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Silicon Photonic Micro-Ring Resonators for
Chemical and Biological Sensing: A Tutorial

Patrick Steglich, Member, IEEE, Dominik G. Rabus, Senior Member, IEEE, Cinzia Sada, Martin Paul,
Michael G. Weller, Christian Mai, and Andreas Mai, Member, IEEE

Abstract—Silicon photonic micro-ring resonators (MRR) devel-
oped on the silicon-on-insulator (SOI) platform, owing to their
high sensitivity and small footprint, show great potential for many
chemical and biological sensing applications such as label-free
detection in environmental monitoring, biomedical engineering,
and food analysis. In this tutorial, we provide the theoretical
background and give design guidelines for SOI-based MRR as
well as examples of surface functionalization procedures for label-
free detection of molecules. After introducing the advantages and
perspectives of MRR, fundamentals of MRR are described in
detail, followed by an introduction to the fabrication methods,
which are based on a complementary metal-oxide semiconductor
(CMOS) technology. Optimization of MRR for chemical and
biological sensing is provided, with special emphasis on the
optimization of waveguide geometry. At this point, the difference
between chemical bulk sensing and label-free surface sensing
is explained, and definitions like waveguide sensitivity, ring
sensitivity, overall sensitivity as well as the limit of detection
(LoD) of MRR are introduced. Further, we show and explain
chemical bulk sensing of sodium chloride (NaCl) in water and
provide a recipe for label-free surface sensing.

Index Terms—Biosensors, Biophotonics, Chemical and biolog-
ical sensors, Microresonators, Nanophotonics, Optical sensors,
Optoelectronic and photonic sensors, Ring resonators, Silicon
photonics.

I. INTRODUCTION

INTEGRATED photonic sensors give perspectives to a
multitude of chemical and biological sensing applications

such as food analysis [1], [2], virus detection [3], healthcare
[4], [5], and environmental monitoring [6]. The term integrated
photonic sensor refers to optical sensors, which are typically
composed of either interferometers or resonators, realized in
a silicon-based photonic integrated circuit (PIC). PICs can be
compared to electronic integrated circuits with the difference
that they use photons instead of electrons to transport infor-
mation. As opposed to electronic integrated circuits, which
are typically constructed of transistor arrays, PICs employ a
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range of components like optical waveguides and gratings to
guide, separate, polarize, modulate, couple, and, ultimately, to
generate and detect light [7], [8]. The underlying technology
is using porous silicon [9], [10], silicon nitride [11] or silicon-
on-insulator (SOI) wafer with crystalline silicon [12] as basis
material for the sensor device. This tutorial is focusing on
SOI-based PICs. This is motivated by the mature fabrication
processes offered by open-access pilot lines, making SOI-
based PICs attractive for both, science and industry [13].
Besides that, SOI-based PICs can be jointly integrated with
electronics, which is known as electronic-photonic integrated
circuits (EPIC) [14].

Like many types of chip-integrated biosensors, photonic
biosensors can provide various advantages. For example, they
are resistant against electromagnetic interference, exhibit high
sensitivity and low detection limit, while they provide an ultra-
small footprints, allow labeled and label-free sensing as well as
multiplexing of several analytes at the same time. Furthermore,
integration into lab-on-a-chip systems for rapid sample-to-
answer capabilities is feasible.

Due to its small footprint, i.e. the area occupied on the
chip, and high sensitivity, optical resonators are widely em-
ployed. In particular, micro-ring resonators (MRR) are the
most important type since they provide excellent sensitivity
and have been intensively studied over the last two decades
for the label-free detection of biomarkers [15]. Since MRRs
exhibit a small footprint, they are widely used by scientists.
This is motivated by the fact that the fabrication costs scales
with chip-size. Beside that, they can be fabricated in pilot
lines using photolithography, which makes them attractive for
mass production. MRR-based biosensors are widely used and
are investigated since two decades. A comprehensive literature
review can be found in [12], [15], [16].

The working principle is as follows. Light is coupled to
the MRR from a straight waveguide via evanescence field
coupling, as indicated in Figure 1. The light is then circulating
inside the ring if the resonance condition is fulfilled. In this
case, resonance peaks appear in the optical spectrum, as shown
in Figure 2, if the wavelength of the light matches a whole
number of times inside the optical length of the ring, leading
to the condition

Lneff = mλres, (1)

where L represents the circumference of the ring of radius
r measured from the center of the ring to the center of the
waveguide, neff is the effective refractive index of the ring-
waveguide, m is a whole number, also called as mode number
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Figure 1. Simplified schematic of a silicon photonic micro-ring sensor.
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Figure 2. a) Transmission spectrum of a MRR. b) Resonance wavelength
shift due to a change of the cladding refractive index. ER = Extinction Ration;
FSR = Free Spectral Range; FWHM = Full Width at Half Maximum; λres
= resonance wavelength; ∆λres = resonance wavelength shift

(m = 1, 2, 3, ...), and λres is the wavelength at which the
resonance occurs. Please note that the shape of the ring is
not necessarily a perfect circle. For example, to increase the
interaction length, i.e. the total circumference, racetrack [17]
or spiral [18] shapes are used. The effective refractive index
of the ring-waveguide takes the geometry of the waveguide
and the refractive index of all materials into account, i.e. the
core (silicon), the substrate and the cladding material. The
reason for that is, that the light is not 100% confined inside
the waveguide core. The evanescence field, which represents
the portion of light that is penetrating inside the surrounding
material, can interact with the fluid. Thus, a weak perturbation
to the evanescent field leads to a change of the effective
refractive index and, consequently, to a change of the reso-
nance condition. This perturbation can be provoked by a small
change of the refractive index of the fluid. For example, if the
salt concentration in water is changing, the refractive index
and consequently the resonance condition is changed, too.
This is known as chemical bulk sensing because the medium
refractive index near to the waveguide is measured. To enable

a specific detection of molecules, e.g. label-free detection of
biomarkers, the surface of the MRR is functionalized with an
adsorbed layer [19]. In this way, specific molecules are bound
on the surface, inducing a resonance shift. This approach is
known as label-free surface sensing. The sensing information,
i.e. the resonance shift, can be quantitatively interrogated by
measuring either the resonance peak shift or the intensity
change a certain wavelength.

By using complementary metal-oxide semiconductor
(CMOS) processes, the fabrication of silicon photonic sen-
sors can be done in a similar way as electronic integrated
circuits are fabricated. In this scenario, MRR-based sensors
can be fabricated and post-processed with mature CMOS
technologies, which opens the door for a scalable mass-
production. After chip fabrication, the surface of the sensor can
be functionalized with ligands for a specific detection of target
molecules. Microfluidics are mostly used to control the flow
rate and to reduce the required measurement time [20]. At this
point, it becomes clear that working with MRR-based photonic
sensors requires an interdisciplinary background. This tutorial
is intended to provide the required background.

The following list provides a better understanding of some
characteristics and properties of silicon photonic MRR-based
biosensors:

(a) Mass-production
Using CMOS-based fabrication flows, photonic sensor
chips are ready to be produced in a large-scale.

(b) Rapid results
Silicon photonic sensors based on MRRs have been
proven to provide measurement results within a few
minutes and can be used as quick test solution.

(c) Miniaturization
Photonic chips in a CMOS technology are typically 3 to
30 mm2 in size. MRR-based photonic sensors allow the
realization of 5 to 30 sensors on such an area due to their
small footprint.

(d) Sustainable
The small sensor size reduces the amount of chemicals
required for the surface functionalization as well as
the amount of the required sample (blood, water, etc.).
For instance, simply dropping the sample on the sensor
surface can be enough [21].

(e) Multiplexing
The simultaneous measurement of different substances
can be simply realized when several MRR are placed on
one chip, while each MRR is selectively functionalized
[22].

(f) Digital analysis
The optical signal is directly translated into an electrical
signal by using a chip-integrated photodiode for each
MRR. In this way, the data can be digitally analyzed and
data can be transferred secure and fast.

This tutorial aims to provide an introduction to the basic
concepts of MRR in section II and fabrication methodologies
in section III. A guidance to design optimized MRR for
sensing applications is provided in section IV. Besides that,
an introduction to the chemical surface functionalization is
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Figure 3. Model of a single ring resonator with: (a) one single coupled
waveguide; (b) two coupled waveguides, the four ports of the ring resonator
are referred to as input port, throughput port, drop port and add port,
respectively.

given in section V. Finally, different experimental set-ups are
described and discussed in section VI.

II. FUNDAMENTALS OF MICRO-RING RESONATORS

The basic configuration of a MRR consists of unidirec-
tional coupling between a ring with radius r and one or
two waveguides [23]. By defining E as the complex electric
field amplitude of the propagating mode, the overall behavior
and response of a MRR can be easily described in terms of
the so called Transfer Matrix where input (subscript i) and
transmitted (subscript t) fields are conjugated by a matrix,
containing the physical effects responsible for the coupling
process between the waveguide and the ring propagating
modes, respectively. The system can be solved in an analytical
way in case of excitation of a single MRR unidirectional mode,
zero loss coupling, single polarization and none of the waveg-
uide segments and coupler elements couple waves of different
polarization. Under these conditions, losses occurring along
the propagation of light in the MRR filter can be included
in the attenuation constant and the occurring interaction can
be described by the simplified matrix relation. In general,
it can be simplified in building blocks made of one or two
coupled waveguides respectively, independently of the final
overall complexity of the system under study.

In the case of one waveguide, as shown in Figure 3a, it can
be demonstrated that [24](

Et1
Et2

)
=

(
t κ
−κ∗ t∗

)(
Ei1
Ei2

)
, (2)

where t indicates the coupling losses and κ the coupling
parameter, both depending on the specific coupling mechanism
used. The complex mode amplitudes E are normalized so
that their squared magnitude corresponds to the modal power
and ∗ denotes the conjugated complex value of t and κ
respectively. The matrix is symmetric because the networks
under consideration are reciprocal, which leads to the relation:

|κ|2 + |t|2 = 1 (3)

In order to further simplify the model, Ei1 is often put to be
equal to 1 so that the round trip in the ring is given by

Ei2 = αejθEt2, (4)

where α is the loss coefficient of the ring (zero loss: α = 1)
and

θ = ω
L

c
= 4π2neff

r

λ
. (5)

Here, c is the phase velocity of the ring mode (c = c0/neff )
and the fixed angular frequency ω = kc0, where c0 refers to
the vacuum speed of light, vacuum wavenumber k = 2π/λ,
wavelength in vacuum λ and, for completeness, β = kneff is
the propagation constant. The transmission power Pt1 in the
output waveguide, is therefore given by

Pt1 = |Et1|2 =
α2 + |t|2 + α|t| cos(θ + φt)

1 + α2|t|2 − 2α|t| cos(θ + φt)
(6)

and the absolute module of coupling losses is then

t = |t|e(jφt) (7)

where φt represents the phase of the coupler. The circulating
power Pi2 in the ring is given by

Pi2 = |Ei2|2 =
α2(1− |t|2)

1 + α2|t|2 − 2α|t| cos(θ + φt)
. (8)

As a consequence, since at resonance (θ+ φt) = 2πm where
m is an integer, the following equation for the transmission
power at resonance is obtained:

Pt1,res = |Et1,res|2 =
(α− |t|)2

(1− α|t|)2
(9)

and
Pi2,res = |Ei2,res|2 =

α2(1− |t|2)

(1− α|t|)2
, (10)

for the circulating power at resonance. It is worth mentioning
that when α = |t| (i.e. the internal losses are equal to the
coupling losses), the transmitted power becomes 0 correspond-
ing to destructive interference (known in literature as critical
coupling).

The second basic MRR system is the so-called add-drop
configuration, consisting of one input, one output waveguide
and the ring resonator, as shown in Figure 3b. The values
of Et1 and Et2 can be calculated in an analytical way with
a similar approach than the one used for a single coupled
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Figure 4. Ring resonator channel dropping filter.

waveguide (for further details see [24]). In particular, if Ei1 is
defined equal to 1 as before, it can be derived that at resonance,
the output power from the drop port is given by:

Pt2,res = |Et2,res|2 =
(1− |t1|2)(1− |t2|2)α

(1− α|t1t2|)2
(11)

The throughput port mode amplitude Et1 is zero at resonance
for identical symmetrical couplers t1 = t2 if α = 1.
This condition corresponds to the case when the wavelength
on resonance is fully extracted by the MRR. The value of
α = 1 can only be achieved by the implementation of gain
incorporated in the MRR to compensate the waveguide losses.
The value of the loss coefficient α is fixed in a purely passive
MRR. A possibility of achieving minimum intensity (Pt1 = 0)
at resonance of the output transmission Pt1 at the throughput
port is to adjust the coupling parameters t1, t2 to the loss
coefficient α, which is

α =

∣∣∣∣ t1t2
∣∣∣∣ . (12)

If the MRR is lossless (α = 1), then the couplers have to be
symmetric in order to achieve minimum intensity.

A standard application for a MRR is an integrated optical
filter, which can be advantageously used to use a broadband
light source instead of an expensive tunable laser [25]. In this
case the two straight waveguides, also known as the bus or the
port waveguides respectively, are coupled either by directional
couplers through the evanescent field or by multimode interfer-
ence couplers to the MRR. A simpler configuration is obtained,
when the second bus or port waveguide is removed. Figure
4 shows a sketch of the filter working principle in the two-
waveguide geometry for a MRR at λA, λ2 The wavelengths
λ1, λ2, and λ3 are injected in the input port but, by way of
the ring coupling at the coupling regions, only λ2 is dropped
off at the drop port whilst λ1 and λ3 are transmitted to the
throughput port together with λA In fact, λA being injected
by way of the add port, is coupled by the ring to reach the
throughput port.

Ring resonator performances are described in terms of
figures of merit that fully represent its response [24]:

1) Free Spectral Range (FSR), i.e the distance between
resonance peaks (|λres,1 − λres,2|). The FSR describes

the difference between the vacuum wavelengths corre-
sponding to two resonant conditions. If neff is weakly
dependent on λ, the FSR can be calculated by:

FSR = −2π

L

(
δβ

δλ

)−1
≈ λ2

neffL
(13)

Otherwise, if the wavelength dependence of the effective
index can not be neglected, the group refractive index
can be used instead of the effective index whenever
appropriate avoiding the approximation and obtaining
more accurate values. In this case the modified FSR is
then given by:

FSR =
λ2

ngL
(14)

2) Full Width at Half Maximum (FWHM), also known as 3-
dB bandwidth of the resonance line-shape. Assuming that
the coupling coefficients are real, loss-less and without a
phase-term, and if the loss in the ring is negligible and the
coupling is symmetric (t = t1 = t2) in the wavelength
domain, it results that:

FWHM =
λ2

πneffL

1− t2

t
(15)

In case of weak coupling and λ� ∆λ:

FWHM =
κ2λ2

πneffL
(16)

3) Finesse (F), defined as the ratio of the FSR and the
line-width of a resonance for a specific wavelength
(FWHM ):

F =
FSR

FWHM
= π

t

1− t2
(17)

However, if κ� 1 it can be shown that:

F ≈ π

κ2
(18)

4) Quality factor Q, which is a measure of the sharpness of
the resonance. It is defined as the ratio of the operation
wavelength and the resonance width:

Q =
λres

FWHM
= π

neffL

λ

t

1− t2
=
neffL

λ
F (19)

The quality factor can also be regarded as the stored
energy divided by the power lost per optical cycle.

5) Intensity enhancement or buildup factor B, The intensity
in the ring resonator can be much higher than that in
the bus waveguides, as the traveling wave in the ring
resonator interferes constructively at resonance with the
input wave and thus the amplitude builds up. In addition
to this intensity increase, the field also experiences a
phase-shift of an integral multiple of 2π in one round trip.
The intensity enhancement or buildup factor B represents
this increase and for single coupled waveguide (Figure
3a) it is given by:

B =

∣∣∣∣Ei2Ei1

∣∣∣∣ =

∣∣∣∣ −ακ∗

−αt∗ + e−jθ

∣∣∣∣2 (20)
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Whilst for a two coupled waveguide (Figure 3b) the
buildup factor is given by:

B =

∣∣∣∣ ErEi1
∣∣∣∣ =

∣∣∣∣ −κ∗1
1− t∗1t∗2αejθ

∣∣∣∣2 (21)

On resonance, the intensity enhancement factor becomes:

B =

∣∣∣∣ −κ∗1
1− t∗1t∗2α

∣∣∣∣2 (22)

Please note that B tends to F/π for a lossless resonator
and setting κ1 = κ2 = κ which is � 1. For the all-
pass configuration and on resonance, the buildup factor
is given by

B =
1 + t

1− t
, (23)

where t1 = t2 = t.
6) Optical losses, an important factor for the MRR per-

formance. They are often included by insertion of the
parameter α and can originate either from light scattering,
material absorption or bending losses. Light scattering
and the material absorption have been widely investigated
in straight waveguides and easily taken care of. In case of
MRR, bending losses αbend have to be included and scale
with the curvature radius r with a complex expression.
However, semi-empirical relations have been reported
[24]:

αbend|planar = − ln

(
Prad
Pinc

)
(24)

∝ α0e
− 2

3
2π
λ r

3√
n2
c−n

2
s

n2
c

and

αbend|channel ∝ 0.72
4π

λ
(nc − ns)10

− 1
7.6

2π
λ rns

3√
n2
c−n

2
s

n2
c

(25)
Here, Prad is the radiated power due to the bend, Pinc is
the incident power, and α0 is a constant depending on the
waveguide thickness. It clearly emerges that low losses
can be achieved by higher refractive index contrast ∆n
and larger curvature radius r.

7) Time dependent response. The understanding of the dy-
namic response or also called time dependent response of
MRRs is necessary, e.g., for kinetic exclusion analysis.
Here we discuss theoretical aspects for a better under-
standing of the physical background. If the ring supports
a traveling wave of amplitude E(t), P (t) represents the
total power flowing through any cross-section of the ring
waveguide at time t. The ring is then regarded as an
oscillator of energy amplitude e(t), normalized so that
p(t) represents the total energy stored in the ring. In this
case it results that

p(t) = |e(t)|2 = P (t)
2πr

vg
, (26)

where vg is the group velocity. The MRR presents a
resonant frequency of ωres and amplitude decay time-
constant of 1/τ . The decay rate includes the contribution
of the power coupled to the transmitted wave (1/τie),

the power lost due to intrinsic effects (1/τtr), and power
coupled to the output waveguide (1/τt2) leading to:

1

τ
=

1

τtr
+

1

τie
+

1

τt2
(27)

The time rate of change in ring energy can then be written
as:

d

dt
e =

(
jωres −

1

τ

)
e− κ∗Ei1 (28)

Please note, the relation between the coupling parameter
κ and the decay rates of the transmitted wave 1/τtr
and the output waveguide 1/τt2, is determined by power
conservation.

It is worth mentioning that another approach to simulate ring
resonator filters is by using the Z-transformation to describe
the spectral and temporal response of ring resonator filters,
described in detail in [26]. The Z-transform is an analytic
extension of the discrete-time Fourier transform (DTFT) which
converts a discrete time signal into a complex-variable fre-
quency signal:

H(z) =

∞∑
n=−∞

h(n)z−n (29)

Z is a complex variable and h(n) is the impulse response
of a filter or the values of a discrete signal. Each term z−n

represents a delay. Of particular interest is when the absolute
value of |z| = 1. This is called the unit circle in the complex
plane where pole and zero locations of the function H(z),
which is evaluated along z = exp(jω), are plotted. A ring
resonator has a response which can be expressed in the form:

H(z) =

∞∑
n=−∞

anz−n =
1

1− az−1
(30)

In the case of ring resonator filters, |z| = 1 corresponds to
resonant frequencies. A complete roundtrip of the unit circle
corresponds to the FSR of the filter. Poles and zeros are
related to the filters frequency spectrum by their position on
the complex plane. A zero positioned on the unit circle results
in zero transmission at the frequency corresponding to the
angle of this zero. A pole on the other hand on the unit circle
causes unity transmission at the corresponding frequency. As
poles and zeros move away from the unit circle, their effect
on the magnitude spectrum is reduced. The basic configuration
of an add-drop ring resonator filter (Figure 3b) is the simplest
filter with a single pole response and by using the Z-transform
approach, it can be represented as in Figure 5. The basic
configurations previously described are the building block of
complex system such as serially coupled configuration and
parallel coupled configuration respectively (see Figure 6).
In the serially coupled configuration, each ring resonator is
coupled to one another so that the signal is dropped from
the input port to the drop port, passing sequentially through
each resonator (Figure 6a). This configuration is characterized
by sequential power transfer and, consequently, all resonators
must be precisely resonant at a common wavelength. The
resulting resonant line shape in the series configuration is
therefore determined physically by the separations between
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Figure 5. Z-transform layout of an add-drop ring resonator filter.

the ring resonators. In this case, the FSR of the double
ring resonators coupled in series with two different radii is
expressed by

FSR = m1FSR1 = m2FSR2, (31)

which leads to

FSR = |m2 −m1|
FSR1FSR2

|FSR1 − FSR2|
, (32)

where m1 and m2 are coprime numbers. As a consequence,
the FSR as evaluated from Eq. 32 is significantly larger
than the FSR of a single MRR. Therefore, it is also called
extended FSR and the underlying effect is called Vernier
effect. The Vernier effect causes the transmission peaks of
the ring resonators within the overall obtained FSR to be
suppressed, which results in the larger FSR than would be
achieved for a single MRR. A figure of merit that is used
to estimate the performance of a Vernier-based MRR is the
Vernier gain:

G =
FSR1

|FSR1 − FSR2|
(33)

Silicon photonic sensors based on the Vernier effect have
shown an enhanced sensitivity compared to single MRR [27].
However, it should be noticed that the design of Vernier-based
MRRs is challenging because the position of the resonances
depends drastically on fabrication tolerances [28].

In the parallel-coupled configuration, instead, all resonators
are coupled to both the input and drop port waveguides,
without the requirement that must be coupled directly to one
another (Figure 6b). An optical signal in the parallel con-
figuration passes through all ring resonators simultaneously.
The resonators are indirectly coupled to each other by the
optical path lengths along the input and output waveguides
that interconnect the MRRs and these lengths determine the
resonant line shapes. The overall FSR can be increased by
adjusting the length of the waveguide joining the two ring
resonators. It is worth mentioning that the parallel configu-
ration can be treated as a grating. In this case constructive
interference of the reflected waves from each ring resonator is

Figure 6. MRR configurations: (a) serially coupled configuration and (b)
parallel coupled configuration.

obtained by choosing Λ to be equal to an odd multiple of a
quarter wavelength:

Λ = (2m+ 1)
λ0

4nWeff
(34)

Here, λ0 is the center wavelength of the passband and nWeff

is the effective refractive index of the input waveguide [24]. If
the length Λ is chosen such that the FSR of the ring resonators
and the FSR of the grating obey the following condition

FSR = NringFSRring = MgratingFSRgrating, (35)

the distance between the resonators can be calculated by

Λ =
Mgratingneff
NringnWeff

πr (36)

The parallel configuration has less restrictive requirement be-
cause it is not mandatory that each MRR resonances have to be
precisely identical. In case of nonaligned resonant frequencies,
multiple peaks, or ripple in the line-shape occur.
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III. MATERIALS AND FABRICATION

A. General fabrication aspects

Silicon technology was driver for electronic revolution of
last decades and in particular CMOS technology. The use
of these silicon process techniques for photonic applications
requires dedicated SOI substrate for the integration of optical
elements on a chip. The SPOI substrate consists of a single
crystalline silicon layer on a buried oxide (BOX) and a thick
silicon-handling substrate. This dedicated stack is considered
as SOI wafer. The silicon-layer has typically a thickness
of 220 nm, the BOX of 2µm and in conjunction with the
substrate the full wafer has a thickness of approximately
750µm for a wafer having a diameter of 200 mm and 1 mm
for a wafer with a diameter of 300 mm.

In the following, we describe exemplary a process flow for
the realization of photonic structures in a silicon technology
environment. A process flow consists of single process steps
which are applied on planar surfaces as deposition of layers,
e.g. by chemical- and physical vapour deposition (CVD/PVD),
patterning by reactive-ion-etching (RIE) or wet-etching pro-
cesses, chemical-mechanical-polishing (CMP) and others. One
main condition is the realization of planar surfaces to transfer
the pattern-information onto the wafer by means of optical
lithography. Here the structural information of one layer of
the chip, e.g. patterning of SOI-layer for waveguide patterning
is placed on a photo mask. The information is transferred via
optics into a photo-resist, which is chemical sensitive to the
applied wavelength usually in the deep ultra-violet range of the
light source. Due to the fact that the minimum resolution, also
known as critical dimension (CD), is direct proportional to the
applied wavelength, laser sources with a wavelength of 248 nm
or 193 nm are typically used, e.g. a KrF -laser. Due to a fix
depth of focus (DoF) from the optical system, the thickness of
the applicable photo-resist is limited and it has to be coated
homogeneously over the wafer to achieve reproducible and
stable conditions. Hence, a surface with minimum topography
is beneficial.

B. Fabrication of silicon-based waveguides

In the following, we consider a simple patterning of the
silicon waveguide structure. The schematic process flow is
shown in Figure 7. Optional a first dielectric protection layer
can be deposited by CVD on the SOI-layer (not shown in
Figure 7). A thermal oxidation of the silicon is usually avoided
because of the inherent decrease of the silicon thickness and
the related changes of the optical properties.This deposited
layer supports to maintain the rectangle shape of the intended
wave guide because it protects the top edges of the wave guide.
Moreover the dielectric protection layer can be used as anti-
reflective-coating to improve the lithography process, depend-
ing on the thickness and material. Subsequently the photo-
resist is deposited on the surface followed by an exposure and
development process. Now the underlying layer can be pat-
terned by a reactive-ion-etching process. RIE enables a strong
anisotropic etching of the layers and allows steep and almost
rectangular sidewalls. The RIE process can be tuned in a way
that a high selectivity is achieved with respect to the BOX

layer. A critical parameter for the optical performance is the
roughness of the side-wall [29]. After patterning of the waveg-
uide structures a simple passive photonic structure has been
realized. Usually silicon wave guides are realized in a more
complex technology platform together with structures for light
coupling (e.g. grating couplers) or even more complex with
active devices as photo detectors or modulators. For this reason
the very simple presented wave guides have to be protected by
a stack of different layers consisting usually of silicon oxides
and silicon nitride. Figure 8 shows an example of an etched
waveguide covered by a stack of SiO/SiN/SiO/SiN. However,
depending on the overall integration scheme and additional
devices, which have to be integrated afterwards, these photonic
protection layers can appear in different stack compositions.
A release process is required to use silicon waveguides for
optical sensing. The complexity of this release process depends
indeed on the stack composition of the protection layers. As
an example, a waveguide that is covered by a silicon dioxide
and a silicon nitride layer with a thickness of 10 nm and 100
nm, respectively, is described in Ref. [30]. Alternatively, the
silicon waveguide can be released from the backside of the
wafer, which was recently demonstrated [31]–[34].

C. Specific fabrication aspects for MRR

As mentioned before, most critical for the reproducible
realization of efficient MRRs on wafer-level is the gap between
the straight waveguide and the ring. This reproducible and
stable minimum distance is approximately 100 nm for process
environments with a 248 nm DUV lithography. However,
independently of the final exploited geometry, the key aspect
in a MRR is how the coupling between the ring and the
waveguide(s) is realized. There are two main configurations
for this coupling [24]:

1) a vertical coupling configuration, where the bus waveg-
uides are either on top or beneath the ring resonator;

2) a lateral coupling configuration, where the bus waveg-
uides and the ring resonator are in the same plane.

The vertical coupling method allows the precise control of the
coupling distance and of the coupling coefficient. To get this
result, an accurate and reproducible fabrication technique is
used in semiconductor-based RR such as the epitaxial growth.
In this configuration it is possible to fabricate the ring and
the bus waveguides out of separate materials which opens up
the possibility of creating active ring or disk structures when
using an appropriate material. Although vertically coupled
MRR commonly require higher fabrication complexity be-
cause processes like wafer bonding, regrowth or re-deposition
are required, they can allow for the realization of small radius
MRRs.

The lateral coupling method has been widely exploited for
realizing ring resonators with larger radius (> 100µm). It uses
a weak guiding waveguide layout where the waveguide mode
confinement is still high enough to fabricate ring resonators
with negligible bending loss. Ring resonators with small radii
have also been fabricated utilizing the lateral coupling scheme
by choosing a suitable waveguide design: less stringent fabri-
cation requirements are requested for achieving a very small
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Figure 7. Schematic of a simplified fabrication flow.

coupling gap (usually much less than 1µm in the case of very
strong guiding waveguides). The lateral coupling approach
allows the use of multimode interference couplers with higher
processing tolerances with respect to the power coupling co-
efficient which eliminates the fabrication of small (< 1µm)
and deep coupling gaps.

Both coupling schemes have advantages and disadvantages.
Depending on the application, the MRR parameters must be
adjusted to fit the desired requirements and, consequently,
the choice of best fabrication technique must be adequately
triggered achieving the best compromise. In case of silicon-
based MRR, the fabrication process can be summarized as
follows:

1) material preparation. Initially made of pure Si, since the
last decade the final system is commonly made of a
multilayer structure where Si ring and waveguides are sur-
rounded by low refractive index medium deposited/laying
on Si substrate.

Figure 8. Scanning electron microscope cross-section of a patterned waveg-
uide with different protection layers.

2) MRR layout definition by ”drawing” on the material
surface the MRR geometry pattern with a lithography
process.

3) The realization of the RR structure by removing ev-
erything apart the RR pattern by the so called micro-
structuring techniques.

Figure 9 shows a fabricated photonic chip with MRR-based
sensors. As far as the material preparation, the best MRR

(b) (c)

(a)

Figure 9. (a) Photonic Chip fabricated in a PIC technology. (b) Image
of a silicon-based MRR recorded with a scanning electron microscope. (c)
Magnification of the MRR with a radius of 7µm.
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performances have been obtained on multilayer structures.
Initially prepared by epitaxially growth by exploiting the high-
tech in Si microlectronics, in the last decade they have been
achieved by the so-called wafer bonding technique. In this
case a Si wafer is bonded to another semiconductor or insula-
tor material and then patterned by suitable micro-structuring
techniques. Depending on the use of an intermediate layer or
not between the two bonded wafers, wafer bonding can be
activated either by temperature or pressure or chemicals or
plasma, respectively [24]. When an intermediate layer is not
used, adhesion bonding or eutectic bonding are exploited. In
case that an intermediate layer is applied, instead, the inter-
mediate layer is deposited/realized on one wafer (normally
the Si one) and the fusion bonding and the anodic bonding
are often used to achieve the bond between the two wafers.
By combining suitable materials, wafer bonding allows for
exploiting the advantages of using different materials while
minimizing their disadvantages. Recently more sophisticated
solutions have been proposed that combine the wafer bonding
with ion implantation. The Smart-cut technology is one of
these. In this case a Si wafer is oxidized at the surface to
achieve a SiO2 surface layer (as alternatives, SiO2 layers
can be deposited by Chemical Vapour Deposition [35]). The
resulting Si(Substrate)/SiO2 system undergoes to Ion Implan-
tation (normally H or He ions that implant as a controlled
depth from the surface) and then bonded to another Si wafer.
After thermal treatment, in the ion implanted region, bubbles
are formed and the multilayer can be cut there away due
to the reduced mechanical resistance therein promoted. The
splitting process leaves a Si(substrate)/SiO2/Si multi-layer
structure, commonly know as SOI that can then undergo to
micro-structuring process to achieve the final MRR layout.

In order to get the final MRR layout on the wafer bonded
multistack, micro-structuring advanced approaches have been
finalized. Dry etching has been widely exploited to achieve
the final MRR geometry by controlled material removal that
leaves unaltered the MRR layout on the substrate. In this
case the pattern of a ring resonator layout must be carefully
transferred and in Si-technology this is achieved by the so-
called right masking technique where unmasked regions are
removed away. The ring and the coupled waveguide are
therefore masked to prevent their etching whilst all the rest
is removed (such as the cou-pling gap). There are three main
categories of masking materials: metals (Ni, Cr, NiCr, Ti,
W , Pt), dielectrics (SiOx, SiNx) and polymers (Photoresist,
E-beam resist). Depending on the final application of the Si-
based MRR, different mask types are used. In particular, metal
masks are preferred when deep etching is needed because they
are extremely etch resistant. However, they still present the
drawback of being difficult to remove and the metal grains
result in transferred striations. When nanostructures need to
be included, dielectric masks are used because they provide
good etch resistance and very little transferred striations to the
underlying material. As alternatives, polymers have also been
introduced as mask-materials thanks to their highly etching
resistance when fully cured. Polymers normally are not used
to etch high thicknesses (> 1µm) and can suffer form the risk
of contaminating the etch chamber. The lithography process

has been also achieved by electron beam lithography (EBL).
In this case, the pattern is defined by scanning an electron
beam by a software-controlled procedure to design the MRR
layout and a high spatial resolution can be obtained.

Once the MRR pattern transfer has been made, the etching
process is applied: it can be isotropic and anisotropic. In
the first case, the etching rate is the same in all directions.
In the anisotropic case, instead, the etching rate is direction
dependent. This is an important aspect in the fabrication of
MRR, where deeply etched waveguides are needed to obtain
a strong mode confinement of the field which in turn results
in a small radius of curvature with acceptable loss. In order
to perform the etching process, reactive ion etching (RIE) has
been most widely used in Si-based MRR devices. Ions are
accelerated towards the material to be etched, and the etching
reaction is enhanced in the direction of travel of the ion.
Different dry etching systems are available on the market apart
conventional RIE, such as inductively coupled-plasma reactive
ion etching (ICP-RIE), reactive ion beam etching (RIBE), or
chemically assisted ion beam etching (CAIBE). Gases which
are commonly used (combining several) in dry etching pro-
cesses are methane (CH4), hydrogen (H2), hydrogen bromide
(HBr), nitrogen (N2), chlorine (Cl2), silicon tetrachloride
(SiCl4), argon (Ar), and xenon (Xe).

One of the first and smallest MRRs in the Si-SiO2 material
system which is also known as SOI is dated back to 1998
thanks to the pioneering work of Little and coworkers [36].
Made of a ring with radii of 3, 4, and > 5µm, the devices
showed quality factors up to 250, and an FSR of 20, 24,
and > 30 nm for a wavelength of > 1550 nm, respectively.
The intensity difference between the on-resonance and the
off-resonance state is measured to be more than 15 dB. The
fabrication process is normally made up of a deposition of
around > 1µm thick buffer layer of SiO2, followed by a
deposition of a waveguiding core layer of amorphous Si with
a typical thickness of 0.2 m. The amorphous Si is annealed to
convert it to poly-crystalline silicon out of which the ring and
bus waveguides are made (typically values are: width close to
> 0.5µm, height close to > 0.2µm) then patterned using a
plasma etch process (the most diffused is an HBrCl). The
index contrast can be quite high (even 3.5:1.5 or 3.5:1.0 de-
pending on whether the mate-rial external to the Si waveguide
is SiO2 or air, respectively). The width of the waveguide
should be less than > 600 nm in order to achieve single mode
operation, commonly > 450 nm are quite well used. Other
technologies of fabricating MRRs are: UV lithography with
an illumination wavelength of > 248 nm has been used to
achieve MRRs with similar dimensions and figures. Several
improvements on the processes have been proposed in the
last years in order to optimize the ring performances even
for decreasing the ring size [37]–[39].

IV. OPTIMIZATION OF MICRO-RING RESONATORS FOR
SENSING

Integrated photonic sensors are optical transducers that
convert the presence of an analyte into a property of light, i.e.
intensity, phase, or wavelength. From practical point of view,
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it is useful to distinguish between the waveguide sensitivity
and the ring resonator sensitivity because the overall sensor
performance can be optimized by taking both into account.

In this section, we introduce waveguide sensitivity, ring
resonator sensitivity and the overall sensitivity and we provide
a guideline to improve each.

A. Waveguide sensitivity

In contrast to more traditional free-space optical sensors,
integrated photonic sensors based on MRR use light that is
confined inside an optical waveguide. As opposed to optical
fibers, an integrated optical waveguide has a rectangular shape
due to the fabrication , as explained in section III. In general,
three waveguide structures have been intensively studied over
the last two decades. The most common type is known as strip
waveguide. It has a rectangular form with a height of 220 nm
and a width ranging from 450 nm to 500 nm.

The main contribution to the optical losses comes from
sidewall roughness. As shown in Figure 10, the lowest loss
can be achieved with rib waveguides, while the loss increases
with waveguide structures having larger sidewall areas. For
example, for a strip waveguide with a cross-section of 500 nm
times 220 nm, light scattering at the sidewalls leads to an
optical loss of about 2 dB/cm [40]. As rule of thumb the
optical losses scale with the optical field confinement, i.e.
the more light is confined within the waveguide, the lower
are the optical losses. The optical confinement is the fraction
of light inside the waveguide-core [41]. It is convenient to
calculate the cross-sectional power to represent the light inside
a specific area, e.g. in a waveguide core. It can be estimated
by considering the Poynting vector, which represents the
instantaneous power flow due to instantaneous electric and
magnetic fields. However, if we consider an electromagnetic
waves that is represented as sinusoidally varying fields at
a specified frequency, the time-averaged Poynting vector is
used. The cross-sectional power is then expressed as the
time-averaged complex Poynting vector integrated over the
waveguide cross-section

P =

∫ ∫
1

2
Re{E×H∗} dxdy, (37)

where E and H are the electric and magnetic field vectors,
respectively, and ez is the unit vector in z direction. Finally,
the field confinement factor, also known as field interaction
factor, is estimated as

Γ =
Pcore
P∞

, (38)

where Pcore is the cross-sectional power inside the core, i.e.
the optical power confined inside the core, and P∞ represents
the complete power, that means the power over the entire
cross-section [42].

The interaction of the guided light with the surrounding
medium is not only described by the field confinement factor
but also by the waveguide sensitivity. It can be shown that a
higher field confinement inside the cladding material, which
is in fact the fluid, increases the waveguide sensitivity [43],
[44]. Since the effective refractive index reflects the light

Figure 10. Typical waveguide geometries are rib, strip and slot waveguides.
The increased light-analyte-interaction increases on the one hand the waveg-
uide sensitivity but increases, on the other hand, the optical losses, too.

propagation inside a waveguide, the waveguide sensitivity is
defined in different ways, depending on the sensing mecha-
nism, i.e. chemical bulk sensing or label-free surface sensing.
In principle, the waveguide sensitivity is evaluated by

Swg =
∆neff

∆ξ
, (39)

where ∆neff represents the effective refractive index change
and ξ represents either the change of the cladding refractive
index nclad in case of chemical bulk sensing or the thickness
of the adhered layer t or the mass density ρ when label-free
surface sensing is considered. Due to the different units of the
considered sensing mechanism ξ = {nclad, t, ρ}, the unit of
the waveguide sensitivity is given by RIU/RIU , RIU/nm
or RIU/(pg/mm2), respectively, where RIU is the refractive
index unit.

It is common to optimize the waveguide sensitivity by
calculating the optical field distribution with, e.g., by using
the finite-element method. In this case, the effective refractive
index neff can be calculated by solving the Helmholtz equa-
tion for different nclad. By plotting neff over nclad gives us
Swg by taking the slope of this graph [31].

Preferred waveguide structures to enhance Swg are slot
waveguides or subwavelength gratings (SWG) [45], [46]. Be-
sides that, the use of the transverse-magnetic (TM) instead of
transverse-electric (TE) mode can also increase the waveguide
sensitivity [47]. The polarization of the guided waveguide
mode influences the light-analyte-interaction. In general, both
fundamental modes can be used, i.e. the first TE mode and first
TM mode. In case of the fundamental TE mode, the dominant
transverse electric field component is oriented parallel to the
substrate, while in case of the fundamental TM mode the
dominant transverse magnetic field component lies parallel
to the substrate. The TM mode shows higher light-analyte-
interaction at the expense of optical losses. Besides that,
the TE mode is preferred because most photonic devices
like beam splitter, grating coupler or spot-size converter are
optimized for it since it is commonly used for applications in
telecommunication, a technological driver of PICs.



IEEE SENSORS JOURNAL 11

B. Ring resonator sensitivity

The resonance wavelength shift can be calculated from
resonator metrics, that is [48]

∆λres =
λres
ng

∆nclad, (40)

where ng is the group index, λres is the resonance wavelength
and ∆nclad determines the refractive index change of the
cladding material. The group index can be calculated by

ng = neff − λ
δneff
δλ

. (41)

Here, the effective refractive index of the optical waveguide
is denoted as neff . The second term of Eq. 41 is referred to
as dispersion of the group index. Assuming a small resonance
wavelength shift and, hence, a flat dispersion, the group index
can be approximated by

ng ≈ neff =
λ2

FSR

1

Lring
, (42)

where Lring is the ring circumference and FSR is the free
spectral range. From this formula it is apparent that the free
spectral range has a quadratic dependency on the wavelength,
i.e. FSR ∝ λ2.

However, the ring resonator sensitivity depends not only on
the waveguide geometry and, therefore, a second definition
defining the ring resonator sensitivity is given by

Srr =
∆λres
∆neff

. (43)

C. Overall sensor performance

Taken both definitions into account, we get the overall
photonic device sensitivity defined by

S = SwgSrr =
∆neff

∆ξ

∆λres
∆neff

=
∆λres

∆ξ
. (44)

It should be noted that the change of the cladding refrac-
tive index ∆nclad is induced by binding of antigens to the
functionalized waveguide surface. These definitions, however,
are solely related to the photonic device and not to a directly
measurable quantity. In this scenario, the minimum detectable
change in the cladding refractive index gives us the limit
of detection (LOD), which depends clearly on the minimum
detectable resonance wavelength shift ∆λmin that can be
resolved by the measurement set-up.

The LOD can be determined by

LOD = ∆ξ. (45)

Therefore, the LOD can have three different units, depending
on ξ. For chemical bulk sensing, a minimum change of the
refractive index in the cladding (ξ = ∆nclad) is considered
and the unit is RIU. In case of label-free surface sensing, the
minimum change of the thickness of the adhere layer (ξ = ∆t)
or of the mass density (ξ = ∆ρ) is considered and the unit of
the LOD becomes pg/mm2. The LOD can also be calculated
from the minimum resonance wavelength shift ∆λmin and the
sensitivity S by

LOD =
∆λmin
S

. (46)

To get a metric which is independently from the measurement
set-up, an intrinsic LOD (iLOD) is necessary [49]. It can be
obtained by setting the measurement resolution MR as full
width at half maximum (FWHM ) of the resonance peak,
which leads to

iLOD =
FWHM

S
=
λres
QS

, (47)

where Q denotes the optical quality factor, which is deter-
mined by

Q =
λres

FWHM
. (48)

In the following, we provide information that should be
considered when designing photonic sensors based on MRR:

1) Increasing the waveguide sensitivity Swg increases the
light-analyte-interaction. In fact, this determines the
wavelength shift ∆λ and has a strong impact on the
overall sensitivity. This can be achieved by a simple
simulation study, in which the waveguide geometry is
chosen to obtain highest Swg .

2) The use of the transverse-magnetic (TM) instead of
transverse-electric (TE) mode can also increase the
waveguide sensitivity due to a higher field confinement
inside the aqueous solution.

3) An enhanced waveguide sensitivity only improves the
LOD if it does not result in additional losses of the
waveguide mode [50].

4) Enhancing the ring resonator sensitivity Srr, which deter-
mines the wavelength shift ∆λ depending on the effective
refractive index change ∆neff , which can be also done
by simulating the spectrum of the MRR at different
∆neff .

5) The impact of noise on the determination of the resonance
wavelength will be reduced with increased optical Q-
factor [51], [52]. Therefore, it is necessary to reduce
optical losses in order to decrease FWHM . A lower
FWHM is lowering the attenuation inside the MRR and,
therefore, minimizes the smallest detectable wavelength
shift ∆λ and consequently the MR, LOD as well as
iLOD.

6) Reducing the small footprint by decreasing the circumfer-
ence Lring reduces the area consumption and, as a direct
consequence, device costs significantly. This leads to a
high integration density, which is of special interest for
multiplexing.

7) Small ring radii increase the free spectral range FSR.
This is from great interest if large molecules are detected,
leading to a large resonance shift ∆λres. The FSR needs
to be larger than ∆λres, which is achieved by reducing
the ring circumference.

8) On the other hand, a small ring circumference reduces
the ring resonator sensitivity and limit of detection.
Therefore, a trade-off between sensitivity and free spec-
tral range is required, which strongly depends on the
application.

9) The iLOD improves by reducing the losses, which is
function of the light wavelength. Therefore, photonic
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Figure 11. a) Normalized transmission of a MRR at various temperature. b)
Resonance peak position as function of the temperature.

biosensors should operate in the visible, where the water
absorption is much lower than in the infrared [50].

As mentioned before, each waveguide-type has advantages
and disadvantages and therefore, a design trade-off regarding
sensitivity and optical losses is necessary. Recently, a hybrid-
waveguide ring resonator was proposed to combine a strip
waveguide with a slot waveguide in such a way that the figure
of merit FOM = Srr/FWHM is maximized [53].

Another important sensitivity definition is required due
to the strong thermo-optical effect of silicon. Please note,
it is common to neglect the thermal expansion of silicon
(κSi = 3.57 · 10−6/K) since it is about 100 times smaller
than the thermo-optical effect (dn/dT = 1.8 · 10−4/K) [54].
The thermo-optical effect changes the effective refractive index
neff and, hence, the a resonance wavelength shift ∆λres
occurs. As rule of thumb, the more light is confined inside
the silicon waveguide, the larger is ∆λres. In other words, a
rib waveguide shows a stronger dependence of the effective
refractive index on the temperature as a slot waveguide be-
cause the guided light has a higher interaction with the silicon.
The resonance wavelength shift ∆λres has a strong linear
dependency on the temperature T . The temperature-sensitivity
is therefore defined as follows:

ST =
∆λres
∆T

(49)

Figure 11b shows an example. The data of Figure 11b
is deduced from Figure 11a. A temperature-sensitivity of
80.1 pm/K is revealed from the slope in Figure 11b.

V. SURFACE FUNCTIONALIZATION FOR LABEL-FREE
DETECTION

Label-free assays are preferably used because they allow
for direct measurement of the target eliminating labelling steps
and therefore reduce effort for sample preparation. In this way,
even targets are measured which cannot be labelled easily and
analytes can be detected in the native state [55], [56].

If we consider a basic label-free assay, a sensor surface is
coated with an affinity structure, which binds the target, e.g. a
virus, at low concentrations with high selectivity (see Figure
12). The resulting mass gain or local change of the refractive
index is detected by the MRR, and a signal shift is obtained.
Therefore, two key steps must be met: a) modification of the
sensor surface to allow for controlled surface chemistry and b)

immobilization of a suitable high-affinity binder on the surface
while maintaining its activity.

HN

HN

O

O

silicon waveguide

target e.g. virus

antibodyantibodysurface functionalization

Figure 12. Basic schematic view of a label-free assay with antibodies
immobilized on a silicon structure by a linker. The refractive index around
the silicon structure is increased when the target is bound (not to scale).

A. Surface modification

Surface functionalization of silicon can be achieved with
established organofunctional silane [55], [57], [58], which is
based on the formation of covalent Si-O-Si bonds between
oxidized silicon structure and the coating substance. Silicon
has a thin native oxide layer, if exposed to air and/or moisture
[59]. Therefore, a condensation type-reaction of oxidized bulk
silicon surface and pre-hydrolyzed alkoxysilanes is typically
used. In the first step, the surface of the silicon may be
cleaned and activated, e.g. by strong heating [58], with plasma
cleaning [60] or chemically with strongly acidic hydrogen
peroxide solution (Piranha solution) to yield a pristine surface
with silanol groups [61]–[63], as shown in Figure 13a. In the
second step, either methoxysilanes (Figure 13b) or ethoxysi-
lanes in a pure solvent or with a small percentage of water
[64] (to in situ forms the reactive silanes) are added. Com-
mon methoxy silanes are (3-aminopropyl)-trimethoxysilane
(APTMS), which leads to amino-modified surfaces [55] or
(3-glycidyloxypropyl)-trimethoxysilane (GLYMO) to obtain
epoxy-modified surfaces [62] (see Figure 13c). After an incu-
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Figure 13. Reaction of the oxidized silicon surface (1) with methoxysilanes
(2) to obtain a functionalized surface (3).

bation ranging from minutes to hours, the sample is thoroughly
washed and dried; an additional curing step at increased
temperature may be performed to aid the condensation reaction
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[58], [64]. The obtained functionalized surface is now available
for further modifications (Figure 13c).

B. Immobilization of high-affinity binder

Several binder types like peptides [65], aptamers [64] or
molecular imprinted polymers (MIPs) [66] are used for sensor
surfaces coatings, but the most prominent class are antibodies
[63] or antibody fragments [58]. Antibodies are Y-shaped
proteins (see Figure 12) and very sensitive and selective to
the target structure rendering them the ideal choice for many
biosensor applications. Typically, these proteins are covalently
immobilized by coupling accessible amino groups from lysine
residues or if present, free sulfhydryl groups from cysteine
residues on reactive surfaces. For amine surfaces, various
coupling paths have been demonstrated using an amine group
of the protein and a linker molecule. The most prominent are
hereby introduced (Figure 14):

1) Glutaraldehyde (GAD) activation of the surface followed
by coupling with the target protein (P) and final reduction
of the generated imine-bonds to yield stable amine-bonds
with sodium cyanoborohydride (NaBH3(CN)) [58].

2) Succinic anhydride (SCA) modification of the surface
and activation of the carboxylic acid with NHS/EDC
(NHS = N-Hydroxysuccinimid, EDC = 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid) to yield an NHS ester
subsequently reacting with free amines of the protein to
yield stable amide bonds [55].
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Figure 14. The aminated surface is either reacted with glutaraldehyde (top),
or with or succinic anhydride (bottom) and then coupled to the protein.

While the results of both reaction paths seem very similar,
surface charges can play an important role in the correct
orientation of the immobilized proteins [67]. An alternating
head-on tail-on immobilization pattern could be observed
for antibodies in the SCA path, due to the neutral surface
charge of NHS activated surfaces at neutral pH, or in the
conjugation step [67]. In the GAD path, the final surface may
be positively charged due to the generated secondary amines,
possibly leading to increased unspecific binding of proteins
in the final assay. Also, higher head-on immobilization for
antibodies was observed for GAD surfaces, possibly due to
the more reactive α-amino groups in the head [67]. The
direct immobilization of the antibody may lead to deforma-
tion and loss of function of the antibody. Therefore, direct
immobilization of the antibody should be balanced against the
immobilization with more robust affinity proteins like Protein
A or Protein G [69]. Oriented immobilization of antibodies
on the surface might be favorable if the highest activity of the
surface is desired [67], [70]. With new protocols, as illustrated
in Figure 15, the benefits of antibodies orientation with affinity
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Figure 15. Head-on (a), tail-on (b) and oriented (c) immobilization with
the affinity binder Protein A of IgG [68]. The antibody binding sites are
highlighted in red.

proteins and covalent immobilization were shown as promising
immobilization strategies for future biosensors [68].

C. Recipe for label-free surface sensing

In the following we want to provide step-by-step instruc-
tions for a specific surface modification of a micro-ring
resonators chip with sensitivity to trinitrophenyl. This recipe
can be used as guideline and starting point for antibody-based
biosensors. The coating with Protein-G allows for convenient
affinity binder immobilisation on the sensor surface. While
we used anti TNT-antibodies, due to the high affinity of
Protein-G to various IgG species and classes the chip can be
readily modified with other high affinity antibodies to match
the required target molecule. Also, antibody immobilisation
on the Protein-G layer may be directly monitored to optimise
experimental setups.

1) Cleaning and activation (optional):
The photonic chip should carefully vortexed for at least
20 s with 1 ml of 1 M NaOH in a 2 ml tube at 1000 rpm
and incubated for five minutes. Subsequently, the chip
should be carefully vortexed in water for 20 s and in-
cubated for five minutes. The chip is transferred in
1 M HCl, vortexed carefully for 20 s, and incubated for
another five minutes. Finally, the chip can be incubated
in water for five minutes, vortexed in absolute ethanol,
followed by acetone (HPLC grade), and then allowed to
dry on a clean bench.

2) Silanization:
10µl of (3-glycidoxypropyl)methyl dimethoxy-silane and
10µl water should be added to 980µl absolute ethanol
and then mixed. The dry chip was submerged in the
solution, carefully vortexed, and incubated overnight.
Subsequently, the chip should be washed three times with
approximately 1 ml absolute ethanol and allowed to dry
on a clean bench.

3) Affinity coating with Cys-Protein-G:
A 0.5 mg/ml solution of Cys-Protein-G in PBS (100 mM
phosphate, pH = 7.8) needs to be prepared, and 100µl
should be deposited on the chip.

4) Antibody immobilization:
The antibody of choice is the monoclonal mouse anti-
body A1.1.1 (subclass IgG1), which should be diluted
to 1 mg/ml in PBS. About 100µl can be deposited on
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the chip as described above and incubated for one hour.
Alternatively, human, goat, mouse or rabbit antibodies are
suitable and allow for a broad variety of targets.

VI. EXPERIMENTAL SET-UPS AND MEASUREMENT
PROCEDURE

The light is introduced into the chip by means of grating
coupler technique, i.e. the light is coupled from a single-mode
fiber into a single-mode silicon waveguide via optical grating
coupler, which are etched into the waveguide [71]. In the case
of butt coupling, the light is introduced on the edge of the
chip [72]. Butt coupling is typically utilized for applications in
telecommunication since it provides low coupling-loss, large
spectral bandwidth, and low-sensitivity to polarization [73].
For biosensing applications, it allows to couple TE and TM
modes to the waveguide. TE modes are preferred when grating
couplers are used due to the lower insertion loss. However, the
main advantage of grating couplers is the possibility of wafer-
level testing [74]. Due to this reason, the TE mode is typically
used in PIC-technology, including biosensing applications. A
comprehensive overview of coupling strategies can be found
in Ref. [75].

For the application of MRR as chemical and/or biochemical
sensor, three MRR are necessary. The first MRR is encapsu-
lated in such a way that it can be used to track ∆λ due to a
change of the temperature. This is necessary because silicon
exhibits inherently a large thermo-optical effect, leading to
change of the resonance condition [76], which can be ad-
vantageously used as temperature sensor [77]. However, by
tracking the resonance shift with an encapsulated MRR, as
shown in Figure 11a, allows to eliminate this dependency from
the actual MRR-sensor, while both MRR should be placed near
to each other. Such initial tests can be performed by using a
hot plate if no heater is integrated into the photonic chip. The
second MRR is not encapsulated and acts as the aforemen-
tioned sensor, which consists of the silicon-waveguide with
fully active surface functionalization, as described in section
V. The third MRR exhibits no surface functionalization and
aims to measure the bulk refractive index.

Label-free detection requires a differentiation between the
target analyte and the sample solution (background). There-
fore, a rinsing step is typically used to obtain the resonance
wavelength shift induced by the target analyte, as indicated in
Figure 16.
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Figure 16. Real-time measurement of analyte binding.

Bulk sensing is typically performed by using, for example,
different concentration of NaCl in DI water, as shown in
Figure 17. From such measurement, the resonance wavelength
shift can be deduced and plotted as function of the different
concentrations. To obtain the ring resonator sensitivity Srr, the
concentration needs to be translated into a refractive index.
The refractive index nf of the NaCl solved in DI water
at different concentrations C(wt%) and at a wavelength of
1550 nm can be calculated by [78]–[80]

nf (wt%) = 1.3105 + 0.17151
C(wt%)

100
. (50)

This gives us a linear relation between the resonance wave-
length shift to the refractive index of the aqueous solution, as
shown in Figure 18. The slop of the graph in 18 gives us the
ring resonator sensitivity Srr.
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Figure 17. Measurement of the resonance wavelength shift due to different
concentration of NaCl dispersed in water.
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Figure 18. Mean value of the resonance wavelength shift, that can be deduced
from Figure 17, over the refractive index of the sample solution.

VII. CONCLUSION

In this tutorial we have introduced the fundamental theory
of MRRs and their application as biochemical sensors. An
overview of fabrication aspects is provided. Besides that,
we have discussed the definitions of waveguide sensitivity
and ring resonator sensitivity. We inferred that the increased
waveguide sensitivity increases the light-analyte-interaction
but it only improves the limit of detection if it does not result
in additional optical losses. Further, we can conclude that a
trade-off between ring resonator sensitivity and free spectral
range is required, which strongly depends on the application.
It was highlighted that the choice of waveguide geometry is
significant for the ring resonator sensitivity. A guideline to
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design MRRs for biochemical sensing is provided and typical
experimental procedures are discussed. MRR-based photonic
sensors give perspective for future on-site diagnostics. How-
ever, future developments should tackle issues in terms of chip
packaging. The practical use is further hindered by expensive
laser sources and the large thermo-optical effect in silicon.
Another bottle-neck is the fiber-to-chip light coupling, which
requires a precise alignment of the optical fiber to the grating
coupler. A pluggable solution is required for practical appli-
cations, in particular for disposable sensors. Those drawbacks
need to be overcome and are topic of ongoing research.
Overall, the tutorial provided a starting point for scientists in
this interdisciplinary field and gives a critical overview ranging
from fabrication methodologies and sensor optimization to
surface functionalization and measurement procedures.
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