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Abstract

Photonics biosensors convert biomolecular interactions into quantifiable optical
signals for biomedical analysis, which enable continuous monitoring of health
indicators. Among them the microring resonator has a good sensing performance and
a very broad application prospect. This thesis studies sensing with microfluidic
integrated microring resonator photonic microchips.

This thesis adopts finite element method to simulate the optical behavior of
waveguides and reactions in the microfluidic channel. The microfluidic channel was
designed and prepared and then integrated to the photonic chip. The optical
performance parameters of the micro ring resonator were tested by using a
high-precision optical test system, and the Q factor can reach the value of more than
21000. The sensing performance of waveguide microring was studied using the
concentration of sodium chloride and glucose solution as the detection object. By
monitoring and analyzing the resonance wavelength shift of microring at different
concentrations, the detection sensitivity and detection limit of the sensing chip were
determined, which are 53.3 nm/RIU and 3.752x10° RIU respectively. The feasibility
and effectiveness of the optical waveguide chip sensing have been verified.
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1 Introduction

The development of sensitive, fast, cheap, simple and portable biosensors is a hot
demand in the field of health monitoring. Such biosensors are divided into photonics,
electromechanical and electrochemical biosensors [1, 2]. Among them, photonic
biosensors have developed rapidly and received extensive attention for the advantage
of strong anti-electromagnetic interference ability, high sensitivity and strong devices
integration possibility [3, 4]. Photonic biosensors adopt a variety of optical devices to
convert biomolecular interactions into quantifiable optical signals for biomedical
analysis [5, 6]. Among them label free biosensor received much attention and after
decades of research, many photonic biosensors with practical application value have
been developed [3]. The label free biosensors especially show the great advantage of
direct and real-time detection of bio-analytes because the analyte does not require any
specific labeling and multi-step detection protocols that are required by label assisted
sensing [7]. The current common photonic biosensors include surface plasmon
resonance(SPR) biosensors, Mach-Zehnder interferometer(MZI) biosensors, and
micro ring resonator(MRR) biosensors [8-11], as shown in Figure 1.
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Figure 1 Photonic biosensors based on: (a) MRR, (b) MZI[10], (c)SPR[11].

Label free optical biosensing has been widely studied and their applications include
protein detection, cell detection, DNA detection, biomolecular structure detection, and
kinetic study of biomolecular binding interactions [12, 13]. These research results show
the advantages of optical label free sensors that they are portable, able to resist external
interference (such as electromagnetic noise), and sensitive on detection of bio-analytes.
Therefore, the photonic biosensor has a good prospect in detection of bio-analytes for
health monitoring.



1.1 Photonics MRR biosensors

The MRR biosensor is a kind of planar photonics waveguide based biosensor. This
section introduces the structure, the sensing principle and the advantages of MRR
biosensors.

1.1.1 Microring resonators

The basic structure of a silicon-on-insulator (SOI) waveguide, as illustrated in Figure
2, consists of two layers of materials. The core layer is made of silicon (Si), while the
cladding layer is made of silicon dioxide (SiO,), with refractive indices of 3.45 and
1.44, respectively. Due to the significant refractive index difference (An=2.01)
between Si and SiO,, the Si waveguide imposes substantial constraints on the optical
field, allowing light to propagate in small bending radius photon channels with
negligible radiation loss[14]. Such waveguides exhibit high sensitivity, small bending
radius, and compatibility with CMOS processes [15].

(a) (b)

Si core

SiO, cladding

Figure 2 (a)Waveguide cross section shape profile (b)SOI waveguide photo[16]

When the light propagation is confined in the Si waveguides with total internal
reflections on the interfaces, the evanescent wave will be generated, with the amplitude
decays exponentially as the increasing of distance from the interface [17], as shown in
Figure 3(a). The evanescent field plays an important role in MRR sensors since the
MRRs operate based on the evanescent coupling of the light from the bus waveguide to
the circular waveguide, as shown in Figure 3(b).
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Figure 3 (a)Evanescent field of a SOl waveguide with upper-cladding and buried oxide (BOX),

(b)Micro ring resonator schematic view

Due to the coupling between bus waveguide and ring resonator, a portion of the light
will be coupled into the micro ring resonator when the light passing through the bus
waveguide[8]. For the light with certain wavelengths, the phase of the light after one
complete round trip in the ring will be in phase with the incoming light and the light
circulating in the ring [9]. Such wavelengths are known as resonances, which are
determined by the circumference of the ring and the effective refractive index of the
waveguide [18].

Therefore, when the light sweeps over a range of wavelengths, constructive
interferences occur because of evanescent coupling and dips periodically occur on the
spectrum. These dips represent phase-matched resonance wavelengths with light in the
bus waveguide as shown in Figure 4.
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Figure 4 A measured optical transmission spectrum of microring resonator[19]



When the environment surrounding a micro ring resonator waveguide undergoes
changes, it leads to a variation in the effective refractive index of the waveguide,
resulting in a shift in the resonant wavelength. Hence, when the ring is surrounded by
the sample under test the information about the measured sample can be detected by
monitoring the shift in the resonant wavelength.

1.1.2 Sensing principle of microring resonators

Micro ring resonator sensor can work as a refractive index detector based on
evanescent wave. The change of the refractive index of the measured material leads to
the change of the effective refractive index of the micro ring waveguide. This then
leads to the change in resonance wavelengths. According to different sensing
mechanisms, it is divided into homogeneous (bulk) sensing and surface sensing, as
shown in Figure 5.

(a) (b) P blndlng

Figure 5 Sensing mechanisms: (a) Homogeneous sensing, (b) Surface sensing

Homogeneous sensing can only detect the change of concentration or refractive index
of the whole solution instead of specific substances. For surface sensing, a chemically
treated functionalized layer is added on the waveguide [20], so that the measured
analyte is adsorbed to the waveguide surface, in which local refractive index is changed.
The local refractive index change can cause a change in the effective refractive index of
the waveguide, leading to a shift of the resonant wavelength. Therefore, the
information of the measured sample can be detected by detecting the shift of the
resonant wavelength, as shown in Figure 6.
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Figure 6 Schematic diagram of MRR surface biosensing and corresponding spectrum

1.1.3 Advantages of MRR biosensors

From the discussion in the previous sections, it is concluded that the optical
waveguide micro ring biosensors have such advances:

Firstly, it enables label-free detection, resulting in low testing costs and enabling
real-time on-site monitoring; the device has a small size and requires a small volume
of test sample, which is portable and low-cost.

Secondly, the manufacturing process of waveguide structures is well-established and
the preparation cost is low.

And finally, the micro ring structure is easily adaptable for array integration and
suitable to be integrated with the microfluidics channel, enabling the construction of
multiplexed biosensor which can achieve one-step measurement of multiple
parameters.

1.2 Microfluidics

Because of the high sensitivity of micro ring resonator, the output spectral lines are
easily affected by external factors such as vibration, dust and impurities. Meanwhile, to
investigate photonics chip behaviors under different biomarker solutions, it is an
important technology to smoothly control the solution with certain biological activity to
flow through the chip surface so as to conduct multiplexed sensing. The microfluidic
chip is the most common method to deal with small volume liquid detection[21].
Microfluidic chip refers to a miniaturized, integrated and automated experimental
platform built on a few square centimeters or even smaller chips. Microfluidic chips
generally manipulate fluid in micro scale to realize the expected physical, chemical or
biological reaction effects [22]. Polymer materials have become comprehensively
adopted materials for microfluidic channels because of their simple fabrication process
and low cost. Polydimethylsiloxane (PDMS) is a common material for manufacturing
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microfluidic chips. PDMS is a polymer organic compound with good light transmission
and biocompatibility. It can be well adhered to the silicon chip, and is widely used in the
microfluidics of bio-micro system including photonics biosensors [21-24].

1.3 State-of-the-art MRR biosensors

The micro ring resonator label free biosensors have been widely studied and
achievements have been made on design, simulations and experimental works.
Carlborg et al. [25] developed a six-port integrated microfluidic chip and conducted
multiplex sensing, deriving a real-time resonance wavelength change with the changing
of cladding liquid concentration and further characterized the detection limit and
sensitivity. Washburn et al. [26] characterized the binding of biomarkers to different
functionalized surfaces and measured the optical response of the waveguide.
Heideman et al.[27] developed a microfluidics integrated photonics chip and measured
wavelength shift by manipulating the fluid. Wu etal. [28] performed real-time
detection of human Immunoglobulin G (IgG) with MRR chip, and achieved a detection
limit of 0.5 pg/ml. Choi et al. [29] demonstrated Kinetics of protein reactions of a
photonic crystal integrated microfluidic chip with five channels made by replica
molding. Salleh et al. [30] performed label-free chemical sensing on mouse 1gG with
MRR chip and plasma-bonded microfluidic channel.

It is concluded that biosensing based on micro ring resonators are widely investigated,
a brief overview of reported examples is shown in Table 1. Many lab-on-chip
microfluidic devices for photonics biosensing were developed and reported, the
strategies of fabrication and integration are listed in Table 2. It is deduced that PDMS
is the commonly adopted material for microfluidic channels integration to photonics
chips and normally to precisely manipulate the fluid syringe or peristaltic pumps are
used to control the fluid flow. A few microfluidic devices packaged with micro
photonics chips are shown in Figure 7. These devices adopt different strategies on
integrating to the photonics chips and on channels design.



Table 1 A brief overview of MRR biosensing investigations

Detection
Resonator type Bio-analyte Ref
limit

Single ring Human IgG 0.5 pg/ml [28]
Array of single rings Human serum albumin 3.4 pg [31]
Single ring Green fluorescent protein 0.1 mg/ml [32]
Single ring Prostate specific antigen 0.4 nM [32]
Suspended single ring Trastuzumab 100 nM [33]
Array of single rings Bacterial tmRNA 524 pM [34]
Cascaded double-ring Human IgG 7.1 pg/ml [35]

(@) (b)
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Photonic crystal
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Figure 7 Microfluidics devices and packaging from literatures (a) Clamped PDMS chip[24],
(b)Plasma-bonded PDMS chip[30], (c)Epoxy glued chip[35], (d)Plastic channel with PDMS seal[28]



Table 2 Microfluidics devices for photonics biosensing

Authors-Ref Channel materials Packaging method Fluid control
Wang et al.-[24] PDMS Clamping Syringe pump

Wu et al.-[28] PDMS Clamping Peristaltic pump
Salleh et al.-[30] PDMS Plasma-bonding Syringe pump
Chen et al.-[35] PDMS Epoxy glue Syringe pump

1.4 Objectives of the research and thesis organization

The main objective of this thesis is to conduct a series of characterization based on SOI
ring resonator photonic chips with microfluidic integration to test the performance of
sensing. This requires the investigation of photonics chip optical response under
different fluid environments, so as to characterize the performance characteristics of the
chip such as sensitivity and limit of detection. The characterization system consists of
multi-wavelength laser, optical fiber, grating couplers, biosensing chip, coupling
waveguide, and optical power meter, as shown in Figure 8.
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Figure 8 Schematic diagram of the characterization system

The main content of this thesis is divided into four parts: theoretical analysis,
numerical simulation, construction of experimental setup, and sensing performance
testing.

Chapter 2 first conducts a theoretical analysis of the micro ring resonator, introduces
the theoretical model of the micro ring resonator, derives important characteristic



parameters of the micro ring resonator, and finally conducts numerical simulation
analysis of optical waveguide biosensing.

Chapter 3 mainly studies the measurement platform for microfluidic integrated
photonics chip, designs and prepares microfluidic channels for materials, and studies
the method of bonding microfluidic channels on waveguide chips. Then the
high-precision optical testing system and testing process are presented.

Chapter 4 is the characterization of the photonics chip. The characteristic parameters
of the micro ring are obtained from the transmission spectrum. The sensitivity and
detection limit of the device to external refractive index changes are evaluated by
solutions of different concentrations in microfluidic channel. The sensitivity to
temperature changes was tested by controlling the chip temperature. And finally a
biosensing demonstration is presented.

Chapter 5 presents the conclusions and outlook of the thesis.



2 Theoretical bases and simulations of MRR biosensor

This section includes performance parameters of MRRs based on photonics theories
such as resonant equation, dispersion equation, free spectral range and quality factor,
as well as performance parameters of biosensing such as sensitivity and limit of
detection. Additionally, simulations of the waveguide under different sensing
conditions are presented.

2.1 Performance parameters of MRRs

2.1.1 MRRs resonant equation

The MRR is frequency selective. Only the light with the optical length of the MRR that
is an integral multiple of the wavelength can produce resonance and be strengthened,
while the rest of the light will be gradually lost in the process of propagation. Its
resonance equation is[36]:

27Rn, =mA (1)
In which, R is the radius of the microring, ne is the effective refractive index of the light

wave propagating in the microring waveguide, A is the optical wavelength in vacuum,
and m is a positive integer.

2.1.2 Radius-wavelength dispersion equation

Only the light satisfying Equation (1) can propagate in the microring, but the effective
refractive indices of different wavelengths in the waveguide are different, so the
effective refractive index can be regarded as a function related to the wavelength, which

yields,

27R d;; + 27N, g =m )
Then,

o U @

Therefore, it is obtained that the radius wavelength dispersion equation is,

oR _ mn

—= 4
oA 2mnZ, )

where n_ is the group refractive index of the waveguide,
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(5)

2.1.3 Performance parameters

The performance parameters of microring resonators mainly include the followings:
resonant wavelength, free spectral range (FSR), full width at half maximum (FWHM)
and quality factor Q.

Resonant wavelengths refer to the wavelengths that satisfy the resonance effect in a
ring waveguide, leading to minimum transmissions in the coupled bus waveguide,
which satisfy Equation(1):

_ 27Rn,,

z (6)

m

The free spectral range refers to the difference between two adjacent resonant
wavelengths:

FSR=4 ., -7 (7)
Differentiate Equation(1) on both sides:

dngg
27R
dA

A, =MAA, +AAm (8)

where, AA, isFSRand Am=-1, combining Equation(1), there is:

A2 dn., .
FSR = Ny —A 9)
27R dA
Rearranging based on Equation(5) , it yields:
2
FSR=_2 (10)
27Rn,

where n is the group index indicated in Equation(5).

From Equation(10) it can be seen that the free spectral range is inversely proportional
to the ring radius, and the smaller the ring, the larger the free spectral range.

The full width at half maximum (FWHM) is defined as the difference between two
wavelengths or frequencies centered on the resonant wavelength and corresponding to
half of the maximum intensity, which can be intuitively displayed from the
transmission spectrum.

The quality factor (Q factor) is defined as the ratio of the resonant wavelength to the
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FWHM corresponding to the resonant wavelength:

ﬂ’m
Q= FWHM

The Q factor reflects the sharpness of the output spectrum, with a higher value

(11)

indicating a sharper resonance peak and better wavelength selectivity of the
micro-ring resonator.

2.2 Sensitivity and limit of detection

The sensing performance of MRRs can be characterized by the two parameters,
detection sensitivity and limit of detection (LOD). The detection sensitivity is the
change of the output signal (wavelength shift) compared with the input signal.
According to Equation(1), when m and / are fixed, the resonant wavelength will change

with the change of n, . By differentiating the two sides of Equation(1), it is derived that

dng dng
m-dA = dt+ -dA |-27R (12)
dt di
dneﬁ .. . . - neff
where T-dt represents the variation of waveguide refractive index and
represents the dispersion coefficient. Rearranging Equation(12), there is
dn dn
eff dt eff 'dt dn
di=4- dén gt T (13)
Ny ——-dA s s
di
Then,
AL =Ar:'—eﬂ/1 (14)

g9
where A4 is the resonant wavelength shift, An is the effective index change of the

waveguide and A is the initial resonant wavelength before effective refractive index
change.

Based on the sensing principles in section 2.2, the bulk sensitivity of the MRR can be
expressed as the derivative of resonant wavelength over cladding refractive index:

AL
bulk AN ( )

cladding

where, A4 is the magnitude of the resonant wavelength shift and An is the

cladding
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refractive index change of the bulk. Combining Equation(14), the equation can be
rewritten as:

Sbulk = An—eﬁﬂ : (16)

Ancladding ng

Similarly, the surface sensitivity is then expressed as:
AA

=— 17
At (17)

where, At is the thickness variation of the functionalized layer on the waveguide

surface

surface.
The LOD is the change of the minimum input signal that can be detected, which is
related to detection sensitivity and wavelength resolution of optical read-out. The LOD

is defined as:

LOD = % (18)

where 64 wavelength resolution of the detected spectrum at the output of test system
and S is the detection sensitivity.

2.3 Simulations of biosensing

This section aims to conduct sensing simulations. Because the resonant wavelength
shift of the ring resonator can be derived from the variation of the effective refractive
index of the waveguide, the effective refractive indices of the silicon waveguide under
different sensing conditions are simulated. The simulation results provide an insight
into the sensing process and references for conducting the test.

The simulation of surface sensing is conducted in commercial software RSoft. A
waveguide with width of 450nm and height of 220nm is modeled in RSoft CAD, as
shown in Figure 9, with the cross section shown in Figure 10. The functionalized layer
represents a layer of biomarker receptors and biomarkers on the top of the waveguide,
with a variable thickness to simulate the optical performance with different amount of
binding between biomarkers and receptors.
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Figure 9 Waveguide modeled in simulation software RSoft
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Figure 10 The cross section of modeled waveguide (Color bar: refractive index)

To simulate the optical response of surface sensing, finite element analysis is
performed to compute the effective refractive indices of the waveguide under different
functionalized layer thickness, where the thickness represents the amount of
biomarkers bound to receptors. The chip functionalized layer with monolayer of
biomarker receptors is set to 1.1nm thick and that with receptors monolayer and fully
bound biomarkers is set to 7.4nm. The refractive index of the functionalized surface is
1.46. The simulation result is plotted in Figure 11. The slope of this curve gives the
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effective refractive index sensitivity and it is calculated as 1.35%10™ RIU/nm.
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Figure 11 Surface sensing simulation results
The bulk sensing is simulated based on effective index change of the waveguide caused
by cladding refractive index change. By sweeping the refractive index of the fluid
cladding and computing the effective refractive index of the waveguide, the waveguide
behavior and the sensing sensitivity is obtained. The effective refractive indices under
different cladding’s refractive indices are computed, as shown in Figure 12. The
sensitivity is found as 0.156 RIU/RIU.
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Figure 12 Bulk sensing simulation results
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Then, the simulation of temperature sensitivity is performed. The increase in
temperature will affect the resonance of the waveguide: due to the thermal expansion
effect [36], the increase in temperature of the ring resonator leads to a change in
device volume, which in turn causes the shift of resonant wavelength. On the other
hand, due to the thermal optical effect, the refractive index of the material changes
with temperature, resulting in a shift in the resonant wavelength. For silicon
waveguide, because the thermo-optic coefficient (1.86x10* K™ [37]) is much larger
than coefficient of thermal expansion (2.55x10° K™ [38]), the thermal expansion
effect is neglected in the simulation. The simulation results of effective index change
of waveguide with temperature changing are shown in Figure 13. The computed
sensitivity is 1.885x10™ RIU/°C.
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Figure 13 Effective index change of waveguide with temperature

After obtaining the effective index change of the waveguide, the resonant wavelength
shift can be computed by Equation(14). Therefore, the resonant wavelength shifts
under different sensing conditions are obtained and further the sensitivities of the
resonance wavelength with respect to different sensing conditions are simulated.
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3 Measurement platform for microfluidics integrated photonics chip

3.1 Development of microfluidics system

From section 1.2, it is concluded that stable manipulation of the fluid on the chip
surface through microfluidic technology to ensure that the test solution can flow
smoothly through the micro ring resonator is required for continuous measurement of
spectral shift. Meanwhile, a well-designed micro channel can minimize the volume of
test sample consumed for detection, and after detection, the device can be restored to
a good state through simple cleaning work. Figure 14 shows the schematic diagrams
of microfluidic system and microfluidic chip of the photonic chip.

@ (b)
Microfluidic chip
Microfluidic chip
v
\I~L,‘
.
\ Wavegmdes
Tubing k D, Photonic chip

Pump

Waste reservoir

Figure 14 Microfluidics: (a) Microfluidic system, (b) Schematic of microfluidic channel

3.1.1 Design of the microfluidic chip

As discussed in chapter 1, the biosensing is based on surface adsorption of biomarkers
to the micro ring. Due to the scale of micro-channels at the micrometer level, their
flow characteristics are significantly different from macroscopic fluids, such as
surface effects and scale effects. It is necessary to study the influence of the flow
characteristics of fluids in the micro-channel on the surface adsorption of the micro
ring in order to obtain stable and consistent surface coverage.

When a sample containing biomolecules flows over the functionalized surface,
biomolecules will adsorb onto the surface. The adsorption is related to the nature and
state of the adsorption surface, the concentration and nature of the adsorbed molecules,
fluid flow rate, ambient temperature, pressure and other factors, and such adsorption
is not a static state, but accompanied by the adsorption of free molecules and the
desorption of adsorbed molecules in a dynamic process. When the adsorption and

17



desorption reach a dynamic equilibrium, there are a certain number of relatively stable
adsorbed molecules on the surface, which is called equilibrium adsorption.

To design a microfluidic channel such that the bio-analytes can be uniformly attached
to the waveguide, the influence of channel dimensions to the biomarker attaching
quality should be investigated.

The mathematical formulation of the simulation mainly includes description of flow
velocity, transport of species and reaction Kinetics, respectively. The flow in
microfluidic channel is described by a laminar flow model, for its low flow rate and
micrometer scale channel, with the following governing equations:

op -
—+ V-V =0 19
P (19)

p[%—\: +\7-ij =-VP+uV& (20)
where p is the density of fluid, v is the flow velocity field, P is the pressure and v is
the liquid viscosity.

The reaction kinetics is described by equilibrium equation of adsorbed molecules,

which is expressed as[39]:
dC,
dt

=Ky -C, 0Ky, -C, (21)

des

where, K, is the association rate constant, K. is the dissociation rate constant,

des

© represents the receptors surface density and C C, are biomarker concentration in
solution and on surface respectively.
The species concentration field and transport of analytes is governed by[39]:

dc ,
d—tp+v(—Dp.vcp)+v.vcp =0 (22)

where, D is diffusion coefficient of molecules in liquid.

The channel model of microfluidics is established by multiphysics simulation
software COMSOL, as shown in Figure 15, in which fluid dynamics, species transport
and reaction kinetics are simulated. Probes are set at the seven points marked in the
figure to monitor fluid velocity and surface coverage under different parameters. Due
to the symmetry of the channel and the ring, probing points are evenly distributed on
half of the ring, in order to simplify the computation. Taking human epidermal growth
factor receptor 2 (Her2) solutions as the simulation object, the relevant parameters
adopted in computation are shown in Table 3
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Table 3 Parameters utilized in simulation
Parameters Value
Diffusion coefficient D (m®-s™) 3x10°°
Association rate constant K_,. (M ™-s™) 2.3x10° [40]

Dissociation rate constant K .. (5™)

Receptors surface density ® (mol -m)

Solution concentration Cp (M)

6.8x107%[40]
1x10°°

4.3x10°

At the entrance of the microchannel, the biomarker solution flows

into the

microchannel, and upon reaching the surface of the microring, some molecules are

adsorbed on the surface of the microring. The surface coverage ratio increases, and

then maintains a relatively stable value, as shown in Figure 16. Under the combined

action of molecular adsorption and desorption, the molecular coverage reaches its

maximum value and maintains equilibrium, where the equilibrium value is relevant to

the geometry of the channel and the concentrtion of the biomarker solution.
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Figure 16 Changes in surface coverage of adsorbed molecules over time

From Equations (19)-(22), it is concluded that fluid velocity has a significant impact
on molecular adsorption. The higher the fluid velocity, the lower the adsorption rates
of molecules on the microring; and the higher the fluid velocity, the more nonuniform
the molecular adsorption rate.

The fluid velocity field is influenced by the dimensions of the microfluidic channel,
because of the scale effect and the non slip boundary conditions at the sidewall. In
order to ensure that molecules in the fluid are evenly and as much as possible
adsorbed on the surface of the microring, the micro channel structure should be
reasonably designed and a reasonable fluid velocity should be set.

To investigate the effect of channel size on molecular adsorption, the standard
deviation of the surface coverage rate at 7 points on the microring is used to represent
the uniformity of molecular adsorption:

o= \/%i(ca _C_s)2 (23)

. 7
C.=2>C, 9

where, Cy; is the surface coverage rate at each indicated probing point andC_S is the

average of surface coverage rate values of all probing points.
The less the standard deviation, the more uniform the surface coverage. Figure 17
indicates the standard deviation on surface coverage of seven probing points under
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different channel width.
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Figure 17 Variation of standard deviation of surface coverage with channel width
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It can be seen that as the channel width increases, the standard deviation decreases,

indicating that the larger the channel width, the more uniform the molecular

adsorption. When the channel width increases to 175 um, the standard deviation

converges to a value around 0.052, indicating that increasing the width has no

significant impact on the distribution of adsorbed molecules. Therefore, it can be

considered that this width is a critical width to have a relative uniform distribution

with the prescribed parameters. Figure 18 shows the distribution of surface coverage

under different channel widths. It can be seen the surface coverage with 300 um

channel width is more uniform than that of 50 um.
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Figure 18 Surface coverage distributions under different channel widths: (a) 50 um, (b) 300 um
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Similarly, the influence of channel height to the surface coverage uniformity is
studied. The uniformity indicator (standard deviation) under different channel height
is shown in Figure 19. The standard deviation of surface coverage values on the
probing points converges to 0.04 when the channel height reaches 70 um. The surface
coverage distributions under channel heights 10 um and 100 um are shown in Figure
20.
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Figure 19 Variation of standard deviation of surface coverage at various points with channel height
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Figure 20 Surface coverage distributions under different channel heights: (a) 10 pm, (b) 100 pm

In summary, the larger the size of the micro channel, the more uniform the
distribution of fluid velocity, which is more conducive to the adsorption of
biomolecules on the surface of the microring. However, being too large in size is not
conducive to miniaturization and integration of the device, and requires a larger
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volume of test samples during operation. From the above analysis, it can be seen that
for a radius of 14 um, height of 0.22 um microring sensor, when the channel width is
175 um and height is 70 um, it can meet the requirements of uniform molecular
adsorption. Limited to the fabrication process and in order to easily align the channel
with the microring resonator, the width of the channel is set to 1 mm and the height is
set to 0.8 mm. Since this channel size is larger than the critical value, a relative
uniform biomarker distribution can be obtained.

3.1.2 Preparation of microfluidic channel

PDMS is selected as the material for microfluidic channel fabrication. It is a kind of

polymer material, which is one of the widely used materials for microfluidics chip

fabrication. The fabrication method of replica molding (REM) is adopted, for its

process simplicity and efficiency. REM requires prefabrication of positive masters or

molds, and commonly used methods include LIGA, dry etching of silicon, wet

etching of silicon, and SU-8 photoresist lithography [41-44]. Due to the complexity

and high cost of these methods, this thesis adopts the stereolithography (SLA) 3D

printing method to fabricate the mold for replica molding.

The PDMS used in the experiment is Sylgard 184 silicone rubber (Dow Corning, US),

which is composed of a certain ratio of prepolymer and initiator, with a ratio of 20:3.

After the mixing, it is necessary to stir the mixture to make it evenly mixed, and a

large number of bubbles will appear after stirring. Bubbles need to be removed to

prevent them from remaining in the cured PDMS. The experiment adopted a vacuum

desiccator for degassing. Then, the PDMS after vacuum degassing was used as the

material to cast the microfluidic channel.

The specific procedure for PDMS micro channel fabrication is described as follows:

(1) Design the mold with CAD software;

(2) Print the mold with SLA 3D printer;

(3) Mix the base elastomer and curing agent and place the mixture in a vacuum
desiccator for degasification;

(4) Pour the mixture onto the prepared mold,;

(5) Cure the PMDS at a certain temperature until the prepolymer is fully cured;

(6) Peel off the cured PDMS material from the mold;

(7) Cut the PDMS to desired size and punch the holes for fluid inlet and outlet with a
puncher.

The schematic diagram of microfluidic channel fabrication process is shown in Figure

21.
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a. Fabricate mold b. CastPDMS c. Peel off PDMS d. Cut and punch holes

Figure 21 Microfluidic channel fabrication process

In the curing process, the curing of PDMS prepolymer might be inhibited, leading to
incomplete curing and impeding reliable replication of channel structure. Sometimes
PDMS may adhere to the mold, impeding the separation of PDMS and mold. This is
because the resin monomers are not fully cured during the SLA 3D-printing[45]. The
solution is to treat the SLA-printed mold with ultraviolet (UV) post-curing, solvents
(ethanol, isopropanol) and high temperature; and coat the mold with a layer of
hydrophobic material [45-47].

In the experiment the resin 3D printed mold was soaked in isopropanol for 30min
followed by a treatment with UV post-curing under 100°C for an hour, to get rid of
residual monomers as much as possible. The mold was then coated with a layer of
polysiloxane to further prevent the residual monomers inhibit PDMS curing. The
experimental results indicate that this method is effective. The fabricated mold and
microfluidic channel are shown in Figure 22(a) and (b), respectively.

(a) (b)

Figure 22 (a) Mold for casting, (b) PDMS channel, (c) Channel integrated with silicon chip by a fixture
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The PDMS is then bonded to the silicon chip to create a microfluidic channel coupled
with the microring. The commonly adopted techniques include surface activation to
create chemical bonds between attached surfaces, attaching with adhesive and
clamping the PDMS and silicon chip together with a fixture. Due to the first two
options are irreversible bonding, the photonic chip will not be possible to separate.
After repeated use, experimental drugs will inevitably remain on the surface of the
chip, which cannot be thoroughly cleaned by flushing, resulting in inaccurate
experimental results. Besides, the surface activation technique of plasma treatment
and some of the adhesives have a negative influence on biological activity of
biomarkers. Based on these reasons, a clamping fixture is adopted to bond the PDMS
and silicon chip in this thesis. The PDMS channel and photonics chip are clamped
with a resin fixture and a metal substrate, as show in Figure 22(c). Then, stainless
steel needles are inserted into the microfluidic channel and connected to the
microfluidic pump and waste reservoir with tubing, to create the entire microfluidics
system. Thus the channel can be easily separated from and integrated to the silicon
chip by mechanical fastening, so that the chip can be thoroughly cleaned with
ultrasonic cleaner after each measurement.

3.2 Optical measurement system

The optical testing system is composed by laser input, optical reading, data
acquisition, and microfluidics systems. The photo of the whole testing system is
shown in Figure 23.

The system consists of the following instruments:

@ Tunable laser;

® Polarization controller, controlling the polarization state of input light;

® Input laser adjustment stage;

@ Chip holding stage, integrated with temperature transducer and Peltier element;

® Microscopy camera;

® Light source, providing light for camera observation;

@ Output laser adjustment stage;

Optical power meter;

© Oscilloscope;

Syringe pump;

(1) Temperature controller, with PID, accuracy 0.01°C;

(12 Computer, controlling laser source and recording data from oscilloscope.

25



- 9

Figure 23 Photo of the optical measurement system

During the test, after being emitted by a tunable light source, light enters the micro

ring resonator through an input fiber, undergoes a series of resonances, and enters the

optical power meter through the output fiber. During the experiment, the chip is

placed on an adjustable stage loaded with a temperature controller, which can

accurately adjust the position and temperature of the chip. The input and out fibers are

fixed on two 3-axis positioning stage, so as to align the fiber with grating couplers on

the photonics chip.
Beam path of the test system is show in Figure 24.

Polarization controller

Tunable laser

Cm I ] I Optical power

Oscilloscope

E e

Computer

Figure 24 Beam path of the test system
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The test procedures are as following:

1)
()
(3)
(4)
(5)

(6)
(")

Turn on the tunable laser and temperature controller, warming-up for 10 minutes;
Load the test chip to chip holding stage;

Adjust the position of the optical fiber and observe it through camera to align it
with the grating coupler;

Active the laser and fine adjust the fibers and polarization controller to obtain a
maximum output from optical power meter;

Use the computer program to control the instruments, sweep the laser wavelength
and record the output power;

Adjust experimental variables (temperature, microfluidics);

Stop the computer program and save the data, then turn off instruments.
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4 Characterization of the photonics chip

4.1 Performance characterization of micro ring resonators

4.1.1 Characteristic parameters

Before conducting sensing characterization experiments, in order to evaluate the
performance of the micro ring resonator, the characteristic parameters of the micro
ring resonator were measured. Transmission spectrum of the device was measured on
the optical test bench, as shown in Figure 25 and Figure 26.
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Figure 25 Microring resonator transmission spectrum
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Figure 26 Microring resonator transmission spectrum from 1560nm to 1580nm
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Based on the theoretical analysis in chapter 2, from the data shown in Figure 26 the
characteristic parameters of the device (under water cladding) are derived. Free
spectral range is 5.1 nm; full width at half maximum (FWHM) is 0.073 nm; and
quality factor Q is 21512.2. These results imply that the microring resonator has a
good optical performance for conducting sensing tests.

4.1.2 Sensitivity and limit of detection

After the performance of the device is examined, a series tests about sensitivity and
limit of detection are conducted. The tests starts from temperature characterization
followed by tests with NaCl, glucose and whey solutions as microfluidic
environments.

To measure the sensitivity of the device to the temperature of the device, a
temperature characterization test was conducted. During the test, water was
continuously injected to the microfluidic channel, to provide a water cladding to the
microring resonator. The transmission spectra were measured periodically, with tuning
the temperature by temperature controller. Then, the resonant wavelength of each data
recording time point was derived, and the resonant wavelength shift with time was
computed. The transmission spectra under different temperatures are shown in Figure
27. The real-time detection of resonant wavelength shift is shown in Figure 28.
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Figure 27 The spectra of microring resonances under different temperatures
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Figure 28 Real-time recording of resonance shift under temperature changing

The temperatures and corresponding resonant wavelength shifts are plotted in Figure
29, where the error bars are standard deviations of multiple measured data. The
equation obtained after linear fitting is:

AA =T78.64T —1397.61 (25)
where A4 is the resonant wavelength shift and T is the temperature in Celsius. The
coefficient of determination is 0.99975 in regression analysis, indicating a good linear
relation between temperature and wavelength shift.
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Figure 29 Resonance under different temperatures and fitting (water cladding)
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Therefore, the detection sensitivity of the micro ring resonator is obtained, with a
value of 78.64 pm/°C, representing that 1°C temperature change causes a shift in the
resonant wavelength of 78.64 pm. The sensitivity value obtained by simulation is
69.46 pm/°C. The possible reasons for the difference between measurement and
simulation include the differences on thermal-optical coefficients in simulation and
test, the temperature difference between measured value and actual temperature of the
waveguide and difference of waveguide dimensions caused by fabrication errors.
Then, the test of refractive index sensitivity of ring resonator was conducted by using
sodium chloride aqueous solutions of different concentrations. Firstly, the chip was
flushed by injecting deionized water in the microfluidic channel, and then a series of
NaCl solutions with concentrations of 2.5%, 5%, 10%, 15% and 20% (mass
concentrations) using deionized water were prepared and then injected into the
microfluidic channel with a flow rate of 60ul/min. At the same time, the output
transmission spectra of the microring resonator were recorded. The real-time
resonance shift with changing of different concentrations NaCl solutions flowing over
the microring resonator is shown in Figure 30. The response time during the
measurements were around 100s, as shown in appendix. The transmission spectra
with different concentrations sodium chloride aqueous solutions flowing over the
resonator are shown in Figure 31.

2000 —s— NaCl
20%
=

.
=
£ 1500 |
7} 15% |
E 4
g) -
2 1000 10% ’
2 fr—
= |
E 500 5% ,-
S 2.5% —
) o = S
o Water /
0+ b
T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000
Time (S)

Figure 30 Real-time resonance shift with different concentrations NaCl solution flowing over the ring
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Figure 31 The spectra of microring resonances under different concentration NaCl solutions

From Figure 31, it can be seen that as the concentration of the solution increases, the
resonant wavelength shifts towards the longer wavelength. The higher the
concentration, the greater the resonance shifts. In order to calculate the detection
sensitivity of the microring resonator, it is first necessary to obtain the refractive
indexes of the solution with different concentrations, as listed in Table 4.

Table 4 Refractive indexes of sodium chloride solutions with different concentration[48]

Concentration (%) 2.5 5 10 15 20

Refractive index 1.3417 1.346 1.3544 1.3625 1.3703

The relationship between the change in the refractive index of the solution and the
shift of the resonant wavelength is then obtained with a linear fitting:

A4 =53.30259n - 71.29787 (26)
where is the resonant wavelength shift and n is the refractive index, with a coefficient
of determination of 0.99794, indicating a good linearity.

Therefore, the detection sensitivity of the micro ring resonator is obtained, which is
53.30259 nm/RIU, indicating that a change in refractive index per unit can cause
approximately a shift of 53 nm in the resonant wavelength. The minimum resolution
of the wavelength at the output of the testing system is 0.2 pm, therefore, according to
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Equation(18), the detection limit of the micro ring resonator is
0.0002/53.30259=3.752x10"° RIU. Therefore, under the current testing conditions, the
micro ring resonator can detect a minimum change in refractive index of
3.752x10° RIU.

To verify the reliability of the test results of bulk refractive index sensing based on
sodium chloride solutions, the similar tests based on glucose aqueous solutions were
conducted. A series of glucose solutions with mass concentrations of 5%, 10%, 15%,
and 20% were prepared using deionized water, and then injected into the microfluidic
channel at a flow rate of 60 pl/min, while measuring the output transmission spectra
of the resonator. To prevent glucose molecules from condensing and adsorbing on the
waveguide surface, deionized water was introduced to the microfluidic channel every
time before the sample replacing to clean the sensing area.

The sensing results are shown in Figure 32 and corresponding optical transmission
spectra are shown in Figure 33.
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Figure 32 Resonance shift with different concentrations glucose solution flowing over the ring

Table 5 Refractive indexes of glucose solutions with different concentration[48]

Concentration (%) 5 10 15 20

Refractive index 1.34304 135003  1.35657  1.36267
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Figure 33 The spectra of microring resonances under different concentration glucose solutions
Adopting the refractive indexes values in [48], as shown in Table 5, the resonance
shift and refractive indexes are obtained, the relation can be expressed as

AA =55.66676n—74.48488 (27)
The coefficient of determination is 0.99727, implying a good correlation and linearity.
The detection limit of the micro ring resonator is 3.592x10° RIU. It can be seen that
the relation obtained with glucose solutions is close to that obtained with sodium
chloride solutions, which implies that the computed sensitivity and the limit of
detection values are reliable. The data and linear fits obtained by both sodium chloride
and glucose and the simulation results are shown in Figure 34.
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The sensitivity computed from NaCl solution test results and glucose solution test
results are 53.30 nm/RIU and 55.67 nm/RIU, respectively. These results show that the
resonator has a good sensing performance and reproducibility. The sensitivity
obtained by simulations is 56.82 nm/RI1U, which is close to experimental results. The
possible reasons for the difference between test results and simulations include the
errors in refractive indices of test solutions, differences on actual refractive indices
and that adopted in simulations, and difference of waveguide dimensions caused by
fabrication errors.

4.2 Biosensing characterization

The biosensing characterization was conducted based on bulk sensing of whey protein
solutions. Solutions for sensing were prepared with commercial whey protein powder
(contains milk whey protein concentrate and emulsifiers) in mass concentrations of
0.5%, 1% and 3%. The optical transmission spectra were measured when water and
different concentrations whey solutions flowed over the microring resonator. The test
results are shown in Figure 35.
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Figure 35 Real-time detection of peaks positions based on whey protein solution

It is observed that the resonant wavelength exhibited a shift to short wavelength
direction when the whey solution flowed over the waveguide. And the higher the
concentration, the larger the wavelength shift.

This test exhibited some differences compared with previous sensing test based on
sodium chloride and glucose solution, the phenomena, possible explanations and
potential solutions are as follows:
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(1) The 2 peaks were introduced by air bubbles caused by liquid switching, which
can be solved by introducing a bubble trap in microfluidics system;

(2) Larger fluctuations were observed. This might be because the solutions are less
homogeneous;

(3) The resonance blue-shifted might because the whey powder include other
components, like fat, which influence the refractive index;

(4) The peak position did not return to original value after flushing with water. This
might be because whey powder includes other components which were attached
on waveguide surface that were not able to flush away, as shown in Figure 36.

Figure 36 Image of the integrated photonics chip: (a) before test, (b) after test.

To investigate the phenomenon that test exhibited differences from sensing based on
sodium chloride and glucose solutions, the tests were conducted based on centrifuged
whey solutions. Centrifuge can separate the water-insoluble particles from the
solution and therefore solutions contain water-soluble proteins were obtained. The
tests were conducted based on centrifuged whey solutions with mass concentrations
of 0.5%, 1%, 2% and 3%. Deionized water was adopted to clean the sensing area
every time before the sample replacing. One resonant peak was selected from the
transmission spectrum and the position of the peak was traced in real-time
measurements. The test results are shown in Figure 37. The resonant wavelength
exhibited red-shifts with the increase of solution concentration. However, different
from the tests based on sodium chloride and glucose solutions, resonant wavelength
did not return the original value after flushing, indicating that some particles were
attached to the waveguide.
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The resonance positions on the spectra under different concentrations of solutions
were obtained, as shown in Figure 38. As the increase of the concentration, the peak
position exhibited a red shift.
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Figure 38 Wavelength shift under different concentrations

Since the resonant wavelength after flushing did not back to the initial value, to
investigate this phenomenon, wavelength shift after each flush relative to initial and
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relative to last flush were computed, as shown in Figure 39. The wavelength shift after
each flush relative to initial value increased as the increase of concentration, until
saturation was reached. The wavelength shift relative to last flush first exhibited a
large change, and then gradually increases with the increase of concentration. The
possible reason is that at the starting phase the particles were attached to the
waveguide while the cladding refractive index was changing, however, after the
particle attachment reached saturation the change of wavelength was contributed by
only the cladding refractive index change.
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Figure 39 Resonant wavelength shift after each flush relative to initial and relative to last flush

4.3 Summary and discussions

The sensing based on microring resonator was investigated and the feasibility and
effectiveness of the optical waveguide chip sensing was verified.
The results confirmed that the microring resonator has a good performance for
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sensing with sufficient sensitivity (53 nm/RIU) and detection limit (3.75x10° RIU),
which are comparable to the results by Salleh et al. [30](12.7 nm/RIU) and Wu et
al. [28] (5.708<10° RIU and 140 nm/RIU). The data demonstrated a reasonable
relation between the microfluidics environment change of ring resonator and the
resonant wavelength, which aligns with prior studies [25, 28, 30]. Furthermore,
sensing with complex component aqueous protein solutions were investigated, which
explored the possibility to sense solutions with complex components by volume
sensing with microring resonator. Although the results were not able to be formulated,
they still show some noteworthy patterns.

Nevertheless, the study has several limitations. Because of time limit, the sensing with
waveguide surface functionalization was not conducted. Secondly, the sensor requires
complex test setup, which is a barrier to portable practical applications. The
pump-free microfluidic integrated chip should be designed for practical applications.
Additionally, the resonator is sensitive to large particle contaminations, and therefore
how to prevent large particles influencing the sensing results and sensing performance
should be considered.

In conclusion, this study investigated the sensing of microring resonator with
microfluidics and preliminarily verified the possibility of photonic microring
resonator for biosensing. By addressing the limitations and building upon the results,
future studies can investigate the biosensing with chemical receptors on waveguide.
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5 Conclusions and outlook

This thesis analyzed the working principle, research progress, and application of
microring resonator biosensing system. The microfluidic channel was designed and
integrated to the microring resonator. And real-time detection was carried out using
this sensing system. The main work and conclusions are as follows:

The sensitivities and the optical read-out changes under different sensing conditions
(surface biosensing, bulk refractive index sensing and temperature sensing) were
simulated in software RSoft, which concludes that there is a linear relation between
resonant wavelength shift and the sensing parameters, and the sensitivities are
detectable.

The multiphysics finite element analysis was employed to simulate the bio-analyte
transportation and adsorption in microfluidic channel, so as to design and optimize the
microfluidic channel. For a microring with radius of 14 um uniform biomarker
binding requires at least a channel with width 175 pym and height 70 um. The
microfluidic channel were fabricated and further integrated to the photonics chip,
providing a stable fluid environment for conducting measurements.

A series of tests were conducted on SOI microring resonator. The thermal sensitivity
was measured, with a value of 78.64 pm/°C. Homogeneous sensing was performed
using NaCl and glucose solutions of different concentrations. The refractive index
sensitivity was measured to be 53 nm/RIU, and homogeneous sensing was tested for
different protein solutions.

The future works might include:

Test the resonator with functionalized biosensing layer.

Design micro ring resonators array for parallel measurement. Adopt precision
dispensing or multi-channel microfluidic chip to functionalize the resonators, so as to
achieve multi-analyte detection with single test.

This thesis used external light source and detector, which require a very stable testing
environment. In the future, integrating the light sources and detectors with sensors on
a single chip will further achieve the goal of portability and miniaturization of the

Sensor.
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Appendix

Extra characterization data:
Resonator performance under air cladding:
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Temperature characterization under air cladding:
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Transmission spectra of test based on whey solutions:
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