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Optical fiber probe sensors for portable and in-vivo detection
of biomolecules

Cristina Lerma Arce

Supervisor(s): Katrien De Vos, Roel Baets, Peter Bienstman

Abstract—This article introduces the development of a fiber probe sensor proposed
as a biosensor. The integration of a microring resonator on the tip of an optical fiber
is the base of this research. A deep analysis about the requirements to fabricate this
device has been performed. Simulations of the proposed sensor and its fabrication are
presented.

Keywords—microrings resonator, grating couplers, biosensing

I. INTRODUCTION

HE growing need for fast and cheap detection of biomolecules has

been the reason why many groups have focused their investigation
on the development of efficient and practical biosensors. Applications
as air control, food and water control, or even monitoring biomolecu-
lar reactions in the human body, detecting viruses, toxins, bacterias..
require a practical and dynamic tool that provides a fast and reliable
detection. A cheap, handy and robust sensor embodies this tool. The
detection without the need of any fluidic or a complicated setup to per-
form the measurement and the use of this tool for in-vivo detections are
also requirements of this applications. A sensor probe is proposed in
this paper as the sensor able to meet all this requirements.

It consists of the adaptation of a microring resonator on the tip of an
optical fiber. For that, grating couplers are needed to couple light from
the fiber to the ring and viceversa. This structure is illustrated in figure
1.
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Fig. 1. Structure: Microrings resonators and grating couplers

II. SIMULATIONS

The structure of this fiber probe sensor was simulated and compared
with other two sensors. One of them was a Silicon-on-Insulator chip
sensor, that consists of a microring resonator on a SOI chip, and the
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second one was a second fiber probe sensor, where the waveguides are
on top of the SU-8, rather than embedded in it. See figure 2.

Different position of waveguides
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Fig. 2. Compared designs.

The literature about SOI chip sensors has demonstrated that they are
the most robust labeled free sensor nowadays [1]. Indeed, results of
simulations confirmed this. The sensitivity associated to SOI chip is
very high. However, the SOI chip is not a practical and dynamic tool
because it is needed a complicated setup to realize measurements.

The sensitivity of the second fiber probe proposed is the highest of
the three structures for TE mode. The strategic position of the wave-
guides and the small confinement of the mode due to the small contrast
of the refractive index in the structure, are two reasons that make them
a bit more sensitive than SOI chip. The walls of the waveguides where
the electrical field is stronger, are exposed to the changing environment,
whereas in our sensor probe design, these walls are surrounded by SU-
8. It explains why its sensitivity is also higher than of our sensor probe.
The fabrication of this sensor would need to happen directly on the tip
of the fiber, and consequently it would be more expensive.

The first fiber probe sensor is the handiest and cheapest sensor. In ad-
dition, this fiber probe could be connected to any measurement equip-
ment in a fast and comfortable way, and carry out a fast and reliable
detection of biomolecules. These are the reasons why we focused our
research on them.

III. PROCESS 1: ETCHING BEFORE STICKING

Three different processes have been tried in order to fabricate it and
to obtain good results as biosensor. Process 1: Etching before sticking,
took most of the time of the work performed. It consists of four steps
illustrated in figure 3.

First, a SU-8 layer is deposited over the chip, with a specific thick-
ness. Then, a hole in this layer is made by lithography in order to create
a window for the HF in the next step. Through this hole, HF will begin
the underetching of the SiO2. After this step, the fiber is aligned above
the grating couplers and a glue is used to join them. This glue is cured
by a UV lamp. Pulling up the fiber, we obtain our device.
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Fig. 3. General sketch process 1

The development was performed optimizing each step of the process,
even another step was added, the HF dip.



An HF dip before the SU-8 layer deposition removed the possible
native SiO2 created on the Si waveguides surface. This new step opti-
mized the adhesion of our structure to the fiber.

Measurements of the transmission after each step of the process were
carried out. The signal showed resonances shifted after each step due
to the change of the effective index on the sensor surface [2]. However,
after HF underetching, the third step of the fabrication process, no more
resonances were found. A deep investigation to find out the reason of
the problem was carried out.

First idea was the replacement of the HF used, after observing that
this HF could go through the SU-8 layer, underetching the sample with-
out any lithography step. Buffered HF was proposed as solution, while
another investigation about the conditions of the waveguides after the
underetching was going on.

Finally, the test with buffered HF failed because it needed a long
time to underetch the sample and SU-8 didn’t resist. On the other hand,
the results of that investigation demonstrated that the structure was col-
lapsed after the underetching.

IV. PROCESS 2: ETCHING AFTER STICKING

Process 2 was very similar to the first one. It was developed in order
to avoid the collapse problem of process 1. It consists of the same five
steps of the process 1, but changing the order of the two last steps. An
overview of the process is illustrated in figure 4.
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Fig. 4. General sketch process 2

Observing this sketch, the alignment and curing is before the un-
deretching. This change regarding the first process entails the need of
moving the chip and the fiber after the curing. For that reason the drop
of PAK, glue used to stick fiber and chip, should be big enough to al-
low that the fiber held the chip. This was a problem as the big drop
of PAK prevented that HF began the underetching near our structure,
consequently, this step took too long time, and the adhesion between
sample and fiber was damaged. SU-8 was proposed to replace PAK,
but results didn’t improve.

V. PROCESS 3: REMOVING OF ST SUBSTRATE AND S102

Process 3, was performed as last alternative to obtain some good
results. The main idea was to remove each layer of the chip from the
bottom, in order to leave just the Si waveguides stuck to the fiber. This
process consists of six steps that are illustrated in figure 5.

First, the thinning of the Si substrate is performed by means of grind-
ing. Then, the alignment should be performed, but before, the previous
HF dip and the SU-8 layer deposition is required. After the alignment,
the sample and the fiber are introduced into a KOH solution in order to
remove the rest of the Si substrate. Just Si waveguides and SiO2 layer
are left. Then the HF underetching is performed removing the SiO2
layer.
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Fig. 5. General sketch process 3

Some difficulties were found developing this process. The most im-
portant was the fall of the sample after some time in KOH. The im-
mersion into KOH should be approximately 150 min to remove the 150
pm of Si substrate left after the grinding. PAK, used as glue, came
unstuck after one hour into KOH. The replacement of PAK by SU-8
didn’t improve the results, but it resisted a bit more.

The proposition of using the ICP, to thin the Si substrate to 50 pm,
and thus, to make shorter time required in KOH didn’t work. Wavegui-
des were damaged in the process, and they couldn’t be protected.

The need of protection of the sample and the fiber from KOH was the
only possible solution. For this, wax was used to cover the sample and
the fiber. The next problem found was the melting of the wax at 75°C,
temperature of KOH solution required to underetch Si. The wax melted
went underneath the sample making impossible the underetching. After
150 min of immersion, the sample wasn’t underetched at all.

VI. CONCLUSIONS AND PERSPECTIVES

Despite the lack of success at this stage, many processes were deve-
loped, and three promising future lines of research have been identified:

1. The research on the optimization of the SU-8 layer thickness that
avoids the collapse of our structure.

2. Possible redesign of the mask used during the lithography. A
possible option is illustrated in figure 6. The first aperture done near the
rings could control the size of the drop, allowing the HF underetching
by means of the second aperture. A redesign of the chip would be also
necessary, to add SiO, where the apertures would be done.

o
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Fig. 6. Possible design for a future mask

3. The research on a product that resists KOH, and protects SU-
8, sample and fiber would solve our problem, providing as result our
device.

The work performed in this thesis provides an excellent basis from
which to start this research.
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Chapter 1

Background

1.1 Introduction

Nowadays there exists an increasing need for efficient sensors, specifically
for biomolecular detection. During the last decades these sensors have been
developed and improved at laboratories, but today they should be adapted to
the actual and real needs. Many applications require cheap, robust and handy
sensors that offer a high sensitivity with an immediate and easy measurement.
Some of this applications can be air, water or food control, or even monito-
ring biomolecular reactions in the human body, detecting viruses, toxins, bac-
teria.. The objective of this thesis will be the development of a fiber sensor,
sensor which will be able to meet all this requirements previously cited. This
tiber probe will consist of a sensor on the tip of an optical fiber that, conse-
quently, will be handy;, flexible, easily transportable, easily connectable to op-
tical equipment and it will provide a cheap and fast detection. To accomplish
this objective a complete study about actual optical biosensors is required,

which is described in the following paragraphs.

1.2 Optical Biosensors

Biosensors are a interesting field where many groups have focused their
attention on. Sensing techniques based on labelled detection are well known
for their high resolution and easy detection of biomolecules [1]. This sen-
sing technique depends on labelling the analyte molecules with fluorescent
or radio-active materials. The analyte molecules can then easily be detected

using luminescence techniques that offers the best resolutions for sensing of

7



8 CHAPTER 1. BACKGROUND

biomolecules such as proteins. However, sensing methods based on lumines-
cence have some drawbacks which make them unattractive for robust, fast
and cheap sensors. A first drawback is that the extra labelling step increases
complexity and reduces reliability of the sensing method. Secondly, antibodies
used for labelling can be very expensive, which is an important disadvantage.
This is one of the principle reasons why label-free sensors are more interesting.

Label-free detection is based on the fact that the refractive index of bio-
molecules is higher than of water. On binding of molecules, the refractive
index adjacent to the sensor surface, is increased and it can be detected in real
time. Label-free detection techniques are powerful tools to monitoring and
quantifying surface mass deposition in real time with detection limits of a few
pg/nm?. [2]

The most important label-free sensors are based on surface plasmon reso-
nance (SPR), interferometry and resonant microcavities. In this chapter, we
will emphasis on biosensors based on microcavities in order to describe in de-

tail what has been used to develop this thesis.

1.2.1 Biosensors based on microcavities

Recently, several groups have proposed sensors based on resonant micro-
cavities. The sensing effect is enhanced compared to waveguide sensing or
SPR because of the multiple passing of light through the sensing section. This
allows reduction in size by several orders of magnitude, which greatly reduces
the amount of analyte needed for detection.

Vollmer [3] has demonstrated protein detection with a resonant silica mi-
croparticle of spheroidal shape (diameter ~ 300um). The whispering gallery
modes in the microparticle were excited by evanescent coupling to an optical
tiber. The resonances of the microparticle were found to have a quality factor
of Q ~ 2 x 10°%. A shift of the resonances towards longer wavelengths occurs
when adsorption of biomolecules on the particle’s surface causes its effective
circumference to increase. The operation as a biosensor was demonstrated
with the use of streptavidin as a target analyte and biotinylated bovine serum
albumin (BSA-biotin) as a recognition element ﬂ The ability to respond to a

monolayer of biomolecules is shown on the basis of an initial wavelength shift

lthe avidin/biotin or streptavidin/biotin system is often used for surface sensing experi-
ments, because of its extremely high affinity constant (K, ~ 101°M1) and the possibility to cou-
ple biotin to a variety of proteins without changing their biological activity.
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after adsorption of BSA-biotin and a second shift after injection of a strepta-

vidin solution to the sample.

Microrings as biosensors

The large quality factors of microspheres make them potential candidates
for high sensitivity sensing. However, microspheres are not suited for integra-
tion and only a part of the adsorbed molecules have an effect on the waveguide
modes resonance shift [3]]

As an alternative, microrings has been proposed. Although they have
lower quality factors, they have excellent integration capability and are easier
to fabricate.

Next section will introduce some characteristics and requirements of these

microrings resonators, and will describe them in detail.

1.3 SOl in integrated photonic circuits

According to the last section, resonant microcavities are one of the most
sensitive and efficient techniques for free label biosensing. Microrings resona-
tors are able to detect very small concentrations of biomolecules in the tested
environment. This section describes which characteristics are required to make
them the efficient biosensors that we have used to develop this thesis.

SOI chips, microrings resonators and grating couplers will be explained in
detail in order to understand perfectly the structure of our final device, optical

tiber probe sensor, and how it works.

1.3.1 SOI

Silicon-on-Insulator (SOI) is a very interesting material system for highly
integrated photonic circuits. The high refractive index contrast allows pho-
tonic waveguides and waveguide components which guide, bend and control
light on a very small scale so that various functions can be integrated on a chip.
Moreover SOI offers a flexible platform for integration with surface plasmon
based components which in turn allows for even higher levels of miniaturiza-
tion. The mode distribution of the guided modes is such that a substantial
portion of the light is concentrated outside the core material, making them

suitable for sensitive detection of environmental changes. This allows a high



10 CHAPTER 1. BACKGROUND

level of miniaturization, which is advantageous. For example, the sensitivity
of e.g. a PIC based strain sensor increases with decreasing radius of ring reso-
nators on the PIC. Light can be efficiently coupled in and out the PIC by use of

e.g. a grating coupler (see further) or another coupling element.

Using Silicon-on-Insulator also has some technological advantages. Due
to the CMOS industry, silicon technology has reached a level of maturity that
outperforms any other plane chip manufacturing technique by several orders
of magnitude in terms of performance, reproducibility and throughput. Nano-
photonic integrated circuits can be fabricated with wafer scale-processes, which
means that a wafer can contain a high number of photonic integrated circuits.
Combined with the commercial availability of large wafers at a relative mo-
derate cost, this means that the price per photonic integrated circuit can be
very low. This is a significant economic advantage when producing integrated

photonic circuits to be used as part of the optical sensor probe .

1.3.2 Microrings Resonator
Introduction

The mechanism of light propagation in a microring is comparable to that
in an ordinary dielectric waveguide. A waveguide basically consists of a core
where the light is confined, surrounded by materials of lower refractive index.
From Maxwell’s theory, it is known that there exists a discrete number of so-
called waveguide modes. These are field shapes whose field distribution and
polarization do not change while propagating through the waveguide. The
tield of these modes is confined to the high-index core region and decays ex-
ponentially into the surrounding materials. This exponential tail is called the
evanescent field of the waveguide mode, and it is this evanescent field that
is used for sensing biomolecules (see further). Each mode has its own propa-
gation constant 8 = kon.rr , where n.ss is the effective refractive index of the
mode. For a guided mode, n. s always fulfills the condition ncore > nerr > neiad,
where n.,q is the highest refractive index of the materials surrounding the
core. For a one-dimensional structure (a slab waveguide), Maxwell’s equa-
tions become uncoupled and give rise to two classes of modes: TE modes with
the electric field vectors in transverse direction and TM modes with the mag-

netic field vectors in transverse direction. In a waveguide with confinement
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in both transverse directions, there exist still modes with a predominant TE or
TM character. These are called TE- or TM-like modes.

Microrings

A ring resonator essentially consists of a looped waveguide. Just like in a
straight waveguide, the light is confined to the core and decays exponentially
in the surrounding material. When the phase shift after one roundtrip in the
ring is an integer multiple of 27, the light will build up in intensity due to
constructive interference and will form a resonant mode of the resonator. The

resonance condition becomes

_ 27Rnepr  Lneyy

Ares = mez (1.1)

m m
where R is the outer radius of the ring and L is its circumference.

Microcavities are usually coupled to an input or excitation waveguide which
excites the field in the resonator by the evanescent tail of the waveguide mode.
Sometimes, the resonator is also coupled to an output or drop waveguide. The
transmission spectrum of the input waveguide will show dips at the resonance
frequencies of the microcavities, since at these frequencies energy is extracted
from the waveguide to the ring. In the spectrum of the drop waveguide on the

other hand, there will be peaks at these resonant frequencies.

[in Ilrans lin Irrans

= —1] = — |
= |
ldrop
(a) (b)
P - |.AEsRE=
5 7
—~{FSRI- A A

(c) (dy

Figure 1.1: The two basic configurations of a microring resonator and its trans-
mission spectra: (a) singly coupled microring, (b) doubly coupled microring,
(c) spectrum at the transmission port, (d) spectrum at the drop port, [4]
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The configurations with and without drop port and the corresponding

spectra are shown in figure

The spectral distance between two modes with a subsequent mode number
m is called the free spectral range (FSR) and is given by the equation
A2
FSR= —— 1.2
S 2717Rne ff ( )
The width of the resonance peaks is described by their quality factor Q, defined
as the ratio of the energy stored in the resonator to the energy loss per cycle.

The Q factor can be calculated with the formula

lres
Q —

= 1.3
Fy (1.3)

where 6Arwuy is the width of the peak (dip) at half of its maximum (mini-
mum) value (FWHM = Full Width at Half Maximum/Minimum). A high Q

factor thus corresponds to narrow spectral peaks.

The width of the resonance peaks can also be described by the finesse F of

the resonator, defined as
FSR

F=—
S/IFWHM

(1.4)

In figure[I.2]these parameters are illustrated.

i I :’_Q—faclor or
02+ il i it finesse

it I H I r.

T | i 114 T

0.1 M 1S | L T
0 A S R i
T T i

1540 1550 1560 1570
Wavelength (nm)

Figure 1.2: Parameters of the signal received.[5]
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From the[resonance condition[2.1} we can derive that

5”€ff/”€ff = 5%/7% ~ 1/Q OAc # OArwHMm [41 (1.5)

The detectable refractive index changes are thus inversely proportional to
the quality factor of the cavity. Consequently, for a resonator to be used as a
sensor, high Q factors are important to minimize the minimal detectable wave-
length shift and therefore the sensors sensitivity. Thus they also will be less
sensitive to noise. To achieve high Q factors, all the resonator losses have to be
minimized. Typical occuring losses in ring resonators are bending and surface
losses. Surface losses are due to surface roughness and can be alleviated with
better fabrication techniques. Bending losses will increase with smaller radii
(since the mode is pushed outwards), while surface losses will be reduced due
to the smaller roundtrip lenghts. Generally, it is assumed that Q factors of

minimum 1500 are needed to make a useful biosensor. [6]

Concerning the dimensions of a resonator, it can be related with their sen-

sitivity as biosensor. This relation has been assessed by De Vos [7]

A distinction is made between sensitivity for bulk refractive index changes
(homogeneous sensing) and sensitivity for a layer of adsorbed molecules (sur-
face sensing) of mass M = pSh, where p is the mass density of the molecular
layer, S is the sensing area and h is the layer thickness. From the resonance
condition of a ring resonator [2.1]it follows that

m onerr - _
Anml}’l - L (anbulk> AA’m”’l (1'6)
MMy, = ps™ (e pn (1.7)
min — p L 8h min .

The factor m/L in the above expressions is a constant, since the cavity
mode orde m is assumed to scale linearly with the circumference L. The mi-
nimal change in bulk refractive index AAy;, is independent of the microrings
dimensions. The minimal detectable absorbed mass AM,,;, does however scale
with the area S. This implies that with a smaller resonator, smaller concentra-

tions can be measured.
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1.3.3 Grating couplers

Grating couplers are optical components which are gaining more and more
importance in telecommunication as well as in sensor technology. They have
been proposed as a solution for the problem of coupling light between optical
fibers and waveguides. The large difference in dimensions between the fiber
and the waveguides on a chip causes high insertion losses and costs and the
ongoing trend to make components smaller, in order to integrate them on one
single chip, makes the problem even more difficult.[8] We use grating couplers
for out-of-plane coupling between a standard single-mode fiber and a SOI wa-

veguide. The coupling principle is shown in figure This grating couplers

single-mode fiber

photonic wire

\
1 atliiabatic taper /
=) i

—', to integrated

/’ circuit

grating

10pm wide waveguide

Figure 1.3: Coupling principle between fiber and photonic wires by means of
a grating.[8]

are designed for light with TE polarization and give a maximum coupling for
an input angle of 10 degrees. At this angle, the central wavelength of the cou-
pling curve is around 1550 nm, with a 1dB bandwidth of approximately 40
nm. The central wavelength shifts towards longer wavelengths if the angle is
decreased. The maximal fiber-to-waveguide transmission is about 30%. For
a fiber-to-fiber transmission, this yields an overall efficiency of about 9% [9]
The grating is etched on a wide waveguide which guides the light with an
adiabatic taper into the excitation waveguide. This waveguide consists of a
220-nm-thick silicon core on top of a buried oxide layer on a silicon substrate
(SOI).
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1.4 Optical fiber probe sensor

It was mentioned in the introduction that the objective of this thesis is the
development of a cheap, robust and handy sensor with a high detection sen-
sitivity. It consists of the adaptation of a SOI microring resonator on the tip of

an optical fiber. It will be well understood after looking the following sketch.

1. SOI chip that contains microrings resonators.

SOI chip m

si == _
= It contains these
L2 structures.
They contain.

1.Grating couplers
2. Microrings resonators

1

A 4

Figure 1.4: SOI chip that contains microring resonators.
2. How light travels.

Light is coupled from
the fiber to the
waveguide by means
of the grating coupler

This taper makes
sure that there are
less reflections to
the left.

grating 10um wide waveguide

It goes to the ring resonator,
and drop light is coupled out
by the same grating coupler.

Input fiber is also used as output
fiber.

ldmp / lm

Figure 1.5: How light travels.
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3. After many processes which will be explained in chapter

land measurements| silicon waveguides from the SOI chip are transported to

the tip of an optical fiber. The following picture illustrates it.

Fiber si

\ e —————

SuU-8

Figure 1.6: Fiber probe sensor.

This is the device proposed. It will be tested and compared with other two
competitive models whose stuctures are described in figure[l.7/and figure 1.8}
SOI chip sensor: This sensor consists of a microring resonator on a SOI

chip.

St

Si

Figure 1.7: SOI chip sensor.

Second fiber probe sensor: This is a device very similar to the previously
proposed, but there is a small difference in the position of the silicon wavegui-
des.

\ m SU-8
SU-8
‘l S B % Fiber

S1

Figure 1.8: Second fiber probe sensor proposed.
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During the development of the thesis, simulations and comparisons of
these models, the fabrication and measurements carried out to test our de-
vice will be explained in detail. Then, this thesis will be completed with the

corresponding conclusions.
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Chapter 2

Simulations

2.1 Introduction

This chapter describes the method used to simulate the performance of

the sensor probe developed in this thesis. We compare characteristics of three

different models of label free sensors, and elucidate their most significant ad-

vantages and drawbacks.

Firstly, it’s necessary to describe two sensing mechanisms that are distin-

guished: homogeneous sensing and surface sensing.

Solution @ Biomolecules

0..0..0

LN 0.)./.0\.O
3

..0.'0..

V SENSOR

Biomolecules
0.
°

Solution © .

00 .000'

SENSOR

Figure 2.1: Bulk and surface sen-

sing, respectively.

In homogeneous or bulk sensing, the
sensor surface is homogeneously cove-
red with an analyte solution. This will
change the bulk refractive index of the
top medium and this will affect the ef-
fective index of the guided mode. A
drawback of this method is that all ma-
terials in the solution will contribute to
the wavelength shift, which implies that
the sensor is not specific to any particular
target molecule. In surface sensing, this
problem is solved by attaching recogni-
tion molecules, called receptors or anti-
bodies, to the sensor surface. These re-

ceptors can selectively bind specific bio-

molecules. Unbound molecules can be rinsed off, so that only the biomolecu-

les bound to the sensor surface contribute to the effective index change. Ac-

19
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cordingly, surface sensing enables specific and label-free detection. Figure

illustrates these differences between bulk and surface sensing.

In this chapter, both sensing mechanisms have been considered using the

three different biosensor models described at the introduction of this thesis.

2.1.1 FimmWave

Firstly, is important to mention the programm used to develop this part of
the thesis, it is called FimmWave. FimmWave is an electromagnetic simulation
tool based on Eigenmode Expansion and Propagation. It is a fully vectorial
mode finder for 2D waveguide structures, which may be of almost any geome-
try or material, such as SOI, polymer and etched GaAs/AlGaAs waveguides,
as well as single and multicore fibres. It allows the tackling of problems with
strong variations in refractive index, thin layers, etc. with comparatively small

computational effort.

2.2 Models

As mentioned in the introduction of this chapter, three different biosensor
models have been simulated using FimmWave. All of them are analyzed and
compared, we will discuss their sensitivities and capabilities for their use in

real life.

According to the previous chapter, the detection of biomolecules is mea-
sured by resonance wavelength shifts. The effective index changes when biosen-
sors are introduced to another environment where biomolecules are present,
producing these mentioned wavelength shifts. The formula that define these
shifts is shown bellow. [10]

From resonance condition:

_ 27‘L’Rneff _ Lne_ff

Ares mez 2.1)

m m

follows

An,rrL

Alyes = (2.2)
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Due to dispersion, this wavelength change also has an effect in n.ss. In a
first order approximation we can decouple both effects, and considering that

the variation of n.ss is also dependent on n,. It’s possible to write:

Aenvneff + Ares
Tg

Alres = (2 3)

Thereby, simulations are needed to quantify these shifts. The simulation
method is the following: The cross-section of the structure of each model is
employed to simulate electromagnetic modes in the waveguides. The funda-
mental mode, TE, is used to find out the effective refraction index of the mode
and the group index of it in order to obtain the wavelength shift following
equation[2.3]

We also have considered TM modes, although the grating couplers used
just provides high coupling efficiency for TE modes (see subsection[1.3.3).

These are the three structures we compared.

Water + sth Water + sth Water + sth
S1
| si
_ | si |
= SU-8 SU-8
((a)) SOI chip ((b)) Fiber probe ((c)) Second fiber probe pro-
posed

Figure 2.2: Bulk sensing

Si
SU-8
((a)) SOI chip ((b)) Fiber probe ((c)) Second fiber probe pro-
posed

Figure 2.3: Surface sensing

The information about thickness and effective refraction index considered
for each layer are presented in the (see table[2.4).



22 CHAPTER 2. SIMULATIONS

Negt Thickness (um)
Water 1,311 2
Biomolecules 1,4 0-0,04
Si 3,47 0,22
Sus 1,57 0,44
Sio, 1,44 2

Figure 2.4: Details of each layer

2.21 SOI chip sensor

Figures 2.2(a) and [2.3(a)| are the structures used to simulate the model SOI

chip sensor for bulk sensing and surface sensing respectively.

TM mode

SLOPE - 0,1371 /

TE mode

5 TM mode
SLOPE - 226,56.,-’./.,. s

° TE mode

Shifts (nm)

£ SLOPE- 55,756 '
, SLOPE- 0,0933
0 0
1,32 1,33 1,34 135 1,36 137 1,38 1,39 14 1,41 4] 5 10 15 20 25 30
Refraction index Biomolecular layer thickness (nm)
((a)) Bulk: Changes at the environment. ((b)) Surface: Changes of biomolecular layer

thickness.

Figure 2.5: SOI chip sensor

The slopes of the functions (see graphs provide us information about
the shift of the resonance wavelength when a unit of refraction index for bulk
sensing, or a nanometer of the biomolecules layer thickness for surface sen-
sing, has changed. Therefore, a more robust sensor will have a greater number,
which means, it will be able to detect a smaller variation in the environment,
in other words, it will have a better sensitivity.

In this case, slopes of the functions tell us that SOI chip sensors have a good

sensitivity, but they will be compared with the rest of the structures.

2.2.2 Fiber Probe

This is the model of the device developed in this thesis. Its structure is il-
lustrated in figure[2.2(b)|for bulk sensing, and in figure figure[2.3(b)|for surface
sensing.

Concerning the sensitivity of the fiber sensor probe, it is easy to see a big

drop in the detection limit with respect to the latter model (see graphs|2.6|and
compare with graphs[2.5])
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TM mode

TM mode 4 /
35 S _0,130¢
SLOPE = 166,46 SLOPE - 0,1305

TE mode
SLOPE - 0,0308

Shifts (nm)

TE mode
SLOPE = 25,982 1

o
-
I e anad

132 133 134 138 136 137 138 139 14 141 o 5 10 15 20 25 30 35

Refraction index Biomolecular layer thickness (nm)

((a)) Bulk: Changes at the environment. (b)) Surface: Changes of biomolecular layer
thickness.

Figure 2.6: Sensor Probe

This fact was expected, due to the great differences between the structures.
Here, silicon waveguides are on SU-8 instead of SiO; in SOI chip sensor. This
means an increase in the effective refractive index of materials, and also in the
group refraction index. According to the equation 2.3} this provokes a different
wavelength shift. Despite this drop, this structure presents other advantages
that first structure doesn’t have. This sensor is able to detect biomolecules in
a fast, easy and reliable way, and moreover, it is handy, flexible and cheap. In

the last section it will be compared to the rest of the structures.

As the sense of this structure is rather low, we propose a different structure,

which we will analyze now.

2.2.3 Second fiber probe proposed

Figures [2.2(c) and 2.3(c)| show the structures employed to carry out the si-

mulations for this model, for both methods of sensing.
With regard to the results of simulations for this model, indeed, the sen-
sor sensitivity has improved. This improvement was expected and it was the

reason of the proposal of this second fiber probe.

Looking at figures[2.2(c)|and 2.3(c)| the silicon structure is above SU-8 layer.

Vertical walls of the silicon structure are exposed to the changes in the en-
vironment, whereas in our sensor probe (look 2.2(b)| and 2.3(b)) these walls

are surrounded by SU-8. This exposition to the changes in the environment

makes these sensors more sensitive, because the electrical field is stronger in
these vertical walls. Besides the mode is less confined due to the small contrast

in the refraction index.
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TM mode TM mode E
SLOPE -192,51 ‘ SLOPE=O,1347/‘/.

TE mode
SLOPE - 58,833

/‘
TE mode

SLOPE- 0,0734

Shifts (nm)

132

133

10 15 20 25 30 35
Refraction index Biomolecular layer thickness (nm)

(b)) Surface: Changes of biomolecular layer
thickness.

Figure 2.7: Second sensor probe proposed

Instead, the fabrication process to obtain this fiber sensor is quite more
difficult than the last one, and, in addition, more expensive. The fact of the Si

layer is above SU-8, unlike our sensor probe, makes them to require a greater

complexity in its fabrication.

2.3 Comparing structures

This subsection compares the simulation results of each structure described
above. For that, the tables below show the numbers of the slope of each graph,

which, as before has been explained, gives us information about the sensitivity

of each sensor.

TE mode Bulksensing Surface sensing
SOI chip 55,756 0,0933
Fiber Probe 25,982 0,0308
Fiber Probe 2 58,833 0,0734

Figure 2.8: Comparisons. TE mode

TMmode Bulksensing Surface sensing
SOI chip 226,56 0,1371
Fiber Probe 166,46 0,1305
Fiber Probe 2 192,51 0,1347

Figure 2.9: Comparisons. TM mode

The literature about Silicon-on-Insulator chip sensor has demonstrated that

they are the most robust labeled free sensor nowadays. Indeed, observing the
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results of simulations (see graphs [2.5), its sensitivity is very high. Nonethe-
less and despite this properties, it is not possible to make of them a practical
and dynamic tool because it is needed a complicated setup to realize measure-
ments.

The handiest and cheapest structure, is the sensor probe proposed in this
thesis. This sensor probe is possible to be connected to any measurement
equipment in a fast and comfortable way , and carry out a fast and reliable
detection of biomolecules, even in an in-vivo process. However its sensitivity
is approximately 2 times worse than of the SOI structures.

On the other hand, the sensitivity of the second fiber probe sensor pro-
posed, is even a bit higher than the SOI chip for TE mode. The strategic posi-
tion of the waveguides and the small confinement of the mode due to the small
contrast in the refraction index are two reasons that make them very sensitive.
However, it’s fabrication is more complex and expensive. We will not consider
it in our experiments.

Concluding this chapter, the fiber sensor probe proposed in this thesis will
provide what it is expected: a handy, cheap, easily connectable and trans-
portable sensor that will be able to detect biomolecules in a changing envi-

ronment.
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Chapter 3

Fabrication and measurements

This chapter consists of an introduction to the fabrication methods develo-
ped for this thesis and a detailed description of the setup used to carry out the
required measurements.

This work has been performed in the Clean Room of the Photonics Re-

search Group in Ghent University. A clean room is an environment, typically

Spin-coater Polishing

Lithography 4
maskaligner

Lithography
maskaligner

Curing by
means of Etching
UV lamp bench

Figure 3.1: Clean room [5]
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used in manufacturing or scientific research, that has a low level of environ-
mental pollutants such as dust. The equipment of this clean room includes
a high resolution photolithography maskaligner, plasma etching and reactive
ion etching system, wafer thinning and polishing, among others.

The fabrication of our device required a lot of processes over the chip using
this equipment. Some pictures show these processes in clean room in figure
GBI

The fabrication of our device has been the hardest part of this thesis. Three
different processes have been developed in order to obtain the final device.

One of the specific treatments over the chip was the lithography. This pro-
cess is performed by the maskaligner and consists of the exposure of some
parts of a chip to specific wavelength of UV light. A specific mask located be-
tween sample and light source determines which parts of the chip are exposed
or not, printing a pattern over the chip. SU-8 was a product deposited on the
chip before this lithography. A deep study about its treatment was required
before begin fabrication. Also the underetching of some layer of the sample by
means of HF or other products, has been a basic step in our processes.

Processing, problems, solutions and conclusions will be explained in detail

in the following three chapters corresponding to each process. They are:

1.|[Chapter |4 Process 1: Etching before sticking]
2. |Chapter[5; Process 2: Etching after sticking]

3.|Chapter|6} Process 3: Removing of Si substrate and SiO»}

Before these chapters, it is necessary to explain how the measurements has
been performed, in certain moments of each process. Next section, will des-
cribe the measurement setup and will illustrate the procedure to obtain mea-

surements.

3.1 Measurements

3.1.1 Measurements setup

An overview of the measurement setup used for this part of the thesis is
shown in figure A tunable external cavity laser serves as a light source to
the system. A single-mode (SM) fiber guides the laser output via a polariza-
tion controller and a circulator to the input of the sample stage. The laser light

is coupled from the fiber into the excitation waveguide by means of a grating



3.1. MEASUREMENTS 29

coupler (see[1.3.3). The input fiber is also used as output fiber, thus light is cou-
pled out by the same grating coupler to the same fiber going to the circulator,
that allows the light to arrive at a Newport dual-channel 2832-C power meter.
It’s connected by a GPIB interface to a PC where LabView is the measurement

and control software.

GPIB interface Bamicra,
Tunable laser Fiber
Monitor
Power meter
2 o0
[« o
1 —
' - .
3 1 2 1 - Rail along the
! Translation stages cal bonch
Circulator !
Polarization
Measurement and control

control software

Figure 3.2: Measurement setup

The sample is fixed on a chuck that allows one to vary the horizontal angle
to optimize the alignment. The sample stage itself is placed on a XYZ stage.
The fiber is held by a fiber chuck at an angle of 10° with the axis normal to the
sample. This fiber chuck is also mounted on XYZ translation stage.

A camera is used in order to visualize structures and the fiber. A lamp
illuminates the sample and the fiber with somewhat diffuse light. The image

from the camera is displayed on a monitor.

3.1.2 Measuring spectrum

To measure the spectrum, a tunable laser is used to scan the desired wave-
length range step by step. For each wavelength, the output power is recorded
with the power meter. The tunable laser is automatically operated by LabView
program that allows to adjust the wavelength range and the step size. An al-
ternative is to use a broadband SLED as a light source and to measure the
spectrum with a spectrum analyzer. The latter method is faster and provides
a better signal-to-noise ratio. Nonetheless, the possible maximum resolution
with the spectrum analyzer is only 60 pm, whereas the tunable laser has a

resolution of 1 pm.
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The measurement of the spectrum will be an important tool when devel-
oping the process to fabricate our device. Therefore, we describe it in detail.

The aim is to determinate where and with which power resonances were
detected measuring an original sample. The setup described above was used,
but the light source of the system was a SLED configured at 1550 um, the
wavelength for which microrings are designed. A power meter was used until
one maximum of the signal was found, and then it was replaced by a spectrum
analyzer to show the shape of the spectrum at this moment.

The best results obtained at that moment can be observed in the following
graph.

- H
Ji M 'f{ ‘. | 7
b MMPW wu ‘“\‘ ” “‘M“

1,50E-01

Power (mW)

il i
saocer w\ I

0,00E400 v -
1,A8E409 1,50E+09 1526409 1,54E409 1,56E409 1,58E+09 1,60E409 1,62E409

Frequency (Hz)

Figure 3.3: First resonance wavelength detections

In this graph, it is possible to distinguish clearly the detected resonances.
It was a good beginning to determinate the optimal angle that increases the
signal-to-noise ratio (SNR) of the detected signal. This was chosen at 30°.

Once known that the procedure of the detection was correct, the setup was
again the one described in section [3.1.1} where the light source was a tunable

laser.



Chapter 4

Process 1: Etching before
sticking.

This process was the first idea that took most of the time of the work per-

formed.
In section an overview of this process will be illustrated.

In section each step will be deeply studied.

In section Development] results, improvements and problems will be

explained.

41 Sketch

As it has been mentioned in section Optical fiber probe sensor} our

device consists of an optical fiber where on its tip, a microring resonator and
grating coupler will be integrated, in order to obtain a handy, cheap and robust
Sensor.

Figure illustrates a general sketch of the process. It consists of four
steps. First, a SU-8 layer is deposited over the chip, with a specific thickness.
Then, a hole in this layer is made by lithography in order to create a door for
the HF in next step. Through this hole, HF will begin the underetching of the
SiO,. After this step, the fiber is aligned above the grating couplers and a glue
is used to join them. This glue is cured by a UV lamp. Pulling up the fiber, we
obtain our device.

After observing this sketch, the name of this process "Etching before sticking’

is more understandable. This four process were independently studied in or-
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1. SU-8 Layer 2. Lithography
Su-8 —_— e o Su-8 — - = -
L SI0, | SiO,
Si Si
3. HF etching 4. Alignment,
— HF and curing,. Fiber
Si0, i * - \ Glue
si T —— —d|
Si
Our device R
Fiber

Glue

lsus . . —s—
P

Figure 4.1: General sketch process 1.

der to be able to optimize the process in a easier way in view of difficulties. At

following section each step will be explain in detail.

4.2 Process

4.2.1 SU-8layer deposition

SU-8 is a commonly used epoxy-based negative photoresist. It is a very
viscous polymer that can be spun or spread over a thickness ranging from 1
micrometer up to 2 millimeters and still be processed with standard contact
lithography.

It is normally processed with conventional near UV (350-400nm) radiation,
although it may be imaged with e-beam or x-ray. i-line (365nm) is recom-
mended. Upon exposure, cross-linking proceeds in-two-steps (1) formation of
a strong acid during the exposure process, followed by (2) acid-initiated, ther-
mally driven epoxy cross-linking during the post exposure bake (PEB) step.
SU-8 is highly transparent in the ultraviolet region allowing fabrication of re-

latively thick (hundreds of micrometers) structures. [11]
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A normal process is:

1. Spin coat.

2. Soft bake.

3. Exposure.

4. Post expose bake (PEB).
5. Development.

6. Hard bake.

The last step, hard bake, is recommended to further cross-link the imaged
SU-8 structures when they it will remain as part of the device.

The entire process was optimized for our specific application beginning
with the layer thickness required.

Actually, we didn’t need a thick layer of SU-8. We tried to optimize the
attachment of SU-8 to the Si waveguides, so we needed a not too viscose thin
layer . After observing the table at figure a dilute SU-8 2 was chosen. The
concentration was 50% of SU-8 2 and 50% SU-8 developer.

The following step was cho-

Product Name | Viscosity | Thickness | Spin Speed sen the speed of the Spin coater
(cSt) {(ums) (rpm)
1.5 3000 to spread the layer of SU-8 over
SU82 45 2 2000
5 1000 the sample. After many tests
SO P i ;ggg using different speeds, and then

measuring the thickness with the
Figure 4.2: Thickness vs. spin speed data

for selected SU-8 resists. Thalystep machine, we conclude

that the speed and the time for

the spin coater would be 6000rpm (revolutions per minute) during 40 seconds.
Using these parameters, the thickness obtained was 350 nm, a thickness
that we consider suitable for our application. Afterwards, every step should

be optimized.

The soft bake after the spin-

Product Name | Thickness | Pre-bake | Softbake

ning of SU8 was necessary. Follo- ums) | @ 615"C e
1.5 1
wing the guidelines about how SU82 2 1 3
5 1 3
to use the product provided 5 1 3
SUS 5 : 2 5

by MicroChem [11], the sample
would be baked on a hot plate at Figure 4.3: Recommended soft bake pa-
65°C during one minute, and one rameters.

minute more at 95°C.
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SU-8 is optimized for near UV (350-400nm) exposure, hence, 10 seconds of

exposure at 365nm were chosen as exposure parameters for this determined

thickness. This parameters were decided after some experimentation with the

samples. This step, and the followings are explained in next subsection

graphy| in order to follow the real progress of the process.

Si wavegui

@

SuU-8

. I SlO2

Mask

Figure 4.4: Exact position of the required
aperture in SU-8.

Product Name | Thickness | PEB1 | PEB 2
(ums) @65"C | m95°C
1.5 1 1
SUS82 2 1 1
5 1 1
5 1 1
SU8 5 g 1 1

Figure 4.5: Recommended post exposure
bake parameters.

4.2.2 Lithography

Looking at the general sketch
of the process in figure
the third step is the HF un-
deretching, that will remove the
layer of SiO; from the sample. To
achieve this, an aperture in the
SU-8 layer was required.

Contact lithography was used
to make this hole in the SU-8
layer. A specific mask was used
to locate it at the proper position
on the chip. Figure [4.4illustrates
the exact position of the required
aperture. Assuming that SU-8 is
a negative photoresist, the mask
used during the lithography was
exactly the negative part of the
SU-8 left. It is also shown at
the same picture. As a result of
the exposure at 365nm during 10
seconds, the aperture was clearly
defined over SU-8 layer.

The next step was the post
expose bake, that was deter-
mined by means of the tables
provided by MicroChem. Again,

one minute at 65°C and another

one at 95°C were the parameters for the post exposure bake.
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Development with MicroChem SU-8 Developer improves the quality of

the resist. The sample was immersed during one minute in SU-8 Developer,

then it should be rinsed with isopropyl alcohol (IPA), and dried with a gentle

stream of nitrogen.

The controlled hard bake
is recommended after deve-
lopment, hence, the sample
was on a hot plate at 200°C
during 10 min.

The SU-8 treatment ends
here. Now the third step
of the general process is ex-

plained.

4.2.3 HF etching

HF etching is the next
step. It consists of the im-
mersion of the sample in HF
to remove the SiO,. This im-
mersion was carefully con-
trolled, checking how the HF
was advancing through the
aperture made. Pictures in fi-
gure show this progress
after 15 min, 30 min and
35 min of immersion. It’s
visible as a double line that
was progressing with time
around Si waveguides, un-
til our structure was com-
pletely surrounded by it. Af-
ter 35 min the microrings and
grating couplers were com-

pletely underetched, then,

Figure 4.6: HF progress. Pictures after 15 min,
30 min and 35 min of HF immersion respec-
tively.

the sample was rinsed with water and dried. After this step, our structure

was ready to be stuck to the fiber.
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4.2.4 Alignment and curing

The alignment of the fiber above the grating couplers is a difficult proce-
dure due to the fact that the same fiber is used to couple light in and out. There-
fore, a small error in the alignment will affect the signal twice. The alignment
is optimized by moving the fiber with the XYZ actuators without forgetting
also to optimize the angle of the sample stage, until the power detected by the
power meter is maximized . This part of the setup can be seen in pictures [4.7]

and Figures [4.8]and [4.9]illustrate the position of the rings on the sample
and the described angle to be optimized.

Figure 4.7: Alignment setup

4@ :@ c@ 3

((a)) Four rings on the sample ((b)) Real position to measure

Figure 4.8: Position of rings on the sample

£3) =

((a)) Ring on the sample ((b)) Real position to measure

Figure 4.9: The angle to be optimized is the angle described between the red
lines
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In the same way, the polarization can be set to TE by manually changing
the polarization controller until the detected power is maximal. The alignment
is done with the fiber at a safe vertical distance from the sample. The fiber is
brought closer to the sample vertically, so that the fiber and its shadow appear
on the screen. The grating coupler, which should be visible at the beginning
of the alignment, is positioned between the edges of the fibre and its shadow,
and then the fiber can be moved closer to the sample to optimize transmission.

Pictures in figure show the screen of the monitor, when the alignment

is being done.

((a)) Microrings focused. ((b)) Fiber and its shadow during the alignment.

Figure 4.10: Monitor screen during the alignment

At this point in the process, the alignment was not active yet. Just a fiber,
without light source connected, was used to do the first tests of this step. The
alignment was only visual, with the camera and the monitor, and SU-8 was
used like a glue to stick the fiber to the chip.

A small drop of SU-8 wetted the
tip of the fiber with a short contact
between them. Thus, the fiber had
a very small drop in its tip that was
deposited above our structure after
a delicate alignment. The curing of
this drop of SU-8 was performed by
the UV lamp during 3 min.(See [4.11)

After this procedure, our struc-

Figure 4.11: Curing

ture may be stuck to the tip of the

tiber. Following pictures show first results after pull up the fiber.
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Figure 4.12: Tip of the fiber after the sticking process and what is left on the
sample. First try.

Figure 4.13: Tip of the fiber after the sticking process and what is left on the
sample. Second try.

Pictures show the tip of the fiber after the sticking procedure and the cor-
responding ring on the sample where it has been stuck. It’s appreciable that
the first sticking results were not good. Parts of our structure were still on the

sample, and the fiber tip had just picked up some broken elements.

At this point of the process, it was the right time to optimize it. This part

will be explained in the next section[Development]

4.3 Development

This section will describe each change of the original process to achieve
an improvement, and how difficulties were coming up in the progress of the

process.
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4.3.1 Sticking Optimization

After first attempts, the sticking of our structure wasn’t good. We improve

this point by optimizing the hard bake. The sample was on the hot plate at

95°C, and the temperature was increasing until 170°C during 10 min. Results
were much better. See figure

Figure 4.14: Improvement after optimizing hard bake.

The SU-8 thickness layer was also optimized. After some tests with diffe-
rent speeds for the spin coater, 3000 rpm during 40s were chosen as parame-
ters, obtaining a layer of 440 nm of SU-8. Results also improved. See figure
4,15

Figure 4.15: Improvement after optimizing SU-8 layer thickness.

The rest of parameters of the process were stable, so we couldn’t optimize
any other parameter. Results had improved, but they weren’t good enough.

A new approach was proposed to try obtain better results.

Firstly, an adhesion promoter was applied over the sample before SUS, to
try to improve the attachment of Si waveguides to the fiber. Results weren’t
better.
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Secondly, BCB was proposed to replace SU-8, but in the HF undertetching
step, BCB didn’t resist 35 min of immersion. At figure it’s possible to
see that BCB layer is detached from the sample, even pulling off part of our

structure. Red lines show where the BCB was before the underetching.

Figure 4.16: BCB detached from the sample.

The idea of replacing SU-8 was rejected after observing these results, but a
new thought about the conditions of the original sample was developed.

The possible native SiO, created on the surface of the sample would be
removed after the HF immersion, and consequently the attachment of SU-8 to
Si waveguides was bad. Figure[d.17]illustrates the impossibility of the sticking
of the Si waveguides to the SU-8 after HF underetching.

To solve this problem, a new step

was added to the process. Before ap-

plying SU-8 over the sample, it was

introduced into HF during 5 s in or-

Si

der to remove the possible layer, as
After HF much 2 nm, of native SiO,.
immersion Results are shown in the next pic-
tures. Our structure is completely
stuck to the fiber.

s |
= s o e|Ja /|

Si

Figure 4.17: Conditions after HF un-
deretching. Bad sticking.
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Figure 4.18: Fiber tip and sample after sticking procedure. Improvement after
previous HF dip

Problems associated to the physical fabrication were solved. The process

was ready to incorporate the active alignment required for our application.

4.3.2 Active alignment and detection of the signal

In order to have a clear vision of the process at this point, we briefly review
it here.

1. HF dip during 5 s.

2. SU-8 layer

3. Lithography

4. HF underetching during 35 min.

5. Alignment and curing.

After doing 4 steps of the process, the alignment was the next step. The

active alignment was performed as explained in subsection {4.2.4] Alignment]
A tunable laser was used as source light following the description
of the measurement setup in last chapter. (See section[3.1). The tip of the fiber

was wetted by a small drop of SU-8 used to stick the fiber to the chip.
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The first problem found was the fast solidification of the small SU-8 drop.
This solidification was due to the heat that the light provoked when it went
through the fiber. The alignment required a long time to find resonances, and
SU-8 was cured almost immediately. Another glue was needed to replace SU-
8. PAK was proposed as solution. Again, some tests were required to be sure
that PAK was proper. Results, shown at figure .19, were also good.

Figure 4.19: Fiber tip and sample after sticking procedure using a drop of PAK
as glue

Once known that the procedure of the alignment was possible following
the last steps, the detection of the resonances during the alignment was the
next challenge. To ensure that the detection was possible and successful, the
search of this resonances was performed after each step of the treatment over
the sample. Figures and show graphs with the detected reso-
nances after each step.

Resonance wavelength shifts between each graph are owed to the change
of the environment of the ring after each step. Thereby the effective index

changes caused these shifts.
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Figure 4.22: Detected signal after SUS8 layer on the sample
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Problems appeared again after the HF etching. Resonances couldn’t be

seen due to optical losses that had increased after underetching (See(4.23).
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Figure 4.23: Detected signal after HF underetching, no resonances

Just once, the detected signal showed resonances. It can be observed at

tigures where the detection was performed using PAK, and without PAK,
to ensure that PAK wasn’t the problem.
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Figure 4.24: Detected signal after HF underetching, without and with PAK,
respectively.
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4.3.3 Research

In order to find the reason of the problem after the HF underetching, an
investigation about waveguide conditions after being exposed to HF began.
Two samples with 440 nm and 1um of SU-8 layer on them were underetched
as it was done before with all the rest of the samples, however, no lithography
step was done on them. Pictures at figure[.25show the cross-section of one of

this samples. The HF effects over the sample are appreciable.

Figure 4.25: Cross-section of a sample. Waveguides condition
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These figures are pictures taken by a Scanning Electron Microscope (SEM).
In them it’s possible to differentiate the Si waveguide (220 nm) and the part
of SiO, that stays after the HF exposition (2um). Indeed, waveguides were
exposed to HF for too long, such that HF could go through the SU-8 and un-
deretch the sample.

In order to solve this problem, we decided to modify the etch process and
after some research about which products were able to underetch SiO, without
affect Si waveguides, buffered HF was proposed as solution:

[BOE| = (NH4F) + (HF).

Buffered HF was analyzed checking if it went through SU-8 and underetch
the sample even without any lithography step. Results were not satisfactory.
Three hours were required by BOE to underetch the SiO, of our sample. Du-
ring this long time, SU-8 was slowly destroyed, and consequently, the follo-
wing step in the fabrication process didn’t work. It can be seen in the next

pictures.

Figure 4.26: SU-8 destroyed after 3 h in BOE.

The failure of BOE wasn’t expected, and the only line of investigation was
to analyze again problems with HE. We arrived to other conclusion: actually,
waveguides didn’t seem damaged, despite the exposure to HF during 35 min.
In this study we found a possible reason about why we couldn’t find reso-

nances after HF underetching.

Pictures of figure show a cross section of the grating couplers of two
different samples after the HF underetching. Grating couplers weren’t dama-
ged, but at first picture, the inclination of them is clearly appreciable. Between
grating couplers and Si substrate, air replaced SiO, as we expected. At se-

cond picture, there is nothing between grating couplers and Si substrate, it’s
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Grating couplers

s AL

T O i,

Si substrate

Grating couplers

Si substrate

Figure 4.27: Our structure was collapsed after HF underetching.

not possible to see the difference between them, because they both are Si. Our

structure was collapsed.

4.4 Conclusions and perspectives

A deep analysis about the progression of this process has been described
in the last sections. Final results prove that the detection of resonances after
the HF underetching was almost impossible after the collapse of the structure.

A possible explanation about why once resonances where detected after
this critical step, is that the glue used to stick the chip to the fiber, went un-
derneath the structures, providing the required change in the refraction index.

However, in this case, it was not possible to stick the the chip to the fiber after
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pulling it up, because the PAK underneath was also cured, and didn’t allow to
pull out the structure.

To avoid this collapse, different thickness of the layer of SU-8, 440 nm,

1 um, 2 um, and 3 um, were tested unsuccessfully. The sticking wasn’t bad,
but no resonance could be found.

A possible solution would be find the optimum thickness of the SU-8 layer
that hold the structure and avoid the collapse. To find out this thickness, many
experiments and the availability of SEM during a lot of time and would be
required. The idea of a new process was considerate, thinking that it would be
a easier way to obtain good result. Nonetheless, the mentioned optimization

could be developed in the future.



Chapter 5

Process 2: Etching after sticking.

This process was developed in order to avoid the collapse problem of pro-
cess 1. It consists of the same five steps of the process 1, but changing the order

of the two last steps. An overview of the process is illustrated in the following

picture.

1. HF dip

= —
Sio,

Sio,

Si

P e R —

Si

2.SU-8 Layer 3. Lithography

Su-8 P gy — . Su-8 e | -
| SiO, | Sio,

Si Si

4. Alignment

and curing
Fiber

Fiber .
PAK\ 5. HF etChlng \ PAK

|[ETE —— —

Si

Our device .
Fiber
PAK

Fiber DL D

£

Figure 5.1: General sketch process 2.
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5.1 Process

Steps of this process are exactly the same steps of process 1. Just some

changes will be explained in this section.

After the HF dip, an SU-8 layer was applied over the chip. Now its thick-

ness was 3 um, which was decided after a successful sticking test.

The alignment and curing were not changed, but there was something that
we should consider. After this step, the sample and the fiber should be intro-
duced into HF. Optical fiber in HF wouldn’t resist without protection. For that

reason, the fiber had to be protected with several layers of SU-8 before align it.

Problems appeared at this moment. After the curing, the fiber holder should
be transported from the measurements room to the chemical bench in the
cleanroom. The fiber should hold the sample stuck to it by means of the small
drop of PAK cured. However, this small drop of PAK couldn’t hold the entire

sample.

Figure 5.2: Big drop of PAK

The solution was to use a big drop of PAK deposited on the sample to do
the alignment. Pictures at figure |5.2|illustrates the big drop of PAK required
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Drop of PAK

HF

Figure 5.3: Big drop of PAK

and how the fiber and sample were transported in order to do the HF under-

etching.

Consequently, another problem came up. The HF underetching took a long
time to remove the SiO, below our structure due to the big drop of PAK had
filled the aperture in SU-8 previously done by lithography. At figure [5.3|it’s

visible that the underetching began really far from our structure.

Figure 5.4: Fiber and sample after underetching using PAK
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After 3 hours of underetching , the adhesion of PAK and SU-8 was really
damaged. Results after some tests are shown in figure 5.4}

It is possible to see on the fiber tip a shape of our structure, but there were
not waveguides, it was just the trace. On the samples, some parts of our struc-
ture were still there.

An alternative was to use again a drop of SU-8 to do the alignment. Pro-
blems that we had with the first process about the fast solidification of SU-8

didn’t appear, because the drop was now bigger.

Figure 5.5: Fiber and sample after underetching using SU-8

However, results after underetching weren’t good. It took a shorter time,
but enough to damage the adhesion between fiber and sample.Results were
similar.

Pictures [5.5|show that rests of the structure were still on the sample. The
same process was tried with different thickness of the SU-8 layer, but no im-

provement was obtained.

5.2 Conclusions and perspectives

We showed that this process couldn’t provide the desired results. The un-
controlled size of the drop of PAK was a important inconvenience. This size
could be controlled using another mask to make some others apertures in the
SU-8 layer. A possible sketch of this mask over the sample is shown in figure

The first aperture done near the rings could control the size of the drop,
allowing the HF underetching by means of the second aperture. A redesign

of the chip would be also necessary, to add SiO, where the apertures would
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Figure 5.6: Possible sketch for a future mask

be done. The time required to redesign the sample and the mask would be an
inconvenience for the development of this thesis, but it could be an idea to be
tried in the future.

A new process, completely different from the processes already explained,
was considered to try to obtain some results. It will be explained in chapter 6§
[Process 3: Removing Si substrate and SiO,)|
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Chapter 6

Process 3: Removing of Si
substrate and SiO,

This process was performed as last alternative to obtain some good results.
Last tried processes could provide good results, but time and resources re-
quired to achieve them were unacceptable for this thesis. The idea of this new

1. Grinding of Si until 150 pm. 2. HF dip

Native SiO, removed

—_— = e
Si0, 2pm S0,
Si $150pm
o I I
3. SU-8 Layer 4. Alignment Riber
and curing; -

e SUES — o Si
S0, S0,

Si Si

5. KOH underetching of Si. 6. HF underetching of $iO,.
Fiber

PAK Fiber
pus . o . s
50, Zum] S EE———
$ i 2um
Si 4 4 150 pum HF

{ 4
§ $on & &

Our device

Fiber
Glue
I.S.U;S_| — M — I—Qi—'l

Figure 6.1: General sketch process 3.
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process was very different from last processes, but it was quickly accepted and
developed. The sketch that illustrates the first idea of this process is shown in
figure

The main idea was to remove each layer of the chip from the bottom, in
order to leave just the Si waveguides stuck to the fiber. This process consists

of six steps that will be explained at next section.

6.1 Process

6.1.1 Grinding

The first step of this process is the grinding of part of the Si substrate. The
original Si substrate thickness is 700 um, and we tried to reduce it to 150 um
during approximately three hours of grinding. This Si thinning was done by
means of a polishing machine, using a solution of SiC (silicon carbide) powder
in water. Before grinding, the sample was fixed on a glass plate with wax
heated at 150°C. After this three hours, it could be released from the glass plate
and cleaned with boiling TCE (trichloroethylene), acetone, IPA (isopropyl

Figure 6.2: Grinding. [5]
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alcohol) and water. This cleaning procedure required high delicacy because
the chip was very thin and fragile. Picture [6.2]illustrates this process.

Now, the sample was ready to undergo the next steps.

6.1.2 HF dip, SU-8 layer, alignment and curing

The next three steps have been already explained in last chapters. Anyway,
a short review is given in this section.

Firstly, the HF dip consisted of the introduction of the sample into HF du-
ring 5 seconds, in order to remove the possible native silicon created on its
surface. This avoided the bad sticking of SU-8 layer to Si waveguides, one of
the problems of the first process.

Secondly, SU-8 layer was applied over the chip. The thickness of this layer
was also discussed in the first process, where the optimization of the sticking
step, fixed a range of possible thicknesses from 440 nm to 3 um.

Thirdly, the alignment was performed in the measurement setup described

in chapter |[3} Fabrication and measurements| PAK, was again used as glue, to

stuck the fiber to the sample.

Similar to process 2, the fiber was coated with several layers of SU-8 to
protect it from the followings steps, where it would be exposed to HF, and in
this process, also to KOH.

Once the alignment and curing was finished, the delicate transport of the
fiber and sample to the chemical bench in the cleanroom was necessary to do
the next step, the underetching.

Concerning the alignment, it still wasn’t active because we wanted to be

sure that the physical fabrication was possible.

6.1.3 KOH and HF underetching

The KOH underetching was done by introducing the sample, and inevitably
part of the fiber stuck to it, into KOH. The KOH solution was prepared with
20% concentration, 30 g of KOH, dissolved in 120 ml of water. The tempera-
ture was fixed and carefully controlled at 75°C, at which the theoretical rates
of the underetching of the Si were approximately 1 um/min.

The thickness of the Si substrate of our sample was 150 um after the grin-

ding, therefore the underetching duration should be 150 min. Problems ap-
peared at this point, but they will be explained in next section



o8 HAPTER 6. PROCESS 3: REMOVING OF SI SUBSTRATE AND SIO,

where we will talk about each problem that are arisen, and how we
tried to solve them.

After removing all the Si substrate of our sample, just Si waveguides and
SiO; would be left. The last step, HF underetching, would remove the 2 um of
Si0O;, in order to obtain our device, Si waveguides stuck to the fiber. Consider-
ing theoretical rates, approximately 1,8 um/min, sample and fiber should be
into HF less than 2 minutes.

Actually, this last step was never carried out, because problems with KOH
didn’t allow us to arrive at this point. The next section will detail all these

problems.

6.2 Development

We came up with different ideas were coming up to try to resolve the diffi-
culties found during the progress of the process. This difficulties arose during
the fifth step, KOH underetching.

6.2.1 PAK and SU-8

Sample and fiber should be into KOH, during approximately 150 min. PAK
was used in the sticking of the fiber, and then sample and fiber were intro-
duced into KOH. After one hour there, the sample fell from the fiber, and be-
gan to be dissolved in KOH. It was tried again, now, observing carefully the
sample and fiber to try to find out why sample had fallen. The conclusion was
that PAK came unstuck after one hour into KOH, hence, the sample fell.

SU-8 was proposed to replace PAK in the alignment, however, its use was
also unsuccessful. As well as PAK, SU-8 came unstuck, but this, after 90 min
into KOH. The SU-8 used was SU-8 2, the less viscous SU-8 of the range.
Another try with SU-8 10, more viscous, was carried out. The sample resisted

longer time, but not enough, it also fell.

6.2.2 ICP

The first idea to solve this problem was to add a new step. It should be
between the application of the SU-8 layer over the chip and the alignment. It
was the use of the ICP (inductively coupled plasma) etch system to thin the Si
a bit more before the KOH underetching.
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The objective of this new step was to reduce the thickness of the Si substrate

and moreover the time required to underetch it in KOH.

The sample could resist 50 min in KOH using a drop of SU-8 10 during the
alignment, and then, we would need to underetch Si in ICP until 50 um. To

achieve this, the time required in ICP would be 2 hours approximately.

The sample was introduced '
the ICP, after SU-8 was applied
over the sample. The first try
was just during 30 min, just to
control how fast the Si substrate
was being etched. The sample
was carefully analyzed, and re-
sults are shown in pictures at fi-
gure In them, it is easy to
see that the corner of the sample,
and our structures, quite near to
the corner, are damaged after 30
min. Moreover, the SU-8 layer

had disappeared.

The first thought was to pro-
tect waveguides and SU-8 in ICP
by means a photoresist. AZ 1505
and AZ 5214, were used with this
intention, but results were the
same, Si waveguides were dama-

ged.

Consequently, we decided to
skip this step, and try to find

other solution.

The proposal about grinding )
Figure 6.3: Waveguides damaged after 30

the sample until Si substrate was = . o5 1op

50 um was immediately rejected.
The handling of the chip would be too difficult, and it could be broken very

easily.

Another proposal was accepted, it is explained at next subsection.
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6.2.3 WAX

The use of a black wax to cover the sample and the chip, and thus, protect

the top and sides from the KOH, was a strong idea that we carried out.

PAK was again the glue used in the alignment and the sticking. Then, fiber
and sample were transported where KOH underetching would be performed.
The preparation of the wax required to heat it to 90°C and mix it in TCE. When
it was melted, it was applied over the sample covering also the fiber. This
application was very delicate because the wax quickly solidified, and it was

difficult to cover all of the sample and fiber without breaking their union.

Once done this, sample and fiber, both covered with wax, were introduced
into KOH. Figure [6.4]illustrates how the wax was applied.

. After short time in KOH,
r the wax was completely released
from the sample, but just where

the drop of PAK was. Conse-

quently, after one hour our sam-
ple fell, similar to the last try.
This step was repeated, but re-
sults were the same. The wax
did not stick to PAK, therefore,

Figure 6.4: Applying wax over sample. there wasn’t protection for PAK

and sample.
Again SU-8 10 was proposed to replace PAK. After one hour, the sample
also fell, because the wax was melting in the warm KOH gradually, and finally

the sample wasn’t protected.

To solve this new problem, a lot of wax was applied over the sample, in
several times, this is, applying a layer and letting it solidify, and repeat it many
times. Thus, any small hole allowed KOH to go under the wax and attacked

the sample.

However, this thick layer of wax was’t the solution. During the immer-
sion, wax was also melting due to the high temperature of KOH, but, there
was enough wax to protect sample, indeed, it resisted 150 min. The problem
was that this melting wax was floating in KOH dissolving, and it also went

underneath sample.
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This fact made more difficult the underetching of the Si substrate and after
150 min into KOH, the sample didn’t seem underetched at all.

Parameters to be optimized were checked. Temperature was controlled
and even fixed at few grades higher, to accelerate the etching rate. Time of im-

mersion was prolonged, 200 min. But any change in results was appreciable.

6.3 Conclusions and perspectives

The inevitable melting of wax during the KOH underetching turned out to
be a great problem, impossible to be avoided. The research on other solution
was interrupted by the lack of time.

However, a door for a future investigation was left opened. The research
on a product that resists KOH, and protects SU-8, sample and fiber would

solve our problem, providing as result our device.
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Chapter 7
Conclusions and perspectives

The fiber sensor probe proposed in this thesis has turned out to be a great
challenge. Theoretically, it could be a robust free label sensor and it was pro-
posed as a practical and dynamic tool able to carry out a fast and reliable de-
tection of biomolecules.

It consists of the adaptation

SOl chip > of a microring resonator on the
m__‘ e It contains these
- Q i tip of an optical fiber. For that,

couple light from the fiber to the

= grating couplers are needed to

They contain.
1.Grating couplers
2. Microrings resonators f g

Light is coupled
from the fiber to
the waveguide

by means of the
grating coupler

ring and viceversa. This struc-

" ture is illustrated in figure 7.1.
is taper makes
surc that there arc - -
fess reflections to In chapter |2} [Simulations} the
the left.
structure of this fiber probe sen-

@ sor was simulated and compared

o= with other two sensors. One of

It goes to the ring resonator,
and drop light is coupled out
by the same grating coupler.

them was a Silicon-on-Insulator

Input fiber is also used as output
fiber.

chip sensor, that consists of a mi-

) ) ) croring resonator on a SOI chip,
Figure 7.1: Structure: Microrings resona-

tors and grating couplers and the second one was a second

fiber probe sensor, where the wa-

veguides where on top of the SU-8, rather than embedded in it. Figure
illustrates them.

Results of this chapter confirmed that SOI chip sensor is very sensitive.

However, it is not a practical and dynamic tool because it is needed a compli-

cated setup to realize measurements.

63



64 CHAPTER 7. CONCLUSIONS AND PERSPECTIVES

Different position of waveguides

s

Fiber Fiber

—— Si
Fiber sensor probe SOI chip Second fiber sensor
probe proposed

Figure 7.2: Compared designs.
The sensitivity of the second fiber probe proposed is the highest of the three

structures for TE mode. The strategic position of the waveguides and the small
confinement of the mode, due to the small contrast of the refractive index in
the structure are two reasons that make them more sensitive than SOI chip.
The walls of the waveguides where the electrical field is stronger, are exposed
to the changing environment, whereas in our sensor probe design, these walls
are surrounded by SU-8. It explains why its sensitivity is also higher than of
our sensor probe. This advantage regarding our fiber probe proposed, entails
a complicated and expensive fabrication process. This is the reason why this
second fiber probe proposed was ruled out.

The first fiber probe sensor is the handiest and cheapest sensor. In addi-
tion, this fiber probe could be connected to any measurement equipment in a
fast and comfortable way, and carry out a fast and reliable detection of biomo-
lecules. The detection without the need of any fluidic or a complicated setup
to perform the measurement and the use of this tool for in-vivo detections are
also advantages of this fiber probe sensor. These are the reasons why we fo-
cused our research on them.

Three different processes have

1. SU-8 Laycr 2. Lithography
T —— e o ] been tried in order to fabricate
- - it and to obtain good results as
3. HF eiching 4. Alignment, biosensor, nonetheless none of
HE and curing,. Fiber
r— them were successful as of yet.

IProcess 1: Etching before]

Our device took most of the time of

Fiber

-

Blue the work performed. It consists
of four steps illustrated in figure

Figure 7.3: General sketch process 1.
The development was performed optimizing each step of the process, even

another step was added, this is the HF dip before the SU-8 layer deposition, to
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remove the possible native SiO; created on the Si waveguides surface and to

optimize the adhesion of our structure to the fiber.

Measurements of the transmission after each step of the process were car-
ried out. The signal showed resonances shifted after each step due to the
change of the effective index on the sensor surface. After HF underetching,
no more resonances were found. A deep investigation to find out the reason

of the problem was carried out.

First idea was the replacement of the HF used, after observing that this
HF could go through the SU-8 layer, underetching the sample without any
lithography step. Buffered HF was proposed as solution, but it needed a long

time to underetch the sample and SU-8 didn’t resist

Finally some pictures taken by the SEM demonstrated that the structure

was collapsed after the underetching.

1. HE dip The second process, [Process
B e 8 /8 ——

= - = 2: Etching after sticking] was

si si

very similar to the first one. It

2.5U-8 Layer 3. Lithograph . .
Y ErbTy was developed in order to avoid

U —_— = = Bus . o o
. B the collapse problem of process
4. Alignment 1. It consists of the same five

and curing

Fiber Fiber

4 5. HFetching="" [ steps of the process 1, but chang-

e B . Ere=y=—r = ing the order of the two last

steps. An overview of the pro-

Our device Fir cess is illustrated in figure

Fiber

Observing this sketch, the

alignment and curing before the
Figure 7.4: General sketch process 2. underetching require moving the
chip and the fiber between both
steps. For that reason the drop of PAK, glue used to stick fiber and chip, should
be big enough to allow that the fiber held the chip. This was a problem, as the
big drop of PAK prevented that HF began the underetching near our structure,
consequently, this step took too long time, and the adhesion between sample
and fiber was damaged. SU-8 was proposed to replace PAK, but results didn’t

improve.

IProcess 3: Removing of Si substrate and SiO,| was performed as last alter-

native to obtain some good results. The main idea was to remove each layer of
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the chip from the bottom, in order to leave just the Si waveguides stuck to the

fiber. This process consists of six steps that are illustrated in figure

o . _ Some difficulties were found
1. Grinding of Si until 160 um. 2.HF dip

SaEES . g developing this process. The
R - most important was the fall of
3.SU-8 Layer 4;1[1;2%52;;1‘ \Fb v the sample after some time in
EEE————— £ KOH. The immersion in KOH

si

should be approximately 150

5. KOH underetching of Si. 6. HF underetching of SiO,,.
e min to remove the 150 um of Si

substrate left after the grinding.

PAK, used as glue, came unstuck
after one hour into KOH.

KOH

Our device

Fiber
\ . .
e After trying some ideas, the

need of protection of the sample
and the fiber from KOH was the

only possible solution. For this, wax was used to cover the sample and the

Figure 7.5: General sketch process 3.

fiber. The next problem found was the melting of the wax at 75°C, temperature
of KOH solution required to underetch Si. The wax melted went underneath
the sample making impossible the underetching. After 150 min of immersion,

the sample wasn’t underetched at all.

Despite the lack of success at this stage, many processes were developed,

and three promising future lines of research have been identified:

1. The research on the optimization of the SU-8 layer thickness that avoids

the collapse of our structure.

2. Possible redesign of the mask used during the lithography. A possible
option is illustrated in figure The first aperture done near the rings could
control the size of the drop, allowing the HF underetching by means of the
second aperture. A redesign of the chip would be also necessary, to add SiO,

where the apertures would be done.

HE

)
DADD __A == D

Figure 7.6: Possible sketch for a future mask



67

3. The research on a product that resists KOH, and protects SU-8, sample
and fiber would solve our problem, providing as result our device.
The work performed in this thesis provides an excellent basis from which

to start this research.
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CHAPTER 7. CONCLUSIONS AND PERSPECTIVES
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