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Abstract

In this thesis, a polymer lamination method is presented that enables e�cient

light coupling into air-suspended polymer waveguides by grating couplers which

can then be exploited for research towards a large range of applications in the

�eld of micro�uidics, optics and opto�uidics. This approach is especially useful

for highly sensitive integrated opto�uidic sensors as has been demonstrated in this

work.

Due to the low refractive index contrast available between various polymer ma-

terials, the e�ciency of miniaturized polymer photonic and opto�uidic devices is

often limited. In this work, a new lamination technique is presented that allows the

bonding of unstructured and structured layers of SU-8 photoresist down to sub-

micron thicknesses onto microchannels fabricated in KMPR photoresist using a

�exible PDMS carrier stamp. This approach enables the creation of air-suspended

SU-8 structures with the highest possible refractive index contrast. Such layers

can be bonded down to a thickness of 0.5 µm which in principal allows guidance

of light of infrared wavelengths within the single-mode regime.

In order to exploit this approach for highly sensitive opto�uidic sensing appli-

cations, light needs to be coupled into such layers. In this work light coupling is

achieved using air-suspended SU-8 rib waveguides and butt coupling, as well as us-

ing air-suspended SU-8 surface grating couplers. Particularly, air-suspended SU-8

grating couplers are very interesting. After numerical simulations, air-suspended

SU-8 grating couplers have been fabricated based on the developed lamination

method. Transmission measurements have shown that a single grating coupler

exhibits approximately 8 dB coupling loss at a centre wavelength of 1557 nm indi-

cating a coupling e�ciency of about 16 %. In addition, the thermal sensitivity of

the air-suspended SU-8 grating couplers has been studied by numerical simulations

followed by experimental evaluation.

Even though the achieved coupling e�ciencies are lower than for SOI couplers,

mainly due to current fabrication limits of the master structures, the fabrication

method employing widely used polymer materials has the advantage that multiple

air-suspended structures can directly be created in only one simple lamination

process without the need of additional etching steps.
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Finally, di�erent opto�uidic sensor concepts are proposed based on the demon-

strated SU-8 bonding method and the air-suspended SU-8 waveguide grating cou-

plers. Experimental transmission measurements have shown that a �rst sensor

concept exhibits a refractive index sensitivity of approximately 400 nm RIU-1 ac-

cording to the wavelength shift and 17 dB RIU-1 due to the intensity loss which

is similar to the results of the numerical simulations. In comparison to previ-

ously shown sensing applications using grating coupler structures, the analytes

can directly be probed in-line due to the combination of a micro�uidic channel

and air-suspended grating couplers making the proposed sensor concept highly

applicable for in-line polymer opto�uidics and suitable for low-cost opto�uidics

and photonics sensor concepts.

However, in order to detect even the smallest di�erences in analytes, higher sensi-

tivities would be required. Therefore, a second sensor concept aims to increase the

sensitivity by introducing a long-period grating into an air-suspended SU-8 waveg-

uide in order to enhance the light-matter interaction strength. Numerical simula-

tions have been carried out to obtain a set of parameters for a multi-mode long-

period grating sensor for TE polarized light at a resonance wavelength of 1550 nm.

Transmission calculations as a function of wavelength have shown that such sensor

can exhibit a very high refractive index sensitivity of about 6000 nm RIU-1.

In summary, this thesis introduces a new polymer lamination method for thin,

structured air-suspended SU-8 �lms down to sub-micron thicknesses. In fact,

such �lms are thin enough to provide single-mode guidance of light in planar

waveguides in the infrared wavelength regime. By exploiting air-suspended SU-8

grating couplers, light can be e�ciently coupled into such waveguides. Di�erent

applications in the �elds of micro�uidics, optics and opto�uidics are introduced

in this thesis and it appears that the thin air-suspended SU-8 �lms can be robust

enough even for the realisation of real world applications.
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1. Introduction

1 Introduction

This Chapter introduces the broader research context and motivates the work car-

ried out in this thesis. The key problems are identi�ed and a thesis outline is given.

1.1 Motivation

Medical diagnostic systems are important tools in today's medicine allowing the

correct diagnosis of numerous disease symptoms and hence increase the potential

for a successful therapy of a patient. To increase our well-being and life span,

our society has always striven to improve human health, which generates a con-

tinuous demand on improving existing sensing devices and developing new tests

and diagnostic principles. Currently, most medical diagnostic tests are carried out

in specialized clinical laboratories requiring bulky, sophisticated equipment and

trained sta� making such tests immobile, time consuming and thus expensive. In

order to diagnose symptoms of a patient earlier and hence increase the potential

of a successful therapy, local point-of-care measurements, for example in medical

o�ces or ambulances, would signi�cantly enhance the accessibility of medical di-

agnostic tests. However, this vision requires new sensing and detection principles

to overcome the disadvantages of current diagnostic systems.

A new �eld of research that has attracted much interest in the last ten years is

opto�uidics, which integrates micro�uidic and optical elements on the micrometre

scale for widespread applications in fundamental sciences and engineering [1�3].

Combining micro�uidics and integrated photonic circuits enables devices that can

carry analytes in microchannels to be probed by the light or conversely, a photonic

device can be modulated by a �uid. Since optical phenomena are often exploited

for medical diagnosis, opto�uidic sensor principles are very attractive as light

is harmless to the analyte and does not signi�cantly interfere with the electric

and magnetic circuits of the surrounding peripheral equipment. Furthermore,

opto�uidic sensors o�er attractive advantages such as low reagent and sample

consumption, relatively easy detection of molecular interactions as well as high

processing speeds and precision. With the growing trend towards mass-producible

and disposable sensing devices, polymer materials have gained great interest in the

last decade due to low-cost, rapid and �exible processing which basically allows

single-use, disposable items.
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1. Introduction

However, in the progress of downscaling polymer integrated photonic structures

and hence opto�uidic devices, it is important to provide a high refractive index

contrast [4, 5]. High refractive index contrasts enable strong light con�nement

in the waveguide of the sensor and therefore the capability of reducing device

proportions. However, due to the low refractive index contrast available between

various polymer materials, the e�ciency of such devices is often limited.

In general, a common method for maximizing the refractive index contrast of

optical devices, is to exploit air as surrounding cladding layer of the waveguide

core. Mainly, air-suspended applications have been shown in high-refractive in-

dex semiconductors realized by di�erent etching steps of sacri�cial layers [6�9]. A

much more useful and less elaborated process to realize air claddings in polymer

materials can be derived from various methods to realize embedded micro�uidic

channels of the negative-tone photoresist SU-8 using an SU-8 layer to seal a struc-

ture [10�18]. However, transferring and bonding of uncross-linked SU-8 onto SU-8

microchannels has only been shown down to �lm thicknesses of several microme-

tres [19], whereas air-suspended polymer photonic devices and opto�uidic appli-

cations operating in the single-mode regime of optical waveguides, would require

reduced �lm thicknesses down to several hundreds of nanometres [20]. Realizing

air-suspended SU-8 waveguide layers with such thin thicknesses by a polymer-

onto-polymer lamination method is one of the challenges addressed in this work.

In order to enable optical functionality, the transferred SU-8 layers need to con-

tain optical structures. If such thin air-suspended single-mode waveguides can be

realized, the question would arise how it would be possible to couple light into the

waveguides and what methods would be suitable. Due to the small cross-sections

of single-mode waveguides being often in the range of several hundreds of nanome-

tres, interfacing the waveguide layer to optical �bres is a challenging exercise. For

integrated photonic devices fabricated in semiconductors, the well-known highly

e�cient surface grating couplers have been proposed and realized [21]. By using

such grating couplers it is possible to couple light from an optical �bre into a thin

single-mode waveguide layer and back into a �bre without cleaving and polishing

processes.

As mentioned above, polymers do not o�er large variations in their refractive in-

dices, which makes surface grating couplers considerably di�cult to implement on

a polymer based platform. However, if air-suspended, structured SU-8 �lms can be
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1. Introduction

Figure 1.1: Polymer-based opto�uidic sensor concept consisting of a structured
polymer layer bonded onto a polymer base on top of a microchannel for maximizing
the refractive index contrast. An integrated waveguide guides light towards an
analyte, e.g. positioned below a sensing optical grating. The light interacts with
the analyte that changes e.g. the central wavelength of the light spectrum which
is then coupled out of the polymer layer by the grating for monitoring.

transferred and bonded onto SU-8 microchannels, such �lms would exhibit a high

refractive index contrast due to the air claddings on top and at the bottom. This

would potentially allow the realization of air-suspended polymer grating couplers

that could provide a reasonable light coupling e�ciency.

By exploiting such e�cient polymer grating couplers bonded on top of a mi-

crochannel, novel polymer-based opto�uidic sensor concepts and principles as

shown in Fig. 1.1 could be invented and studied. This exemplary concept sum-

marizes the challenges mentioned above. It consists of a structured polymer layer

bonded onto a polymer microchannel base for maximizing the refractive index con-

trast between the waveguide core and the surrounding claddings. An integrated

waveguide guides light towards an analyte which is e.g. positioned below a sensing

optical grating. The light interacts with the analyte that changes e.g. the central

wavelength of the light spectrum which is then coupled out of the polymer layer

by the grating for monitoring.

In general, the detection and analysis of biochemical and biomedical species by

opto�uidic sensors is challenging due to short optical path-lengths that lead to

weak optical absorption competing with a high background transmission, small

sample volumes, and the need to analyse individual particles or molecules. Conse-

quently, it is di�cult to achieve high sensitivities and low detection limits. Hence,

increasing the overlap between the optical �eld and the target analyte is the ulti-
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mate way to improve the sensitivity of such sensors [22]. If air-suspended polymer

waveguides and grating couplers can be realized, the possibility to investigate

highly sensitive planar opto�uidic sensors experimentally would be enabled. Such

a sensor would exhibit a reduced footprint and can be exploited to probe liquid

samples paving the way towards novel point-of-care opto�uidic diagnostic systems.

1.2 Thesis outline

This thesis is focused on the key problems of polymer opto�uidic devices identi�ed

in the introduction, namely (I) can air-suspended, high-index cladding single-mode

waveguides be realised by lamination techniques; (II) can these waveguides be in-

terfaced e�ectively using surface grating couplers and (III) can these grating cou-

pler interfaced waveguides and the grating couplers themselves also be harnessed

as sensing elements.

The work is divided into eight chapters that can be summarized as follows. Chap-

ter 2 brie�y reviews and describes integrated microfabrication, and especially the

state-of-the art polymer processing technologies photo-, nanoimprint-, and soft

lithography. Such technologies or similar alterations and modi�cations are mainly

employed throughout this thesis. In Chapter 3 a method to bond unstructured and

structured �lms of the epoxy-based negative photoresist SU-8 down to sub-micron

thicknesses onto microchannels fabricated in the negative-tone, epoxy-based pho-

toresist KMPR using a �exible PDMS carrier stamp is proposed and realized. By

exploiting di�erently cast PDMS carrier stamps, �at and structured layers, ap-

proximately 0.5 µm thick, can be transferred. However, in order to exploit this

approach for optical and opto�uidic sensing applications, suitable methods need to

be developed to use these �lms as waveguides and as micro�uidic channels. Thus,

the knowledge gained from Chapter 3 is then exploited in Chapter 4 to create air-

suspended single-mode rib waveguides and butt coupling is used to demonstrate

propagation of light into such thin SU-8 layers.

Chapter 5 studies the employment of air-suspended SU-8 surface grating couplers

as a means to maintain the integrity of the underlying air-cavity and allow access

to the optical waveguide without any further end-facet preparation. In addition to

this, the behaviour of air-suspended SU-8 surface grating couplers is investigated

and experimentally demonstrated in Chapter 6.
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Based on the insights gained from Chapters 3-6, Chapter 7 proposes and demon-

strates a selection of di�erent highly sensitive opto�uidic sensors. The �rst sensor

concept is fully numerically simulated, experimentally realized and characterised.

Two surface grating couplers are fabricated in a laminated �lm on top of a mi-

cro�uidic channel system, where one grating coupler acts as input and the other

coupler as output and sensing grating coupler for the analyte. A second more sen-

sitive sensor concept is then proposed based on long-period gratings. Transmission

calculations have shown that the sensor exhibits a very high refractive index sensi-

tivity of 6000 nm RIU-1, which would be a suitable sensitivity for novel, single-use

point-of-care biomedical diagnostic systems as proposed in the motivation of this

thesis. Chapter 8 presents concluding remarks and an outlook for future research.
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2 Integrated microfabrication

This Chapter introduces integrated microfabrication, followed by a description of

the basics of the state-of-the art polymer processing technologies. The informa-

tion provided in this Chapter is a necessary basis for the following Chapters as

the described polymer processing technologies or similar alterations and modi�ca-

tions are mainly employed throughout the thesis. Readers familiar with polymer

microfabrication technologies might continue reading with Chapter 3.

2.1 Introduction

Integrated microfabrication is increasingly central to modern science and technol-

ogy and can be considered as one of the key technologies of the 21st century [23, 24].

In general, microfabrication is the collection of technologies used to realise de-

vices in the micrometer range. Especially, the invention of the transistor in 1947

sparked a revolution in microelectronics. Nowadays, transistors can be found in

almost every electronic circuit with an immense degree of complexity and minia-

turization. Although microfabrication has its origins in microelectronics [25] and

most of the research has been focused in this �eld, other microfabrication dis-

ciplines have emerged rapidly. This especially includes microelectromechanical

systems (MEMS) which have expanded in numerous di�erent directions such as

microsensors, microactuators, microelectronics and microstructures.

Mainly semiconductors such as silicon or gallium arsenide have been employed

to create MEMS devices due to their excellent physical properties. Although

silicon based microfabrication has gained tremendous interest, it is signi�cantly

limited by its material properties such as optical opacity, mechanical fragility and

poor electric insulation. Over the last decade, the use of polymer materials for

microfabrication became very popular as polymers o�er versatile properties and

mass-production capabilities and are available in numerous di�erent types [26].

The recent developments in and by using polymers not only allow polymers to

be used as a substitute for semiconductors, but also open up possibilities for new

applications that could not have been realized before [26].
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2.2 Polymer processing methods

In addition to the existing technologies for manufacturing of integrated micro-

fabricated devices, the increasing interest in microstructured polymers requires

equivalent fabrication technologies [27]. Numerous polymer technologies and pro-

cesses for prototyping and high-throughput fabrication have been developed and

established over the last decade.

The following three Subsections give a brief introduction into the standard pro-

cesses for the microfabrication of polymers, namely photo-, nanoimprint-, and soft

lithography, which also have been employed with minor alterations and modi�ca-

tions throughout this thesis. Advantages, drawbacks and limits are discussed at

the end of this Chapter.

2.2.1 Photolithography

Lithography refers to the Greek words for stone "lithos" and to write "gráphein"

and can be traced back to the invention in 1796 by Aloys Senefelder [28]. Nowa-

days, the most widely employed form of lithography is optical or photolithography.

Photolithography is the dominant technology in fabrication of semiconductor de-

vices and microelectronic systems which have high requirements on the alignment,

continuity, isolation and uniformity in the �nal patterns [29]. In photolithography

a light sensitive polymer, called photoresist, is exposed through a transparency

mask containing a microstructure pattern. Afterwards, the photoresist is devel-

oped to de�ne and form the structures on a substrate.

Fig. 2.1 shows a simpli�ed photolithography process overview for the widely used

photoresist SU-8. Initially, SU-8 is spin coated onto a silicon or glass substrate

(Fig. 2.1 (a)). Afterwards, a transparency mask is employed to expose speci�c

parts of the polymer �lm to ultraviolet (UV) radiation (Fig. 2.1 (b)). By using

positive-tone photoresists, exposure to UV radiation changes the chemical struc-

ture of the resist and makes it soluble in developer. Thus, the exposed resist can

be washed away. Negative-tone photoresists such as SU-8 behave in the opposite

manner. When exposed to UV radiation, negative resists cross-link and are hence

polymerized and cannot be dissolved in developer. Only the unexposed areas can

be removed in developer (Fig. 2.1 (c)).
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Figure 2.1: Procedure of standard photolithography. (a) Polymer photoresist spin
coating and pre-baking on substrate (here: SU-8), (b) UV radiation exposure
through transparency mask and (c) post-exposure bake and developing to de�ne
the structures. Reprinted by permission from Macmillan Publishers Ltd: Nature
Protocols 7:1247-59, copyright 2012, Ref. [30].

2.2.2 Nanoimprint lithography

Nanoimprint lithography (NIL) is an attractive, widely researched, non-conventional

lithographic method for high-throughput, high-resolution parallel patterning of

polymer micro- and nanostructures [31, 32]. Unlike traditional lithography using

photons or electrons to modify the chemical and physical properties of a photore-

sist, NIL relies on a stamp that contains a surface pattern that is replicated into a

polymer material by direct mechanical deformation of the resist. This can enable

resolutions beyond the limitations set by the light di�raction in the sub-10 nm

range [33] and is only limited by the manufacturing abilities of the NIL stamp.

Fig. 2.2 shows a schematic of the originally proposed NIL process [33]. First a

patterned stamp or mold is pressed into a layer of resist that has been spin coated

onto a substrate, thereby creating a thickness contrast in the resist material. The

nanostructured stamp employed in NIL can be fabricated for example by optical

lithography or electron beam lithography and dry etching [34]. A thin residual

layer of resist is always left underneath the stamp protrusions and can, if required,

be removed by an anisotropic etching process for example reactive ion etching

(RIE) or wet etching.

In general, NIL can be divided into thermal NIL (or hot embossing) and UV-

NIL. In thermal NIL, a thermoplastic polymer is heated above its glass transition

temperature in order to soften the material. When the polymer is soft, it behaves

as a viscous liquid that can �ow between the stamp protrusions when the stamp

is pressed into the material. After cooling down the polymer and the mold, the
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Figure 2.2: Schematic of the originally proposed nanoimprint process. (a) Imprint-
ing a mold into a resist to create a contrast in thickness, and (b) pattern transfer
using anisotropic etching, for instance reactive-ion etching (RIE), to remove resid-
ual resist in the imprinted areas. Reprinted with permission from Chou, S. Y.,
J. Vac. Sci. Technol., B 15:(6) 2897 (1997). Copyright 1997, American Vacuum
Society, Ref [33].

structures can be demolded [35]. In UV-NIL low viscosity UV-curable resists

are patterned by transparent molds and UV radiation using the same principle

of pressing a mold into a resist, resist curing and separation of resist and mold.

Key features and di�erences of UV-NIL to thermal NIL are the faster curing time

at room temperature, which is important to avoid thermal expansion, the lower

pressure that has to be employed for imprinting and the simpli�ed alignment due

to the transparent stamps [36]. The interested reader is referred to following

publications [31, 32, 34, 36].

2.2.3 Soft lithography

Soft lithography can be viewed as a complementary extension of photolithography

and is a collective name that refers to a set of techniques for microfabrication

including replica molding, micro-contact printing (µCP), micro-molding in cap-

illaries (MIMIC), micro-transfer molding (µTM), solvent-assisted micromolding

(SAMIM) and near-�eld conformal photolithography [28, 37].
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Figure 2.3: Soft lithography stamp fabrication by replica molding. (a) PDMS is
mixed and poured onto an SU-8 mold and cured, (b) peeling o� cured PDMS
and (c) preparing the �nal device with access holes and inlets. Reprinted by
permission from Macmillan Publishers Ltd: Nature Protocols 7:1247-59, copyright
2012, Ref. [30].

In general, soft lithography provides a convenient, e�ective, and low-cost method

for the formation and manufacturing of micro- and nanostructures with feature

sizes ranging from 30 nm to 100 µm [37]. Unlike photolithography, a wide range

of elastomeric "soft" materials can be processed. Nowadays, polydimethylsilox-

ane (PDMS) elastomer is a widely used material in soft lithography but also

polyurethanes, polyimides, and cross-linked NovolacTM resin have been used [37].

PDMS has a very low glass transition temperature and is liquid at room tem-

perature and can be readily converted into solid elastomers by cross-linking [37].

The formulation, fabrication, and applications of PDMS elastomers have been

extensively studied and are well-documented in the literature [38].

Soft lithography is based on printing and molding of elastomeric stamps with the

patterns of interest. The key strategy for fabricating such stamps and molds is

to replicate patterned surfaces in an elastomer as shown in Fig. 2.3. Initially, for

example PDMS is mixed and poured onto an SU-8 mold and cured as shown in

Fig. 2.3 (a). After curing, PDMS can be peeled o� (Fig. 2.3 (b)) and directly

employed as shown in Fig. 2.3 (c) or further used for the soft lithography methods

mentioned above. These techniques are not further explained here as the PDMS

fabrication employed in this work is explained in detail in Chapter 3.

The interested reader is referred to the following publications [28, p.138 �.], [37, 39].
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2.3 Advantages, drawbacks and limits of polymers

In comparison to semiconductor materials, polymers o�er several exceptional ad-

vantages. First, a large pool of di�erent polymers with di�erent speci�c properties

are available at signi�cantly lower costs [40]. Furthermore, most polymers are op-

tically transparent to visible and UV light. Due to their small Young's modulus,

polymers are soft materials allowing simple fabrication of �exible structures at

low processing temperatures. The low material and fabrication costs combined

with the biocompatibility [41, 42] to active molecules and living cells of most

polymers, makes this material class very suitable for single-use, disposable devices

such as biosensors. This allows one to eliminate the risk of sample or analyte

contamination. Furthermore, polymers can o�er excellent chemical stability and

the surface chemistry such as the wettability can be easily modi�ed compared to

semiconductors depending on the desired application.

However, the huge diversity of di�erent available polymers o�ering a broad range

of chemical, mechanical, electrical and optical properties as well as the multitude

of di�erent methods to manufacture microstructures makes the selection of the

optimal material a very challenging task [27]. Generally, polymers are electri-

cal and thermal insulators and exhibit a low thermal stability. Very often the

mechanical softness, the limited thermal range and the porosity of polymers are

mentioned to be the main drawbacks of polymer materials. Polymers can absorb

water and solvents and can swell and thus deform precise microstructures. Several

polymers exhibit a poor chemical tolerance. Although the �exibility and softness

of polymers have advantages, both properties are limiting polymer electronics

applications and can not achieve the performance of semiconductor devices. Fur-

thermore, the methods for fabrication on the micro-scale are not as well developed

as semiconductor processes. Due to high tolerances and the low refractive index

contrast available for conventional polymers, polymers are very often not very

suitable for microoptical applications.

The major challenge of the microfabrication of polymer structures is the transfer

from the prototypes of the academic environment to commercial products. There

is an increasing gap between methods and materials between the two worlds as in

academia many processes are carried out manually, whereas the technology pre-

ferred by the industry would be automated injection molding using thermoplastic

materials. Transferring processes developed in academia to industry is quite chal-
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lenging as the processes cannot directly be transformed into commercial devices

due to the di�erent chemistries and physical parameters involved [27].

2.4 Conclusions

This Chapter brie�y reviewed techniques for polymer microfabrication. During

the last decade, the use of polymer materials for fabrication of microstructures has

become very popular due to moderate costs and simple processing. Especially the

research areas of integrated micro�uidics, photonics, and opto�uidics have highly

pro�ted from new technologies such as photo-, nanoimprint-, and soft lithography.

The mentioned technologies have been introduced and explained as they or similar

alterations and modi�cations are mainly employed throughout the thesis.
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3 Polymer onto polymer bonding

This Chapter motivates and proposes a method to bond unstructured and struc-

tured �lms of SU-8 down to sub-micron thicknesses onto microchannels fabricated

in KMPR using a �exible PDMS carrier stamp. By exploiting this method and

by using di�erently cast PDMS carrier stamps, it should be possible to combine

�uid handling in microchannels and photonic structures realized in the laminated

SU-8 layer. This can create new features and thus enable research towards a large

range of applications in micro�uidics, optics and opto�uidics. The knowledge

gained from the bonding of SU-8 �lms is the base for the subsequent Chapters

of this thesis where this method is further exploited for photonic and opto�uidic

applications.

An introduction of the employed materials is given in the �rst Section, followed

by the main part which is adapted from the published journal paper "Bonding

of SU-8 �lms onto KMPR structures for micro�uidic, air-suspended photonic and

opto�uidic applications" [43]. The fabrication of the di�erent types of employed

PDMS carrier stamps as well as the complete bonding process steps are presented.

Important process details are discussed. Bond strength tests are carried out and

a simple application of a micro�uidic mixer is demonstrated.

3.1 Introduction

Bonding technologies play a major role in the �elds of 3D integrated circuits, mi-

croelectromechanical systems (MEMS) and integrated micro�uidics. While var-

ious bonding methods such as metal di�usion, eutectic, silicon direct or hybrid

bonding are mainly used for MEMS packaging and 3D integration, adhesive and

especially polymer bonding are more common in the �eld of integrated micro�u-

idics [44]. Depending on the employed fabrication method of micro�uidic devices,

the sealing of the open structures is in most cases required in order to achieve

enclosed micro�uidic channels making the bonding process a critical step in the

fabrication process. Besides the critical bond strength, the requirements on a

bonded interface can include chemical or solvent compatibility, material compati-

bility or optical properties [45].

Micro�uidic bonding techniques can be divided into indirect and direct methods.

During direct bonding, a similar or dissimilar thermoplastic substrate such as
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Figure 3.1: SU-8 onto SU-8 microchannel bonding using (a) a Pyrex foil [13] and
(b) an acetate foil with PDMS [19]. Fig. 3.1 (a) Reprinted by permission from
c©IOP Publishing: Journal of Micromechanics and Microengineering 14(7):1047-
1056, copyright 2004, Ref. [13]. All rights reserved. Fig. 3.1 (b) Reprinted by
permission from c©IOP Publishing: Journal of Micromechanics and Microengi-
neering 20(3):035008 (7pp), copyright 2010, Ref. [19]. All rights reserved.

PC [46, 47], PMMA [48, 49], COC [50, 51] or polystyrene [52] is heated above its

glass transition temperature (Tg) and brought into contact with the microchannel

structure while applying pressure to increase the contact force between the ma-

terials. The di�usion of the polymer chains of the surfaces of the microchannels

and the substrate generate strong bonds making this thermal bonding method the

most commonly employed method for sealing micro�uidic channels [45]. Indirect

bonding techniques involve an intermediate adhesive layer including UV-curable

glue, epoxy or acrylate that polymerizes and cross-links and thus cures between

the microchannel structures and the sealing material [45]. Another adhesive bond-

ing method for micro�uidic devices is the lamination of both liquid and dry �lms

of polymers. During liquid �lm lamination, a polymer cover is coated with an

thermally activated adhesive material which is then activated at elevated temper-

atures (100-150 ◦C), allowing e�ective wetting of the bonding surface to encourage

strong bonds [45]. Also pressure sensitive adhesive �lms �owing at room temper-

ature are available for both liquid and dry �lm lamination. Dry �lm lamina-

tion is more commonly employed in micro�uidics and usually exploits an uncured

(uncross-linked) photoresist such as SU-8 to seal micro�uidic channels. Numer-

ous SU-8 bonding methods to seal SU-8 micro�uidic channels have been reported

including utilizing a commercial lamination foil [10, 53], polyethylene terephtha-
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Figure 3.2: Schematic of the proposed bonding method of structured SU-8 layers
onto KMPR microchannels using a PDMS layer (not to scale).

late (PET) [11, 12], Pyrex [13, 14], Kapton [15, 16], polyimide [17], Boro�oat

glass [53] or PDMS [18, 19, 53]. Transferring and bonding of uncross-linked SU-8

onto SU-8 microchannels has been shown [11, 17�19, 53] down to a �lm thickness

of approximately 5 µm [19].

To exploit an SU-8 bonding method not only for micro�uidics but also for optical

applications and hence for opto�uidics, the laminated �lm (I) needs to contain op-

tical structures, (II) should provide a smooth and uniform surface and (III) most

importantly, the �lm thickness needs to be reduced to several hundreds of nanome-

tres according to the single-mode condition [20] as most applications require the

light guided under these conditions. However, the lamination of structured SU-8

layers has not yet been reported and some of the reported methods using a foil as

lamination tool exhibit rough surfaces as shown in Fig. 3.1 (a).

The most promising method to achieve smooth transferred layers is employing

PDMS as interlayer between the lamination foil and the SU-8 to be transferred

similar as illustrated in the schematic of the proposed bonding method in Fig. 3.2.

By using such methods, �lm thicknesses down to approximately 5 µm have been

realized (Fig. 3.1 (b)) [19]. Furthermore, the lamination of KMPR onto KMPR,

a very similar photoresist to SU-8, was achieved using a conformal adsorbate �lm

and PDMS [54]. That SU-8 and KMPR can be laminated due to their similar

chemical structures has been only predicted but not experimentally realized [55].

However, such laminated �lms could be very interesting for optical applications,

due to the lower refractive index of KMPR.
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In the following a bonding method of uncross-linked SU-8 photoresist layers down

to sub-micron thicknesses involving KMPR and PDMS, comparable to the illus-

tration shown in Fig. 3.2, is reported after a brief introduction of all employed

materials. After a thorough review of the literature, it would appear that this is

the �rst experimental realization of the bonding of structured and unstructured

SU-8 �lms below 1 µm of thickness. In contrast to the SU-8 lamination meth-

ods mentioned above, thin SU-8 �lms are transferred and bonded onto KMPR

structures by using a �at or patterned PDMS carrier stamp.

3.2 Materials

In integrated microfabrication and rapid-prototyping towards mass-producible

miniaturized devices, polymer materials became a key technology due to low-cost

as well as rapid and �exible processing. As a result, most of the recent micro�uidic

devices have been fabricated by soft lithography particularly with the widely used

elastomeric polydimethylsiloxane (PDMS) [56]. Furthermore, the negative-tone,

epoxy-based photoresist SU-8 was found to be suitable [57, 58] and is nowadays

of great popularity in the research community. The simple and easy processing of

PDMS and SU-8 allow the fabrication of almost any desired shape and structure.

SU-8, KMPR and PDMS have been chosen due to the bonding capabilities and due

to the wide spread use of the materials which makes the developed bonding tech-

nique easily adaptable and compatible with other reported processing methods.

In the following the employed materials are brie�y introduced.

3.2.1 SU-8

SU-8 was originally developed as resin composition for electron beam lithography

and has been patented in the 1980s by the IBM T. J. Watson Research Center in

Yorktown Heights (US patent no. US4882245 A, 1989) [59]. SU-8 is a chemically

ampli�ed epoxy-based, highly sensitive, negative-tone photoresist which is sensi-

tive to near UV radiation [58, 60�62], X-rays [63] and also high-energy particles (an

electron beam) [64]. Uncured SU-8 consists of a multifunctional, highly branched

polymeric epoxy resin dissolved in an organic solvent, along with a photoacid

generator. The molecular structure contains eight benzene rings and eight epoxy

groups as shown in Fig. 3.3 with a monomer molecular weight of around 7 kDa [65].
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Figure 3.3: Molecular structure of the negative-tone, epoxy-based photoresist SU-8
containing eight benzene rings and eight epoxy groups.

SU-8 can be spin coated in thicknesses ranging from thin �lms of a few hundreds of

nanometres to very thick �lms up to 2 mm by multilayer coatings [66]. Exposure to

radiation produces a low concentration of a strong acid serving as a catalyst in the

exposed regions during the cross-linking process. The polymerization of SU-8 is

cationic, meaning the acid produced during the exposure does not cross-link until

the post-exposure bake (PEB) [67]. Since SU-8 is a negative-tone photoresist, only

the exposed parts contain the acid catalyst and thus remain after the subsequent

resist development. In the exposed areas, extensive cross-linking occurs, forming

a dense network that is resistant to solvents and prevents resist stripping [68].

Unexposed parts can be dissolved by a developer.

SU-8 has very good physical properties being an electrical insulator (breakdown

�eld ≈ 108 V m-1), optically transparent with a refractive index of nSU-8 ≈ 1.575

at λ = 1550 nm, reasonably rigid with a Young's modulus around 3-4 GPa [69] and

is not too brittle. It has good chemical resistance to most solvents and inorganic

products such as acids and bases and has an excellent thermal stability making

it well suited for permanent use applications. Furthermore, SU-8 and its MEMS

processing methods have been proven to be biocompatible and suitable for im-

plantable medical [70], MEMS drug delivery [41], cell cultures [71, 72], chip-based

DNA [73] and biosensor devices [74, 75].
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However, SU-8 su�ers from three main disadvantages, namely adhesion selectiv-

ity, internal stress and its chemical resistance becomes a disadvantage making it

almost impossible to strip cross-linked resist from a wafer to perform subsequent

patterning. The adhesion is good on materials such as silicon or gold, but on

other materials such as glass, oxides, and other metals, the adhesion is poor and

SU-8 can easily de-laminate during the development process. Large amounts of

stress can be introduced to the interface of a substrate and the SU-8 resist during

the temperature induced cross-linking process due to a large thermal expansion

coe�cient mismatch. Additionally, it is di�cult to remove or strip SU-8 after

cross-linking.

In the 1990s, SU-8 was �rst employed to fabricate MEMS devices by the EPFL

Institute of Microsystems and IBM in Zurich [58, 60, 61]. Since then, SU-8 �nds

its applications in several MEMS areas, such as high aspect ratio (100:1) fea-

tures [63], microchannels [76, 77], multilayer structures [62, 78�80], integrated

waveguides [81], optoelectronics [82], functional MEMS devices [62], NEMS [83],

multi-layer microstructures, [80] embedded microchannels [76], micro�uidics [84,

85], biological [86] and mechanical [87] sensors, or lab-on-a-chip devices [88, 89].

3.2.2 KMPR

KMPR is a chemically ampli�ed, thick �lm, negative-tone, epoxy-based photore-

sist which has been developed by Microchem Corp. and Nippon Kayaku Co. Ltd.

in 2004 [90] to resolve the stripping problem of SU-8 [91]. KMPR is processed simi-

lar to SU-8, but is easier to pattern, displays better adhesion to substrates [91�93],

has an increased moisture resistance [94] and requires shorter baking conditions

without the risk of cracking [95]. Unlike SU-8, KMPR can be developed in aque-

ous developers instead of solvent-based developers and can be easily stripped even

after a hard baking process [95, 96]. Furthermore, KMPR has a lower refractive

index with nKMPR ≈ 1.55 at λ = 1550 nm. Like SU-8, KMPR is also optically

transparent and has high chemical, plasma and dry etch resistance [97].

KMPR has been used for several applications such as micro�uidic structures [98],

RIE masking layers [97, 99], electrodeposition molds [100, 101], proton beam

writing [102], absorbance �lters for micro�uidics (when mixed with appropriate

dyes) [103] and structural materials in radiation imaging detection [92]. The molec-

ular structure of KPMR is proprietary and not published.
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3.2.3 PDMS

The �rst silicones have been synthesized in the 1950s [104]. Nowadays, poly-

dimethylsiloxane (PDMS), a silicone elastomer, is the most widely used silicone-

based polymer for the fabrication and prototyping of MEMS and micro�uidic

devices [105, 106]. PDMS consists of methylated linear siloxane polymers contain-

ing repeating units of the monomer (CH3)2SiO, with trimethylsiloxy end-blocking

units of (CH3)3SiO as shown in Fig. 3.4, where n is the number of monomers

repetitions.

PDMS items are mainly fabricated by soft lithography through replica molding or

polymer casting as explained in Section 2.2.3. PDMS has a very low glass transi-

tion temperature and is liquid at room temperature and can be readily converted

into solid elastomers by cross-linking [37]. In the fabrication process, a prepolymer

mixture of PDMS and its curing agent is prepared and cast against a master mold.

The prepolymer is then cured in an oven at elevated temperatures of 60-75 ◦C and

peeled o� from the master, resulting in a negative replica of the master in PDMS.

Because such masters are typically rigid, the use of the �exible PDMS facilitates

separation of master and replica [107]. Holes to access, for example, micro�uidic

reservoirs can be included into the replication process by placing posts or can be

punched out of the cured PDMS device by using a manual puncher.

Due to the hydrophobic nature of cross-linked PDMS elastomer, which limits the

use of PDMS in many applications, a post-fabrication treatment using plasma

is very often carried out. Oxygen plasma treatment can be used for the forma-

tion of an oxidised surface layer with polar functional groups, mainly silanol groups

(SiOH) [108], which changes the surface properties of PDMS from being hydropho-

bic to hydrophilic [109]. Such hydrophilic PDMS surfaces are very often employed

to bond PDMS to glass. However, plasma treated PDMS surfaces recover within

several minutes [110] and an extended plasma treatment can induce undesirable

surface cracks [108].

The main characteristics of PDMS are that it is chemically inert, nontoxic, ther-

mally stable, optical transparent, permeable to gases, simple and easy to produce

and handle at lower cost than silicon [37, 106, 111]. Furthermore, PDMS is bio-

compatible and is indeed sometimes used as a food additive [42, 112]. A major

disadvantage of PDMS is its intrinsic hydrophobicity limiting the use of PDMS

for applications which require hydrophilic surfaces such as chemical synthesis, the
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Figure 3.4: Molecular structure of polydimethylsiloxane (PDMS).

analysis of biological samples [113] or electrophoretic separation [56]. Other dis-

advantages are the absorption of organic solvents and small molecules, and the

evaporation of water [114].

Applications of PDMS can be found in numerous research disciplines, including

the wide �eld of micro�uidics [115], MEMS [116], optical MEMS [117] and bio-

MEMS [118]. Two types of PDMS are commonly used in the research community,

namely RTV 615 from Bayer Silicones and Sylgard 184 from Dow Corning. The

exact composition of both materials is con�dential, however, RTV 615 is more

robust and convenient to bond layers of PDMS, but has the reputation for being

unclean. In contrast, Sylgard 184 is cleaner, but the bonding of PDMS layers is

more di�cult [119].

3.3 Bonding of SU-8 �lms onto patterned KMPR

In order to bond SU-8 �lms for micro�uidics, optics and opto�uidic applications,

three objectives need to be considered: (I) it should be possible to transfer struc-

tured �lms which could possibly contain photonic structures, (II) the laminated

�lms should be relatively smooth to avoid disturbing the guidance of light in the

bonded SU-8 layer and (III) it should be possible to transfer �lm thicknesses down

to several hundreds of nanometres in order to meet the single-mode condition of

infrared light.

Furthermore, the lamination of SU-8 onto KMPR can possibly be interesting for

optical applications due to the lower refractive index of KMPR (nKMPR ≈ 1.55)

compared to SU-8 (nSU-8 ≈ 1.575) at λ = 1550 nm, while maintaining many other

very similar materials properties.
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The developed SU-8 onto KMPR bonding method can be divided into three main

steps. First, a KMPR photoresist layer can be structured as the bottom layer on

a silicon or glass substrate by standard contact photolithography (Section 2.2.1).

In the experiments, a KMPR �lm is fully processed as an open microchannel that

acts as the basis for the subsequent bonding of an SU-8 layer using a PDMS carrier

stamp. In contrast to other publications using a thin, unstructured PDMS layer

employed on a transparent backplane of PMMA [53] or acetate [19] for bonding

of SU-8 �lms onto SU-8 microchannels, the transfer of the SU-8 �lm onto the

KMPR features obtained in the �rst step are carried out by utilizing directly a

PDMS carrier stamp. The third main step is the bonding or lamination process.

In order to laminate an SU-8 layer onto KMPR microchannels, SU-8 is spin coated

onto the PDMS carrier stamp and is subsequently soft baked and exposed by UV

radiation. This activates the SU-8, but actual cross-linking will only occur when

the temperature is elevated during the post-exposure bake. The activated, but un-

cross-linked SU-8 layer applied on the PDMS carrier stamp is then placed on top of

the KMPR microchannel structures. By applying su�cient heat and pressure, the

SU-8 layer cross-links on the KMPR structures and �nally the PDMS carrier stamp

can be peeled o� and the SU-8 �lm remains bonded on the KMPR. Additional

standard photolithography and lamination steps can be carried out on top of the

transferred layer in order to create more complex structures.

In the following Subsections the preparation of di�erent PDMS carrier stamps and

the procedure of the bonding method is explained in detail. All fabrication steps

involve standard clean room equipment and processes.

3.3.1 Preparation of PDMS carrier stamp and patterned KMPR basis

Three di�erent PDMS carrier stamp con�gurations have been employed in this

work: (I) �at unstructured stamps; (II) structured stamps; and (III) PDMS

stamps with an embedded photo mask made of PET foil. All PDMS carrier

stamps are fabricated using polymer casting as explained in Section 2.2.3.

Using a PDMS carrier stamp for the transfer of an uncured SU-8 �lm is bene�cial

since PDMS does not carry any chemical groups that can react with the epoxy

groups of SU-8. Even an oxygen plasma treatment of the PDMS surface does not

change the nature since the silanol groups generated on the PDMS surface do not

react with the epoxy groups of SU-8 [120]. In addition to this e�ect, the dense
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network of cross-linked SU-8 helps to achieve the lamination of thin SU-8 layers.

3.3.1.1 Preparation of unstructured PDMS carrier stamps

The simplest stamp is an unstructured PDMS carrier stamp cast from a thin

SU-8 layer applied on a silicon wafer to ensure good removal of PDMS as shown

in Fig. 3.5 (a). Even though, in principle, it would be possible to use a blank sili-

con wafer as the unstructured mould, in practice an unpatterned layer of SU-8 is

applied on a silicon wafer to maintain similarity with subsequent structured SU-8

moulds. Accordingly, a 500 nm thick SU-8 layer (diluted SU-8 2050, MicroChem

Corp.) is spin coated on a 4 inch silicon wafer at 3000 rpm for 30 s. The sample is

subsequently soft baked on a hotplate for 1 min at 95 ◦C, �ood exposed by UV ra-

diation with an intensity of 70 mJ cm-2 using a mask aligner (EVG 620, EV Group

GmbH), and �nally post-exposure baked on a hotplate for 1 min at 95 ◦C.

Having completed the unstructured SU-8 mould, the PDMS carrier stamp to be

cast against this mould is prepared. A 10:1 mixture of PDMS (Sylgard 184 Silicone

Elastomer Kit, Dow Corning Corp.) with its curing agent is then stirred and placed

in a vacuum chamber to degas trapped air bubbles. A polymethylmethacrylate

(PMMA) frame is placed onto the prepared unstructured SU-8 mold. Afterwards,

PDMS is poured into the PMMA frame and is cured for 2 h at 75 ◦C in an oven

under vacuum conditions. Casting PDMS carrier stamps individually using the

help of a PMMA frame is advantageous as the side walls of a fully cross-linked

and released PDMS carrier stamp appear absolutely clear. Such side walls are

favourable as they provide a clear view when the PDMS carrier stamp is later

brought in contact with the KMPR structures. Furthermore, clear sidewalls help

to apply the required process pressure. In order to apply uniform pressure to the

sample, the PDMS carrier stamp needs to be �at. Hence all edges are removed by

cutting the edges at an angle of 45◦. Then the PDMS carrier stamp is ready for

the SU-8 onto KMPR bonding process (details in Section 3.3.2).

3.3.1.2 Preparation of structured PDMS carrier stamps

The fabrication of the second PDMS carrier stamp con�guration is shown in

Fig. 3.5 (b). Here, the �nal PDMS carrier stamp is a replication of an electron

beam lithography written pattern on a silicon master.

22



3. Polymer onto polymer bonding

First, an electron beam lithography pattern is formed from PMMA electron beam

resist on a silicon wafer and subsequent ion beam etching (IBE). In this case, the

electron beam patterning was performed by a collaborator, Bert Laegel and San-

dra Wol� from the Nano Structuring Center of the University in Kaiserslautern,

Germany. The silicon master is not used directly as a mould for the PDMS carrier

stamp and in order to reduce wear on the master, a per�uoropolyether (PFPE,

Fomblin, Solvay Solexis S.p.A.) working mould is cast �rstly. To create the work-

ing mould, PFPE is mixed with the photo initiator Darucur 1173 (Bodo Moeller

Chemie GmbH) with 1 % by weight and stirred and out-gassed in a vacuum cham-

ber (desiccator) to remove trapped air bubbles. The mixture is then poured onto

the silicon master which has a mono-layer of anti-sticking material on top. The

anti-sticking layer (ASL) is formed by dispensing the ASL solution (con�dential

solution by EV Group GmbH) containing hydro�uoroether (HFE) solvent onto

the silicon wafer. After a dwell time of 30 sec, the wafer is spun at 2000 rpm

in a spin coater while rinsing with the HFE solvent. This procedure results in a

anti-sticking mono-layer.

Since the PFPE �lm is very thin, it will not support its own weight once removed

from the silicon master and so a glass substrate is placed on top of the PFPE

and the working mould is �ood exposed by UV radiation with an intensity of

850 mJ cm-2 to cross-link the PTFE. After separation and rinsing with isopropanol,

the sample is blown dry using nitrogen.

Having prepared the PTFE working mould, the structured PDMS carrier stamp

is prepared similarly to the unstructured PDMS carrier stamp (Section 3.3.1.1).

3.3.1.3 Preparation of PDMS carrier stamps with an embedded photo

mask

In the third method to prepare a PDMS carrier stamp shown in Fig. 3.5 (c) where

an embedded photo mask made of PET foil is implemented into the PDMS carrier

stamp in order to be able to fabricate for example three-dimensional micro�uidic

channel networks.

First, a �at PDMS carrier stamp is fully processed as described in Section 3.3.1.1.

Then a thin PDMS adhesion layer is spin coated onto the unstructured PDMS

carrier stamp at 3000 rpm for 30 s. Subsequently, the PET foil is placed on top

and the carrier stamp is cured for 20 min at 75 ◦C in an oven. To encapsulate the
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Figure 3.5: Di�erent PDMS carrier stamp fabrication methods (not to scale): (a)
standard PDMS casting of a �at carrier stamp from an SU-8 layer applied on a
silicon wafer, (b) PDMS casting of structured carrier stamps from a PFPE working
mould with glass backplane cast from an electron beam lithography written silicon
master, and (c) PDMS carrier stamp fabrication combined with an embedded
photo mask made of PET foil.

PET �lm with PDMS, a second PDMS layer is spin coated on top of the PET foil

at 2000 rpm for 30 s and is cured for 2 h at 75 ◦C. Then the PDMS carrier stamp

is cut to size for the bonding process.

3.3.1.4 Preparation of patterned KMPR basis

Prior to the bonding process, KMPR microchannels have been fabricated as

the basis for the transfer of the SU-8 layer. First, a 25 µm thick KMPR �lm

(KMPR 1025, MicroChem Corp.) is spin coated on a silicon wafer at 3000 rpm

for 30 s. Here, the edge bead occurring at the edge of the wafer should either be

removed during the spin coating process or alternatively, the photo mask used to

expose the structures should cover the edge bead in order to remove it during the

subsequent development process. After spin coating the KMPR �lm, the sample

is soft baked on a hotplate ramped from 55 ◦C to 100 ◦C in steps of 5 ◦C with

3 min hold and cooled down to room temperature. The KMPR layer is then ex-

posed through a photo mask containing the microchannel pattern by UV radiation

with an intensity of 650 mJ cm-2 and is post-exposure baked for 3 min at 100 ◦C.

The KMPR microchannels are then developed in mr-600 developer (micro resist
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technology GmbH) for 2.5 min, rinsed with fresh developer and isopropanol and

dry blown using nitrogen. Rinsing the sample with fresh developer is necessary to

remove residual KMPR and to reduce the possibility of scumming which can be

seen visually as a white �lm on the sample.

3.3.2 Procedure for bonding thin SU-8 layers onto patterned KMPR

Having created the PDMS carrier stamp (Section 3.3.1) and the underlying pat-

terned KMPR structure (Section 3.3.1.4), it is now possible to describe how the

PDMS carrier stamp can be used to laminate a thin �lm of SU-8 onto the under-

lying patterned KMPR structure.

The bonding procedure starts with a plasma treatment (PDC-002, Harrick Plasma

Inc.) of a previously prepared PDMS carrier stamp for 3 min using ambient air in

order to promote adhesion for SU-8. Subsequently, an SU-8 layer (diluted SU-8

2025, MicroChem Corp.) is spin coated onto the PDMS carrier stamp and soft

baked in an oven depending on the targeted �lm thickness. After cooling down

to room temperature, the SU-8 layer is �ood exposed by UV radiation. Then the

transfer and bonding of the SU-8 �lm is carried out as shown in Fig. 3.6.

When alignment is not required, the PDMS carrier stamp can be simply placed on

top of the structured KMPR microchannels on a hotplate (Fig. 3.6 (a)). In order to

align structured PDMS carrier stamps, an alignment tool has been constructed by

combining a rotation stage and three translation stages (XYZ) with a microscope

(LEXT OLS4000, Olympus GmbH). However, it is important that the microscope

has a high-end camera system with a large contrast range to be able to image the

structures in the PDMS carrier stamp when covered by the SU-8 �lm. Due to

the small refractive index contrast between PDMS (n = 1.399 [121]) and SU-8

(n = 1.575 [122]) not every conventional microscope can be used for alignment.

After alignment, the sample is placed on a hotplate. Pressure depending on the

carrier stamp geometries and feature sizes is then applied by placing steel blocks

of di�erent weights on top of the PDMS (Fig. 3.6 (b)). The weight is increased

slowly on top of the PDMS carrier stamp until full contact between the KMPR

microchannels and the SU-8 �lm can be observed.

In order to cross-link and therefore bond the uncured SU-8 layer onto KMPR, a

post-exposure bake (lamination bake) is carried out by ramping the hotplate from

55 ◦C to 95 ◦C and holding the temperature until the SU-8 is fully cured. Here,
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Figure 3.6: Basic principle of SU-8 lamination onto KMPRmicrochannel structures
(cross-section, not to scale): a) deposition of SU-8 onto a PDMS carrier stamp
by spin coating, and de�nition of KMPR microchannels by standard photolithog-
raphy; b) cross-linking of SU-8 on KMPR microchannels by applying pressure
and heat; c) peeling o� the PDMS carrier stamp whereby the SU-8 layer remains
bonded on the KMPR microchannels.

the baking time depend on the �lm thickness. Afterwards, the steel blocks can

be removed and after cooling down the sample to room temperature, the PDMS

carrier stamp can be peeled o� and the cured SU-8 �lm remains bonded on the

KMPR microchannel structures (Fig. 3.6 (c)).

The chemical process that enables the bonding of the SU-8 layer onto KMPR can

be explained by the following hypothesis. For post-exposure baked SU-8 it was

found that if it is not fully cured, it can still carry residual epoxy-groups that are

reactive [120]. It is assumed that the same e�ect occurs with KMPR, processed as

described in Section 3.3.1.4, as it is similar to SU-8. According to this, the KMPR

microchannel structures still carry a signi�cant amount of residual, reactive epoxy

groups. Thus, during the bonding process, molecular segments of KMPR and

uncured (uncross-linked) SU-8 of the layer to be laminated can di�use into each

other and cross-link.

Finally, a hard bake at 175 ◦C for 1 h is carried out for all samples. Optimized

soft bake, exposure and lamination bake parameters in respect to the temperature

and humidity conditions of the clean room facility of the Karlsruhe University of

Applied Sciences (21 ◦C, 40 % RH) are listed in Tab. 3.1.
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SU-8 �lm thickness 0.5 µm 2 µm 5 µm

SU-8 mixture SU-8 2000.5 SU-8 2002 SU-8 2005

Spin speed (rpm), cycle 1 500 500 500

Acceleration (rpm/s), cycle 1 100 100 100

Time (s), cycle 1 10 10 10

Spin speed (rpm), cycle 2 3000 3000 3000

Acceleration (rpm/s), cycle 2 500 500 500

Time (s), cycle 2 30 30 30

Soft bake (min; ◦C) 1; 85 5; 85 10; 85

Exposure dose (mJ/cm2) 150 160 220

PDMS carrier stamp dimensions ∼30×30×10 ∼30×30×10 ∼30×30×10
(length×width×height mm)
Steel block weight (kg) 0.2-0.3 1.0-2.2 1.7-2.7

Lamination bake (min; ◦C) 4; 95 10; 95 25; 95

Hard bake (min; ◦C) 60; 175 60; 175 60; 175

Table 3.1: Process parameters for bonding SU-8 �lms onto KMPR structures.

3.3.3 Demonstration of SU-8 onto KMPR bonding

By performing the preparation of the PDMS carrier stamps and the bonding

procedure as outlined in Section 3.3.1 and Section 3.3.2, respectively, SU-8 �lms

down to 0.5 µm can be laminated onto KMPR structures.

In the following Subsections, the results of employing the three di�erent PDMS

carrier stamp con�gurations are described.

3.3.3.1 Bonding using unstructured PDMS carrier stamps

For the initial experiments, the �at and unstructured PDMS carrier stamps from

Section 3.3.1.1 have been used to bond 0.5 µm thick SU-8 layers onto KMPR

microchannel structures. After the �rst successful lamination tests, the maximum

area that can be covered with a 0.5 µm thick SU-8 �lm has been evaluated.

During the temperature-assisted process, carried out as described in Section 3.3.2,

the weight is increased slowly on top of the PDMS carrier stamp until full contact

between the KMPR test areas and the SU-8 �lm can be observed as shown in

Fig. 3.7 (a). Fig. 3.7 (b) shows a test sample with di�erently sized squares between

10 µm and 2 mm after the cross-linking of the SU-8 �lm.
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Figure 3.7: SU-8 onto KMPR structures lamination using a PDMS carrier stamp.
(a) SU-8 cross-linking process at room temperature with applied weight and (b)
test sample before peeling o� the PDMS carrier stamp. (c) Possible fabrication
errors and (d) fully covered and laminated SU-8 �lm on KMPR.

As can bee seen from the dark spots in the largest squares of 2 × 2 mm at the

bottom left of the sample (black circle), that the PDMS carrier stamp sags into

the KMPR structures due to the weight on top, which will result in a collapsed

SU-8 �lm. However, a minimal weight is always required to ensure good contact

between the SU-8 �lm and the KMPR structures.

Fig. 3.7 (c) summarizes errors that can occur during the bonding process. If the

area to be covered is too large, the PDMS can sag into the structure, leading to a

collapsed �lm as shown in the top right corner of the image. More likely, the SU-8

�lm still sticks to the PDMS carrier stamp and tears away parts or the complete

SU-8 �lm over the KMPR structure when the PDMS carrier stamp is peeled o�.

This e�ect can be seen in the left part of Fig. 3.7 (c). Fig. 3.7 (d) shows the largest

area of 1 × 1 mm that has been successfully covered with a �at, unstructured

0.5 µm thick SU-8 �lm during the evaluation of the maximum lamination area.

However, as can be seen that the laminated layer exhibits wrinkles.
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The obvious �rst reason for the wrinkles in the SU-8 �lm is the fact that air inside

the covered KMPR structures is trapped and expands during the temperature-

assisted cross-linking process. Thus, in the following experiments, the bonding

temperature was gradually reduced while increasing the time to let the SU-8 cross-

link. The best results for 0.5 µm thick SU-8 layers have been achieved by cross-

linking the SU-8 at room temperature for 48 h. Such �lms appear to be planar all

over the KMPR structures (Fig. 3.8 (a, b)).

A second hypothesis to avoid wrinkles in the SU-8 �lm is, to cross-link SU-8

over open KMPR structures in order to prevent the thermal expansion of trapped

air. Experiments with open KMPR structures have shown that even with the

temperature-assisted cross-linking process, planar laminated SU-8 �lms can be

achieved.

In summary, the problem with wrinkles in the laminated SU-8 �lm can be solved

by laminating onto open structures or by curing the SU-8 �lm at room tempera-

ture. However, this e�ect only occurs with thin �lms up to a few micrometres of

thickness. Thicker �lms are less sensitive and do not show any wrinkles even for

the temperature-assisted process over enclosed structures (Fig. 3.8 (c)).

A major problem that was accidentally found during a clean room breakdown is

that the lamination of thin SU-8 �lms is very sensitive to elevated relative humidity

(RH) values. Temperature-assisted and room temperature lamination tests have

been carried out as described above in this Section. The results have shown that

at humidity values higher than 55 % RH it is very likely that the 0.5 µm thick

SU-8 �lm to be bonded onto the KMPR structures remains sticking on the PDMS

stamp even after fully curing. Similar tests with thicker SU-8 �lms in the range

between 2 µm to 5 µm have shown that such thicknesses are less sensitive to

the environmental humidity and can be successfully bonded even at higher RH

values. The more robust lamination of thicker SU-8 �lms may be attributed to

their mechanical integrity or may be due to the greater concentration of active

epoxy groups that exist deeper within the core of the �lm that have not been

passivated by exposure to humidity and thus may di�use to the interface with the

KMPR to achieve cross-linking. Further investigation would be required in order

to draw a conclusion as to the reason for this observation.
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Figure 3.8: Angled scanning electron microscope (SEM) micrographs of various
laminated SU-8 �lms after cleaving the sample containing (a) gratings, (b) nanow-
ells and (c) free-standing structures.

In conclusion, it is highly recommended to control the clean room conditions at

around 21 ◦C temperature and a humidity of lower than 40 % RH in order to

successfully laminate SU-8 �lms below 1 µm of thickness.

3.3.3.2 Bonding using structured PDMS carrier stamps

After the initial experiments of bonding �at and unstructured SU-8 �lms, struc-

tured PDMS carrier stamps are employed to realise structured laminated SU-8

layers. By exploiting the insights gained in Section 3.3.3.1, a large variety of

structured laminated SU-8 layers can be realised. Fig. 3.8 (a, b) shows angled

scanning electron microscope (SEM) images of examples of laminated SU-8 lay-

ers after cleaving, approximately 0.5 µm thick, that can be achieved by using

the structured PDMS carrier stamp from Section 3.3.1.2. In Fig. 3.8 (a) the mi-

crochannel is about 250 µm wide and 25 µm high. The edge of the layer appears

brighter and to be bent, this is likely a result of the manual cleaving process of

the sample. However, the main part of the layer appears planar all over the mi-

crochannel structure. By demonstrating the lamination of structured SU-8 �lms

down to a thickness of 0.5 µm, air-suspended photonic applications in the infrared

wavelength regime as well as opto�uidic applications when the microchannel is

exploited as �uidic channel can be enabled. Fig. 3.8 (b) shows an angled SEM

image of the widest covered KMPR microchannel being about 500 µm wide and

25 µm high. Here, the complete laminated �lm is structured with nanowells with

a diameter of several hundred nanometres proving that even highly structured

layers with a high surface energy can be transferred.
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3.3.3.3 Bonding using PDMS carrier stamps with an embedded photo

mask

The results of the lamination of SU-8 layers using PDMS carrier stamps with

embedded photo mask prepared as outlined in Section 3.3.1.3 are described in this

paragraph. The lamination using this PDMS carrier stamp con�guration is carried

out in the same way than outlined in Section 3.3.2. However, after the lamination

of the SU-8 layer, the unexposed parts of the laminated layer can be developed,

resulting for instance in free-standing elements as shown in Fig. 3.8 (c).

If required, a second layer of photoresist such as KMPR or SU-8 can be processed

on top before the development procedure. Then the unexposed parts of the lam-

inated layer are developed together with for example a second microchannel as

shown in Fig. 3.8 (c). Here, the �lm thickness is about 5 µm with a microchannel

being about 250 µm wide and 25 µm high. The second microchannel can then

be covered again with an SU-8 layer enabling three-dimensional structures such

as micro�uidic channel networks. More details about this lamination scheme are

provided in the next Section, Section 3.4.

In summary, with the demonstrated SU-8 onto KMPR microchannel lamination

method, micro�uidic, optic and opto�uidic applications can be enabled. While

optic and opto�uidic applications are further investigated in the context of this

work, a simple micro�uidic application in terms of a passive micro�uidic mixer is

demonstrated in the following Section.

3.4 Application example − micro�uidic mixer

As demonstrated in Section 3.3.3, free-standing and three-dimensional polymer

structures can be achieved using the SU-8 bonding method proposed in Sec-

tion 3.3.2. By exploiting this fabrication process, a three-dimensional micro�u-

idic channel network is fabricated by employing a PDMS carrier stamp with an

embedded photo mask made of PET foil as described in Section 3.3.1.3. This

three-dimensional micro�uidic channel network can be exploited for example as a

simple passive micro�uidic mixer as demonstrated in the following.
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3.4.1 Introduction

Mixing �uids is a fundamental procedure in numerous micro�uidic applications in-

cluding drug delivery, biochemistry analysis, biological processes or lab-on-a-chip

platforms for complex chemical reactions [123, 124]. Furthermore, the investiga-

tion of micromixers is fundamental for understanding transport phenomena on the

microscale [123]. Mixers can be integrated into a micro�uidic system or work as

stand-alone devices. Generally, mixers are classi�ed into passive or active mixers.

Passive mixers are the most simplest and mainly rely on molecular di�usion and

chaotic advection as �uids �ow laminar on the microscale [123]. Active mixing can

be achieved by alternating the �ow velocity [125], or by acoustic or thermal distur-

bance, electrokinetic instability, piezoelectric membranes or microimpellers [126].

In the following a simple passive micro�uidic mixer is shown as application of the

SU-8 bonding method proposed in Section 3.3.2.

3.4.2 Experimental demonstration

First, microchannels of KMPR are fabricated by photolithography using the pro-

tocol given in Section 3.3.1.4. The PDMS carrier stamp is then plasma treated

and a 5 µm thick SU-8 �lm is subsequently spin coated on top. After the soft

bake the sample is exposed through the PDMS carrier stamp by UV radiation

and then aligned to the microchannels using the self-made alignment tool. Steel

blocks are then applied on top of the PDMS carrier stamp until full contact be-

tween the microchannels and the SU-8 �lm is observed. For a 5 µm thick uncured

SU-8 layer and carrier stamp dimensions of approximately 30 × 30 × 10 mm

(length × width × height) used in the experiments, the required weight of steel

blocks has been between 1.7-2.7 kg. This ensures good contact between the SU-8

�lm and the KMPR microchannels.

A post-exposure bake to cure the layer to be bonded is then carried out. The

sample on the hotplate is heated up to 95 ◦C. At 95 ◦C the temperature is

held for 25 min in order to cross-link and thus bond the SU-8 layer on top of

the KMPR structures. After cooling down the sample to room temperature, the

PDMS carrier stamp is carefully peeled o� and the SU-8 layer remains bonded on

the KMPR microchannels. At this stage of the fabrication process, the unexposed

areas of the SU-8 �lm have not yet been developed. In order to achieve a three-
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Figure 3.9: (a) Angled scanning electron microscope (SEM) micrographs of two
micro�uidic channels connected by openings in the laminated SU-8 layer after
cleaving the sample, (b) close-up of (a), and (c) �nally sealed three-dimensional
micro�uidic channel network fabricated by combining photolithography and lam-
ination processes.

dimensional micro�uidic mixer network a second layer of 25 µm thick KMPR 1025

is spin coated and soft baked on top of the laminated slab of SU-8 with the

same parameters used for the fabrication of the microchannels. The photo mask

containing the microchannel pattern is then aligned to the existing microchannels

and the unexposed areas of the laminated SU-8 layer using a mask aligner, and

the sample is exposed by UV radiation with an intensity of 650 mJ cm-2. The

subsequent post-exposure bake is extended by 1 min to 4 min in total due to the

layers underneath. During the development of the second microchannel structures,

the unexposed areas of the laminated SU-8 layer which have been de�ned by the

embedded photo mask of the PDMS carrier stamp (Fig. 3.5 (c)) are also developed

and result in openings (holes) to connect the two microchannels. For this reason,

the sample is developed until the lower channels are �lled with developer. This

�lling of the lower channel is observed after 4 min of developing.

Fig. 3.9 (a) and (b) show the cross-section of an angled scanning electron mi-

croscope (SEM) image of the structure after cleaving the sample. Two aligned

micro�uidic channels of about 250 µm width and 25 µm height and an approx-

imately 5 µm thick SU-8 layer with openings to connect the two channels can

be seen. Lastly, the structure is sealed with a 5 µm thick SU-8 layer using a

�at PDMS carrier stamp. Fig. 3.9 (c) shows a SEM image of the cross-section

of the �nal three-dimensional micro�uidic mixer after cleaving the sample. Here,

it is important to mention that the cracks in the transferred SU-8 �lms result

from manual cleaving of the sample. As shown in Fig. 3.10 (a) the top and the
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Figure 3.10: (a) Top view of the inlet reservoirs providing the coloured liquids
separately for the upper and lower microchannel, and (b) demonstration of the
passive micro�uidic mixing. The white dashed arrows point to the positions of the
opening. The black numbered rectangles (I) and (II) show magni�ed views along
the mixing area.

bottom channels are connected to separate inlet reservoirs, which can carry the

liquids towards the mixing area, where both channels are connected by the open-

ings. Here, the structures are fabricated on a borosilicate glass substrate to obtain

a fully transparent sample that be probed under an inverted optical microscope

(GX51, Olympus GmbH) in transmission mode trough all layers of the sample.

The fabrication process on borosilicate glass is similar to the 5 µm process given

in Tab. 3.1, except that the glass substrates have been treated with a dehydration

bake in a vacuum oven at 200 ◦C for 12 h and an additional plasma treatment

for 5 min using ambient air before spin coating. In the experiments, DI water

coloured with red and blue food dye is further dissolved with a tiny amount of

isopropanol to ensure good �ow behaviour in the microchannel structures. First,

the blue liquid is applied by a pipette into the inlet reservoir of the lower channel

and subsequently the red liquid into the reservoir of the upper channel. The lower
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channel with the blue liquid is rapidly �lled due to capillary forces. When the

red liquid is applied into the upper channel and reaches the mixing area with the

openings it is mixed vertically with the blue liquid of the lower channel. As shown

in Fig. 3.10 (b) it takes about three to four openings to visually see a mixing e�ect

of the two coloured liquids under the given conditions.

In summary, by employing a three-dimensional channel network as simple mi-

cro�uidic mixer, it has been demonstrated in this Section that the SU-8 bonding

method is suitable for micro�uidic applications. The experiment has shown that

this simple approach is a practical technique to realise a planar polymer-based

micro�uidic mixer. In future work, di�erent mixing structures based on the SU-8

bonding method could be tested for di�erent liquids in combination with micro�u-

idic pumps and connectors instead of the employed capillary force mechanism.

Furthermore, for future micro- and opto�uidic applications, it is important to

evaluate the capacity of such structures to withstand pressure which is investigated

in the following Section 3.5.

3.5 Bond strength evaluation

The bonding of three di�erent SU-8 �lm thicknesses (0.5 µm, 2 µm and 5 µm)

onto KMPR structures has been reported in Section 3.3.2. To evaluate whether

such thin �lms are suited for micro- and opto�uidic applications or not, the bond

strength needs to be evaluated.

Tensile strength tests were carried out to compare the bond strength of the di�er-

ent laminated SU-8 �lms. Similar to a previously reported method [127], KMPR

microchannels of 250 µm width and 2 cm length with a dead end connected to

a reservoir as inlet were lithographically de�ned and sealed with di�erent �lm

thicknesses of 0.5, 2 and 5 µm by employing the described bonding method (Sec-

tion 3.3.2). Fig. 3.11 (a) shows the initial microchannel test structure. A pressure

supply (FemtoJet 4i, Eppendorf AG) was used to apply air pressure into the mi-

crochannels in order to evaluate the pressure that the laminated SU-8 �lms could

withstand before rupturing.

After initial testing, the applied air pressure for �lm thicknesses of 2 µm and

5 µm was successively increased in increments of 500 hPa every 30 s. For a

�lm thickness of 0.5 µm the increments were 100 hPa every 30 s. During the
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Figure 3.11: Schematic overview of the test structure (a) before and (b) during the
bond strength evaluation with applied pressure (not to scale); and top views of
optical microscope images of the experiment with SU-8 �lm thicknesses of (c) 2 µm
and (d) 0.5 µm at various pressures. 2 µm thick �lms withstand the maximum
capacity of the pressure supply of 6000 hPa and relax back into their initial state
after approximately 2 min after the applied pressure is switched o�, while 0.5 µm
thick �lms burst at a pressure of around 1100 hPa.
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experiments as represented in Fig. 3.11 (b), the air pressure was increased until

the maximum pressure of the pump was reached or alternatively the pressure

dropped rapidly due to the bursting of the SU-8 layers. For easier veri�cation,

the complete experiment was visually observed from the top using an optical

microscope (LEXT OLS4000, Olympus GmbH). The experiments showed that the

laminated SU-8 �lms with thicknesses of 5 µm and 2 µm can withstand at least

6000 hPa which is the maximum capacity of the used pressure pump. Films with

thicknesses of 0.5 µm withstood pressures of 1100 hPa before the layers burst in

the area of the microchannel structure. Delamination of laminated areas without

the microchannels was not noticed.

From Fig. 3.11 (c) and (d) it can be seen that with increasing pressure, the SU-8

�lms over the channel structures get more and more bulged. The expansion of the

layer at di�erent applied pressures depends on the �lm thickness as the images

indicate. For the 2 µm thick layer in Fig. 3.11 (c) no expansion can be seen up to

a pressure of 1500 hPa. Then, with increasing pressure the �lm over the channel

signi�cantly expands. If the pressure is abruptly removed from the channel, the

SU-8 layer relaxes back into its initial state after approximately 2 min and no

visible deformation can be seen, as shown in the last image of Fig. 3.11 (c). When

pressure is applied to a 0.5 µm thick �lm an expansion of the layer can be seen even

at low pressures of around 100-200 hPa (Fig. 3.11 (d)). Similar to the 2 µm layer

the expansion gets larger with increasing pressure. A few seconds after applying

a pressure of 1100 hPa the SU-8 layer bursts in the area of the channel structure.

In summary, it is assumed from the experiments, that thinner SU-8 layers have a

larger expansion at the same applied pressures and a lower capacity to withstand

pressure compared with thicker �lms. After deformation, if the pressure is returned

to ambient, the laminated SU-8 layers relax back into their initial state after

approximately 1-6 min depending on the thickness of the layer and the applied

pressure. For laminated SU-8 �lms below 5 µm no bond strengths had been

reported in the literature, however, the value of 6000 hPa withstand pressure for

2 µm and 5 µm is in good agreement with published results ranging from 5100 hPa

for 5 µm to 80 µm �lm thicknesses of SU-8 [19] up to 10000 hPa for 10 µm to

120 µm �lm thicknesses [128]. It can be concluded that the laminated SU-8 �lms

are surprisingly robust and certainly should be suitable for most micro�uidic and

opto�uidic applications.
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3.6 Conclusions

This Chapter has introduced a method to bond unstructured and structured SU-8

�lms down to sub-micron thicknesses onto microchannels fabricated in KMPR us-

ing a �exible PDMS carrier stamp. By exploiting di�erently cast PDMS carrier

stamps, �at and structured layers can be transferred over areas of up to 1 × 1 mm.

In the experiments, the bonding of highly structured SU-8 �lms, approximately

0.5 µm thick, onto KMPR microchannels has been demonstrated. Despite a thor-

ough search of the literature, it would seem that this is the �rst experimental

realization of the bonding of structured and unstructured SU-8 �lms below 1 µm

of thickness.

The e�ect enabling the lamination of such thin layers can be explained by the

chemical properties of the used materials. The processed KMPR structures are

not fully cured and thus can still carry residual epoxy-groups that are reactive and

can di�use into the uncross-linked epoxy-groups of the SU-8 layer to be bonded.

When the SU-8 is fully cured, it forms a dense network that is from a chemical

point of view unable to react or bond to PDMS as the siloxane groups of PDMS

cannot react with the epoxy groups of SU-8. Consequently, the only limiting factor

is the remaining adhesion between the PDMS carrier stamp and the cured SU-8

layer.

In order to successfully laminate SU-8 �lms below 1 µm of thickness it is highly

recommended to control the clean room conditions at around 21 ◦C temperature

and a humidity of lower than 40 % RH. Especially at higher humidities it was found

that the SU-8 �lm to be bonded on KMPR structures very likely remains sticking

on the PDMS carrier stamp even after fully curing. SU-8 �lms of approximately

2-5 µm and thicker are less sensitive to the environmental humidity. Furthermore,

to avoid wrinkles in laminated layers below 1 µm of thickness, the bonding process

should be carried out over open KMPR structures when the cross-linking of the

SU-8 is temperature assisted or more preferable, cross-linking should be carried

out at room temperature conditions. With increasing SU-8 thickness, the �lm gets

less sensitive and does not show any wrinkles even for the temperature assisted

process over enclosed structures.

In addition, bond strength tests have demonstrated that such thin layers can with-

stand pressures up to 1100 hPa and are suitable for most micro- and opto�uidic

applications where only a minimal pressure is required.
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In contrast to the SU-8-onto-SU-8 bonding methods only employed for sealing of

microchannels as described in Section 3.1, the presented SU-8-onto-KMPR bond-

ing technique enables (I) patterned �lms to fabricate for example optical struc-

tures, (II) thin �lms down to 0.5 µm thickness, which can in principle be used to

guide light in the single-mode regime for infrared light, and (III) a refractive index

contrast possibly needed for optical applications by employing SU-8 and KMPR.

More complex PDMS carrier stamps and thus more complex laminated structures

could be achieved by combining the di�erent PDMS carrier stamp con�gurations.

Furthermore, many processes can be carried out on top of the laminated layer

such as photolithography, additional bonding steps, or electron beam lithography

making the bonding technique a very versatile process for rapid prototyping in

polymers.

Most importantly, the combination of possible �uid handling in the microchannels

and photonic structures realized in the laminated SU-8 layer enables research to-

wards a large range of applications in micro�uidics, optics and opto�uidics. It has

been demonstrated that the SU-8 bonding method is suitable for micro�uidic ap-

plications by applying a three-dimensional channel network as simple micro�uidic

mixer. However, in order to exploit thin, structured SU-8 �lms for optical and

opto�uidic sensing applications as it has been proposed, it is necessary to investi-

gate whether the air-suspended SU-8 �lms can, in fact, guide light vertically; and

whether the surface structures can be used to form waveguides guiding the light

laterally.
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4 Air-suspended single-mode SU-8 rib waveguides

In Chapter 3 a method has been introduced to laminate structured SU-8 �lms

down to sub-micron thicknesses onto KMPR microchannels using a PDMS carrier

stamp. However, in order to exploit this approach for optical and opto�uidic sens-

ing applications as it has been proposed, suitable methods need to be developed to

use these �lms as waveguides and as micro�uidic channels. This includes creating

structures that can capture and guide light in the thin SU-8 �lm and also methods

to launch light into it.

In this Chapter, large cross-section optical single-mode rib waveguides are de-

signed, realised and demonstrated within laminated, air-suspended SU-8 �lms

described in Chapter 3. Rib waveguides are the simplest air-suspended optical

waveguides that can be realised.

First, the basics on optical waveguides and an overview of di�erent integrated

optics waveguide geometries are given. Then the design and simulation as well

as the experimental realization and demonstration of optical waveguiding of air-

suspended single-mode optical SU-8 rib waveguides are presented. In order to

couple light into the waveguides, butt coupling is employed.

The main part of Chapter 4 is adapted from the published conference proceeding

"Air-suspended polymer rib waveguides" [129].

4.1 Introduction

In the progress of downscaling integrated photonic structures and hence opto�u-

idic devices, it is important to provide a refractive index contrast between the

waveguiding core and the surrounding claddings. A high refractive index contrast

forces the light to be strongly con�ned in the waveguide and therefore facilitates

the capability of reducing device proportions [130, 131]. Strongly con�ned light

enables robust waveguide devices with ultra-low propagation loss [132, 133] and

high-density integrated optical circuits [134], and hence reduces the cost of inte-

grated photonic circuits.

However, in contrast to semiconductors, conventional polymers including SU-8 or

KMPR do not o�er a large contrast in refractive index which is typically ranging

from n = 1.30-1.70 [135].
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Several groups have proposed methods to increase the refractive index contrast for

polymer optical applications, whereas the majority employed a layer of high refrac-

tive index coating of SiN(Si3N4) [136, 137]. However, to fabricate such structures,

PECVD (plasma-enhanced chemical vapor deposition) and selective reactive ion

etching etch is required. Besides the toxic by-products and the high costs of the

equipment, it has to be considered that the PECVD process has to be optimized

for the employed polymer due to the high temperatures (≈ 200 ◦C) required for

the �lm deposition.

Another strategy, instead of adding a high-index layer, would be to introduce

porosity to the underlying cladding layer which reduces the cladding index and

thus increase the refractive index contrast [138�140]. By employing electrochem-

ical etching in hydro�uoric acid of silicon wafers or oxidation, porous silicon can

be fabricated with an refractive index down to n = 1.13. However, porous silicon

is an unstable material and its properties change in storage and operation [141].

Another option for low refractive index claddings is mesostructured silica which

can be obtained by acidic sol-gel block copolymer templating chemistry. Such

material is mechanically and hydrothermally stable and has a refractive index

down to n = 1.15 [139].

Similar refractive indices (n = 1.147-1.278), depending on the porosity, can be

achieves by thin nanoporous dielectric �lms obtained by a process where an organic

macromolecular (porogen) phase is selectively removed from a phase-separated

organic/inorganic polymer hybrid [140].

However, the maximum refractive index contrast for photonic devices can be

achieved by exploiting air (n = 1.0) as cladding material. This is a common

method and has been demonstrated in di�erent materials including air-bridge mi-

cro cavities in GaAs [6], 2D photonic crystals air-bridge structures in AlGaAs [7],

free-standing grating couplers in GaN [8], photonic crystal slab waveguides in

SOI [9], air-bridge-type waveguides in Si [142], suspended slab and photonic crys-

tal waveguides in lithium niobate [132] or air-suspended photonic crystal slab

waveguides in polymer [143].

Most of the mentioned devices have been fabricated in high refractive index silicon-

on-insulator (SOI) materials using sacri�cial layers including several selective etch-

ing steps. Simple coupling of light using optical �bres and waveguiding in air-

suspended SU-8 polymer structures has been demonstrated by using such etching
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methods [144]; however, the employed waveguides are about 3.5 mm long and

100 µm wide with a thickness between 35 µm and 50 µm which is within the

multi-mode regime. For the intended polymer opto�uidic sensors of this work the

�lm thickness needs to be reduced to several hundreds of nanometres according to

the single-mode condition as described in Chapter 3, Section 3.1.

Nowadays, microscale integrated applications exploiting polymer materials are

extremely attractive for low-cost and mass-producible devices due to rapid and

�exible processing. Unlike semiconductors, polymers allow simpli�ed low temper-

ature processing and can be molded into almost any conceivable shape. However,

as already mentioned, conventional polymers do not o�er large variations in their

refractive indices when compared to semiconductors limiting the e�ciency of poly-

mer optical devices. The only way to achieve maximum refractive index contrast,

not only in polymer photonic structures, is to exploit air as cladding material. A

comparable fabrication method for air claddings in polymers can be derived from

embedded micro�uidic channels, where a polymer layer is used to seal the chan-

nel. For the widely used photoresist SU-8 numerous major methods have been

reported: (I) SU-8 with �lling material that can easily be dissolved [145], (II) a

metal mask to protect SU-8 from a second exposure [145], (III) using an embedded

mask [146], (IV) proton beam to partially expose SU-8 [147], (V) UV dosage con-

trol and anti-re�ection coating on SU-8 [148], (VI) SU-8 and PEC sacri�cial ma-

terial [149], (VII) SU-8 exposure with two di�erent wavelengths [150], and (VIII)

di�erent SU-8 bonding methods utilizing a commercial lamination foil [10, 53],

polyethylene terephthalate (PET) [11, 12], Pyrex [13, 14], Kapton [15, 16], poly-

imide [17], Boro�oat glass [53] or PDMS [18, 19, 53]. With the bonding method

for sub-micron structured SU-8 �lms onto KMPR microchannels using a PDMS

carrier stamp presented in Chapter 3, such air-suspended polymer optical devices

become now available.

In this Chapter, air-suspended SU-8 rib waveguides in the single-mode regime are

presented after a brief introduction of planar optical waveguides. In general, single-

mode waveguides o�er numerous advantages. Single-mode waveguides guide only

one mode with one certain group velocity resulting that a pulse of light travels

without delay distortion. In comparison, in multi-mode waveguides, light travels

at di�erent group velocities and therefore the di�erent modes undergo di�erent

time delays, so that each mode of a pulse of multi-mode light is delayed by di�erent

amounts and therefore the pulse spreads in time.
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Furthermore, the rate of power attenuation is lower in a single-mode waveguide,

compared to a multi-mode waveguide. This, together with the smaller pulse

spreading rate allows higher transfer rates in single-mode waveguides [151].

Another negative e�ect in multi-mode waveguides is, that the modes randomly in-

terfere. From uncontrollable imperfections, strains, and temperature �uctuations,

each mode undergoes a random phase shift resulting in a random intensity of the

sum of the complex amplitudes of the modes. This randomness is a form of noise

known as modal noise or speckle. In comparison, single-mode waveguides have

only one path and therefore no modal noise [151].

In terms of sensors, both single- and multi-mode planar waveguide sensors have

been reported. A typical advantage of single-mode waveguide sensors is the excel-

lent sensitivity and the high spatial uniformity evanescent �elds. In comparison,

multi-mode waveguides exhibit a less intense evanescent �eld as the intensity scales

with the thickness of the waveguide. On the other hand, they are easier to fabricate

and hence often less expensive [152].

4.2 Planar optical waveguides

In traditional optical systems, light is transmitted in the form of beams in free

space and manipulated by optical components such as mirrors, lenses, and prisms.

Such components are often bulky, large and unwieldy and objects in the beam

path can obstruct or scatter. Therefore, it is advantageous to guide optical beams

in dielectric materials rather than in free space. The �rst demonstration of waveg-

uiding was presented by Jean-Daniel Colladon in 1842 [153]. In his water jet

experiment, he demonstrated that light can be guided in water that is surrounded

by air due to total internal re�ection.

The basic principle of optical con�nement is simple. A medium with a higher

refractive index than the surrounding medium acts as a trap for the light and hence

the optical rays remain con�ned by multiple internal re�ections at the boundaries.

The high-index optical medium is called the "core" while the surrounding low-

index media is called the "cladding".

The simplest optical waveguide is a planar slab waveguide, which consists of a

three-layer structure, where the waveguide layer is sandwiched between a substrate

and a cover medium as shown in Fig. 4.1 (a). If the angle of the incident light
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Figure 4.1: (a) Light propagation in a planar optical slab waveguide. Light can
be coupled and guided when the refractive index of the core is higher than those
of the surrounding cladding layers and when the angle of propagation is larger
than the critical angle θc. Light entering the waveguide under an angle that is
larger than the acceptance angle θa will lead to radiation modes. (b) Schematic
visualization of the �rst four waveguide modes TE0, TM0, TE1 and TM1 of an
optical waveguide. As indicated in the �gure, the TM modes interrogate deeper
into the surrounding cladding layers than the TE modes.

is within the acceptance angle θa, coupled modes can start propagating in the

waveguide core. If the incident angle is larger, light cannot propagate which will

result in radiation modes. Coupled modes can be guided in the waveguide core

due to total internal re�ection, when the refractive index of the core is higher than

those of the surrounding cladding layers and when the angle of the propagating

light is larger than the critical angles at the two cladding layers based on Snell's

law (Eq. 4.1):

θc = arcsin

(
ncladding

ncore

)
(4.1)

One of the most important characteristic of an optical waveguide is the attenuation

or loss that can occur to the propagating light. Generally, propagation loss can

be distinguished between three di�erent mechanisms: scattering, absorption and

radiation [154]. Scattering loss can be caused by imperfection in the waveguide or

at the surface due to the material roughness. Absorption loss occurs when light

(electromagnetic waves) is converted into some other energy form (for example

heat) in the waveguide whereas radiation losses occur when the total internal

re�ection condition is compromised allowing light to leak out of the waveguide.

Radiation loss can occur at waveguide bends or at abrupt transitions that do not

meat the adiabaticity criteria.

The electric �eld distribution pro�les of the �rst four possible modes of a waveg-

uide (TE0, TM0, TE1 and TM1) are shown in Fig. 4.1 (b). When the electric �eld
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of a mode is perpendicular to the direction of propagation in the optical waveg-

uide, the mode is called a transverse electric (TE) mode. For the TE mode, the

magnetic �eld can have a �eld component in the direction of propagation. When

the magnetic �eld of a mode is perpendicular to the direction of propagation, the

electric �eld can have a component along the direction of propagation and this

mode is called a transverse magnetic (TM) mode. The number of guided modes

of di�erent orders depend on the thicknesses and the refractive indices of the core

and the cladding materials. The number of guided modes decreases with decreas-

ing thickness of the waveguide core or the refractive index contrast between core

and cladding, or with longer wavelengths.

Several types of optical waveguides in numerous con�gurations in material and

geometry are employed in integrated optics. In general, two types of waveguides

regarding their geometrical design are classi�ed: planar waveguides and nonpla-

nar waveguides [155]. Planar waveguides are slab waveguides and have a planar

geometry con�ning and guiding light in only one transverse direction as lateral

modes become in�nite as shown in Fig. 4.1 and Fig. 4.2 (a) [156]. In nonplanar

waveguides such as channel waveguides or optical �bres, the core is surrounded

by claddings in all transverse directions with a two-dimensional optical con�ne-

ment. Most waveguides used in optical applications are nonplanar waveguides.

The widely used channel waveguides can be further divided into ridge, rib, buried,

strip-loaded and di�used waveguides. Ridge waveguides as shown in Fig. 4.2 (b)

are fully free-standing high-index channel waveguides on top of a supporting low-

index substrate. Rib waveguides (Fig. 4.2 (c)) are similar, but have only a partly

free-standing structure on top of a slab with the same refractive index which is

also part of the waveguiding core. A buried waveguide is embedded in the sub-

strate and completely buried in a low-index surrounding material as shown in

Fig. 4.2 (d). Strip-loaded waveguides (Fig. 4.2 (e)) are based on slab waveguides,

but have a dielectric strip on top inducing a local e�ective refractive index change

for the slab waveguide. Di�used waveguides (Fig. 4.2 (f)) are formed by creating

a high-index region in a substrate through di�usion of dopants.

Furthermore, optical waveguides can be characterised into step-index, graded-

index and photonic crystal waveguides depending on their refractive index pro�les.

Step-index waveguides exhibit an abrupt refractive index step at the substrate-

waveguide and waveguide-cladding interface as shown in Fig. 4.2 (I). In contrast,

graded-index waveguides exhibit a smooth refractive index transition between the
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Figure 4.2: Schematic representation of di�erent optical waveguide types. (a)
slab, (b) ridge, (c) rib, (d) buried, (e) strip-loaded, and (f) di�used waveguide.
Figure (I) and (II) represent step-index and graded-index waveguides. Step-index
waveguides exhibit an abrupt refractive index step at the substrate-waveguide
and waveguide-cladding interface while graded-index waveguides exhibit a smooth
refractive index transition.

two interfaces (Fig. 4.2 (II)). Photonic crystal waveguides are composed of repeti-

tive regions of low and high dielectric constants that a�ect the propagation of the

electromagnetic waves by di�raction and interference e�ects [157].

In the following, air-suspended single-mode SU-8 rib waveguides are presented

exploiting the SU-8 bonding method shown in Chapter 3. However, single-mode

slab waveguides in SU-8 would be available by using this method, coupling of

light into such a thin layer would be a very challenging task. In order to facilitate

the light coupling process and the guiding characteristics, large cross-section rib

waveguides are employed instead.

46



4. Air-suspended single-mode SU-8 rib waveguides

4.3 Air-suspended SU-8 rib waveguide design and

simulation

Rib waveguides are the simplest air-suspended optical waveguides that can be

realised and typically consist of a slab waveguide with a raised rib with identical

refractive index on top. The rib is surrounded by low-index cladding material

and acts as waveguide core providing strong optical con�nement. Fig. 4.3 shows

a cross-section of the rib waveguide studied in this Section. The rib width is W,

the inner rib height is H and the slab height is h, where r is the fractional height

of the slab compared to the inner rib, r = h/H. The wavelength of light used

in the simulations is λ = 1550 nm with material refractive indices of n0 = 1.0

(air), n1 = 1.575 (SU-8) and n2 = 1.55 (KMPR). The rib waveguide is a free

standing structure on top of an air cavity with air as upper and lower cladding.

The distance between the rib structure and the edge of the KMPR air cavity as

well as the height of the KMPR layer are chosen in a way that the functionality

of the rib waveguide is not a�ected.

In order to evaluate the characteristics of the light modes of an air-suspended

polymer rib waveguide simulations are carried out. The objective of the simula-

tions is to obtain a set of parameters for single-mode behaviour for TE modes that

allow the fabrication of rib waveguide structures using standard clean room pro-

cesses. Therefore, a large cross-section is preferable. For large cross-section single

mode rib waveguides made of semiconductor materials, two simulation approaches

have been used in the literature: the e�ective index method (EIM) according to

Pogossian et al. [158] and the beam propagation method (BPM) according to

Soref et al. [159].

In general, for rib waveguides with large cross-section the following condition has

to be ful�lled:

Hmin >
λ√

n2
1 − n2

0

(4.2)

For an air-suspended rib waveguide with SU-8 as core material, the minimum

height Hmin at λ = 1550 nm has to be 1.27 µm. In addition to this, the dimensions

of the rib waveguide have to ful�l the following condition to ensure single-mode

conditions:
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Figure 4.3: Schematic of the air-suspended polymer rib waveguide con�guration.

W

H
≤ C +

r√
1− r2

(4.3)

where W is the rib width, H the inner rib height, C a numerical correction factor

and r the fractional height of the slab compared to the inner rib with r ≥ 0.5. This

condition is based on results from mode matching techniques by Petermann [160]

and was derived by Soref et al. [159].

By using equation 4.2 and 4.3 and the correction factor of Soref et al. (C = 0.3)

[159] and Pogossian et al. (C = −0.05) [158], respectively, plots of the theoretical

curves of the single-mode limit can be obtained for the proposed air-suspended

SU-8 rib waveguides as shown in Fig. 4.4. The areas on the right hand side of the

plots correspond to single-mode waveguides while the left hand side correspond

to multi-mode waveguides. By employing equation 4.2 and 4.3 as well as Fig. 4.4,

a selection of dimensional parameters can be made in order to obtain an air-

suspended rib waveguide with single-mode guidance of light.

In the following, the single-mode behaviour for air-suspended rib waveguides in

SU-8 polymer is investigated by the EIM and afterwards by the BPM approach.

4.3.1 E�ective index method (EIM)

The e�ective index method (EIM) is widely used and a simple technique to analyze

and provide good predictions for the propagation characteristics of waveguides.

The basic idea of the EIM is to approximate a waveguide by a one-dimensional

one with an e�ective-index pro�le derivable from the geometry and the refractive-
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Figure 4.4: Plots of the theoretical single-mode limit by Soref et al. [159] and
Pogossian et al. [158] for the proposed air-suspended SU-8 rib waveguides. The
areas on the right hand side of the plots correspond to single-mode waveguides
while the left hand side correspond to multi-mode waveguides.

index pro�le of the original structure [161�163]. The main feature and advantage

of this method is the ability to convert a two-dimensional problem into a one-

dimensional one [162]. By employing the obtained e�ective 2D planar waveguides

of the EIM method, further design and simulations can be carried out, for example

using the beam propagation method (BPM). This can save signi�cant computation

time [164].

When using the EIM method, the proposed rib waveguide is segmented into a slab

and a rib region in the �rst case as shown in Fig. 4.5 (a) [165]. Then the e�ective

refractive indices of the slab region (I) and the rib region (II) can be calculated

using a mode solver for the vertical case (a). In the second case, the e�ective

refractive index of the slab region (I) of the �rst case is used to calculated the

e�ective refractive index of region (II) of the horizontal case (b).

By employing the EIM method, in order to have single-mode guiding laterally,

the higher order modes vertically of the core must have propagation constants

lower than the fundamental mode vertically in the cladding region [158]. If this

condition is met, then all higher order modes are unbound in the rib region and
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Figure 4.5: Schematic of the proposed rib waveguide resulting from the e�ective
refractive index method. Vertical case (a) and horizontal case (b).

will couple into the slab region during propagation, where only the fundamental

mode of the rib waveguide remains. When the rib waveguide is modelled correctly,

only the TE0 mode will be guided in the region of the rib. All higher order modes

will be leaking into the slab regions of the rib waveguide and will therefore not

propagate. This is known as quasi-single-mode behaviour.

Based on the theory of Section 4.3 on the single-mode condition of large cross-

section semiconductor rib waveguides [159], a �rst assumption of the parameters of

air-suspended polymer rib waveguide have been made by EIM calculations using

CAMFR1 (CAvity Modelling FRamework) [166].

By using the EIM method, the proposed rib waveguide is �rst segmented into a

slab and a rib region and the e�ective refractive indices of the fundamental mode

of the slab region (I) and the �rst higher order mode of the rib region (II) are

calculated. In order to achieve a large cross-section rib waveguide, the height of

the slab h is �xed in the simulations to 7 µm. Then the height H of the rib is

swept and the corresponding e�ective refractive indices are calculated and plotted.

Fig. 4.6 shows the EIM result for the vertical case of the air-suspended rib waveg-

uide. The black solid line represents the e�ective refractive index ne� of the TE0

mode of the slab region and the blue solid line the ne� of the TE1 mode of the

rib region as a function of r = h/H for a wavelength of λ = 1550 nm. It can be

seen from the graph that at an h/H ratio of approximately 0.5, the rib waveguide

1CAMFR (CAvity Modelling FRamework) is a fast, �exible, friendly full-vectorial Maxwell
solver. Its main focus is on applications in the �eld of nanophotonics [166].
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Figure 4.6: E�ective index method results for the vertical case of a rib waveguide.
It can be seen that at an h/H ratio of approximately 0.5, the rib waveguide
con�guration should only allow single-mode guidance as the ne� of the TE1 mode
of the rib region is smaller as the TE0 mode of the slab region.

Figure 4.7: E�ective index method results for the horizontal case of a rib waveg-
uide. It can be seen that at a rib width larger than approximately 15 µm, the rib
waveguide con�guration is no longer in the single-mode regime as the ne� of the
TE1 mode of the rib region is larger than the TE0 mode of the slab region.
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con�guration should only allow single-mode guidance as the ne� of the TE1 mode

of the rib region is smaller than the ne� of the TE0 mode of the slab region. This

means that with the assumed slab height h of 7 µm, the height of the rib H has

to be at least 14 µm or larger for single-mode guidance.

Fig. 4.7 shows the EIM result for the horizontal case of the air-suspended rib

waveguide. The black solid line represents again the e�ective refractive index ne�

of the TE0 mode of the slab region and the blue solid line the ne� of the TE1

mode of the rib region as a function of the width W of the rib waveguide for a

wavelength of λ = 1550 nm. It can be seen from the graph that at a rib width

larger than approximately 15 µm, the rib waveguide con�guration is no longer in

the single-mode regime as the ne� of the TE1 mode of the rib region is larger than

the ne� of the TE0 mode of the slab region.

In summary, from the two cases of the EIM, an approximation of the propagation

behaviour of waveguides can be made allowing the de�nition of a set of dimensional

parameters that only allow quasi-single-mode guidance in the rib region.

However, in order to validate the expected single-mode behaviour and make an

assumption of the modes of the proposed air-suspended SU-8 rib waveguide, a

study of the light propagation in the rib waveguide needs to be carried out by

using the beam propagation method.

4.3.2 Beam propagation method (BPM)

The beam propagation method (BPM) is one of the most commonly used nu-

merical methods for the analysis and simulation of guided-wave propagation in

inhomogeneous media. The basic idea of BPM is to represent the electromagnetic

�eld by a superposition of plane waves propagating in homogeneous media [167].

Advantages of this method are that it is the most powerful technique to study

the propagation of light in integrated optics and it is conceptually straightforward

and allows rapid implementation of the photonic structure to be studied.

In the previous Subsection 4.3.1, an approximation of the propagation behaviour

of the proposed air-suspended single-mode rib waveguide has been made by the

e�ective refractive index pro�le using the EIM. In order to validate the expected

single-mode behaviour, a study of the light propagation in the rib waveguide us-

ing the BPM is carried out by employing the BPM simulation software RSoft

(Synopsys, Inc.).
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Figure 4.8: Propagation of the TE0 mode of the rib waveguide with propagation
distances (a) z = 20 µm, (b) z = 30 µm, (c) z = 60 µm, (d) z = 200 µm,
(e) z = 600 µm and (f) z = 2000 µm, when a Gaussian �eld is launched o�-axis
into the rib. It can be seen that the mode pro�le becomes more symmetric the
longer the light propagates and stays within the rib region.

Figure 4.9: Propagation of the TE1 mode of the rib waveguide with propagation
distances (a) z = 20 µm, (b) z = 30 µm, (c) z = 60 µm, (d) z = 200 µm,
(e) z = 600 µm and (f) z = 2000 µm, when a Gaussian �eld is launched o�-axis
into the rib. It can be seen that with increasing propagation length the higher
order mode is radiated into the slab region and is no longer guided in the rib
region.
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According to the EIM results, higher order modes should not propagate in the

slab region of an air-suspended rib waveguide with for example W = 7 µm and

r = 0.9. Fig. 4.8 shows the evolution of a TE0 mode for di�erent z-values when a

Gaussian �eld is launched o�-axis into the rib for a waveguide withW = 7 µm and

r = 0.9. These values have been chosen in order to have a large overlap with the

�bre mode �eld (core diameter of 8.5 µm) in the experimental setup. It is evident

from Fig. 4.8 that the mode pro�le becomes more symmetric the longer the light

propagates and stays within the rib region, which was also experimentally shown

in [159].

Fig. 4.9 shows the evolution of the TE1 mode for di�erent z-values when a Gaussian

�eld is launched o�-axis into the rib for a waveguide with the same dimensions

as used to calculate Fig. 4.8. Here, with increasing propagation length the higher

order mode is radiated into the slab region and is no longer guided in the rib

region. From Fig. 4.8 and 4.9 it can be seen that for the given dimensions the rib

waveguide only guides the TE0 mode after a certain propagation distance, which

is known as quasi-single-mode behaviour.

4.4 Waveguide realisation

The fabrication of the air-suspended polymer rib waveguides is carried out by

transferring and bonding an SU-8 �lm onto a KMPR microchannel with a �at

unstructured PDMS carrier stamp. First, a �at PDMS carrier stamp and the

KMPR microchannels are fabricated as explained in Section 3.3.1. A 2 µm thick

SU-8 layer is then spin coated onto the plasma treated PDMS carrier stamp.

The sample is �ood exposed by UV radiation and transferred onto the KMPR

microchannels with the parameters listed in Tab. 3.1. After the uncured SU-8

layer is fully cross-linked and transferred onto the KMPR, the PDMS carrier stamp

is carefully peeled o�. In the next step, standard photolithography is employed

to de�ne the rib structure of the waveguide. A second 2 µm thick SU-8 layer is

spin coated on top (Fig. 4.10 (a)) using the same parameters as given in Tab. 3.1.

Subsequently, a soft bake of 1.5 min at 95 ◦C is carried out. The microchannels

of the sample are then aligned to a photo mask containing the rib waveguide

pattern using a mask aligner. After the exposure with UV radiation intensity of

100 mJ cm-2 as shown in Fig. 4.10 (b), the sample is post-exposure baked on a

hotplate for 3 min at 95 ◦C, and developed for 2 min. Following this, the �nal
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Figure 4.10: Fabrication process of air-suspended SU-8 rib-waveguides. (a) After
bonding a �at SU-8 layer onto a KMPR microchannel, as described in Chapter 3,
Section 3.3.2, a second SU-8 layer is spin coated on top. (b) Subsequently, a photo
mask is aligned and the uncured SU-8 layer is exposed by UV radiation. (c) After
developing the exposed SU-8 layer, the �nal rib waveguide structure is obtained.

Figure 4.11: Angled scanning electron microscope (SEM) micrograph of an air-
suspended rib waveguide structure after cleaving the sample. The SU-8 slab and
rib are both approximately 2 µm thick with a 20 µm wide rib, while the KMPR
microchannel is 25 µm high and about 250 µm wide.

structure is rinsed with isopropanol and dry blown using nitrogen (Fig. 4.10 (c)).

Fig. 4.11 (a) shows an angled SEM image of the resulting exemplary air-suspended

rib waveguide structure after cleaving with an active waveguide area of approxi-

mately 80 µm2. The dimensions of the channel are about 250 µm width and 25 µm

height. An approximately 2 µm thick laminated planar SU-8 layer with an accu-

rately aligned air-suspended rib waveguide structure on top, approximately 2 µm

thick and 20 µm wide, can be seen. The rib waveguide has the same thickness

than the laminated layer underneath.
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4.5 Waveguide characterisation

Characterisation of the fabricated air-suspended SU-8 rib waveguides has been

carried out employing a butt coupling setup to couple light into the waveguide

as shown in Fig. 4.12. The samples were cleaved into approximately 10 mm long

pieces and were placed on a translation stage. To couple light into the waveguide

a standard optical single-mode �bre with stripped cladding was mounted on a

second translation stage using a �bre chuck. A camera system was employed to

support the alignment of the �bre.

First the input �bre was aligned by the help of the camera and a visible laser

(λ = 655 nm, 1 mW output power, Fibercheck, Laser Components GmbH).

Fig. 4.13 (a) shows a photograph of the experimental demonstration of an air-

suspended SU-8 rib waveguide excited from the left hand side with the visible

laser source. Red light that is guided through the waveguide can be observed

by the bright end facet of the waveguide on the right hand side of the sample.

Afterwards a tunable laser (TUNICS T100S-HP, Yenista Optics S.A) was used

to launch TE-polarized light (λ = 1550 nm) into the previously aligned waveg-

uide. A beam pro�ler (BP209-IR, Thorlabs GmbH) was placed at the output facet

of the waveguide. An intensity distribution of the waveguide was thus obtained

(Fig. 4.13 (b)) with a resolution setting of the beam pro�ler of 1.2 µm. The ex-

perimental result underpins the simulation result indicating that the waveguide is

single-mode.
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Figure 4.12: Butt coupling setup for the optical inspection of air-suspended poly-
mer rib waveguides.

Figure 4.13: Results of the optical inspection. (a) Photograph of an air-suspended
rib waveguide, approximately 4 µm thick and 20 µm wide, when visible light at
λ = 655 nm is coupled into it, (b) intensity pro�le at the end facet of the rib
waveguide obtained by a beam pro�ler with 1.2 µm resolution at λ = 1550 nm.
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4.6 Conclusions

In this Chapter, single-mode large cross-section optical rib waveguides with an

active waveguide area of approximately 80 µm2 have been designed, realised and

demonstrated. Initially, optical modelling was performed using �rst the e�ective

index (EIM) to approximate the single-mode guidance of light followed by a valida-

tion using the beam propagation method (BPM). The simulation results indicated

that large cross-section air-suspended rib waveguides in SU-8 can exhibit quasi-

single-mode guidance for TE polarization. By exploiting the bonding method to

seal air cavities of KMPR with a thin SU-8 �lm by using a �exible PDMS carrier

stamp, combined with a subsequent photolithography step to de�ne a rib struc-

ture, air-suspended rib waveguides have been successfully fabricated. In order to

couple light into the waveguides, butt coupling was employed. Experiments have

been carried out and waveguiding was demonstrated at visible and infrared wave-

lengths. A beam pro�le for λ = 1550 nm was obtained indicating single-mode

behaviour of the rib waveguide.

Although single-mode guidance of light in an air-suspended SU-8 waveguide was

demonstrated in the experiment, the employed butt coupling method for such

thin waveguides with approximately 4 µm thickness is demanding and very time

consuming. Furthermore, de�ning the optical structure by photolithography adds

an extra step to the process. To obtain waveguides with good optical properties,

for example low losses, a high-resolution photo mask would be required which is

the reason why no further testing of the rib waveguides has been carried out.

As butt coupling is demanding and very time consuming, more advanced concepts

and methods to couple light into the laminated SU-8 layers need to be investigated.
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5 Grating coupler interface for air-suspended

SU-8 waveguides

In Chapter 4 air-suspended single-mode rib waveguides have been proposed and

demonstrated using the SU-8 onto KMPR lamination techniques of Chapter 3.

Although the employed fabrication and light coupling method is very straight-

forward, it damages the �uidic channel underneath, limiting the usefulness for

opto�uidic devices. Thus, it would be bene�cial if a more appropriate approach

could be found that would maintain the integrity of the underlying air-cavity and

allow access to the optical waveguide without any further end-facet preparation.

In this Chapter, light coupling into bonded SU-8 waveguides is studied employing

air-suspended SU-8 surface grating couplers. Such structures can be created by

patterned PDMS carrier stamps that already contain the optical structures.

Initially, an overview of concepts to couple light in and out of optical waveguides

is presented. Then air-suspended SU-8 surface grating couplers are designed,

numerically simulated, fabricated and characterised.

The main part of Chapter 5 is adapted from the published journal paper "Air-

suspended SU-8 polymer waveguide grating couplers" [168]. This Chapter provides

the necessary background knowledge for the following Chapter 6 and 7.

5.1 Introduction

Microscale integrated photonic circuits exploiting polymer materials are extremely

attractive for low-cost and mass-producible applications, especially for sensing de-

vices in the �elds of biomedicine, healthcare, food safety or drug screening. In

order to fabricate such small footprint photonic sensors, planar and monolithic

fabrication methods including photolithography, hot embossing, and nanoimprint

lithography have been found suitable [169�171]. However, interfacing the waveg-

uide layer of these sensors to optical �bres is a challenging exercise due to the

small waveguide cross-sections being often in the range of several hundreds of

nanometres.

For integrated photonic devices fabricated in silicon-on-insulator (SOI), the well-

known highly e�cient surface grating couplers have been proposed and real-

ized [21]. By using such grating couplers it is possible to couple light from an
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optical �bre vertically into a thin single-mode waveguide layer and back into a �bre

without cleaving and polishing processes. However, in contrast to semiconductors,

conventional polymers do not o�er large contrast in refractive index between the

core and cladding (typically in the range of n = 1.30-1.70 [135]) making surface

grating couplers considerably di�cult to implement on a polymer based platform.

One strategy to overcome this issue is to increase the refractive index contrast

by depositing a layer of high refractive index coating of SiN(Si3N4) on top of

the grating coupler structures as described in Chapter 4, Section 4.1 [136, 137].

Another strategy, instead of adding a high-index layer, would be to introduce a

porous layer below the grating couplers which reduces the cladding index and thus

increase the refractive index contrast [138�140].

By exploiting the proposed fabrication method of bonding sub-micron SU-8 �lms

onto KMPR microchannels of Chapter 3, air-suspended photonic devices with a

maximum of refractive index contrast can be realized. This method allows the

parallel production of photonic structures made entirely from polymers with air

as lower and upper cladding layer.

In this Chapter, air-suspended polymer waveguide grating couplers exhibiting a

high refractive index contrast by exploiting air claddings on top and at the bot-

tom of the structures are presented. Numerical simulations are carried out in

order to determine the maximum theoretical e�ciency and to obtain a set of pa-

rameters that allow the fabrication using the proposed fabrication method for

air-suspended photonic structures. Waveguides designed for TE polarized light

with a wavelength of λ = 1550 nm connected with an input and an output grating

coupler are fabricated and characterised.

5.2 Light coupling into photonic devices

In order to guide light in integrated optical waveguides, light from an external

source needs to be coupled into and subsequently out of the waveguide for detec-

tion. In general, �ve coupling methods can be classi�ed: butt, end-�re, prism,

grating, and directional coupling. Each of these techniques is described in the

following.
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One of the simplest methods to couple light into an optical waveguide is butt

coupling, as employed in Chapter 4, where an optical �bre is brought close or in

direct contact (often via immersion oil) with the polished or cleaved input facet of

the waveguide, as shown in Fig. 5.1 (a). The optical �bre and the waveguide can be

aligned using a microscope or �bre alignment grooves. However, to achieve e�cient

coupling, the alignment as well as the mode match between �bre and waveguide are

crucial [172]. Furthermore, with decreasing waveguide cross-sections, alignment

is more di�cult, especially for single-mode waveguides with dimensions of a few

hundreds of nanometres.

In the case of end-�re coupling, the light is directly focused onto the polished or

cleaved input facet of the waveguide by using a lens, as shown in Fig. 5.1 (b).

In order to achieve e�cient coupling, the end facets of the waveguides need to

be extremely smooth and the numerical aperture of the focusing lens has to �t

to the propagations constant of the mode exited in the waveguide core [172]. As

described for butt coupling, a precise alignment with high mechanical stability is

required for thin single-mode waveguides.

Another method to couple light into an optical waveguide is via prism coupling.

By employing this method, a high-index prism is brought in contact with the

waveguide, as shown in Fig. 5.1 (c), either directly or by using an immersion oil.

When the waveguide is illuminated through the prism at an angle that matches

the propagation constant of a guided mode of the waveguide, light is refracted and

hence can be coupled into and also extracted from the waveguide [172].

In the case of waveguide grating coupling (Fig. 5.1 (d)), a periodic structure

with an alternating refractive index is employed to couple light into and out of a

waveguide. Incident light is di�racted into several higher di�raction orders by the

grating. When a wave vector of the di�racted light matches a supported mode of

the waveguide, coupling occurs while the higher order di�raction has to ful�l the

conditions of total internal re�ection. The principle is reversible and allows light

to be di�racted out of the bound mode of a waveguide and into free space.

An optical directional coupler (Fig. 5.1 (e)) consist of parallel channel optical

waveguides, that are in close proximity so that energy can be transferred from one

to another. The light must propagate with the same phase velocity in each channel

over a substantial length to couple. The amount of power coupled is determined

by the overlap of the modes in the separate channels, the length of interaction
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Figure 5.1: Light coupling methods for optical waveguides: (a) butt, (b) end-�re,
(c) prism, (d) grating, and (e) directional coupling.

and the degree to which the two channels are phase matched [173]. Directional

coupling can be e�ective; however, the light already needs to be coupled into one

of the waveguides beforehand. One popular technique involves tapering an optical

waveguide to the point where the light is evanescent around the �bre and then

using this as one of the waveguides of a directional coupler.

5.3 Grating coupler design and simulation

Grating couplers are optical elements with an alternating refractive index, produc-

ing a phase match between particular waveguide modes and an unguided optical

beam which is incident at an oblique angle to the surface of the waveguide [154].
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Figure 5.2: General grating coupler con�guration with simpli�ed representation of
the beam di�raction on the surface of a grating coupler.

As shown in Fig. 5.2, incident light is partially re�ected (kr1..krn) and transmitted

(kt1..ktn) into several di�raction orders at the surface of the grating. When a wave

vector of the di�racted light matches a supported mode of the waveguide, coupling

occurs while the higher order di�raction has to ful�l the conditions of total internal

re�ection. This e�ect can be described by the grating equation, which represents

the relation between the wave vectors of the incident and di�racted waves. For

grating couplers, the grating equation can be written as Eq. 5.1 [174]:

kincident sinθ + v
2π

Λ
= kcore (5.1)

with kincident =
2π

λ0
ncladding (5.2)

and kcore =
2π

λ0
neff (5.3)

and with kincident the incident wave vector, λ0 the wavelength, θ the incident angle,

v the di�raction order, Λ the grating period, kcore the real part of the propagation

constant and neff the e�ective refractive index of the guided mode.

The grating equation is only exact for structures with an in�nite sequence of

grating periods while in a �nite structure not exactly one, but a range of k-vectors

occur around the one predicted by the grating equation. It is referred to the Ph.D.
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thesis of Dirk Taillaert [175] for a deeper understanding of the grating coupler

theory.

When the incident beam is coupled in vertically from the top (θ = 0◦) half of the

power will couple to the horizontal left and right hand side due to the symmetry

of the grating. In order to achieve higher coupling e�ciencies, slightly asymmetric

gratings (typically θ = 5-10◦) are employed. Furthermore, if the grating depth

is much smaller than the waveguide thickness, approximately vertical symmetry

can be assumed. The symmetry can be broken by using di�erent materials as

substrate or top cladding, or by adding a high-index re�ective substrate below the

waveguide [175].

In this Chapter, the proposed structure consists of an air-suspended straight poly-

mer waveguide with a grating coupler element at each end for in and out coupling

of light. The grating and the waveguide structures are both realized in SU-8 above

a previously de�ned KMPR microchannel. Fig. 5.3 shows a schematic of the struc-

ture studied in this work. Silicon wafers are used as substrates. On top of the

substrate, an air-cavity providing the air cladding is de�ned in a KMPR layer

that acts as the base for the free-standing SU-8 waveguide and grating coupler

elements. By employing such a structure with air as upper and lower cladding

layer a large refractive index contrast for the proposed polymer grating couplers

is achieved.

The main design parameters are the height of the waveguide t, the groove depth of

the grating e and the period Λ. The centre wavelength of light used in the simu-

lation is λ = 1550 nm with material refractive indices of nt = 1.0 (air), ng = 1.575

(SU-8) and ns =1.55 (KMPR). The refractive index of the �bre core was set to 1.44

(silica). The numerical simulations are carried out using the eigenmode expan-

sion tool CAMFR (CAvity Modelling FRamework) [166]. First, the single-mode

condition for TE modes (cut-o� thickness d(TE)) of the SU-8 waveguide can be

calculated according to Eq. 5.4 [20],

d(TE) =
mπ + arctan

(
n2
s−n2

t

n2
g−n2

s

)1/2
k(n2

g − n2
s)

1/2
(5.4)

with the order of the guided mode m, wave vector k and refractive indices for the

top layer nt, the substrate layer ns and waveguide layer ng. For TM polarized light

the cut-o� thickness d(TM) can be calculated according to Eq. 5.5.
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Figure 5.3: Schematic of the proposed air-suspended SU-8 polymer waveguide
grating couplers (cross-section, not to scale).

d(TM) =

mπ + arctan

[(
ng

nt

)2 (
n2
s−n2

t

n2
g−n2

s

])1/2

k(n2
g − n2

s)
1/2

(5.5)

After choosing an appropriate period and number of periods, the grating coupler

is optimized to a maximum spectral response at a wavelength of λ = 1550 nm

through the use of the well-known grating equation (Eq. 5.6),

neff = ntsin(θ) +m
λ

Λ
(5.6)

with the e�ective refractive index of the grating region ne�, the refractive index of

the top cladding nt, the coupling angle θ, the order of the mode m, the period of

the grating Λ and the wavelength of light λ.

Fig. 5.4 illustrates the electric �eld distribution of an optimized grating coupler

over an air-cavity with the following parameters at a coupling angle of θ = 10◦:

thickness of the waveguide core t = 0.6 µm, groove depth of the grating e = 0.3 µm

and grating period Λ = 1.397 µm. The width of the simulation window was

18.5 µm in order to meet the experimental setup which employs single-mode �bres

with a core diameter of 10.5 µm and a slightly larger grating coupler area. The
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Figure 5.4: Electric �eld distribution with an air cladding on top and on the bottom
of the grating coupler structure.

silicon substrate is not included in the simulation as the height of the air-cavity

ensures that the evanescent tail of light extending from the polymer layer into the

air decays rapidly due to the high refractive index contrast and thus is negligible by

the time it reaches the silicon. The distance above and below the grating coupler

structure is chosen to be 10 µm which is in the range of the distances between

the sample and the input and output �bres that emit and collect the light in the

experiment.

Fig. 5.4 shows that light that is emitted into the waveguide from the left hand side

is di�racted by the periodic refractive index modulation of grating coupler into the

free space at an angle of θ = 10◦. It can be seen that a signi�cant amount of light

also radiates downwards. Light that could be re�ected back from the substrate

might in�uence and disturb the coupling performance of the grating and has to be

considered and possibly investigated during the experiments. On the other hand,

in order to make use of such light, bottom re�ectors could be employed [176, 177].

Fig. 5.5 shows the theoretical spectral response of an optimized air-suspended

grating coupler for TE polarized light (blue solid line). If an air-cavity cladding

and thus a large refractive index contrast of 1.575:1.0 (∆RI = 0.575) is present

as shown in Fig. 5.3, it can be seen that a single grating coupler exhibits approx-
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Figure 5.5: Calculated coupling loss to a single-mode optical �bre vs. wavelength
for a TE mode SU-8 grating coupler with bottom air cladding (blue solid line) and
with bottom KMPR cladding (green solid line) in comparison to a regular SOI
grating coupler (black solid line, data according to Ref. [178]).

imately 4.9 dB coupling loss, indicating a coupling e�ciency of approximately

32 % at a maximum spectral response of 1550 nm. In contrast, an SU-8 grating

coupler structure that is based on a polymer cladding such as KMPR has a low

refractive index contrast of 1.575:1.55 (∆RI = 0.025), resulting in high losses

of approximately 18.5 dB and a weak maximum e�ciency of 1-2 % (green solid

line). In comparison to polymer grating couplers, regular SOI grating couplers

employing Si (nSi = 3.47) and SiO2 (nSiO2
= 1.44) can achieve higher contrasts

of ∆RI = 2.03 and hence higher coupling e�ciencies of around 2.2 dB, or ap-

proximately 60 % [178], as shown in Fig. 5.5 (black solid line). These examples

clearly demonstrate that grating couplers generally require large refractive index

contrasts in order to achieve practical e�ciencies. The refractive index contrast

that is possible with the air-suspended SU-8 waveguide can give relatively high

e�ciency which may be practical for opto�uidic devices.

Further simulations have been carried out in order to study the in�uence of dif-

ferent grating parameters on the optical behaviour of the air-suspended grating

couplers. These additional simulations can be found in the Appendix A (p. 152 �).
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For all of the described simulations, all parameters were kept constant while the

investigated parameter was varied.

In summary, if the waveguide thickness is changed within the single-mode condi-

tion (Eq. 5.4 and 5.5), the e�ective index changes and thus the phase matching

condition with approximately 7 pm shift in resonant wavelength per nm change

in thickness of the waveguide (Fig. 8.1, Appendix A).

The �lling factor is important to achieve the optimum coupling e�ciency. The

optimum value of �lling factor is around 0.5 while variations cause a shift towards

shorter wavelengths for values lower than 0.5, while higher values result in a shift

towards longer wavelengths (Fig. 8.2, Appendix A).

Variations of the groove depth cause a shift of the grating coupler spectrum and

a change in the coupling loss. The shallower a grating is the weaker it is in

terms of coupled light e�ciency. Deeper gratings result in a shift towards shorter

wavelengths (Fig. 8.3, Appendix A).

When the grating period is varied, the spectral response of the grating coupler

shifts towards longer wavelengths with increasing period which can also be the-

oretically predicted from the grating equation (Eq. 5.6) while the coupling loss

stays almost constant at around 5 dB (Fig. 8.4, Appendix A).

Adjusting the angle of the incident light over a range of about 4◦ to 18◦, can

cause a shift in the resonant wavelength towards shorter wavelengths of about

15 nm/◦ (Fig. 8.5, Appendix A). This behaviour can be the most useful option in

the experiment as it does not require structural changes on the grating couplers to

bring the optimum coupling wavelength in the centre of the measurement window

of the optical spectrum analyser.

5.4 Grating coupler realisation

Air-suspended SU-8 waveguide grating couplers have been fabricated as explained

in Chapter 3 using a 0.5 µm thick SU-8 �lm and a PDMS carrier stamp which con-

tains the waveguide and grating coupler structures. Due to the small feature sizes

of the gratings in the submicron range, �rst a silicon master with the waveguide

and grating structures is produced by electron beam lithography and subsequent

Ar+ ion beam etching (IBE). Fig. 5.6 (a) shows a part of the master of the grating

coupler structures. From Fig. 5.6 (b) it can be seen that the side walls of the
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Figure 5.6: (a) Scanning electron microscope image (SEM) of the silicon mas-
ter of the grating coupler structures and (b) SEM image showing not perfectly
rectangular lines and spaces of the grating with an angle of approximately 72◦.

lines and spaces of the grating are not perfectly rectangular having an angle of

approximately 72◦.

Then the microchannels acting as a base for the grating coupler structures are

patterned in a 25 µm thick layer of the KMPR by standard photolithography on

top of a Si substrate as shown in Fig. 5.7 (a). In order to reduce wear on the silicon

master, a PFPE working mould is cast (Fig. 5.7 (b)). From this working mould

multiple PDMS carrier stamps can be cast as shown in Section 3.3.1 (Fig. 5.7 (c)).

In order to avoid temperature induced expansion of the materials, the curing for

PDMS was carried out at room temperature for 48 h. Then the PDMS carrier

stamp is plasma treated as explained in Section 3.3.1 and a 0.5 µm thick SU-8

layer is spin coated on top (Fig. 5.7 (d)). In contrast to the method used in Chap-

ter 3, cross-linking of the laminated SU-8 layer is carried out at room temperature

as well for 48 h to avoid possible expansion of the materials (Fig. 5.7 (e)). Finally,

the PDMS carrier stamp can be peeled o� (Fig. 5.7 (f)). In the employed carrier

stamp design 54 grating coupler structures of di�erent size, period and length can

be laminated onto one sample at the same time.

Due to current limitations in the fabrication process of the master by electron

beam lithography and subsequent IBE, the depth of the gratings is approximately

120 nm less than the optimum depth calculated in the simulation, resulting in a

weaker perturbation of the grating couplers and hence in lower coupling e�ciencies

in the experiment. Mainly, the currently employed etching process using IBE only

allows a grating depth of approximately 200 nm in combination with a reasonable

side-wall steepness of the structures.
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Figure 5.7: Overview of the fabrication steps of air-suspended SU-8 waveguide
grating couplers. (a) de�nition KMPR microchannels by standard photolithogra-
phy; (b) PFPE working mould casting from silicon master; (c) PDMS casting from
PFPE working mould; (d) plasma treatment of PDMS and spin coating of SU-8
layer; (e) cross-linking of SU-8 onto KMPR microchannels by applying pressure;
(f) peeling o� the PDMS carrier stamp after cross-linking of the SU-8 �lm.

Fig. 5.8 (a) presents a top view of such a structure taken with an optical micro-

scope. The KMPR base that sustains the air-suspended SU-8 �lm can be seen

on the left and right side of the image. The laminated SU-8 �lm itself appears in

a reddish colour due to thin �lm interference while deeper structures such as the

waveguide trenches and the spaces of the grating appear blueish. In order to de�ne

the waveguides in the laminated SU-8 layer, waveguide trenches are employed that

have the same depth as the grating structures. In addition to the 2D simulation

model of the grating couplers in Fig. 5.3 which provided information about the

height and the length, the trenches de�ne the width of the structures.

Fig. 5.8 (b) shows an angled cross-section taken with a scanning electron micro-

scope (SEM) after cleaving the sample. The dimensions of the microchannel are

approximately 250 µm width and 25 µm height. An additional 50 µm thick SU-8

coating has been introduced and processed on top of the Si substrate which func-

tionality is explained in detail Section 5.5. It can be seen that the complete grating

coupler and waveguide structure is suspended in air. As can be assumed from the

colours in the microscope image, the thickness of the features in the laminated

SU-8 layer is uniform along the microchannel structure.
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Figure 5.8: Visual inspection of the fabricated air-suspended grating coupler, (a)
top view microscope image and (b) angled scanning electron microscope (SEM)
micrograph after cleaving the sample.

Figure 5.9: Atomic force microscope (AFM) measurement of the �nal grating
coupler structures in SU-8.
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The size of the fabricated test grating couplers are 40 µm in width and length

with di�erent periodicities (1.46 µm to 1.65 µm) and waveguide lengths (500 µm,

750 µm and 1000 µm). The height of the waveguides ful�l the single-mode condi-

tion (Eq. 5.4) for λ = 1550 nm, while the width is kept constant at 40 µm. Atomic

force microscope (AFM) measurements have been carried out in order to evaluate

the dimensions of the fabricated grating couplers. Fig. 5.9 shows a tip-convolution

corrected three-dimensional image of a part of a grating coupler. It can be seen

that the shape of the resulting grating has rounded corners. The rounded shape

can be explained by the not perfectly rectangular lines and spaces of the grating

with an angle of approximately 72◦ as shown in Fig. 5.6 and by the threefold

replication process using a PFPE working mould and a PDMS carrier stamp to

transfer the structures into SU-8.

Furthermore, it has to be considered that during AFM scanning, a geometrical

interaction (convolution) between the tip and the sample surface features is be-

ing imaged due to the �nite sharpness and the characteristic geometry of the

tip [179, 180]. This convolution e�ect is responsible for lateral broadening of

surface protrusions [181]. However, the periodicity of the gratings is measured

accurately.

Due to the fabrication tolerances of the processes and the thermal expansion in

the threefold replication of the master, the fabricated grating structures were on

average 1.5 % smaller in the periodicity than designed. The height of the line and

spaces of the gratings was measured to be on average 178 nm.

5.5 Grating coupler characterisation

Coupling e�ciency studies of the fabricated air-suspended waveguide grating cou-

plers have been carried out using a transmission measurement setup as shown in

Fig. 5.10. A custom-made Python2 based software controls the translation stages

and associated equipment (tunable laser, optical spectrum analyser). The software

can directly interpret photonic structure designs such as grating couplers that have

been created using the software IPKISS3 and can perform custom measurement

2Python is a free-to-use, open source, object-oriented programming language designed for sim-
plicity. [182]

3IPKISS is a parametric design framework focused (but not limited) to Photonic circuit design,
constructed at Ghent University and IMEC. Through a python scripting interface, IPKISS
allows the designer a �ne-grained control of the di�erent steps in photonic design. [183]
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Figure 5.10: Schematic model of the experimental setup to characterise air-
suspended grating couplers (not to scale). The employed parts of the transmission
measurement setup are following: (1) YXZ linear stages, (2) goniometers, (3) sam-
ple stage, (4) telecentric camera, (5) camera stages, (6) input/output single-mode
optical �bres, (7) �bre holder, (8) from tunable laser and (9) towards optical
spectrum analyser.

sweeps and data views. In order to �nd the maximum spot of transmission trough

the grating couplers and the waveguide in between, an automatic alignment tool

was implemented which can scan the complete grating areas in a grid by intensity.

Di�erent parameters can be set including the scanning area, resolution (step size

of the stage), laser power, wavelength and number of measurements taken at each

individual scan position. After each scan, the user can select whether the optical

�bre should move back to its initial position or to the highest spot of transmission

that has been measured. Fig. 5.11 (a) shows an image of a scanned grating. The

scanned area is 80 × 80 µm where the cold colours (bluish) indicate low inten-
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Figure 5.11: Automatic alignment of the optical �bres in the transmission measure-
ment setup. (a) Intensity pro�le of a grating scanned by the alignment software
and (b) positioned �bre over an air-suspended grating coupler after the alignment
procedure.

sity and warm colours (reddish) high intensity. Interestingly, the grating area of

40 × 40 µm can be easily identi�ed.

The maximum transmission of the grating can be found almost in the centre of the

grating. As explained above, the �bre can be positioned exactly at this position

after the automatic scanning process.

Fig. 5.11 (b) shows an image taken with the telecentric camera of the setup of a

positioned �bre above a grating coupler after the scanning process. In order to

obtain the best spot of transmission the scanning procedure is carried out multiple

times for the input and output grating coupler. For the measurements, two identi-

cal cleaved standard single-mode �bres providing light to the input and collecting

light at the output grating are connected to a tunable laser (TUNICS T100S-HP,

Yenista Optics S.A) and an optical spectrum analyser (OSA, AQ6370C, Yoko-

gawa Electric Corporation), respectively. A polarization controller is employed to

launch TE polarized light into the input coupler. Both �bres are positioned at a

tilted angle to the grating surface and are automatically aligned to the position

where the highest transmission occurs by scanning the grating couplers in a �ne

mesh grid.

The grating coupler e�ciency is determined by subtracting the coupling loss, the

loss of the straight waveguide between the couplers and the assumed mode mis-

match loss between the �bre mode and the di�racted �eld of the output grating
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Loss [%] [dB]

System loss (opt. �bre and polarization controller) 64 % 1.93 dB

Waveguide loss (cut-back method) 59.29 %
cm

2.27 dB
cm

Coupling loss both gratings 0.35 % 24.61 dB

Coupling loss single grating 5.88 % 12.31 dB

Calc. mode mismatch loss for 40 µm wide grating 39.8 % 4 dB

Table 5.1: Overview of the di�erent system and grating coupler losses.

coupler. The waveguide losses were obtained from average values of more than

350 individual measurements of waveguides with di�erent lengths exploiting the

cut-back method and were measured to be a maximum of 13 dB cm-1 depending

on the waveguide quality, whereas the best results have been in the range of pre-

viously reported losses in SU-8 waveguides of around 3 dB cm-1 [184]. For the

experiments the attenuation is assumed to be 3 dB cm-1. The losses of the input

and output grating couplers are assumed to be equal due to the symmetric struc-

tures and measurement setup. Tab. 5.1 shows a complete overview of the di�erent

system and grating coupler losses.

The experimental results taken with a wavelength resolution of the OSA of 0.25 nm

are shown in Fig. 5.12. The black solid line (measurement (a)) presents the cou-

pling loss to a single-mode optical �bre vs. wavelength graph for the initial grating

coupler design with a periodicity of 1.44 µm, measured at a �bre angle of 12◦. It

can be clearly seen that the spectral response of the grating coupler is oscillating

suggesting multi-path interference.

One possibility is that the observed interference is due to a Fabry-Pérot type reso-

nance which could occur from multiple re�ections from various parts of the grating

coupler design. Multiple potential locations at which re�ections could occur can

be identi�ed including inferences within the gratings, �bre-to-�bre, grating-to-

grating, �bre-to-grating, �bre-to-OSA and grating-to-substrate interferences.

However, as can be seen in Fig. 5.12, the oscillations are spanning approximately

15 dB in coupling loss which would suggest that the re�ections for any Fabry-Pérot

cavity would need to be very strong and well matched. Furthermore, it seems that

these oscillations have a dominant period with a large spectral range indicating a

very small cavity which is much smaller than the length of the waveguide between

the gratings (1000 µm).
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Figure 5.12: Measured coupling loss to a single-mode optical �bre vs. wavelength
of the fabricated air-suspended grating couplers, (a) without (black solid line,
Λ = 1.44 µm, θ = 12◦)) and (b) with (red solid line, Λ = 1.46 µm, θ = 16◦)
a 50 µm thick SU-8 coating on the silicon substrate and additional temperature
stabilisation at 23 ◦C. The blue solid line shows the simulation result for updated
experimental parameters.

A second possibility is that the observed resonance is due to a type of Mach-

Zehnder interference between two co-propagating waves with a slightly di�erent

phase velocity. Assuming this case, another mode with a lower e�ective refractive

index would be present. This mode could be a so called anti-resonant re�ecting

optical waveguide (ARROW) mode [185]. Such modes are not true guided modes

and thus always leaky. Even though, a ARROW mode can be formed in a low

index core with a high index cladding and can propagate with relatively low loss

over large distances. The key is that the mode must propagate almost paraxially

within the low index material, making an almost glancing angle with the high

index cladding to achieve almost 100% re�ectivity.

Here, in the grating coupler design, this case could be possible with the high index

silicon substrate and the air-cavity beneath the suspended SU-8 layer. The �rst

order mode of the air-suspended SU-8 waveguide is just cut-o� and hence radiates

into the air almost parallel to the waveguide. When this mode is incident on

the silicon substrate, almost 100% re�ection will occur and thus this light can
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be returned to the waveguide. It is thus possible that a signi�cant amount of

power could be returned to the output grating coupler where it will interfere with

the light that was guided through the SU-8 waveguide. In order to suppress the

secondary light path in the air-cavity, an additional SU-8 coating, approximately

50 µm thick, was introduced on the silicon substrate as shown in Fig. 5.8 (b).

A 50 µm thick SU-8 layer can support many modes and also all modes which

would leak into the silicon substrate. The e�ective refractive index of these SU-8

slab modes will be close to the e�ective refractive index of the air-suspended

SU-8 waveguide modes. Thus, it is reasonable to expect that the leaky �rst order

SU-8 waveguide mode could easily couple to a resonance in the SU-8 slab and

be subsequently radiated into the silicon substrate. This should suppress any

ARROW resonance that was present in the substrate without the addition of the

SU-8 layer on the silicon substrate.

The red solid line (measurement (b)) in Fig. 5.12 shows the coupling loss to a

single-mode optical �bre vs. wavelength graph of a similar grating coupler struc-

ture with the additional SU-8 coating on the silicon substrate. Furthermore, the

temperature of the sample was stabilized at 23 ◦C during the measurement. From

the graph, it can be seen that the observed resonance behaviour is suppressed

supporting the hypothesis that an ARROW resonance was responsible for this

phenomenon. Further investigations in terms of numerical simulations would be

required in order to pursue this hypothesis.

The grating coupler shown in measurement (b) has a periodicity of 1.46 µm and is

measured at a �bre angle of 16◦ in order to have the optimum coupling wavelength

in the centre of the measurement window of the optical spectrum analyser. The

centre wavelength of the spectral response is at 1557 nm with approximately 8 dB

coupling loss per grating indicating a coupling e�ciency of 16 %. According to the

cut-back method measurements, the waveguide losses in the experiments could be

estimated as 3 dB cm-1. A higher loss is expected from the mode mismatch of the

di�racted �eld of the output grating coupler with approximately 40 µm width and

the spot size of the output single-mode optical �bre with approximately 10 µm

diameter. As a result, only a fraction of the light that is coupled out of the output

grating coupler is collected by the single-mode optical �bre. Since the waveguide

between the two grating couplers can act as a multi-mode interferometer, after a

certain distance, all of the modes will accumulate multiples of 2 π phase shift and
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Figure 5.13: Measurement of the spectral response vs. the coupling angle. With
increasing the coupling angle, the spectral response shifts towards shorter wave-
lengths with an average shift of approximately 21 nm/◦ over 60 nm.

will form an image of the input �bre spot. This would be the optimal situation for

minimal coupling loss in the system. To obtain an estimate of the mode mismatch

loss, we assume that the light at the output is a Gaussian distribution over the

waveguide width and can be calculated by their integrals being in the range of

about 4 dB.

Based on the experimental dimensions of the grating (Λ = 1.46 µm, e = 0.178 µm

and θ = 16◦) the grating structure was re-simulated as shown by the blue solid

line in Fig. 5.12. Here it can be seen that a single grating coupler exhibits approx-

imately 7.5 dB coupling loss, which is 0.5 dB less than the experimental results.

The discrepancy in the e�ciency between the simulation and the experiment can

be explained by several factors including the alignment of the optical �bre and

the di�racted �eld as well as the assumed mode mismatch between the �bre mode

and the di�racted �eld. One possible method to improve the e�ciency of coupling

could be the use of curved grating couplers to focus the light towards the output

�bre [186].

As the coupling angle is the easiest available parameter to shift the spectral re-

sponse and to bring the optimum coupling wavelength into the centre of the mea-

surement window of the optical spectrum analyser, its in�uence has been studied.
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Figure 5.14: Heating curve (centre wavelength of the individual interference max-
ima vs. time) of air-suspended SU-8 grating couplers without an SU-8 coating on
the silicon substrate when heating the sample from 24 ◦C to 26 ◦C. In the be-
ginning of the heating procedure, three interference maxima can be seen (similar
to Fig. 5.12) while the last two are monitored. Their centre wavelengths are at
around 1556 nm for the �rst maxima (blue solid line) and 1592 nm for the sec-
ond maxima (red solid line). After approximately 60 min the centre wavelengths
have shifted towards 1526 nm and 1563 nm, respectively, and no further shift in
the spectrum can be observed. The shift in the centre wavelength caused by the
temperature change is approximately -15 nm K-1.

In the experiment, the angles of both optical �bres (input and output) have been

varied in the same manner between coupling angles of 13◦ to 16◦.

Fig. 5.13 shows the measurement results. As can be seen, with increasing the

coupling angle, the resonance wavelength shifts towards shorter wavelengths with

an average shift of approximately 21 nm/◦ over 60 nm which is about 5 nm higher

than simulated in Section 5.3 (Fig. 8.5, Appendix A). However, this graph should

mainly demonstrate that the spectral response can easily be shifted by adjusting

the angle of the coupling optical �bres.

Furthermore, during the measurements of the grating couplers without the SU-8

coating on the silicon substrate, a relatively high sensitivity to temperature changes

has been observed. To evaluate the temperature in�uence on the grating coupler

spectrum, a temperature control was implemented into the measurement setup.
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Then a sample was heated from 24 ◦C to 26 ◦C. Three interference maxima were

obtained in the measurement window of the OSA (similar to Fig. 5.12) while the

last two have been monitored. Fig. 5.14 shows the corresponding heating curve

(centre wavelength of the individual interference maxima vs. time). It can be seen

that in the beginning of the heating procedure, the centre wavelength of the �rst

maxima (blue solid line) is at around 1556 nm while the second maxima (red solid

line) is at around 1592 nm. After approximately 60 min no further shift of the

centre wavelengths of the two interference maxima can be observed and the spec-

trum seems to be stable. However, the the centre wavelength of the two maxima

have shifted towards 1526 nm (blue solid line) and 1563 nm (red solid line), re-

spectively resulting in a huge shift of approximately -15 nm K-1. Thus, all further

measurements of grating coupler samples have been carried out at 23 ◦C to keep

the spectrum of the sample stabilized. However, the temperature sensitivity for

grating couplers with SU-8 coating on the silicon substrate should be evaluated.

5.6 Conclusions

In this Chapter, a grating coupler interface for air-suspended SU-8 waveguides has

been designed, realised and demonstrated.

In the proof-of-concept design, two grating couplers are connected by a waveguide

with single-mode condition in the vertical dimension. The numerical simulations

that have been carried out demonstrated a maximum coupling loss of 4.9 dB,

indicating a coupling e�ciency of approximately 32 % at a maximum spectral

response of 1550 nm. Transmission measurements of the fabricated structures

have shown that a single grating coupler exhibits approximately 8 dB coupling

loss at a centre wavelength of 1557 nm indicating a coupling e�ciency of 16 %.

Even though the achieved coupling e�ciencies are lower than for SOI couplers,

mainly due to current fabrication limits of the master structures, the fabrication

method employing widely used polymer materials has the advantage that multiple

air-suspended structures can directly be created in only one simple lamination

process without the need of additional etching steps.

The slightly lower coupling e�ciencies in the experiment can be explained by the

current limitations of the depth of the grating couplers in the fabrication process

of the master by electron beam lithography and subsequent IBE resulting in a

generally weaker perturbation of the gratings. Mainly, the currently employed
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etching process using IBE only allows a grating depth of approximately 200 nm

in combination with a reasonable side-wall steepness of the structures.

The �rst transmission measurements have shown, that the con�guration of the fab-

ricated grating couplers exhibited oscillating spectral responses suggesting multi-

path interference. One possibility is that the observed interference is due to a

Fabry-Pérot type resonance which could occur from multiple re�ections from var-

ious parts of the grating coupler design.

A second possibility is that the observed resonance is due to a type of Mach-

Zehnder interference between two co-propagating waves with a slightly di�erent

phase velocity. In the grating coupler design, this case could be possible with the

high index silicon substrate and the air-cavity beneath the suspended SU-8 layer.

In order to suppress the secondary light path in the air-cavity, an SU-8 coating on

the silicon substrate, approximately 50 µm thick, was introduced for all further

measurements. However, the introduced coating is not the optimal solution as

depending on the alignment and the distances of the optical single-mode �bres to

the grating couplers, such interferences can occasionally still occur.

Future work on the air-suspended grating coupler should include the implemen-

tation of a high-quality anti-re�ection layer. Further improvements of the general

performance of the grating couplers can be made by reducing the grating coupler

width to minimize the mode mismatch of the di�racted �eld of the output grating

coupler and the spot size of the output single-mode optical �bre and by taper-

ing the waveguide down to single-mode conditions in the horizontal dimension.

Another signi�cant improvement towards higher coupling e�ciencies would be to

employ curved grating couplers to focus the light towards the output �bre.

Furthermore, it was seen that the spectrum of the polymer grating couplers with-

out SU-8 coating on the silicon substrate is very sensitive to temperature changes

and thus a temperature control was implemented into the measurement setup to

stabilize the temperature of the samples at 23 ◦C. Since polymer materials ex-

hibit a strong temperature dependence, the thermal sensitivity of the proposed

air-suspended SU-8 grating coupler is studied in the following Chapter.
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6 Thermal sensitivity of air-suspended SU-8

grating couplers

In Chapter 5 it was observed that the polymer grating coupler spectra can be

sensitive to temperature changes. Since polymer materials generally exhibit a

strong temperature dependence, both in thermal expansion and also in terms

of thermo-optic variations in refractive index, the temperature sensitivity of air-

suspended SU-8 polymer waveguide grating couplers for TE polarized light are

studied in this Chapter.

Numerical simulations are carried out in order to estimate the wavelength shift ex-

pected due to the change of the temperature followed by experimental evaluation.

Due to the small positive thermal expansion and large negative thermo-optic coef-

�cient of SU-8, a shift towards shorter wavelengths is expected. The main part of

this Chapter is adapted from the published journal paper "Tunable air-suspended

polymer grating couplers" [187].

6.1 Introduction

In Chapter 3 a polymer fabrication method for air-suspended integrated photonic

devices was presented that is maximizing the refractive index contrast by exploit-

ing air as the top and bottom cladding layer. Furthermore, based on the presented

method, polymer surface grating couplers in SU-8 photoresist were demonstrated

in Chapter 5. However, to avoid any variations due to temperature, all measure-

ments were conducted at 23 ◦C. Compared to SOI materials, polymers o�er strong

temperature dependence with fairly high negative thermo-optic coe�cients (-1 to

-3 × 10-4 K-1 [188], silica 8.5 × 10-6 K-1 [189]) making them suitable for thermo-

optically tunable photonic applications, especially for grating couplers which gen-

erally show a rapid decay of coupling e�ciency outside the centre wavelength [190].

Tuning the centre wavelength of an air-suspended grating coupler can be required

to compensate fabrication process variations for opto�uidic sensors where an an-

alyte needs to be probed at a speci�c wavelength in a microchannel below the

grating coupler.

In this Chapter, the behaviour to temperature changes of the centre wavelength

of air-suspended SU-8 waveguide grating couplers including SU-8 coating on the
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Figure 6.1: Schematic of the studied air-suspended SU-8 polymer waveguide grat-
ing couplers (cross-section, not to scale).

silicon substrate is evaluated. First, numerical simulations are carried out in order

to estimate the expected wavelength shift followed by experimental evaluation.

6.2 Numerical simulation

The schematic of the structure studied in this work is shown in Fig. 6.1. It consists

of an air-suspended straight polymer waveguide with a grating coupler element at

each end for in- and out-coupling of light.

The grating and the waveguide structures are both realized in SU-8 on top of

a previously de�ned KMPR microchannel which acts as the base structure and

provides the bottom air cladding. An SU-8 coating on the silicon substrate is

implemented as explained in Section 5.5.

When heat is applied, a shift of the spectrum of the grating coupler should oc-

cur due to thermal expansion and change of the refractive index of the material.

The shift of the wavelength caused by temperature δλB/δT can be described by

Eq. 6.1 [191],

δλB
δT

= λB

(
1

Λ

δΛ

δT
+

1

n

δn

δT

)
(6.1)

with (1/Λ)(δΛ/δT ) the thermal expansion coe�cient α and (1/n)(δn/δT ) the

thermo-optic coe�cient κ which causes a refractive index change due to a tem-
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Figure 6.2: Calculated coupling loss to a single-mode optical �bre vs. wavelength
for TE polarized light of a grating coupler with bottom and top air cladding at
three di�erent temperatures (20 ◦C, 45 ◦C and 70 ◦C). The calculated wavelength
shift towards lower wavelength is approximately -0.2 nm K-1.

perature change. In this work α is assumed to be 52 × 10-6 K-1 [192] and

κ = -1.87 × 10-4 K-1 [193]. From the given values it can be seen that the positive

α results in a shift towards longer wavelengths whereas the negative κ contributes

to a shift towards shorter wavelengths.

In order to calculate the wavelength shift of SU-8 grating couplers due to a temper-

ature change, numerical simulations are carried out using the eigenmode expan-

sion tool CAMFR (CAvity Modelling FRamework) [166]. The centre wavelength

of light used in the simulations is λ = 1550 nm with material refractive indices

of nt = 1.0 (air) and ng = 1.575 (SU-8). The refractive index of the �bre core is

1.44 (silica). The dimensions of the grating couplers are according to Chapter 5

and are the following: thickness of the waveguide core t = 0.6 µm, groove depth

of the grating e = 0.3 µm, grating period Λ = 1.397 µm and �bre coupling angle

θ = 10◦.

Fig. 6.2 shows the calculated coupling loss to a single-mode optical �bre vs. wave-

length of an air-suspended grating coupler with the given parameters for transverse

electric (TE) polarized light at three di�erent temperatures (20 ◦C, 45 ◦C and

70 ◦C). The red line shows the grating coupler response of the initial parameters

at 20 ◦C with approximately 4.9 dB coupling loss with respect to a single-mode
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optical �bre at a centre wavelength of 1550 nm.

When heat is applied to the grating coupler, the thermal expansion and the

thermo-optic e�ect are taken into account according to Eq. 6.1. Due to the higher

in�uence of the negative thermo-optic coe�cient compared to the thermal ex-

pansion coe�cient of SU-8, the grating coupler response shifts towards shorter

wavelengths, as can be seen in Fig. 6.2 for temperatures of 45 ◦C (black line) and

70 ◦C (blue line). The wavelength shift calculated by the numerical simulations is

approximately -0.2 nm K-1 which is matching the expected sensitivity from Eq. 6.1.

6.3 Experimental evaluation

The spectral response of the fabricated grating couplers including an SU-8 coat-

ing on the silicon substrate has been studied using the transmission measurement

setup introduced in Section 5.5. In order to investigate the behaviour to tem-

perature changes of the grating couplers, a Peltier element (40 × 40 × 3.3 mm

(length × width × height), max. 65 W power) was implemented into the test setup

as it provides a fairly uniform heat distribution and can be used for heating and

cooling of a sample. The Peltier element is controlled by a microcontroller in com-

bination with a temperature sensor with an accuracy of 1 ◦C. The experimental

transmission spectra for various temperatures for TE polarization measured with

a wavelength resolution of the OSA of 0.25 nm are shown in Fig. 6.3. The black

lines show the originally obtained data while the coloured lines represent data

points smoothed by a moving average �lter. With no heat applied (20 ◦C), the

centre wavelength of the grating coupler (periodicity 1.46 µm, �bre angle θ = 10◦)

is at approximately 1542 nm with approximately 11 dB coupling loss per grating

coupler with respect to a single-mode optical �bre.

The expected negative wavelength shift due to the dominant thermo-optic e�ect

with increasing the sample temperature can clearly been seen in Fig. 6.3. At the

maximum temperature of 56 ◦C, the centre wavelength is approximately 1527 nm

indicating a wavelength shift of 15 nm over 36 ◦C.

The centre wavelength as a function of the applied temperature is shown in Fig. 6.4

(green line). Due to the plateau-shaped measurement results, the centre wave-

length was determined at the highest point of transmission from the original data

with an assumed measurement uncertainty of ± 0.05 dB from the centre wave-

length as shown in the inset of Fig. 6.4.
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Figure 6.3: Measured coupling loss to a single-mode optical �bre vs. wavelength
of fabricated air-suspended grating couplers (Λ = 1.46 µm, θ = 10◦) at various
temperatures for TE polarization. Black coloured graphs show the original data
while the coloured lines are smoothed data points using a moving average �lter.

Figure 6.4: Temperature-dependent wavelength shift of air-suspended SU-8 grating
couplers. The experimental results indicate a shift of -0.42 nm K-1 (green line)
over a measurement span of 36 ◦C compared to -0.2 nm K-1 obtained by the
simulation results (red line). The inset shows the determination method for the
centre wavelength and the assumed measurement uncertainty.
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From Fig. 6.4 it can be seen that the measurement uncertainty of the centre wave-

length increases with increasing temperature. This e�ect is caused by vibrations

of the single-mode optical �bres due to convection of the hot air above the sample

to the room temperature ambient air in the laboratory resulting in deeper notches

in the measurement results. From the regression line it can be seen, that the

calculated wavelength shift is approximately -0.42 nm K-1 being slightly higher

than calculated. However, due to the assumed thermal expansion and thermo-

optic coe�cients and the fairly high considered error in determining the centre

wavelength, the simulation results match the experimental data and are in good

agreement with other thermally tuned polymer gratings showing a wavelength

shift of -0.36 nm K-1 [194] and -0.29 nm K-1[195].

6.4 Conclusions

In this Chapter, the thermal sensitivity of air-suspended SU-8 surface grating

couplers and waveguides including an SU-8 coating on the silicon substrate has

been investigated by numerical simulations and experimental evaluation.

The numerical simulations predicted a wavelength shift in the grating coupler

spectrum of approximately -0.2 nm K-1. In the experiments, with no heat applied

(20 ◦C), transmission measurements have shown that the centre wavelength of a

single grating coupler is approximately 1542 nm. A tuning range of 15 nm over

a temperature variation of 36 ◦C indicating a wavelength shift of -0.42 nm K-1

has been obtained. Due to the small positive thermal expansion and large nega-

tive thermo-optic coe�cient of SU-8, the centre wavelength shifts towards shorter

wavelengths.

However, the resulting wavelength shift caused by temperature changes is only

marginally compared to the measurements of the grating couplers without the

SU-8 coating on the silicon substrate which showed a relatively high sensitivity

to temperature changes. It seems that for air-suspended polymer grating cou-

plers with SU-8 coating, no additional temperature stabilisation is necessarily

mandatory. However, to eliminate any temperature error, thermal stabilization is

recommended.

With the knowledge and insides gained from Chapter 5 and Chapter 6, the air-

cavity can be now further exploited as a micro�uidic channel in combination the

presented SU-8 surface grating couplers. This enables for instance integrated
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opto�uidic sensors, which can probe a �uidic sample. When the air-cavity is

exploited as microchannel for �uids or analytes, a wide range of applications in

research �elds such as opto�uidics, biomedical sensing and environmental analysis

is opened up.
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7 Opto�uidic sensors based on air-suspended

photonic structures

In Chapter 3 a method has been introduced to bond structured SU-8 �lms down to

sub-micron thicknesses onto KMPR microchannels using a PDMS carrier stamp.

Chapter 5 has then demonstrated how light can be coupled into such thin SU-8

layers using surface grating couplers. Based on the insights gained from Chapter 3

and Chapter 5, this Chapter exploits both methods to create highly sensitive

opto�uidic sensors.

A �rst sensor concept, which is numerically simulated and experimentally realized,

is based on two surface grating couplers, whereas one grating coupler acts as input

and the other coupler as output and sensing grating coupler for the test solution.

This part of the Chapter is adapted from the accepted journal paper "Opto�uidic

refractive index sensor based on air-suspended SU-8 grating couplers" [196].

Two more sensitive sensor concepts are then proposed based on long-period grat-

ings and Bragg gratings which would provide a suitable sensitivity level for novel,

single-use, point-of-care biomedical diagnostic systems as proposed in the motiva-

tion of this work.

7.1 Introduction

Microfabrication in the �eld of �uidic and integrated photonic applications is of

great interest. The term opto�uidics, the combination of �uidic and optical ele-

ments, has even led to a new �eld of research that has attracted much interest

in the last decade [197]. Combining micro�uidics and integrated photonic cir-

cuits enables devices that can carry analytes in microchannels to be probed by

the light or conversely, a photonic device can be modulated by a �uid. The ad-

vent of opto�uidics took place at a time where polymers became a recent key

technology towards mass-producible miniaturized devices due to low-cost, rapid

and �exible processing. As a result, most of the recent opto�uidic devices have

been fabricated by soft lithography, particularly with the widely used elastomeric

PDMS [56]. Furthermore, SU-8 was found to be suitable for micro�uidic sys-

tems [57] and is nowadays of great popularity in the research community. The

simple and easy processing of PDMS and SU-8 allow the fabrication of almost any
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desired shape and structure.

In the context of sensing applications, opto�uidic approaches allow the realization

of an innovative class of sensors promising miniaturized, compact devices with

improved sensor sensitivity and smaller sample consumption [198]. Especially

in the research area of biochemical and chemical analysis, a growing interest in

compact devices can be found for lab-on-a-chip (LOC) devices or micro total

analysis systems (µTASs) [199, 200] as liquids can be e�ciently used to transport

analytes such as cells or biological molecules and optical elements can be employed

to probe the samples [198]. In opto�uidic devices, the micro�uidic and optical

parts are not really separated entities as they are merged and integrated into the

same chip resulting in high interaction e�ciency between light and �uids, which

is very desirable for sensing applications [198].

For example, optical refractive index sensors are widely used and promise real-time

results and minimal sample preparation with no �uorescent labelling required [22].

Refractive index sensors can be based on di�erent sensing principles including

surface plasmon resonance (SPR) [201], 2D photonic crystal structures [202, 203],

long-period �bre grating (LPFG) [204] and various forms of waveguides and ring

resonators [205�207]. However, one crucial prerequisite for the success of a tech-

nology is the sensitivity which can be directly linked to the refractive index. Com-

monly, such sensors are based on optical resonance so that at least a fraction of the

corresponding mode is interacting with the �uidic sample. If the refractive index

of the region probed by the resonant mode changes, a corresponding frequency

shift of the optical resonance occurs which can then be converted into a sensing

signal and be monitored [22]. For applications requiring the analysis of a liquid

sample, the sensing signal can be used to determine the refractive index and then

it can be compared to a reference sample. For biomolecule detection applications,

the speci�c capture of biomolecules at the sensor surface results in a local change

in refractive index, producing a sensing signal that enables quanti�cation of the

biomolecules in the sample [203, 205, 208�210]. However, in order to enable the

detection of the smallest di�erences between liquid samples, high sensor sensitivi-

ties are required. In sensor development, sensitivity is an important parameter to

evaluate the sensor performance. Increasing the sensitivity is an ever-lasting goal

in chemical and biological sensor development [211, 212]. This is particularly im-

portant for label-free sensors, as a change in the properties of the �uid is directly

proportional to the amount of detected biomolecules.
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Therefore, increasing the sensitivity is crucial to detect such small changes. In

order to achieve high sensitivities, a large overlap between the resonant mode of

the light and the analyte is required [22].

However, it should be noted, that the requirement for sensitivity varies from

application to application. Even though there is a rapid progress in biosensor

development for various applications ranging from environmental monitoring to

biotechnology, energy and food industries, clinical applications of biosensors are

still rare, with glucose monitoring as an exception. This is in sharp contrast to the

urgent need in small clinics and point-of-care tests. One reason for the success of

the glucose monitors is that it does not require very high sensitivities for glucose

detection since glucose concentration is high in blood [211, 213].

Moreover, the sensitivity is usually limited to the nanomolar range which is ex-

tremely useful for diverse applications [214�216], but in many cases it is very

important to develop highly sensitive biosensors in order to meet clinical require-

ment of molecular diagnostics and pathogen detection requiring lower detection

levels (pM-fM or single-molecule detection) [211, 217].

In the following two opto�uidic refractive index sensor concepts based on the SU-8

lamination method of Chapter 3, the air-suspended waveguides of Chapter 4 and

the grating coupler interfaced waveguides of Chapter 5 and 6 are presented.

The �rst sensor concept exploits directly air-suspended gratings and has been

modelled, simulated and experimentally realized, while the second concept aims

to improve the sensitivity by increasing the light-matter interaction by long-period

gratings.

7.2 Refractive index sensor based on air-suspended SU-8

grating couplers

This Section presents the design, numerical simulation, fabrication and characteri-

zation of a label-free opto�uidic refractive index sensor based on the air-suspended

SU-8 grating couplers of Chapter 5. By exploiting the SU-8 bonding method for

thin structured SU-8 �lms of Chapter 3, waveguide grating couplers can be fabri-

cated in a layer on top of a micro�uidic channel system. A capillary force valve,

integrated into the microchannels, precisely positions the analyte, which in the

experiments are di�erent DI water based sugar solutions, below the sensing grat-
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ing coupler. The main part of this Section is adapted from the published journal

paper "Opto�uidic refractive index sensor based on air-suspended SU-8 grating

couplers" [196].

7.2.1 Introduction

Since the last decade, research in opto�uidics has strong impact on new optical

sensing concepts especially for lab-on-a-chip applications in biomedicine and bio-

chemistry, healthcare, and drug screening [1, 218]. In addition, surface grating

couplers have been extensively used as sensor elements in many di�erent sensing

con�gurations [219�221]. With the growing trend towards mass-producible and

disposable sensing devices, polymer materials have gained great interest due to

low-cost, rapid and �exible processing [222, 223].

By exploiting the microchannels available below the air-suspended grating couplers

as micro�uidic channels, new opto�uidic sensor concepts can be realized using the

SU-8 bonding method of Chapter 3 and the SU-8 grating couplers of Chapter 5.

In the following an opto�uidic refractive index sensor based on air-suspended SU-8

grating couplers is proposed, simulated, fabricated, and characterised.

7.2.2 Concept and theory

The concept of the proposed micro�uidic refractive index sensor consists of two

grating couplers that are integrated into an air-suspended SU-8 layer on top of a

micro�uidic channel of KMPR. Fig. 7.1 illustrates the schematic of the sensor.

Light is coupled into the waveguide from an input grating coupler, which is sus-

pended over air, whereas the sensing output grating coupler is completely sus-

pended over the analyte solution. When a supported mode that is coupled into

the waveguide by the input grating coupler reaches the sensing output grating

coupler, the evanescent �eld of the mode is exposed to the analyte. According to

the grating equation (Eq. 5.6, Chapter 5, Section 5.3), variations in the refrac-

tive index of the analyte change the e�ective refractive index of the supported

mode at the grating-liquid interface. It also changes the index of the cladding

into which the grating couples the radiation, resulting in a change in the outcou-

pling e�ciency and a shift of the outcoupled spectral response, which can then be

monitored.
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Figure 7.1: Schematic model of the proposed micro�uidic refractive index sensor
(not to scale). The top view (top left) illustrates the layout of the sensor, while
the cross-section (bottom) gives an overview about the working principle and the
individual design parameters.

In order to precisely position the analyte solution below the sensing grating cou-

pler, a capillary force valve is employed. The capillary force valve acts as a tem-

porary barrier for the advancing analyte and reduces the �ow velocity by a local

change of the micro�uidic channel diameter. Due to the valve mechanism, it re-

quires a higher pressure to move the analyte and the analyte is held back for a

certain time [224]. In the design, a T-shaped micro�uidic channel with a main

channel and a side channel is employed, where both channels are connected by the

capillary force valve as shown in the top view inset of Fig. 7.1.

7.2.3 Numerical simulation

Numerical simulations using the eigenmode expansion tool CAvity Modelling FRame-

work (CAMFR) [166] have been carried out in order to �nd the optimum dimen-

sions of the grating coupler structures. The main design parameters are the height

of the waveguide t, the groove depth of the grating e, the period Λ and the coupling

angle θ as illustrated in Fig. 7.1. The wavelength of the light used in the simula-

tions is λ = 1550 nm, the material refractive indices of SU-8 ng = 1.575 [122] and

of air nt = 1.0. Since many analytes are based on aqueous solutions, the refractive
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index of the test solution was chosen to be nwater = 1.33. The refractive index of

the coupling �bre core is 1.44 (silica).

The geometrical parameters of the waveguide and the grating coupler are chosen

to be within the single-mode wavelength regime in order to simplify the simulation

and to achieve a well-known mode pro�le in the experiment. Fig. 7.2 shows the

calculated coupling loss to a single-mode �bre vs. wavelength for optimized grating

coupler structures over air (nair = 1.0) and with water (nwater = 1.33) as lower

cladding layer for TE polarized light at a coupling angle of θ = 15◦ and the

following dimensional parameters: thickness of the waveguide core t = 0.5 µm,

groove depth of the grating e = 0.2 µm and grating period Λ = 1.34 µm.

When water as analyte is present below the output sensing grating, it can be

seen that the coupler exhibits approximately 8.87 dB coupling loss, indicating

a coupling e�ciency of approximately 13 % at a centre wavelength of 1586 nm

(red line). If the refractive index of the analyte increases, it can be seen that

the spectrum of the sensing grating coupler shifts towards longer wavelengths.

Simultaneously, the intensity of the transmitted light decreases due to the higher

refractive index values of the analytes. This is due to more light being coupled to

the �uid �lled side of the grating rather than the air side of the grating.

Fig. 7.2 (b) shows the peak wavelength of each graph vs. �uid refractive index.

A linear behaviour of the shift of the centre wavelength (λp) can be found with

increasing refractive index of the analyte. This results in a refractive index sen-

sitivity of the sensor of 500 nm per refractive index unit (RIU). Furthermore,

the intensity of the grating coupler spectrum decreases with increasing refractive

index of the analyte. The decrease of the peak intensity at the individual cen-

tre wavelength behaves slightly exponential with a sensitivity of approximately

20 dB RIU-1. This behaviour is represented in Fig. 7.2 (c).
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Figure 7.2: Simulation results of the micro�uidic refractive index sensor. The
graph in (a) shows the calculated coupling loss to a single-mode optical �bre vs.
wavelength. As represented by the blue line in (b), a linear behaviour in the
shift of the centre wavelength can be found with increasing refractive index of the
analyte resulting in a refractive index sensitivity of the sensor of 500 nm RIU-1. In
addition, the intensity of the grating coupler spectrum decreases with increasing
refractive index of the analyte. The decrease of the peak intensity at the individual
centre wavelength behaves slightly exponential with a sensitivity of approximately
20 dB RIU-1 as represented by the black curve in (c).
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7.2.4 Experimental demonstration

Initially, a 50 µm thick SU-8 layer has been fully processed onto a silicon wafer.

As concluded from Chapter 5, Section 5.5, such layer is necessary to suppress

interferences caused by the back re�ected light from the silicon substrate dur-

ing the measurements. Then KMPR microchannel structures and air-suspended

polymer grating couplers have been fabricated on top as described in Chapter 3,

Section 3.3.2 and Chapter 4, Section 5.4. Capillary force valves of di�erent shapes

have been evaluated using DI water as test solution in order to maximize the tem-

porary barrier for the advancing liquid. Furthermore, the position of the output

grating coupler has been optimized to minimize the overlap of the liquid with

the waveguide. The main parameters in�uencing the design are the hydrophobic

nature of the cured SU-8 photoresist and the surface tension of DI water.

Fig. 7.3 (a-c) presents top views of microchannel structures taken with an optical

microscope at di�erent times when DI water is �owing into the main microchannel.

In the design, a 15 mm long, 200 µm wide and 25 µm high main channel and a

capillary force valve with 100 × 80 × 25 µm (length × width × height) for the nar-

row channel part is employed, while the side channel itself is 1200 × 200 × 25 µm.

When DI water is applied, the main channel is �lled by capillary forces. In this

experiment, no additional liquid pressure pumps have been used.

In the capillary force valve, the �ow velocity of the advancing liquid is temporarily

slowed down [224] and forms a lens shaped convex meniscus after approximately 5-

10 min (Fig. 7.3 (c)) in the side channel that is stable up to 120 min (Fig. 7.3 (d)).

This time is amply su�cient for the analyses.

From an optical point of view the convex meniscus of the water is interesting as

it forms a tapered structure. This allows a smoother transition between air and

the analyte and hence reduces the losses when light propagates in the waveguide

structure. However, in this work the e�ect was not further investigated.

In the fabrication process, the grating coupler which will be exposed to the analyte

can be precisely positioned over the capillary force valve in order to keep the over-

lap with the waveguide and hence possible losses of the guided light at a minimum.

The length and width of the fabricated grating couplers are 40 µm × 40 µm with a

periodicity of 1.46 µm. Due to limitations in the current fabrication process of the

structures by the electron beam lithography, the depth of the grating is lower than
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Figure 7.3: Optical micrographs of the advancing test solution meniscus inside the
fabricated structures at di�erent times (0, 2, 5 and 120 min) when DI water is
applied to the main microchannel. The test solution forms a lens shaped convex
meniscus after approximately 5-10 min that is stable up to 120 min directly below
the sensing grating coupler.

the optimum depth calculated in the simulation and is measured with an atomic

force microscope (AFM) to be 178 nm. The lengths of the waveguides used in the

experiment were 0.75 and 1 mm, respectively. The height of 0.5 µm was chosen

to be within the single-mode condition for 1550 nm wavelength of light, while the

width is kept constant at 40 µm.

Prior to the evaluation of the sensing behaviour, DI water (electrical conductivity

0.1 µS cm-1 at 25 ◦C, Millipore DIRECT-Q3 UV, Millipore Corp.) was mixed

and stirred with mass fractions between 10-50 % of conventional sugar as test

solutions.

The refractive indices of the prepared test solutions have then been characterised

using a refractometer (PAL-RI, Atago Co., Ltd.) at a wavelength of 589 nm at

21 ◦C. When a droplet of the test solution is �lled into the inlet reservoir, the

present capillary forces are su�cient to �ll the complete main channel structure.

A slight deformation of the 500 nm thick laminated SU-8 layer containing the pho-

tonic structures was observed after �lling the main channel due to the compressed

air inside the side channels. However, no signi�cant in�uence on the measurement

results has been noted.

To characterise the spectral response of the output grating coupler, a transmis-

sion measurement setup was employed as described in Section 5.5. Two identical

cleaved standard single-mode �bres providing light to the input and collecting

light at the output grating are connected to a tunable laser (TUNICS T100S-HP,

Yenista Optics S.A) and an optical spectrum analyser (OSA, AQ6370C, Yoko-

gawa Electric Corporation), respectively. A polarization controller is employed to

launch TE polarized light into the input coupler. Both �bres are positioned at a

tilted angle to the grating surface and are automatically aligned to the position
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where the highest transmission occurs by scanning the grating couplers in a �ne

mesh grid. Further, the temperature of the sample was stabilised at 23 ◦C.

The experimental results taken with a wavelength resolution of the OSA of 0.25 nm

are summarized in Fig. 7.4. Initially, the grating coupler response has been mea-

sured at a �bre angle of 10◦ without an analyte in the channels (purple line in

Fig. 7.4). Then, with water applied to the microchannels, the angle of the optical

�bres were optimized to 18◦ to obtain the grating coupler response within the

measurement window of the optical spectrum analyzer. The red line in Fig. 7.4

presents the grating coupler response with its peak at around 1588 nm wavelength

when pure DI water (n = 1.3329) is applied. It can be seen that test solutions with

higher refractive indices such as n = 1.3466 (blue line) or n = 1.3582 (black line)

shift the grating coupler spectrum towards longer wavelengths. This behaviour,

including the reduction of the overall transmitted intensity, of analytes with higher

refractive index values has been predicted in the simulations.

Due to the plateau-shaped measurement results, the centre wavelength was deter-

mined at the highest point of the transmission curves with a measurement uncer-

tainty of ± 1 % from the highest point of the transmission, as shown in Fig. 7.4.

Fig. 7.4 (I) shows the refractive index sensitivity according to the wavelength shift

being approximately 400 nm RIU-1, which is in a similar range compared to the re-

sults of the numerical simulations and is comparable to published refractive index

sensing devices such as planar ring resonators with 212 nm RIU-1 [225] or tunable

grating coupler with 142 nm RIU-1 [226]. The discrepancy can be explained by

a reduced strength of light-matter interaction in the experiment caused by fabri-

cation imperfections of the grating structures and a slightly deviating refractive

index of the SU-8 compared to the simulation.

As represented by Fig. 7.4 (II), the intensity of the grating coupler spectrum

decreases with increasing refractive index of the analyte. The decrease at the

individual centre wavelengths indicates a sensitivity of approximately 17 dB RIU-1,

which is comparable to the simulation results.

Higher refractive index values such as n = 1.3790 and n = 1.3949 have been

tested as shown in Fig. 7.4; however, with the small amount of transmitted spectral

response, no reliable identi�cation of the peak wavelength could be made. Further,

with increasing test cycles, the sugar solution started clogging the microchannels

due to crystallization of sugar. Here, a strategy to �ush and hence clean the
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Figure 7.4: Experimental evaluation of the fabricated micro�uidic refractive index
sensor. Measured grating coupler spectra over air (n = 1.0, purple line) and of
analytes with di�erent refractive indices: n = 1.3329 (red line), n = 1.3466 (blue
line) and n = 1.3582 (black line). Due to the plateau-shaped measurement results,
the centre wavelength was determined at the highest point of the transmission
curves with a measurement uncertainty of ± 1 % from the highest point of the
transmission. The sensor indicates a refractive index sensitivity of approximately
400 nm RIU-1 with respect to the wavelength shift as shown in Fig. 7.4 (I) and
17 dB RIU-1 due to the intensity decrease at the individual centre wavelengths
(Fig. 7.4 (II)).
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microchannels after each cycle with deionized (DI) water could be utilized or

other test solutions should be exploited in the future, either water based or other

liquids which would then require a di�erently designed capillary force valve or to

use stable, calibrated refractive index oils.

7.3 Refractive index sensor based on SU-8 long-period

gratings

This Section presents the design and the numerical simulation of a label-free

opto�uidic refractive index sensor based on long-period gratings. By exploiting

the SU-8 bonding method for thin and structured SU-8 �lms of Chapter 3 and the

air-suspended SU-8 waveguide grating couplers of Chapter 4, a highly sensitive

opto�uidic sensor based on long-period gratings could be achieved.

7.3.1 Introduction

The refractive index sensor proposed in Section 7.2 has shown a sensitivity of about

400 nm RIU-1, but with signi�cant uncertainty in locating the resonant wavelength.

Indeed, this sensor appeared to work more e�ectively based on the attenuation

caused by the change in e�ciency of the output grating. However, in order to

detect even the smallest di�erences in analytes, higher sensitivities are required.

By exploiting for example surface plasmon resonance or long-period �bre gratings,

sensitivities between 3000-7000 nm RIU-1 have been demonstrated [204, 227, 228].

One common route to enhance the sensitivity is to increase the mode fraction

or interaction length of light interacting with the analyte [22]. In order to en-

hance the light-matter interaction strength, numerous structures have been intro-

duced, including cavities or resonators [229], �bres [230], surface e�ects [231], slow

light [232], or liquid-core waveguides [233]. A promising approach are long-period

grating based sensors. Long-period �bre gratings (LPFGs) are well known and are

widely used in optical �bre sensors and optical communication systems. LPFGs

allow the coupling of light between the guided mode and the cladding modes of an

optical �bre at speci�c wavelengths. The wavelength and the power of the atten-

uation band of LPFGs are sensitive to environmental changes allowing LPFGs to

be used as multi-parameter sensors for temperature [234], bend [235], strain [234],

chemicals, and biological compounds [236]. Further applications include chan-
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nel equalisation �ltering in erbium-doped �bre ampli�ers [237], band-rejection

�lters [238], add-drop couplers [239] and dispersion controllers [240].

Since optical �bres are limited in its materials and its round geometry, long-

period waveguide gratings (LPGs) have been proposed as gratings in planar wave-

guides [241, 242] fabricated in various materials such as glass, lithium niobate,

semiconductor, and polymers [243]. Although the light-coupling mechanism in

waveguide-based LPGs and �bre LPGs are basically the same, a waveguide-based

LPG o�ers more �exibility and optical characteristics due to the additional degrees

of freedom being available in the design of optical waveguides [244].

Especially polymers are easy to process and o�er many favourable properties such

as large thermo-optic coe�cients making them good candidates for low-cost inte-

grated photonic applications and sensors. LPG sensors have been proposed and

are nowadays popular due to the high sensitivity and wide-range tuning capabili-

ties of LPGs [242, 243, 245, 246].

In the following and based on the knowledge gained from Chapters 3 to 6, an

opto�uidic refractive index sensor using air-suspended SU-8 long-period gratings

is proposed and numerically simulated.

7.3.2 Concept and theory

In the concept of the proposed sensor a long-period grating (LPG) is introduced

into an air-suspended SU-8 waveguide as shown in Fig. 7.5. In general, a LPG con-

sists of a high-index partially corrugated guiding layer with lower index cladding

layers. The thickness of the waveguide can be selected to support only the fun-

damental mode, while higher order modes are supported by the upper cladding

layer. The grating in the waveguide behaves as a perturbation for the guided mode

and enables coupling from the guided mode to the cladding modes. This results

in a notch in the transmission spectrum of the waveguide at speci�c resonance

wavelengths [244].

In this concept, an analyte is employed as an upper cladding layer and is simply

spotted on top of the LPG. Due to the hydrophobic nature of SU-8, water based

analytes form a stable droplet as illustrated in Fig. 7.5. If other analytes should

be used, a microchannel structure could be considered to provide the analyte on

top of the LPG. In order to couple light into the air-suspended SU-8 waveguide,

the air-suspended surface waveguide grating coupler approach of Chapter 5 can
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Figure 7.5: Schematic model of the proposed refractive index sensor based on SU-8
long-period gratings (not to scale). The thickness of the structure varies along the
x-direction, and the width of the core varies along the y-direction, whereas the
light propagates along the z-direction. When a supported mode that is coupled
into the waveguide reaches the LPG, the mode is coupled into the analyte at a
speci�c resonance wavelength producing a noticeable notch in the transmission
spectrum of the waveguide. Variations in the refractive index of the analyte result
in a shift of the resonance wavelength that can then be monitored.

be exploited. When a supported mode that is coupled into the waveguide reaches

the LPG, the mode is coupled into the analyte at a speci�c resonance wavelength

producing a noticeable notch in the transmission spectrum of the waveguide. Vari-

ations in the refractive index of the analytes result in a shift of the resonance

wavelength that can then be monitored.

7.3.3 Numerical simulation

Numerical simulations have to be carried out to obtain a set of parameters to de-

sign the LPG to be resonant at a desired wavelength. The basic idea in the design

is to determine the period and the groove depth of the corrugated grating so that

a strong rejection band is developed at the desired resonance wavelength [247].

Based on the coupled mode theory [248], the period Λ and the resonance wave-

length of the grating λ0m can be described by the following phase-matching con-

dition (Eq. 7.1):

λ0m =
(
N0

eff −Nm
eff

)
Λ (7.1)

where N0
eff and Nm

eff (m = 1, 2, 3,...) are the e�ective refractive indices of the

fundamental waveguide mode and the higher order cladding modes, respectively.
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For a given waveguide structure, both parameters can be calculated by using a

numerical mode solver.

The strength of a LPG is mainly determined by its coupling coe�cient, which

can be obtained by the overlap of the transverse �eld distribution of the guided

fundamental mode in the core of the waveguide ψ0(x, y) and that of the nominally

radiating modes or resonances in the waveguide cladding modes ψm(x, y), along

with the transverse distribution of the refractive-index modulation of the grating

∆n(x, y) [247]. Therefore, the coupling coe�cient equation may be expressed as

(Eq. 7.2 [247]):

κ0m ∝
∫ ∫

ψ∗
0(x, y)ψm(x, y)∆n(x, y)dxdy (7.2)

with ψ∗
0(x, y) being the complex conjugate of the core-mode transverse �eld dis-

tribution. The spatial distributions of these three functions depend on the charac-

teristics of the waveguide, the cladding, and the grating. In order to calculate the

overlap of the three spatial distributions, the corrugated grating structure can be

either treated as a periodic perturbation in a uniform waveguide or as an average

refractive index layer as shown in Fig. 7.6. An overview of the simulated structure

including all employed materials and parameters is given as well as the two di�er-

ent methods the grating can be treated with. In the �gure itself the thickness of

the structure varies along the x-direction, whereas the light propagates along the

z-direction.

In the case of treating the corrugation of the grating as a periodic perturbation

in a uniform waveguide as shown in Fig. 7.6 (a), the bounds of integration are

determined by the guiding layer thickness tf − grating depth/2 and the cladding

layer thickness tcl + grating depth/2. As most analytes are water based, water

was considered as analyte, respectively cladding layer.

In the case of treating the corrugation of the grating as an average refractive index

layer as shown in Fig. 7.6 (b), the bounds of integration and the thickness tgr of

the the average refractive index layer are determined by the grating depth, where

the refractive index of this layer is obtained by ngr = nwater + nSU-8/2.
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Figure 7.6: Schematic overview of the simulated LPG structure (not to scale) and
two possible methods to treat the corrugated grating structure in the simulation:
(a) as periodic perturbation in a uniform waveguide and (b) as an average refrac-
tive index layer. The thickness of the structure varies along the x-direction and
the light propagates along the z-direction.

As the �rst method has been more commonly employed for LPGs, all following

simulations are carried out using this technique.

To design the LPG, the eigenmode expansion tool CAMFR (CAvity Modelling

FRamework) [166] is employed to �rst calculate the phase matching curves by

Eq. 7.1 followed by the calculation of the overlap coe�cient as given in Eq. 7.2.

Finally, the transmission spectra of the waveguide can be plotted by using the

obtained grating parameters period Λ, grating depth and grating length L with

K = π/2L. In order to verify the written CAMFR code, two published LPGs have

been re-simulated [241, 244]. It was found, that by using the employed simulation

methods, the results of both LPGs could be obtained.

For the proof-of-concept design of the LPG, a multi-mode air-suspended SU-8

waveguide was selected. The simulation model is similar to Fig. 7.6 (a) with the

parameters as given in Tab. 7.1.

Initially, a mode solver was employed to evaluate which of the higher order TE po-

larized modes can be coupled from the waveguide into the upper cladding/analyte

layer. For the con�guration proposed in Tab. 7.1 the fourth higher order TE mode

is the �rst (cladding) mode that can be coupled to the upper cladding layer as il-

104



7. Opto�uidic sensors based on air-suspended photonic structures

Parameter Thickness Refractive index

Air layer, tex 10 µm 1.0

Analyte/cladding layer (water) tcl 30 µm 1.33

Guiding layer (SU-8) tf 3.3 µm 1.575

Substrate layer (air) ts 10 µm 1.0

Table 7.1: Simulation parameters of an multi-mode air-suspended SU-8 LPG.

Figure 7.7: Illustration of the �rst six TE modes in the waveguide of the proposed
LPG sensor. (a-d) show that the fundamental and the �rst three higher order
modes (TE0 to TE3 (a-d)) are guided in the high index waveguide while the
fourth higher order mode (TE4 (e)) is the �rst mode that is guided in the upper
cladding/analyte layer. The black line in each plot represents the refractive index
pro�le of the waveguide according to Table 7.1.

lustrated in Fig 7.7. It can be seen that the fundamental and the �rst three higher

order modes (TE0 to TE3 (a-d)) are guided in the high index waveguide while the

fourth higher order mode (TE4 (e)) is the �rst mode that is guided in the upper

cladding/analyte layer. The black line in each plot represents the refractive index

pro�le of the waveguide according to Table 7.1 (in the order from top to bottom).

Then the phase matching curves have been calculated for TE polarization of light

in a wavelength range between 1500 nm and 1630 nm using Eq. 7.1 to study the

relationship between the resonance wavelength and the period of the LPG.
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Figure 7.8: Phase matching curves of a multi-mode LPG with variations of the
cladding/analyte refractive index.

Fig. 7.8 shows the resonance wavelength for various TEm modes (m = 4 to 12)

that can be coupled into the upper cladding/analyte layer. As can be seen from

the �gure, at a resonance wavelength of 1550 nm, the period to couple from the

fundamental mode of the waveguide to the �rst cladding mode TE4 is approxi-

mately 6.5 µm. At the same time, as can be seen from the dashed black line,

that at this period several other higher order modes (TE5−TE10) can be coupled

into the cladding layer as well. The slope of the phase-matching curves depend

on the dispersion characteristics of the guided mode and the cladding mode of

concern [249]. For example for �bre based LPG, it has been shown that this

parameter governs the sensitivity of the resonance wavelength to any physical pa-

rameter, which can be an environmental parameter, such as temperature, strain,

pressure or surrounding refractive index [250].

In the next step, the coupling coe�cients K are calculated by overlap integrals

according to Eq. 7.2 using CAMFR to determine the depth and length of the grat-

ing. Fig. 7.9 shows the dependence of the coupling coe�cients of the TE0→TE4

coupling on the grating depth. From the graph in Fig. 7.9 a suitable grating

depth can be chosen according to the waveguide thickness. By using the equation

K = π/2L, the grating length L can be calculated. Generally, deeper corrugation

or grating depths are preferable to make strong gratings, and hence a high cou-
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Figure 7.9: Dependence of the coupling coe�cients of the TE0→TE4 coupling on
the grating depth.

pling coe�cient as marked in the �gure with the red circle (1), the peak of the

half of the �rst oscillation. However, due to the constrains with the current fabri-

cation capabilities, a weaker grating depth of 0.2 µm as marked in the �gure with

the red circle (2) has been chosen for further simulations, resulting in a grating

length of approximately 10 mm, which is in the range of similar LPGs with grat-

ing lengths of several centimetres [235, 238]. With the calculation of the grating

period using the phase matching curves, the grating depth and length have been

obtained by the coupling coe�cient calculation describing all required parameters

for a 2D LPG.

In the �nal step, the grating structure is drawn in CAMFR and the transmission

for a speci�c wavelength range trough the LPG can be simulated.

The black solid line in Fig. 7.10 shows the transmission spectra for TE polarized

light of a multi-mode LPG with a grating period of 6.5 µm, a grating depth

of 0.2 µm, and a grating length of approximately 10 mm while having water

(n = 1.33) as upper cladding/analyte layer. The resolution employed in this

simulation is 100 pm. As can be seen in Fig. 7.10, the �rst notch in the transmission

spectra occurs at around 1550 nm as selected from the phase matching curve in

Fig. 7.8 when light is coupled to the �rst cladding mode TE4. As can be seen, all

other higher order modes that can couple (TE5−TE10) also produce a notch at
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Figure 7.10: Transmission spectra for TE polarized light of a multi-mode LPG
with a grating period of 6.5 µm, a grating depth of 0.2 µm, and a grating length
of approximately 10 mm.

their speci�c resonance wavelength.

If the refractive index of the cladding/analyte layer is slightly varied, for example

by± 0.001 all notches of the transmission spectra shift consistently towards shorter

wavelength when the refractive index is increased (red dashed line) while slightly

lower refractive indices produce a shift towards longer wavelengths (blue dashed

line). As can be seen, a change in the refractive index of 0.001 results in a shift of

the resonance wavelengths in the order of 6 nm, indicating a very high refractive

index sensitivity of 6000 nm RIU-1 of the proposed LPG sensor.

It should be noted, that for a realization of this proposed sensor structure, a cross-

�ow micro�uidic channel to precisely control the liquid on top of the grating area

might be more practical instead of placing a droplet. Furthermore, it has to be

considered, that by using such small gratings, air could be trapped in between the

corrugated structures.
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7.4 Future work − Bragg guided opto�uidic sensor

As mentioned in the introduction of this Section, increasing the mode fraction of

light that interacts with the analyte is a common route to enhance the sensitivity

of opto�uidic sensors. In the previous Section, Section 7.3, a planar long-period

grating based refractive index sensor was introduced that can couple light into the

analyte and hence can achieve a high sensitivity.

A second promising approach is to con�ne light in a low refractive index mate-

rial such as an analyte by surrounding the material with a high-index dielectric

periodic structure. This periodic structure is designed in a way that the cladding

layer(s) function as highly e�cient mirrors at one or more wavelengths so that the

optical con�nement relies on constructive interference of multiple re�ections at the

boundaries of the periodic structure. This principle works over a wide range of

layers, from devices using only one or a few cladding layers such as anti-resonant

re�ecting optical waveguides (ARROW) [251] to extended periodic structures such

as Bragg waveguides. Bragg photonic band gap guidance has been demonstrated

in hollow core photonic �bres [252] as well as in hollow core Bragg �bres made of

tellurium and polymer [253] and for integrated waveguides with silica cores [254].

Also �bre-based platforms based on periodicity have been realised with aqueous

�uid-in�ltrated cores in structured photonic crystal �bres [255], hollow polymer

�bres [256] and in�ltrated Bragg �bres [257].

Planar polymer opto�uidic Bragg photonic band gap guided platforms have so far

only been reported by E. Zeller who theoretically and numerically investigated

di�erent novel concepts in his Ph.D. thesis (RMIT University, 2014 [258]). Zeller

showed in 2D simulation, that refractive index sensitivities up to 3000 nm RIU-1

could be achieved.

Fig. 7.11 shows one of the proposed refractive index sensing platforms. It consists

of a structured and laminated air-suspended SU-8 waveguide layer on top of a

KMPR base structure. The SU-8 layer combines two di�erent waveguide mech-

anisms. First, in order to increase the overlap between light and analyte and to

con�ne the light in the vertical (x) direction, reverse symmetry waveguides are ex-

ploited. In contrast to conventional waveguides, the refractive index of the lower

cladding layer is usually higher than the refractive index of the upper cladding

layer while in a reverse symmetry waveguide the upper cladding layer has a higher

refractive index than the lower cladding [259]. Here, the evanescent tail of the
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Figure 7.11: Concept of a highly sensitive refractive index sensing platform based
on a reverse symmetry waveguide to con�ne light in the vertical direction and a
high-index periodic Bragg grating to con�ne the light in the horizontal direction.
The proposed refractive index sensitivity is up to 3000 nm RIU-1.

guided light will be forced into the upper cladding layer (the analyte), as the

lower cladding layer consists of an air cavity and exhibits a lower refractive index.

In this concept, light will be guided along the y-direction and can e.g. be coupled

into the reverse symmetry waveguide by butt-coupling at the end-facet, while the

analyte itself is only located on top of this waveguide type as shown in Fig. 7.11.

Secondly, to con�ne the light in the analyte and in the horizontal (z) direction,

the analyte is surrounded by high-index dielectric periodic Bragg gratings as can

be seen in the �gure. By employing this two guiding mechanisms, three di�erent

sensing platforms have been investigated in 2D simulations by Zeller [258]. The

proposed sensor structures exhibit an excellent overlap between light and analyte

resulting in refractive index sensitivities up to 3000 nm RIU-1. However, in order

to be able to fabricate such opto�uidic sensors, additional 2D and 3D simulations

would be required to further study the behaviour of the sensors and to obtain

parameters for the fabrication.

To enable the fabrication, the presented lamination method of Chapter 3 can be

exploited by either directly patterning the sensor structures or by a combination

of a �at laminated layer and a subsequently lithographically de�ned Bragg grating

depending on the geometry of the sensor structure. Light coupling into and out

of the devices can be realized for example by the proposed air-suspended grating

coupler presented in Chapter 5 which are advantageous as they can be placed

everywhere in the sample making the design of the analyte channel easier.
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7.5 Conclusions

In this Chapter three di�erent opto�uidic sensor concepts have been proposed

based on the SU-8 bonding method shown in Chapter 3. In order to couple light

into these sensors, the air-suspended SU-8 grating couplers proposed in Chapter 5

have been employed.

The �rst sensor concept has been fully numerically simulated, experimentally re-

alized and characterised. By exploiting the SU-8 lamination method for thin and

structured SU-8 �lms, waveguide grating couplers are fabricated in a �lm on top

of a micro�uidic channel system. A capillary force valve, integrated into the mi-

crochannels, precisely positions the employed test analytes, which are di�erent DI

water based sugar solutions, below the sensing grating coupler. Numerical simu-

lations have been carried out in order to estimate the expected sensitivity of the

refractive index sensor and to obtain a set of parameters for the fabrication pro-

cess. The sensing grating coupler is optimized for a maximum spectral response at

1550 nm wavelength when regular DI water (n = 1.33) is applied to the micro�u-

idic channel. When the guided mode of the waveguide reaches the sensing grating

region, it is exposed to the analyte resulting in a change of the e�ective refractive

index of the mode. Transmission measurements have shown a linear behaviour

in the shift of the centre wavelength of the sensing grating coupler response with

increasing refractive index of the analyte resulting in a refractive index sensitivity

of the sensor of 400 nm RIU-1. Additionally, the intensity of the grating coupler

spectrum decreases with increasing refractive index of the analyte indicating a

sensitivity to the decrease of 17 dB RIU-1, which is similar to the results of the

numerical simulations.

One drawback of the sugar based test solutions is, that after a few test runs the

microchannels start to clog due to crystallization of sugar. For future applications

based on this approach, �ushing the channels with DI water might be a useful

option when the test solutions show this behaviour or to use stable, calibrated

refractive index oils. Another issue that should be always considered for test

solutions other than based on water, is that a di�erently designed capillary force

valve will be required. An advantage of having an analyte below the sensing

grating coupler is, that no extra coating on the silicon subtrate to suppress the

substrate resonance is necessarily needed as explained in, Section 5.5 due to the

higher refractive index of the analyte.
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A major advantage of the presented opto�uidic sensor concept is that in compari-

son to previously shown sensing applications using grating coupler structures, the

analytes can directly be probed in-line in a micro�uidic channel due to the combi-

nation of a micro�uidic channel and air-suspended grating couplers. This makes

the proposed sensor concept highly suitable for in-line polymer opto�uidics and

low-cost opto�uidic and photonics sensor concepts in the �elds of biochemical pro-

cesses (e.g. di�erences in glucose concentrations in an aqueous solution), medicine

or food industry (e.g. silicone oil) or environmental sensing. In addition, as the

capillary force valve can in principle be optimized for various types of liquids, the

presented sensor is not only restricted to water-based analytes. However, in order

to detect even the smallest di�erences in analytes, higher sensitivities are required.

As the �rst proposed opto�uidic sensor achieved a decent refractive index sensitiv-

ity of approximately 400 nm RIU-1, the second sensor concept aimed to increase

the sensitivity by introducing a long-period grating (LPG) into an air-suspended

SU-8 waveguide in order to enhance the light-matter interaction strength. When

a supported mode that is coupled into the waveguide reaches the LPG, the mode

is coupled into the analyte at a speci�c resonance wavelength producing a no-

ticeable notch in the transmission spectrum of the waveguide. Variations in the

refractive index of the analytes result in a shift of the resonance wavelength which

can then be monitored. Numerical phase matching curve calculations have been

carried out to obtain the grating period for TE polarized light at a resonance

wavelength of 1550 nm for an LPG with a multi-mode waveguide. By calculating

the coupling coe�cients using overlap integrals of the fundamental core mode in

the waveguide and the cladding modes, the parameters of the 2D LPG sensor have

been fully described. Transmission calculations versus the wavelength have shown

that the proof-of-concept design exhibits a very high refractive index sensitivity

of 6000 nm RIU-1, which is comparable with other LPG sensors [204].

However, in order to be able to fabricate such opto�uidic sensors, additional 3D

simulations would be required to further study the behaviour of the sensor design

and to obtain information for the width of the LPG. On the other hand, di�erent

waveguide and grating widths could directly be fabricated and tested. For the

fabrication the proposed SU-8 bonding method described in Chapter 3 can be em-

ployed. Air-suspended LPG are not necessarily required for an entirely polymer-

based sensor; however, the light coupling using air-suspended grating coupler has

been shown as a suitable light coupling method in Chapter 5. Another param-
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eter that should be considered in further simulations is the waveguide thickness

and the grating depth, as with both parameters light coupling in and out of the

waveguide as well as coupling with the LPG should be feasible. If such structures

can be experimentally realized, arrays of sensor structures could be fabricated in

parallel, enabling multi-parameter opto�uidic sensors with high refractive index

sensitivities.

The third presented concept described in Section 7.4 was originally proposed in the

Ph.D. thesis of Zeller [258] and employs reverse symmetry waveguide to con�ne

guided light horizontally and Bragg gratings to con�ne the light vertically in an an-

alyte. Such sensors can achieve refractive index sensitivities up to 3000 nm RIU-1.

However, in order to enable the fabrication and hence the experimental realiza-

tion in the future, the proposed SU-8 bonding and air-suspended grating coupling

methods demonstrated in this thesis are required.
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8 Conclusions and future work

This Chapter summarizes and concludes the presented work and gives an outlook

and recommendations for future research.

8.1 Conclusions

The focus of this thesis was to work towards highly sensitive, miniaturized, inte-

grated opto�uidic sensors that could possibly replace bulky and stationary medi-

cal diagnostic devices in the future. The growing trend towards mass-producible

and low-cost sensing devices makes polymer materials an interesting candidate for

single-use, miniaturized systems which would allow for example local point-of-care

measurements in medical o�ces or ambulances. Enabling such devices would en-

hance the accessibility of such tests and would allow an earlier diagnosis of the

symptoms of a patient and hence increase the potential for a successful therapy.

In the progress of downscaling polymer integrated opto�uidic devices, it is impor-

tant to provide a high refractive index contrast to enable strong light con�nement

in the waveguide of the sensor and therefore the capability of reducing device

proportions. However, due to the low refractive index contrast available between

various polymer materials, the e�ciency of such devices is often limited.

A method to increase the refractive index contrast for polymer photonic and

opto�uidic devices has been explored and described in Chapter 3. By bonding

unstructured and structured SU-8 �lms down to sub-micron thicknesses onto mi-

crochannels fabricated in KMPR using a �exible PDMS carrier stamp, it is possi-

ble to create air-suspended SU-8 layers with the highest possible refractive index

contrast. To the best knowledge, this is the �rst experimental realization of the

bonding of structured and unstructured SU-8 �lms below 1 µm of thickness. Such

bonded layers could be patterned for example for optical structures and could be

bonded down to a thickness of 0.5 µm, which in principal allows to guide light in

the single-mode regime for infrared light. Most importantly, the combination of

possible �uid handling in the microchannels and photonic structures realized in

the laminated SU-8 layer enables research towards a large range of applications in

micro�uidics, optics and opto�uidics.
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However, in order to exploit this approach for optical and opto�uidic sensing appli-

cations, light needs to be coupled and launched into the thin air-suspended SU-8

layers. In Chapter 4 light coupling into bonded SU-8 layers was demonstrated

using air-suspended SU-8 rib waveguides and butt coupling. First, single-mode

rib waveguides have been numerically simulated. Then, by exploiting the bonding

method to seal air cavities of KMPR with a thin SU-8 �lm by using a �exible

PDMS carrier stamp, combined with a subsequent photolithography step to de-

�ne a rib structure, air-suspended rib waveguides have been fabricated. Although

single-mode guidance of light in an air-suspended SU-8 waveguide was demon-

strated in the experiment, end facet demonstration damages the �uidic channel

underneath for the end-facet preparation, limiting the usefulness for opto�uidic

devices. Furthermore, de�ning the optical structure by photolithography adds an

extra step to the process.

More promising are SU-8 surface grating couplers which have been investigated

in Chapter 5. In a proof-of-concept design two grating couplers are connected by

a waveguide with single-mode condition in the vertical dimension. The numerical

simulations that have been carried out demonstrated a maximum coupling loss of

4.9 dB, indicating a coupling e�ciency of approximately 32 % at a maximum spec-

tral response of 1550 nm. The �rst experimental transmission measurements have

shown, that the con�guration of the fabricated grating couplers exhibited oscillat-

ing spectral responses suggesting multi-path interference. In order to suppress this

behaviour, an SU-8 coating on the silicon substrate, approximately 50 µm thick,

was introduced and it was demonstrated that this layer suppressed the observed

oscillations. These measurements have then shown that a single grating coupler

exhibits approximately 8 dB coupling loss at a centre wavelength of 1557 nm,

indicating a coupling e�ciency of 16 %. Even though the achieved coupling e�-

ciencies are lower than for SOI couplers, mainly due to current fabrication limits

of the master structures, the fabrication method employing widely used polymer

materials has the advantage that multiple air-suspended structures can directly be

created in only one simple lamination process without the need of additional etch-

ing steps making this parallel fabrication technique highly applicable for low-cost

mass production of polymer photonic and opto�uidic devices.

Furthermore, it was observed that the spectra of the polymer grating couplers

without SU-8 coating on the silicon substrate are very sensitive to temperature

changes. Measurements have shown a huge shift of the centre wavelength of ap-
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proximately -15 nm K-1. As a consequence, the thermal sensitivity of polymer

grating couplers with SU-8 coating have been numerically studied and evaluated in

Chapter 6. The measurements have shown a tuning range of 15 nm over a temper-

ature variation of 36 ◦C, indicating a wavelength shift of only -0.42 nm K-1. Thus,

the resulting wavelength shift caused by temperature changes is only marginally

compared to the measurements of the grating couplers without the SU-8 coat-

ing which showed a relatively high sensitivity to temperature changes. It seems

that for air-suspended polymer grating couplers with SU-8 coating, no additional

temperature stabilisation is necessarily mandatory.

Finally, in Chapter 7 di�erent opto�uidic refractive index sensor concepts have

been proposed based on the SU-8 bonding method shown in Chapter 3 and air-

suspended SU-8 grating couplers proposed in Chapter 5. Matching the simulation

results, the experimental characterization of the �rst sensor structure demonstrates

a refractive index sensitivity of approximately 400 nm RIU-1 according to the wave-

length shift of the grating coupler response, and 17 dB RIU-1 due to the intensity

loss for refractive index variations between n = 1.33 and n = 1.36. In compar-

ison to previously shown sensing applications using grating coupler structures,

the analytes can directly be probed in-line in a micro�uidic channel due to the

combination of a micro�uidic channel and air-suspended grating couplers making

the proposed sensor concept highly suitable for in-line polymer opto�uidics and

low-cost opto�uidic and photonics sensor concepts.

However, in order to detect even the smallest di�erences in analytes, higher sensi-

tivities are required. As the �rst proposed opto�uidic sensor achieved an adequate

refractive index sensitivity of approximately 400 nm RIU-1 the second sensor con-

cept aimed to increase the sensitivity by introducing a long-period grating (LPG)

into an air-suspended SU-8 waveguide in order to enhance the light-matter inter-

action strength. Numerical simulations have been carried out to obtain a set of pa-

rameters for a multi-mode LPG for TE polarized light and a resonance wavelength

of 1550 nm. Transmission calculations as a function of wavelength have shown that

the sensors exhibit a very high refractive index sensitivity of 6000 nm RIU-1, which

is comparable and in the range of other LPG sensors (Tab. 8.1). However, in order

to be able to fabricate such opto�uidic sensors, additional 3D simulations would be

required to further study the behaviour of the sensors and to obtain information

of the width of the LPG.
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Sensor con�guration Sensitivity

Surface plasmon polaritons (SPPs) [260] 30000 nm RIU-1

SPR (metal-�lm coupled) [261] 7500 nm RIU-1

Long period grating (LPG), Ch. 7, Sec. 7.3 6000 nm RIU-1

SPR (grating coupled) [262] 3365 nm RIU-1

Bragg guided opto�uidic sensor, Ch. 7, Sec. 7.4 3000 nm RIU-1

SPR (Bragg �ber) [263] 3000 nm RIU-1

LPFG [264] 2500 nm RIU-1

Liquid ring resonator [265] 800 nm RIU-1

Ring-disk nanocavities [266] 648 nm RIU-1

Nanoprisms [267] 583 nm RIU-1

Air-suspended grating coupler, Ch. 7, Sec. 7.2 400 nm RIU-1

Localized SPR [268] 300 nm RIU-1

Planar ring resonator [225] 212 nm RIU-1

Tunable grating coupler [226] 142 nm RIU-1

Microsphere ring resonator [269] 30 nm RIU-1

Table 8.1: Examples of demonstrated refractive index sensitivities for various sens-
ing technologies and comparison to the refractive index sensors presented in this
work (highlighted in bold).

Linking the achieved refractive index sensitivities with real world applications is in

fact di�cult, as the requirement for sensitivity varies from case to case and most

publications only report the achieved sensitivity and propose possible applications,

mainly for biological and chemical sensing. An overview of sensitivities and a

comparison of various types of optical biosensors can be found here [172, 212, 270].

However, mostly the sensitivity for di�erent technology platforms is declared in

units of Mol or gram per liter depending on the analyte to be detected which can

range from proteins, DNA, urine, whole blood or serum to bacteria or cells. In

order to classify and compare the sensors proposed and demonstrated in this work,

sensitivities in units of nm per refractive index unit are required.

Table 8.1 presents an overview of refractive index sensitivities for various demon-

strated sensing technologies compared to the refractive index sensors presented

in this work. The sensitivity of the air-suspended grating couplers demonstrated

in Chapter 7, Section 7.2 is with 400 nm RIU-1 in good agreement with other

resonant structures such as ring resonators or grating couplers. The Bragg guided

opto�uidic sensor proposed in Chapter 7, Section 7.4 provides a high sensitivity of
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3000 nm RIU-1 which is comparable with grating coupled SPR sensors and LPFGs.

The long period grating shown in Chapter 7, Section 7.3 is with a sensitivity of

6000 nm RIU-1 within the range of highly sensitive SPR sensors.

SPR sensors are the most widely employed optical biosensor since its �rst de-

scription in 1983 [271]. Most of the commercially available at present use surface

plasmon polaritons (SPPs) [260] and an outstanding ability to analyze biological

interactions has been demonstrated. The exceptionally high number of publica-

tions in plasmonic biosensors is a proof of the profound impact of SPRs, with

many and diverse con�gurations in applications that range from biotechnology,

chemistry to environmental monitoring and food industries [267].

However, SPR sensor still su�ers from an intrinsic limited sensitivity which is not

enough for relevant clinical and environmental applications [217]. New concepts,

for example, SPPs based on metamaterial of porous nanorod layers can potentially

achieve extreme sensitivities of 30000 nm RIU-1 for detection and studies of binding

events of analytes and receptors [260].

Even though the presented long period grating sensor in Chapter 7, Section 7.3 is

highly sensitive to changes in the refractive index of a liquid and has a sensitivity

comparable to SPR-based sensors, more investigations in working principles and

technological approaches have to be carried out in order to realize relevant clinical

and environmental applications in the future.

In summary, this work has proposed a new polymer lamination method that en-

ables e�cient light coupling into air-suspended polymer waveguides by optical

grating couplers which then can be exploited for research towards a large range of

applications in the �eld of micro�uidics, optics and opto�uidics, especially towards

highly sensitive integrated opto�uidic sensors as it has been demonstrated in this

work.

8.2 Outlook

The methods and scienti�c insight presented in this thesis o�er several opportu-

nities for future research projects.

The insights gained in Chapter 3 enable bonding of unstructured and structured

�lms of the epoxy-based, negative photoresist SU-8 down to a thickness of 0.5 µm

onto microchannels fabricated in the epoxy-based negative photoresist KMPR us-
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ing a �exible PDMS carrier stamp. Future work on the proposed bonding method

could gather new insights, especially for micro�uidics, when other material combi-

nations would be employed. Other epoxy-based photoresists might be interesting

for applications with certain surface property requirements on the microchan-

nels. However, bonding of structured polymer photonic �lms onto silicon or glass

would enable more complex opto�uidic structures and applications including the

advantages that both materials o�er, such as high chemical resistance, solvent

compatibility, mechanical strength, surface and temperature stability, high aspect

ratio or high accuracy on large footprints.

Since air-suspended polymer photonic structures such as surface grating couplers

have been demonstrated as a proof-of concept for infrared light in Chapter 5,

future work could aim to transfer the gained knowledge to visible wavelengths

as this range is widely used in biomedical and chemical analysis. However, this

would require even thinner laminated layers due to the shorter wavelengths. New

insights could be gathered by investigating the limits in thickness of such thin

�lms. Another approach to achieve such thin �lms could be to underexpose the

SU-8 �lm and only cross-link the upper part of the layer. The unexposed part

could then be removed using developer.

In order to improve the performance of the demonstrated air-suspended SU-8

grating couplers that have been proposed in Chapter 5, signi�cant changes of the

design could be made in the future. First, a high-quality anti-re�ection layer could

be coated onto the silicon substrate to suppress interferences caused by the air-

cavity. One possible method to improve the coupling e�ciency is to reduce the

grating coupler width to minimize the mode mismatch of the di�racted �eld of

the output grating coupler and the spot size of the output single-mode optical

�bre. Tapering the waveguide down to single-mode conditions in the horizontal

dimension would enhance this behaviour as well. Another signi�cant improvement

towards higher coupling e�ciencies would be to employ curved grating couplers

to focus the light towards the output �bre. Furthermore, since the waveguide

between the two grating couplers can act as a multi-mode interferometer, after a

certain distance, all of the modes will accumulate multiples of 2 π phase shift and

will form an image of the input �bre spot. This would be the optimal situation

for minimal coupling loss in the system and should be studied in the future.
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The obvious next research goal will be continuing the work on the proposed highly

sensitive refractive index sensors of Chapter 7. Regarding the sensor based on

long-period gratings, 3D simulations would be required to obtain the width of the

structures. Alternatively, di�erent waveguide and grating widths could directly be

fabricated and tested with testing solutions with di�erent refractive indices. When

the waveguide dimensions have to be within the single-mode range, the width is

limited to several hundreds of nanometres. For the fabrication the proposed SU-8

bonding method described in Chapter 3 could be employed, combined with the

air-suspended grating couplers shown in Chapter 5.

The second highly sensitive refractive index sensor described in Section 7.4, which

employs a reverse symmetry waveguide to con�ne guided light horizontally and

a Bragg grating to con�ne the light vertically in an analyte, needs further sim-

ulations to enable the fabrication and hence the experimental realization in the

future. Currently, Prof. Majid Ebnali-Heidari, a specialist in the simulation of

optical structures from Shahrekord University in Iran, is performing simulations

in order to provide parameters for the fabrication. Once the simulations are �n-

ished, a master can be designed and fabricated. With the insights achieved in this

thesis, the fabrication and characterisation of the sensors should be more or less

straightforward.

A more technological progress could be made by semi-automating the SU-8 bond-

ing procedure using the EVG 620 mask aligner. Currently, only a software restric-

tion prohibits the lamination of SU-8 layers as the PDMS carrier stamp with the

applied uncross-linked SU-8 layer is always getting in contact with the KMPR mi-

crochannel by using the EVG 620 mask aligner. First, the process of the machine

requires a wedge compensation of the employed tooling. The wedge compensa-

tion could be avoided in a second step by using a dummy substrate; however, the

alignment distance of the machine is always acquired by touching the substrate,

followed by moving the tooling in the separation distance set in the software.

This procedure would destroy the uncross-linked SU-8 layer during the alignment

procedure of the machine. However, re-writing the software seems to be straight-

forward as well as the design of new tooling such as holders, heating elements and

precise pressure transducers which would be required for a semi-automated SU-8

bonding process. Realizing such technology in a high-level mask aligner would

pave the way towards a more precise and better controlled bonding process and

would allow automation and mass-production of the technology and applications
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presented in this work. However, in terms of mass-production it should be noted,

that even though micro�uidics and opto�uidics o�er great possibilities for research

and have advantages over many technologies, no signi�cant commercial players is

exploiting it as presently such devices will not generate much pro�t. One aspect

that might be correlated is, that in comparison to e.g. complementary metal-

oxide-semiconductors (CMOS) and microelectromechanical systems (MEMS), mi-

cro�uidics and opto�uidics is not that easily scalable for mass-production.
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Appendix A

Appendix A

Supporting simulations of air-suspended SU-8 grating couplers

In order to better understand the sensitivity of the air-suspended SU-8 grating

couplers to variations in the grating parameters, additional simulations to the

simulations demonstrated in Section 5.3 have been carried out. Errors on the

waveguide thickness, �lling factor, groove depth, grating period and coupling angle

have been introduced to the grating structure. For the following simulations, all

parameters were kept constant while the investigated parameter (see insets in the

�gures) was varied.

Fig. 8.1 shows the result, when the waveguide thickness t is varied within the

single-mode condition. With increasing waveguide thickness, the e�ective index

changes and thus the phase matching condition which can result in a shift of

the spectral response towards longer wavelengths while the coupling loss stays

constant. The resonant wavelength shift is approximately 7 pm per nm change in

thickness of the waveguide.

Fig. 8.2 shows the result, when the �lling factor is varied. Variations of the opti-

mum ratio of 0.5 cause a shift of the spectral response towards shorter wavelengths

for values lower than 0.5, while higher values result in a shift towards longer wave-

lengths. The coupling loss increases the higher the di�erence to the ideal value

between 0.4 and 0.5 gets.

Fig. 8.3 shows the result, when the groove depth e is varied. Variations cause

a shift of the grating coupler spectrum and a change in the coupling loss. The

shallower a grating is the weaker it is in terms of coupled light e�ciency. Deeper

gratings result in a shift towards shorter wavelengths.

Fig. 8.4 shows the result, when the grating period Λ is varied. With increasing pe-

riod, the spectral response of the grating coupler shifts towards longer wavelengths

while the coupling loss stays almost constant at around 5 dB.

Fig. 8.5 shows the result, when the coupling angle θ is varied. Adjusting the angle

of the incident light over a range of about 4◦ to 18◦, can cause a shift in the

resonant wavelength towards shorter wavelengths of about 15 nm/◦.
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Appendix A

Figure 8.1: Variation of the waveguide thickness. All other simulation parame-
ters were kept constant. With increasing waveguide thickness, the e�ective index
changes and thus the phase matching condition resulting in a shift of the spectral
response towards longer wavelengths.

Figure 8.2: Variation of the �lling factor. All other simulation parameters were
kept constant. Variations of the optimum ratio of 0.5 cause a shift of the spectral
response towards shorter wavelengths for values lower than 0.5, while higher values
result in a shift towards longer wavelengths.
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Figure 8.3: Variation of the groove depth. All other simulation parameters were
constant. Variations cause a shift of the grating coupler spectrum and coupling
loss di�erence. The shallower a grating is the weaker it is in terms of coupled light
e�ciency. Deeper gratings result in a shift towards shorter wavelengths.

Figure 8.4: Variation of the grating period. All other simulation parameters were
constant. With increasing period, the spectral response of the grating coupler
shifts towards longer wavelengths while the coupling loss stays almost constant at
around 5 dB.
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Figure 8.5: Variation of the coupling angle. All other simulation parameters were
constant. Adjusting the angle of the incident light over a range of about 4◦ to 18◦,
can cause a shift in the resonant wavelength towards shorter wavelengths of about
15 nm/◦ towards shorter wavelengths.
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