
vided the waveguide uniformity is sufficient. However,
each MZI structure requires its individual detection sys-
tem.

9. Summary

We have demonstrated the design, the fabrication and
the testing of an extremely sensitive MZI sensing system,
consisting of a laser, an 10 chip and processing electron-
ics. The system can be used as a stand alone system but
can aso be inserted into a fibre network. The system
shows a short-term (minutes) phase resolution <1 x 1074
X 27 and, in a not thermostated room, a long-term
(*drift””) stability of 1-3 X 10~ % X 27 /h. These values
are equivalent to a short-term refractive index resolution of
<5x%x10°% an a long-term refractive index stability of
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~1-2 x 10~ 7. These good resolution characteristics have
been obtained by introducing a novel type of phase modu-
lation and individualy optimising al components on the
chip, connecting them by applying adiabatic transversa
tapers.

The design of the system is based on a functional
description resulting from (fundamental) MZI sensitivity
considerations. The system has been implemented by using
low cost SION technology. The chip contains components
for sensing, modulating, splitting, combining, polarising
and for efficient fibre-to-chip coupling. The experimentally
obtained component characteristics are in good agreement
with the design intentions. The system can be modified to
further improve the performance.
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