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Abstract

Guided wave optics provides a rich platform for fundamental investigations and applied

research in a variety of systems. This is due to the fact that waveguides possess unique

features, such as a large evanescent field, compactness and, most importantly, their

ability to be configured according to the required application. The ability to probe

molecular fundamental or overtone vibrations is fundamental to healthcare monitoring

techniques and sensing, since it provides information about the molecular structure.

Overtone vibrational spectroscopy is based on the interaction between light and matter

and is a powerful tool for investigating molecular structures in affordable near-infrared.

However, the near-IR region, which exhibits great potential, has not been investigated

properly - due to the low absorption cross-section of the overtone vibrational tran-

sitions. Understanding the absorption mechanism of molecular vibrational overtone

transitions will enable the development of new, efficient and affordable detection meth-

ods, which can be used for a variety of applications such as chemical sensors and medical

applications, and even for the monitoring efficiency of cancer treatment. To close this

gap, during my Ph.D. research I explored the overtone transitions in several systems,

including the different molecules and different waveguide architectures detailed in this

thesis.

My research focuses on the study of the absorption mechanism by molecular vibrational

overtone transitions with guided wave optic architectures. I found that optical waveg-

uides can be utilized for overtone spectroscopy. By creating disturbances/perturbations

in the guiding layer, such as holes or gratings, the sensitivity can be increased. In ad-

dition, decreasing the confinement of the mode by tapering a fiber can be also used to

enhance the sensitivity, due to an increase in the evanescent field penetration depth.
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1 Introduction

1.1 State of the art

Integrated photonics is a branch of photonics in which planar dielectric waveguides are fabri-

cated on a chip, such as those summarized in ref. [1]. On-chip nanophotonics is an emerging

and rapidly growing branch of integrated photonics in which the optical waveguides have

nanoscale dimensions. Due to their small dimensions, waveguides allow miniaturization

and design of efficient optical components on a chip [2]. The material on which the pho-

tonic integrated circuitry (PIC) is made dictates its functionality. It dictates the operating

wavelengths and applications in terms of passive or active functionality. The materials for

waveguides are divided into two groups: passive and active materials. Passive materials are

materials that transmit light without absorption, generation or modulation of light. The first

passive material offered for guiding light was glass. It is dated back to 1880 when William

Wheeler transmitted light through a glass ’light pipe’. In 1966, a circular fiber was first used

as a guiding medium for light transmission [3]. In 1976 silicon was used for the first time for

optical waveguides. In the early 1990s, a silicon-on-insulator (SOI) wafer, originally used for

electronics, was first used for an optical waveguide [4, 5]. This progress opened the field of

photonic integrated circuits, due to the well-understood and robust material previously used

in the electronics industry. The development of optics communication gave rise to the devel-

opment of active materials for modulating and amplifying guided light. The first proposed

material was lithium niobate (LiNbO3), a human-made ferroelectric crystalline material with

a large electro-optic effect [6] that allows its utilization for optical modulators [7, 8]. Due

to the evolution in the field of integrated photonics, the need for active materials that can

generate light has grown. Semiconductors have a direct bandgap that can be used for light

generation on a chip [9]. Furthermore, active materials can be used for the fabrication of

detectors on a chip [10]. Therefore, choosing the right material for the waveguide is crucial.

Optical waveguides are becoming an attractive building block in a variety of systems due

to their unique features such as large evanescent field, compactness and, mostly, the ability

to be configured to the required application. Waveguides used in integrated photonics are

planar and composed of at least three layers: the substrate, the guiding layer (or core),

and a cladding (air or others). The light is guided in the waveguide due to total internal

reflection (TIR) [11]. Common configurations of waveguides [1] include slab, strip loaded,

ridge, rib, buried and diffused, as shown in Fig. 1. Each configuration has properties that

can be utilized for different applications. For example, a ridge waveguide can be used for

sensing due to the large evanescent field, while a buried waveguide configuration can be

used for optics communication. Optical waveguides can be used for both passive and active
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applications such as splitters [12, 13], directional couplers [14, 15], optical modulators [16, 17]

and light sources [18, 19].

Figure 1: Cross-section of common optical waveguide configurations: (a) ridge waveguide,
(b) slot waveguide, (c) rib waveguide, (d) buried waveguide and (e) diffused waveguide.

Optical waveguides can be also used for spectroscopy. Spectroscopy focuses on the inter-

action between radiation and matter [20] and can be used for remote and on-site detection.

For example, when illuminated with infrared (IR) radiation, the atoms in the molecule start

to vibrate. Each atom bond vibrates in different modes, resulting in distinct absorption

bands for different atom bonds that give information about the molecule structure. Refrac-

tometers are sensors that rely on changes in the refractive index of the analyte in a specific

wavelength [21, 22]. Refractometers can achieve high sensitivity for a refractive index change

with a resolution of 5.4×10−5 [21]. However, they lack the ability to identify analytes whose

refractive indices resemble other materials.

Another spectroscopic method is based on evanescent field absorption. Along the propa-

gation, a fraction of the field in a guided mode can penetrate beyond the guiding layer and

exponentially decay. This fraction of the field is called the evanescent field. Guided wave

structures can be used for an evanescent field sensor, which is also named ’attenuated total

reflection’ (ATR) sensor. It is based on the interaction between the evanescent field and the

analyte. It requires little or no sample preparation. In addition, ATR is good for highly

absorptive samples [23] due to the small penetration depth of the evanescent field. A ring-

resonator can be used as an evanescent field sensor [24]. It exhibits enhanced sensitivity due

to the strong influence of the resonator environment. It can sense temperature, refractive

index, and even strain. The sensitivity of the sensor is defined by the wavelength distance

between two resonances (FSR - free spectral range). Using a microring resonator, the spectra

of N -methylaniline (NMA) from 1.46 to 1.6 µm can be identified with a resolution of 1 nm

[25]. However, it cannot provide broadband sensing, due to limitations of the FSR-based

method [25]. Another option is the use of glass waveguides. Glass waveguides can be used

for molecular overtones in near-infrared while integrated with a microfluidic chip [26]. In

addition, diffused waveguides were used to detect N-H bond overtone absorption around 1.5
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µm [27]. The waveguides were pretreated by negative charge using plasma oxygen, which is

not suitable for on-site long-time measurements. Recently, optical waveguides were proposed

for detecting gas. The slow light phenomenon in a subwavelength grating waveguide was

utilized for enhancing the absorption of methane on a chip [28].

1.2 Methods

1.2.1 Optical guided wave structure

My work focused on the study of wave structures. The propagation of light in a waveguide is

based on a total internal reflection. When light hits the boundary between high to low index

material at a specific angle, called the critical angle, the light will be fully reflected. This

phenomenon is called total internal reflection. Therefore, for enabling the propagation of light

inside the waveguide, the refractive index of the guiding layer in a waveguide structure needs

to be higher than its surroundings. For the understanding of optical waveguide behavior, a

basic waveguide composed of three layers - a substrate, a guiding layer and a superstrate -

will be analyzed in this section, as illustrated in Fig. 2a. This configuration is called a slab

waveguide. This structure is not practical due to its infinite width but can be used for basic

analysis of waveguide modes and behavior. Figure 2b illustrates the differences between the

properties of different order modes. Each mode has a different reflection angle. As the order

of the mode increases, the reflection angle and the propagation constant (β) decreases.

Figure 2: (a) Slab waveguide configuration. (b) Illustration of the light properties for differ-
ent order modes [29].

The optical wave propagates in the waveguide as a mode. Mode is the spatial distribution

of optical energy propagating inside the waveguide and constant in time. The mode can be

described as a solution of Maxwell’s wave equation

∇2 ~E(~r, t) =
n2(~r)

c2

∂2 ~E(~r, t)

∂t2
(1)
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where E is the electric field, ~r is the radius vector, n is the refractive index and c is the light

speed in vacuum. Assuming monochromatic light, the solution is of the form

~E(~r, t) = ~E(~r)ejωt (2)

and we obtain [
∇2 + k2n(~r)2

]
~E(~r, t) = 0 (3)

where k = ω/c is the wavenumber and ω is the angular frequency.

Assuming the dimensions of the slab waveguide with infinite width in y axis (as shown

in Fig. 2a) and a uniform plane wave, ~E(~r) = ~E(x, y) exp(−jβz), we get the following

equation:

∂2E(x, y)/∂x2 + (k2ni
2 − β2)E(x, y) = 0 (4)

where E(x, y) is one of the cartesian components of ~E(x, y), i is the layer number and β is

the propagation constant. For each mode, there is a corresponding propagation constant βm

that is given by:

βm = kn2 sinφm = kn2 cos θm (5)

where m is the number of the mode, and φ and θ is the reflection and propagation angle,

respectively (Fig. 2b).

Due to the different propagation angles, each mode has a different velocity and, therefore,

a different effective index for the guiding material. The effective index for a mode m is given

as:

neff,m = c/vm = βm/k (6)

As can be seen from Eq. (4), the mode formation is dependent on the propagation

constant and, therefore, on the mode effective index. Figure 3 shows the possible modes

that exist in an optical waveguide as a function of the mode effective refractive index. There

are three possible scenarios. First, when the effective index of the mode is smaller than

the index of the superstrate (green bar region), the mode is air radiation mode and is not

propagating. Second, when the effective index of the mode is lower than the index of the

substrate and higher than the index of the superstrate (red bar region), the mode is substrate

radiation mode and is propagating for a very short distance. Third, when the effective mode

index is lower than the refractive index of the guiding layer and higher than the refractive

index of the substrate (blue bar region), the mode is guided mode and is propagating in the

waveguide. Therefore, there are only a limited number of guided modes that can exist when
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Figure 3: The possible modes in a planar waveguide [30].

the mode effective refractive index is in the range

n3 ≤ neff ≤ n2 (7)

Solving Eq. (4) for the effective refractive index range for guided modes gives the following

solutions for a slab waveguide for each region as:

E(x) =


Ae−q(x−tg) tg < x <∞

B cos(hx) + C sin(hx) 0 ≤ x ≤ tg

Depx −∞ < x < 0

(8)

q =

√
β2 − k2n1

2

h =
√

k2n2
2 − β2

p =

√
β2 − k2n3

2

(9)

where tg is the guiding layer thickness and A, B, C, and D are defined from the boundary

conditions.

As can be seen from the solutions outside the guiding layer, a fraction of the field in

a guided mode can penetrate beyond the guiding layer and exponentially decay. This is

called the evanescent field. It interacts with its surrounding and can be utilized for sensing

applications. The penetration depth of the evanescent field to a medium outside the guiding
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layer is defined as:

dp =
λ

2π
√
ng

2 sin2(φi)− na
2

(10)

where na is the refractive index for the medium, ng is the refractive index for the guiding

medium and φi is the incident angle inside the guiding layer as illustrated in Fig. 2a.

Equation (10) shows that the smaller the incident angle, the larger the penetration depth of

the evanescent field into the medium. The penetration depth depends on the incident angle,

that in turn depends on the effective mode index as shown in Eq. (11).

φi,m = sin−1(neff,m/ng) (11)

Equations (10) and (11) show that as the effective index of the mode is reduced, the penetra-

tion depth of the evanescent field increases and the mode is less confined in the guiding layer.

Therefore, decreasing the effective refractive index, which can be achieved by decreasing the

dimensions of the guiding layer or coupling power to higher-order modes, can be used for

enhancing the evanescent field and improving sensitivity.

1.2.2 Vibrational spectroscopy

My work included the study of guided wave optics structures for broadband label-free over-

tone spectroscopy in the near-infrared (NIR). In the infrared (IR) region, the interaction

between the radiation and the molecule causes the atoms to vibrate. Each molecule can

have a different number of vibrational modes with different energies. Each transition be-

tween vibrational modes has a different probability to occur. The rate of transitions can be

defined by Einstein coefficient of stimulated absorption as [31]

B =
|µij|2

6ε0~2
(12)

where ε0 is the permittivity of free space, ~ is the reduced Planck constant and µij is the

electric dipole transition moment from state i to state j which is defined as

µij = < i|µ|j > =

∫
ψ∗iµψj dr (13)

where ψ is the wave function and µ is the electric dipole moment, defined as

µ = µ0 +

(
∂µ

∂r

)
0

r +
1

2

(
∂2µ

∂r2

)
0

r2 + ... (14)
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where µ0 is the equilibrium value of the dipole moment, 0 is the value in the equilibrium

and r is the displacement.

Inserting Eq. (14) into Eq. (13), the following is obtained:

< i|µ|j > = µ0 < i|j > +

(
∂µ

∂r

)
0

< i|r|j > +
1

2

(
∂2µ

∂r2

)
0

< i|r2|j > +...

The states are orthogonal and the transition moment is defined as

< i|µ|j > =

(
∂µ

∂r

)
0

< i|r|j > +
1

2

(
∂2µ

∂r2

)
0

< i|r2|j > +... (15)

The transition matrix is non-zero only when there is a change in the dipole moment

during the vibration. Therefore, the selection rule for IR absorption is that a photon can be

absorbed only when a change in the dipole moment occurs during the vibration.

Figure 4: Diagrams of an oscillator mechanism [32] described by the energy levels (top) and
the corresponding spectral transmittance patterns (bottom) for: (a) Harmonic oscillator, (b)
harmonic oscillator with the heterogeneity of the medium and (c) anharmonic oscillator. De

and re are the dissociation energy and the equilibrium bond distance, respectively.

The first proposed model for the vibration of a molecule was a model of a harmonic oscil-

lator in which the vibration is described as that of a spring. For calculating the vibrational

energy levels of the molecule, the time-independent Schrödinger equation for a single particle
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can be used, defined as:

Eψ = Hψ = (T + V )ψ = − ~2

2m
∇2ψ + V (r)ψ (16)

where E is the total energy, m is the mass, V (r) is the potential energy, H is the Hamilto-

nian, which is the operator for the total energy of a system, and T and V are the operators

for the kinetic and the potential energy, respectively.

The Schrödinger equation for a movement in one dimension, which fits the harmonic model,

is defined as:

Eψ = − ~2

2m

d2ψ

dx2
+ V (x)ψ (17)

In the harmonic model, the potential energy is parabolic, as shown in Fig. 4a (top). By

solving the Schrödinger equation for a parabolic potential function, the energy levels of a

harmonic oscillator are calculated as [31]:

Ev =

(
v +

1

2

)
~ω (18)

ω =

√
k

M
M =

m1·m2

m1 +m2

(19)

where v is the number of the energy level, k is the force constant, M is the reduced mass

and ω is the natural angular frequency of the oscillator.

Assuming a small displacement, the dipole moment is changed linearly along with the

vibration. Therefore, the second and higher-order derivatives of the dipole moment, defined

by Eq. (14), are neglected, and the electric dipole transition moment is defined as:

µij = < i|µ|j > =

(
∂µ

∂r

)
0

< i|r|j > (20)

Assuming the harmonic oscillator model, the wavefunctions are Hermite polynomials and,

as a result, non-zero contributions will be obtained only when v′ = v + 1 [31]. Therefore,

the selection rule allows only a transition of ∆v = ±1. This means that only a photon with

specific energy corresponding to a specific frequency, called the fundamental frequency, can

be absorbed, resulting in fundamental vibration. The absorption of a photon with specific

energy causes a discrete absorption with zero line width, as illustrated in Fig. 4a. Practically,

the molecules are in a heterogeneous solution that has a different influence on each molecule.
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The heterogeneous solution results in a small change in the energy levels for each molecule,

therefore the absorption band experiences a broadening effect, as illustrated in Fig. 4b.

Figure 5: Illustration of Morse potential function for anharmonic vibration compared to
potential function for harmonic vibration. Ef - fundamental vibrational transition energy.
Eoi - ith overtone vibrational transition energy. De - is the dissociation energy.

In practice, the molecule has electrical and mechanical anharmonicity that causes the

molecule to behave as an anharmonic oscillator. An estimated model for an anharmonic

oscillator is the Morse potential function. Morse potential function, in contrast to the har-

monic model, includes the effect of bond breaking De and the anharmonicity of the bonds.

These differences can be seen in Fig. 5. The Morse potential function is defined as:

E(r) = V (r) = De(1− exp[−a(r − re)])2 (21)

where De is the dissociation energy, a is a constant for a particular molecule, r is the distance

between atoms and re is the equilibrium bond distance.

Solving the Schrödinger equation for the Morse potential gives the energy levels for the

anharmonic model as [31]:

Ev = (v + 1/2)~ω − (v + 1/2)2χe~ω (22)

where v is the number of the energy level, ~ is the reduced Planck constant and χe is the

anharmonicity coefficient.

Due to the anharmonicity of the molecule, the higher-order derivatives in the dipole

moment in Eq. (14) are non-zero and, therefore, cannot be neglected. As a result, the

transition moment is defined as Eq. (15). However, in polyatomic molecules, the vibration

affects other bonds and the restoring force. Instead of using the displacement r, we define Q,
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which is the linear combination of the displacements. For example, for a symmetric stretch

of CO2, the linear combination of the displacements Q is defined as:

Q =
1√
2

(q1 − q3) (23)

where q is the mass-weighted coordinates, defined as:

qi =
√
miri (24)

Using the new definition of the displacement (shown in Eq. (23)), the dipole moment of a

diatomic molecule is defined as:

µ = µ0 +
∑
i

(
∂µ

∂Qi

)
0

Qi +
1

2

∑
i,j

(
∂2µ

∂Qi∂Qj

)
0

QiQj + ... (25)

Due to the anharmonicity, the probability of transitions of ∆v > 1 (for example: 0→2,

0→3 and 0→4) is non-zero and the transitions are allowed. The transition of ∆v > 1 is

called overtone. The vibrational overtone transitions result in multiple absorption bands,

as illustrated in Fig. 4c. In addition, in polyatomic molecules, when i 6= j in Eq. (25),

two vibrational modes are excited simultaneously. The excitation of two modes is called

the combination mode. For example, in aniline, the combination modes cause a broadening

around the N-H first overtone absorption at 1.5 µm [33]. Another phenomenon that occurs in

the anharmonic oscillator model is the absorption broadening caused by a transition from an

excited state. Eq. (22) shows that as energy increases, the difference between the adjacent

energy levels becomes slightly smaller. Therefore, transitions with the same ∆v have a

slightly different exciting frequency. The frequency shift causes a broadening in absorption

bands. For example, the transitions of 1→2, 2→3 and 3→4 cause broadening around the

fundamental vibration absorption. Therefore, the overtone-excited near-infrared region is of

great interest.

1.2.3 Numerical simulation

In my work, I used two simulation software solutions: Lumerical FDTD and COMSOL

multiphysics.

Lumerical FDTD is based on the Finite Difference Time Domain (FDTD) method which

was developed in 1966 [34]. It solves Maxwell’s equations without any physical approxi-

mation. In this method, the domain of the simulation is divided into a grid of points as

shown in Fig. 6a. In the first step, the equations are solved for the initial time. Then, the
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Figure 6: Schemes of the numerical simulation methods: (a) Yee scheme for finite difference
time domain (FDTD) method [34] and (b) finite element method (FEM) scheme [35].

time progresses one step and the equations are solved again. This time-domain method can

therefore be used for a range of frequencies in one simulation, as opposed to other methods.

COMSOL multiphysics is based on the Finite Element Method (FEM) which was first

offered in 1941 [35]. This method is based on discretization for an approximation of the real

solution to the partial differential equations. In this method, the domain of the simulation is

divided into small elements (as shown in Fig. 6b) and solved for each element. The solutions

are then connected for the solution of the whole domain. Due to the meshing method, FEM

can be used for complicated structures and localized electromagnetic fields.

1.2.4 Experimental setup

My work included the construction of a homemade system to couple the light from a broad-

band laser source both inside and outside the waveguide to an optical spectrum analyzer, as

shown in Fig. 7.

The first part of the system is the coupling of a broadband source inside an optical fiber

as shown in Fig. 7a. The output of a broadband laser source (Fianium WL-SC-400-8-PP)

was held by a v-groove that was placed on a 3D stage. The collecting pigtail optical fiber

was placed on the second 3D stage. A 10x objective was placed in a fixed location on the

second stage. The distance between the objective and the fiber connector was estimated

as the objective working distance (10.6 mm). The output of the fiber was connected to

the optical spectrum analyzer (OSA, Yokogawa AQ6370) with a resolution of 1 nm and a

sampling interval of 0.2 nm. First, the laser was aimed at the center of the objective for an

optimal starting calibration point. Due to the high power of the laser, an attenuator was

placed after the laser to decrease the power and prevent high reflection, which harms the
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Figure 7: (a) The coupling setup of laser to fiber. (b) The waveguide input and output
coupling setup.

alignment of the laser by causing dazzle. Next, the attenuator was removed and the fiber

was aligned for a smooth and high power spectrum.

The second part of the system is: coupling the light inside the waveguide and collecting

the waveguide output as shown in Fig. 7b. The problem is that the divergence angle of

the fiber output is 0.13 rad (4.75 degrees), which creates a beam wider than the waveguide

facet. This creates big coupling losses. Therefore, for coupling the laser into the waveguide

I used a lensed fiber with a waist diameter of 4.2 µm and a working distance of 13 µm. The

single-mode fiber was connected to the lensed fiber using an FC/PC to FC/PC mating sleeve.

The lensed fiber was held with a v-groove which was placed on a precise 3D stage. Another

problem is that a small angle between the fibers and the waveguide can cause a problem

with the coupling. Therefore, the waveguide was placed on a 3D stage with a rotation stage

for verifying that the waveguide and fibers were aligned at the same angle. The waveguide

output was collected with another pigtail fiber, held with a v-groove placed on a precise

3D stage. The output was collected to an optical spectrum analyzer. The whole waveguide

coupling system was monitored by a microscope for precise alignment.

1.2.5 The fabrication process of microfibers

One of the methods I used to enhance sensitivity was by decreasing the confinement of

the mode in guided wave structure. By minimizing the dimensions of the guiding medium,

the confinement of the mode decreases. As a result, the fraction of the power and the

penetration depth of the evanescent field increases. As a guided wave architecture I used a

tapered fiber, as illustrated in Fig. 8a. To check the influence of decreasing the confinement

of the mode on sensitivity, I fabricated a microfiber by tapering a commercial optical fiber,
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Figure 8: (a) Illustration of a tapered fiber. (b) Illustration of the tapering machine [36].

as illustrated in Fig. 8b. The single-mode fiber (SMF-28) was tapered to approximately 2.5

µm diameter, using a commercial Vytran GPX-3000 tapering system. In the first step, the

acrylate polymer coating was removed from the tapering area. The tapering process was

divided into two steps. First, the fiber was tapered from a diameter of 125 µm to a diameter

of ∼15 µm. Next, the fiber was tapered from a diameter of ∼15 µm to a diameter of ∼2.5

µm. The tapered fiber was glued on both sides with epoxy glue to a metal fork, which I

designed and fabricated for achieving durability in the fragile microfiber region. A Teflon

spacer, to be used as a liquid reservoir due to its surface tension and hydrophobic attributes,

was placed under the tapered fiber.

1.2.6 Focused Ion Beam (FIB) technique

Figure 9: Illustration of a FIB-SEM dual-beam with a zoom of the electrons and ion beam
interaction with the sample [37].

For fabrication of the structure in the waveguide, I used a Focused Ion Beam (FIB)

technique, illustrated in Fig. 9. This technique was first used in field ion microscopes and
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later adopted by the semiconductor industry. This method is similar to the scanning electron

microscope (SEM) technique, but instead of a beam of electrons a beam of ions, usually

gallium (Ga), is used. The beam hits the substrate, sputtering the material in a controllable

manner. This technique allows the fabrication of structures at nanometer–micrometer scale

and can be used for fabrication of small unit-cell structures, such as parallelepipedal dielectric

metasurface for enhancing dipole moment [38] and anti-reflective metasurface [39]. The

imaging in the FIB machine is made by detection of the electrons emitted in the interaction

between the ions and the material, or by an additional SEM column. Furthermore, by using

different gas-injection sources, the FIB machine can locally deposit conducting material (W,

Pt, or C) or insulating material (SiO2). As a result, the FIB machine can be used for

depositing, sputtering and imaging, and is an important tool in the fabrication of micro-

and nanoscale structures on a waveguide.
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2 Published papers

2.1 Si Nanostrip Optical Waveguide for On-Chip Broadband Molec-

ular Overtone Spectroscopy in Near-Infrared

The first step in my research was to study the vibrational overtone absorption on a multimode

rib silicon waveguide [32].

The investigation of fundamental vibrations is performed in many systems. However,

overtone transitions are overlooked due to their low absorption cross-section. I investigated

the overtone absorption of aromatic amines, such as aniline and N -methylaniline (NMA),

using Silicon-on-Insulator (SOI) multi-mode rib waveguides [32]. Primary and secondary

amines are of tremendous importance because they are the major signal of environmental

pollution and are also widely used in the dye and pharmaceutical industries [40]. I inves-

tigated optical waveguides, since one can tune the optical mode and the evanescent field

interaction with the analyte to achieve superior sensitivities.

In this experiment, I used a silicon rib waveguide with a height of 2 µm, strip thickness

of 400 nm and width of 16 µm. A supercontinuum generation laser source was coupled into

a single-mode fiber and aligned using a piezoelectric translation stage into the waveguide.

The output signal was collected via multi-mode fiber into an optical spectrum analyzer. 3 µl

of N -methylaniline and Aniline were dropped on the waveguide separately and the output

spectrum was measured. The absorption bands of N -methylaniline of the vibrational mode

of the N-H first overtone and the C-H second overtone around 1.2 µm [41] were seen, in

addition to the differences in the transmission of aniline and N -methylaniline with different

concentrations. Morever, changes in the absorption band of the first overtone of N-H in

N -methylaniline and aniline were successfully detected around 1.5 µm. The N-H bond

overtone absorption in aniline has a red shift and N -methylaniline a blue shift, around 1.5

µm. The absorption band of aniline is wider compared to that of N -methylaniline, due to

the excitation of combination molecular vibrational modes [42].

From these results, I concluded that the sensitivity of the optical waveguide made of

silicon can be increased by more than 3 orders of magnitude compared to the numerical sim-

ulation, due to the excitation of high-order guided modes. Due to the large evanescent field

and increased interaction with the analyte, high-order modes contribute to the sensitivity of

the sensor. In addition, proof is shown of the excitation of molecular vibrations overtones

using a straight waveguide spectroscopy tool.
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ABSTRACT: The ability to probe the molecular fundamental
or overtone (high harmonics) vibrations is fundamental to
modern healthcare monitoring techniques and sensing
technologies since it provides information about the molecular
structure. However, since the absorption cross section of
molecular vibration overtones is much smaller compared to the
absorption cross section of fundamental vibrations, their
detection is challenging. Here, a silicon nanostrip rib
waveguide structure is proposed for label-free on-chip overtone
spectroscopy in near-infrared (NIR). Utilizing the large
refractive index contrast (Δn > 2) between the silicon core
of the waveguide and the silica substrate, a broadband NIR
lightwave can be efficiently guided. We show that the
sensitivity for chemical detection is increased by more than 3
orders of magnitude when compared to the evanescent-wave sensing predicted by the numerical model. This spectrometer
distinguished several common organic liquids such as N-methylaniline and aniline precisely without any surface modification to
the waveguide through the waveguide scanning over the absorption dips in the NIR transmission spectra. Planar NIR Si
nanostrip waveguide is a compact sensor that can provide a platform for accurate chemical detection. Our NIR Si nanostrip rib
waveguide device can enable the development of sensors for remote, on-site monitoring of chemicals.

KEYWORDS: molecular vibrations, overtones, near-infrared, waveguide, on-chip, nanosensor

Spectroscopy focuses on the interaction between light and
matter. This interaction results in absorption or emission of

radiation due to the change in molecular energy. The energy
appears in different regions of the electromagnetic spectrum
and gives distinctive information about the molecular structure
therefore, infrared spectroscopy is certainly one of the most
important analytical techniques available to today’s scientists. In
the mid-infrared (MIR) region of the electromagnetic
spectrum, the fundamental vibrations can be excited, resulting
in well pronounced absorption lines that mitigate the
identification of molecular bonds. However, their high
molecular absorption coefficient prevents large penetration
depth and an adjustment of sample thickness. As opposed to
the MIR, near-infrared (NIR) radiation excites overtone and
combination vibrational modes and allows direct analysis of
strongly absorbing and highly scattering samples without
further pretreatments. Albeit, absorption cross section of
molecular vibration overtones is much smaller compared to
the fundamental vibrations and therefore molecular vibration
overtones are challenging to detect.

Optical waveguides platform1 operating in NIR region can be
used for remote and on-site detection in applications such as
monitoring urban pollutants, toxins, volatile industrial elements,
and certain military threats. The major drawback of current
sensors is the specificity requirement determined by the
functionalization of the sensor’s surface. This additional process
of surface modification is aimed at identification of specific
chemicals. For instance, refractometers are sensors, which rely
on a change in refractive index,2−6 and therefore they lack in
identification of unlabeled analytes and bioentities since the
refractive index of many of them could be similar. In addition,
many different biochemical species coexist in a biological
sample and these species register nearly indistinguishable shifts
of refractive index when adsorbed onto the sensors. This results
in a difficulty of multichannel detection of group of analytes
since different areas of such sensor have to be differently
prepared or pretreated with different antibodies7−9 or markers.

Received: November 22, 2017
Accepted: February 13, 2018
Published: February 13, 2018

Article

pubs.acs.org/acssensorsCite This: ACS Sens. 2018, 3, 618−623

© 2018 American Chemical Society 618 DOI: 10.1021/acssensors.7b00867
ACS Sens. 2018, 3, 618−623

D
ow

nl
oa

de
d 

vi
a 

B
E

N
 G

U
R

IO
N

 U
N

IV
 O

F 
T

H
E

 N
E

G
E

V
 o

n 
A

pr
il 

8,
 2

02
1 

at
 0

6:
35

:5
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



Microresonator based sensing architectures,10−13 in contrast,
demonstrate high sensitivity at a specific wavelength. However,
due to the inherent property of the narrow free spectral range
(FSR), these devices cannot provide broadband sensing.14 Mid-
infrared spectroscopy is an efficient detection method which
allows for label-free sensing.15−17 In contrast to the sensing
techniques mentioned above, mid-infrared radiation is absorbed
by molecular bonds, resulting in well-defined fundamental
vibrations represented by absorption bands in the spectrum.18

Common equipment such as Fourier transform infrared
(FTIR) spectrometers19,20 or wavelength scanning monochro-
mators show mid-infrared spectra but they are bulky and much
larger than a chip-scale sensor. Chip-scale mid-infrared sensors
were reported21,22 for detection of common chemicals such as
N-bromohexane, toluene, and isopropanol. Near-infrared
spectrophotometers are widely used for acquiring near-infrared
spectra using a cuvette as a liquid reservoir. Similar to the FTIR
spectrometer, near-infrared spectrophotometers use benchtop
equipment that is too large for monolithic integration on a chip.
Chalcogenide waveguides23 were proposed to probe molecular

overtones in near-infrared while integrated with microfluidic
chip. Glass-based waveguides showed well-defined amine
overtone absorption band around 1.5 μm in the diffusive
regime.24 However, these waveguides were pretreated by
negative charge using plasma oxygen which is not suitable for
on-site long-time measurements.
Here, we present a new chip-scale photonic device that

utilizes NIR absorption by molecular vibration overtones for
label-free chemical sensing. We designed a multimode silicon
nanostrip waveguide in such a way, that launching the high
order modes improves the sensitivity of the chip-scale device
for broadband detection. Reducing the height of the nanostrip
will prevent the excitation of high order modes and affect the
sensitivity. We experimentally demonstrate that this NIR on-
chip sensor can distinguish between different organic liquids.
Our NIR Si nanostrip rib waveguide device can enable the
development of sensors for remote, on-site monitoring of
chemicals and more.

Figure 1. (a) Illustration of the experimental setup. Broadband NIR laser source is coupled to the single-mode fiber using a microscope objective.
The fiber is butt-coupled to the input facet of the waveguide. The output signal is collected by the multimode fiber into the optical spectrum
analyzer. The waveguides are imaged on the camera for the inspection, characterization and alignment. The propagation direction of light is indicated
by the arrows. (b) Schematic of a Si nanostrip rib structure. Incident light illuminates the waveguide facet. The liquid is placed on the waveguide
within the interaction length where the optical absorption for spectrum scanning takes place.

Figure 2. Diagrams of an oscillator mechanism described by the energy levels (top) and the corresponding spectral transmittance patterns (bottom)
for (a) harmonic oscillator, (b) harmonic oscillator with the heterogeneity of the medium, and (c) anharmonic oscillator. Dissociation energy and
the equilibrium bond distance are indicated by De and re, respectively.
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■ RESULTS AND DISCUSSION
Figure 1a shows an illustration of our experimental setup for
the demonstration of the effect. The broadband laser source
(Fianium WL-SC-400-15) was coupled to a single-mode fiber.
The fiber was held with a piezoelectric stage which allows for
precise adjustment of the fiber to the waveguide. The output
signal was collected via multimode fiber into an optical
spectrum analyzer (Yokogawa AQ6370D). The waveguide
surface was imaged onto a camera of the inverted microscope
for the accurate inspection.
The proposed sensor shown in Figure 1b has dimensions of

5 mm (L) × 5 mm (W) × 1 mm (D) and supports nine guided
modes. Due to the large evanescent field and increased
interaction with the analyte, high order modes contribute to the
sensitivity of the sensor. We found that, in Si nanostrip
configuration, the sensitivity of the sensor does not change
beyond nine modes. The effect of enhanced NIR absorption
was realized in butt-coupled experiments. To demonstrate the
effect, the sensor was butt-coupled to the single-mode fiber and
illuminated by the broadband source. The broadband source
allows for identifying multiple absorption bands and enables
identification of multiple bonds in the analyte. Although
sophisticated on-chip spectrometers have been demonstrated in
MIR21 and NIR,1,14,23,24 broadband NIR spectrometers have
never been shown for detection of molecular vibration
overtones for spectral tracing with Si nanostrip.
It is known that the NIR spectroscopy is based on molecular

overtones and combination modes vibrations with transitions
which are forbidden by the selection rules of quantum
mechanics.25 Transition probability Ri,j describes the possibility
of transition from lower i to higher j energy level defined by

∫ ψ ψ∝R M di j i j, (1)

with wave function ψ and transition moment operator M. Due
to the selection rule, only transition of Δv = ±1 is allowed in
the harmonic oscillator model. The energy differences between
the adjacent energy levels are constant, resulting in the
absorption of only a photon with the exact energy that fits
the frequency of the oscillator, ν0, as shown in Figure 2a. The
frequency that leads to the transition from v = 0 to v = 1 is the
fundamental frequency.
Ideally, in the harmonic model, the absorption spectra occur

at a discrete frequency with zero width (Figure 2a). However,
in practice, the absorption has nonzero width along the
spectrum (Figure 2b). This occurs because the harmonic model
describes a single diatomic molecule or identical diatomic
molecules. In practice, the diatomic molecules are not identical
because they are embedded in a heterogeneous solution. For
this reason, a molecule is influenced slightly differently by the
surroundings. As a result, the vibration frequency for the same
transition, for example the fundamental frequency, is a little
shifted in different molecules, resulting in broadening of the
absorption as shown in Figure 2b. Anharmonic models
influence the spectra in few ways. First, the energy differences
between the adjacent energy levels are slightly different. This
results in a group of absorptions of the same Δv (for example: 0
→ 1, 1 → 2, and 2 → 3), which results in broadening of the
spectral line. Second, the transition rule of the harmonic model
is not applied in the anharmonic model, which allows vibration
transitions of Δv ≠ 1. Few absorption bands will appear in the
spectrum, as shown in Figure 2c. The frequencies that result in
those transitions are called overtones or higher harmonics and

they are the topic of this paper. Due to the lower probability of
the overtone transitions, the first overtone is smaller by a factor
of 10 compared to the fundamental transition.26 The
probability of higher order overtones transitions also decreases
as factor 10, therefore, detection of molecular overtones is
challenging.26 As mentioned above, the great advantage of the
NIR spectroscopy is the large penetration depth into the
analyte. Therefore, broadband NIR spectroscopy can be very
useful in probing bulk material without special sample
preparation, surface functionalization or surface treatment.
In this paper, we describe NIR transparent chip-based device

that utilizes an optical nanostrip rib waveguide to guide a
broadband light for efficient monitoring of analytes. We suggest
a new approach that can allow the NIR light to interact with
bulk analyte and efficiently excite molecular vibration over-
tones. This device provides improvements over current
evanescent-wave detection using diffused waveguides,24 ring
resonators,14 or channel waveguides1,23 in three ways: (1) the
availability in detection over a broad spectral range (from λ =
1.1 μm to λ = 1.65 μm), (2) efficient coupling to high order
modes significantly enhances the interaction between the
evanescent field and the analyte and imparts high sensitivity to
this device, and (3) no need of surface treatment.
In Figure 1a, we illustrate the structure of the NIR silicon

nanostrip sensor device. The sensing element is a nanostrip rib
waveguide with two end-facets butt-coupled to optical fibers.
The optical fiber is launched into the nanostrip rib waveguide.
The hydrophibicity of the device due to the 2 nm thick layer of
the native oxide on Si, confines the liquids within the
interaction length. Thus, the Si nanostrip rib structure serves
as (a) an efficient NIR medium for transmitting the NIR light
and (b) fluid confining element. After passing through the
interaction length, the NIR probe light contains the fingerprint
of the analyte as an absorption bands. It is subsequently
recorded by a vis/near-IR optical spectrum analyzer. The
transmitted light contains the absorption spectrum of the
analyte. Each absorption band is related to different atomic
bonds in the analyte.
To illustrate the layout of the NIR nanostrip rib waveguides

and their corresponding NIR response, we highlight four
interfaces (Figure 1a): (I) the infacet where the in-coupling
light from the optical fiber couples to the waveguide, (II) and
(III) the interfaces between the waveguide and the analyte, and
(IV) the endfacet where the out-coupling light from the
waveguide couples to the optical fiber. The waveguide guiding
layer is made of silicon and the substrate is made of silica. The
sensing area is located within the interaction length and
between interface II and III. The guidance is provided by total
internal reflection at the interfaces with air and the SiO2
substrate. The total broadband optical transmittance of the
device is defined primarily by the losses of the power within the
interaction length and therefore is obtained as in ref 27:

∑ α= −ı
γ

γ γ
=

T C Lexp( )
1 0,1 ,.., 8

1 1

2

(2)

where Cγ1 = (Iγ0,γ1 + Iγ1,γ0)
2/(4Iγ0,γ0Iγ1,γ1) and L is the

interaction length. α is an attenuation coefficient in dB/cm of
modes27 in a region filled with the analyte 0 < y < L, and γ0 =
0,1,.., 8 are the guided modes in regions I,II and γ1 = 0,1,.., 8 are
the guided modes in regions II,III influenced by the analyte.
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Figure 3 shows scanning electron microscopy (SEM) images
of the fabricated Si nanostrip rib waveguides. A clearly resolved

400 nm thick nanostrip is etched on the Si forming the Si layer
of 2.4 μm. Then 2 μm silica layer is sandwiched between the
guiding layer and the silicon substrate to fulfill the guidance
condition. Figure 3b shows a top view of the rib waveguides of
different widths of the strip. The scattered light is due to the
roughness of the waveguide walls.
The chemical sensitivity of our rib nanostrip waveguide28 was

simulated using finite-difference time-domain (FDTD) and
finite-element method (FEM) numerical solvers. We deter-
mined sensitivity by calculating the fraction of the evanescent
field:

∫ ∫
∫ ∫η = =

−∞
∞

P

P

A

A

d

devanes
analyte

total

analyte

(3)

With time varying Poynting vector defined as

= ℜ *EH
1
2

{ }
(4)

The absorption is caused due to the excitation of molecular
vibration overtone, mathematically described by the complex
refractive index of the liquid; therefore, the electric E and
magnetic H fields in a waveguide evolve as complex.
Using FDTD solver, we studied the modes and their

absorption for rib waveguide at wavelength of 1.5 μm. Higher
order modes have greater absorption here, due to the strong
evanescent field. Figure 4a and b shows the predicted optical
field profiles (TE and TM, respectively) for propagating NIR
radiation, wavelength of λ = 1.5 μm within a rib waveguide with
pure N-methylaniline as analyte. Figure 4c and d shows the
absorption of TE modes and TM modes, respectively.
Figure 4a and b shows that in the silicon rib waveguide the

fundamental mode is highly confined at the center of the
waveguide core and interacts weakly with the analyte for both
TE and TM modes. In addition, it is shown in Figure 4c and d
that the absorbance for a low order modes in the silicon rib
waveguide have very low absorption. Thus, exciting higher
order modes will contribute to the enhancement of the
evanescent field, which consequently improves the sensitivity of
the sensor.1

It is important to understand the evolution of the modes due
to the abrupt discontinuity in the medium in which the
nanostrip is embedded. Specifically, the abrupt change in the
medium affects the guided modes, resulting in a unique spectral

signature of the molecule under investigation. Figure 5 shows
the cross section color maps of the evolution of normalized

mode profiles exhibiting interference and guided in the
interaction length of the designed waveguide (Figure 1a). A
Gaussian beam, wavelength of 1.5 μm, radius of 4.75 μm, and
divergence angle of 0.13 rad, was launched into the waveguide.
The analyte was explored at a distance d of y = 10 μm from the
waveguide infacet at the point of y = I. In the simulation y(I) =
0, the cross sections of the calculated normalized mode profiles
were performed at distances of y = 20, 22,.., 30 μm with an
interval of 2 μm from the beginning of the interaction length at
the point of y = II as shown in Figure 5.
For the validation of the proposed structure as efficient near-

infrared sensor, we explored N-methylaniline, aniline, and
mixture of N-methylaniline in hexane. These analytes have
absorption bands of the first overtone of the amine group N−H
around 1.5 μm.29 During the experiment, the analyte with
volume of 3 μL was dripped into the waveguide surface defining
the interaction length of 2 mm. Figure 6 shows the

Figure 3. Images of the Si nanostrip waveguide. (a) SEM image of the
waveguide cross section. (b) Top view of the rib waveguide showing
the scattering effect of waveguide walls. Figure 4. Calculated normalized fundamental mode intensity profile of

a Si nanostrip rib waveguide at λ = 1.5 μm of (a) fundamental TE and
(b) fundamental TM. (c) Absorbance of TEγ1,n modes. (d)
Absorbance of TMγ1,n modes. Note: For here γ1 = 0, 1, 2, 3 for
simplicity of visualization. However, the calculations were performed
for all nine γ1 = 0,1.., 8 modes.

Figure 5. Evolution of the interfered guided modes in the interaction
length with the analyte. Calculated normalized mode profiles using
FDTD, with different distance d from the beginning of the interaction
region at the point of y = II. d is indicated on each subplot. The
amplitude of normalized electric field (EF) is presented in the inset.

ACS Sensors Article

DOI: 10.1021/acssensors.7b00867
ACS Sens. 2018, 3, 618−623

621



experimental results performed on silicon nanostrip rib
waveguide experiments.
Figure 6a shows absorption bands of N-methylaniline around

1.5 and 1.2 μm which correspond to the molecule vibrational
modes of first N−H overtone and second C−H overtone,30

respectively. Figure 6b clearly shows differences in the
transmission of N-methylaniline and aniline. The absorption
bands of first overtone of N−H in N-methylaniline and aniline
was successfully detected around 1.5 μm. The absorption band
of aniline is wider compared to the absorption band of N-
methylaniline. The broadening of aniline absorption on the N−
H first overtone can be explained by the excitation of
combination molecular vibrational modes.29,31 Figure 6c
shows the transmission spectra of the pure N-methylaniline
molecule and mixture ratios 1:3 and 2:3 of NMA/hexane. It
demonstrates the ability to detect and study the absorption of
different mixtures ratio of NMA/hexane using a silicon rib
waveguide. The waveguide is illuminated by the optical fiber
with angular divergence, and therefore with other modes
(orthogonal to each other) coexisting. Each optical mode has a
discrete propagation constant β. The coupling efficiencies
(from fiber to waveguides) including the insertion and
propagation losses were −30 dB. Even with obtaining such a
high loss, the molecular signature overtones were detected on
the devices reported here.

■ CONCLUSIONS

In conclusion, we proposed a silicon nanostrip rib waveguide
structure for label-free on-chip overtone spectroscopy in NIR.
We show that, utilizing the large refractive index contrast (Δn >
2) between the Si core of the waveguide and the SiO2 substrate,
a broadband NIR lightwave can be efficiently guided. In
addition, we show that the sensitivity for chemical detection is
increased by more than 3 orders of magnitude when compared
to the evanescent-wave sensing predicted by the numerical
model. Our on-chip spectrometer distinguished several
common organic liquids such as N-methylaniline and aniline
precisely without any guide’s surface modification through the
spectral scanning over the absorption dips in the NIR
transmission spectra. Planar NIR silicon nanostrip waveguide
is a compact sensor which can provide a platform for accurate
chemical detection. Our NIR silicon nanostrip rib waveguide
device can enable the development of sensors for remote, on-
site monitoring of chemicals.

■ MATERIALS AND METHODS
Chemicals. Aniline (C6H5NH2, ≥99.5%), hexane (C6H14, ≥95%),

and N-methylaniline (C6H5NH(CH3), ≥98%) were purchased from
Sigma-Aldrich.

Fabrication. Silicon layer was e-beam evaporated on silicon wafer.
The rib patterns were first created with conventional photolithography
and then etched.

Waveguide Characterization. We measured the waveguide
dimension using a Stylus Profilometer, Veeco Dektak-8.

Simulation. The three-dimensional simulation was performed
using a commercial Maxwell solver: Lumerical FDTD (Finite
Difference Time Domain) solutions.

Spectroscopy on a Waveguide. The broadband laser source
(Fianium WL-SC-400-15), bandwidth from 450 to 2400 nm, was
focused into the single mode fiber (1550BHP) using an X10 plan
achromat objective (Olympus) with a numerical aperture of NA =
0.25. The fiber was aligned with the waveguide using a stereo
microscope (Zeiss Stemi SV6). The spectra were collected using the
multimode fiber into the optical spectrum analyzer (Yokogawa
6370D).
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2.2 Deflected Talbot-Mediated Overtone Spectroscopy in Near-

Infrared as a Label-Free Sensor on a Chip

The second step in my research was to investigate a new method to enhance sensitivity by

coupling the power to a high order mode. I studied the influence of a cluster of inclusions

on the sensitivity of an SOI rib waveguide by scattering [43].

Multi-mode interference (MMI) is a growing interest in integrated optics and can be

used for a variety of applications such as couplers [44] and sensors [45]. The phenomena of

a periodic structure that creates self-imaging were discovered in 1836 by Henry Fox Talbot

[46] and named the Talbot effect. When a guided wave is transmitted through a multi-mode

optical waveguide, it creates wavefront replicates of periodic perturbation patterns along the

propagation direction of the guided wave, due to a multi-mode interference effect.

I investigated the influence of cylindrical inclusions through the guiding layer on the

Talbot effect with multi-mode silicon rib waveguides. I explored numerically the Talbot effect

on a multi-mode waveguide. When the cylindrical inclusions are milled in the waveguide,

I notice an interesting field distribution pattern. It appears that the self-imaging effect

is deflected due to the inclusions. To prove this effect, I studied a silicon nanostrip rib

waveguide on silica - SiO2 substrate with a height of 1.6 µm and nanostrip height of 400 nm

with cylindrical inclusions in the guiding layer. I dripped a molecule with a volume of 3 µl

of N -methylaniline on the waveguide. The output signal was collected by the multi-mode

fiber into an optical spectrum analyzer. I found that the spectral signature of the molecular

vibration overtones around 1.5 µm is clearly seen in the waveguide with the inclusions.

However, when the waveguide is not perforated, evidence that the molecules are present on

the waveguide surface is cloaked.

From these results, I concluded that the perturbation along the propagation direction

of the guided mode embedded in the molecular medium enhances the absorption of the

molecular transition overtones by transferring power to higher-order modes.
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ABSTRACT: Rapid, sensitive, and reliable detection of aromatic
amines, toxic manufacturing byproducts, has been previously
achieved with molecular vibrations in the mid-infrared (Mid-IR)
region. However, Mid-IR spectroscopic tools are hampered by a
need to prepare the samples and the sensor cost. Here, we develop
an affordable label-free sensor on a chip, operating in near-infrared
(NIR) for ultrasensitive detection of absorption line signatures
based on molecular vibrations overtones of the aromatic amine N-
methylaniline probe molecule. We design a perforated silicon rib
waveguide and fabricate it by milling cylindrical inclusions through
the waveguide core. The molecular signatures were monitored
when waveguides are embedded in toxic N-methylaniline,
experiencing a deflected Talbot effect. We observed that when
the Talbot effect is deflected, the absorption lines in NIR are enhanced despite the weakly absorbing nature of the probe molecules.
This new spectroscopic strategy can potentially be extended to detect other common toxic byproducts in a chip-scale label-free
manner and to enhance the functionality of chemical monitoring.

KEYWORDS: molecular overtones, optical waveguide, multimode interference, near-infrared spectroscopy, integrated photonics

Multimode interference (MMI) devices have attracted
growing interest in integrated optics1,2 widely used for a

variety of applications such as communication,3,4 optical
spectroscopy,5 and integrated photonics.6,7 MMI devices
have a characteristic Talbot pattern. This pattern was
discovered in 1836 by Talbot8 in a periodic structure such as
diffraction grating, which creates a self-imaging effect. By
illuminating a diffraction grating, Talbot observed repetition of
color bands. Later, in 1881, this effect was rediscovered and
explained by Rayleigh.9 When light passes through the periodic
diffraction grating, it creates an image of the grating at distance
zT, which is named the Talbot length. The Talbot effect also
occurs in multimode (MM) waveguides.10−12 However, in the
MM waveguides, the Talbot effect is related to the different
propagation constants of the guided modes but not to the
periodicity of the input source. When a guided wave is
transmitted through a multimode optical waveguide, it creates
wavefront replicates of a periodic perturbation pattern along
the propagation direction of the guided wave.13 This occurs
due to the multimode interference effect. The MMI effect is
used to minimize and improve the optical devices, such as
Mach−Zehnder switches14,15 and modulators,16 and to
enhance the functionality of integrated photonic circuits.
Our sensor is based on the MMI effect. It is important to

note that MMI-based devices such as optical couplers have low
propagation losses and allow for small device dimensions,13

which make them ideal for Mach−Zehnder interferometers17

and other integrated photonic components. In addition, the
multimode interference effect in a waveguide can be used for
sensing applications.18 A sensor based on MMI can achieve a
resolution of 5.41 × 10−5 RIU.19 Instead of using the MMI
effect on a slab waveguide, the MMI structure can be also
created out of slot waveguides. Due to the changes in the
refractive index inside the slot, the output then is changed,
leading to the resolution of 9.8 × 10−5 RIU.20 However, those
structures behave as refractometers, which essentially lack in
specificity. In contrary, spectrometers operating in low energies
in infrared are specific since they are able to identify a
molecular structure from the unique absorption lines.21

Despite the fundamental interest to understand the mechanism
of absorption by molecular vibrations overtones, the
probability of the overtone transition of Δv > 1 (v is the
number of the energy level) is very small. The overtone
absorption is an order of magnitude smaller compared to the
fundamental vibration absorption,22 which makes the detection
of the overtone absorption challenging.23−25
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Here, we study the deflected Talbot effect realized in a
weakly absorbing molecular medium. To understand the
mechanism underlying the deflected Talbot effect in a weakly
absorbing medium, we combined several disciplines, namely,
the physics of guided wave optics, the waveguide with
inclusions fabrication routines, the surface chemistry, and the
molecular overtone spectroscopy. We explore the overtone
absorption by multimode interference (MMI) in multimode
silicon rib waveguides and reveal that the deflected Talbot
effect increases the probability of overtone transitions. Next,
we investigate the influence of cylindrical inclusions in the
guiding layer on the Talbot effect.

■ EXPERIMENTAL SECTION
Numerical Simulation. We built the three-dimensional (3D)

model and performed simulations using a commercial Maxwell solver:
Lumerical FDTD (finite difference time domain) solutions. A
Gaussian beam, with a wavelength of 1.5 μm, radius of 4.75 μm,
and divergence angle of 0.13 rad, was launched into a silicon-on-
insulator (SOI) rib waveguide with a slab height of 1.6 μm, strip
height of 0.4 μm, width of 8 μm, and waveguide length of 30 μm. The
refractive indices of silicon and silica are nSi(1.5 μm) = 3.48 and
nSiO2

(1.5 μm) = 1.444, respectively. The waveguide was embedded in
N-methylaniline (nNMA(1.5 μm) = 1.5712 + i8.931 × 10−5)18 in a
distance of 10 μm from the input facet. The cross section of the
electric field in x−y and x−z planes was taken in the middle of the
waveguide, y = 0 and z = 1 μm, respectively.
Waveguide Fabrication. The rib waveguide was fabricated on

silicon-on-insulator (SOI) wafer (Si carrier, 2 μm SiO2 and 2 μm Si).
For the fabrication process, we used e-beam resist poly-methyl
metacrylate (PMMA) 950K for writing the waveguides. After writing
and developing the resist, we evaporated a hard mask of aluminum
with a thickness of 50 nm via an electron gun evaporator. Next, we
soaked of the sample in acetone for 4 h as the lift-off process, and we
cleaned the sample with isopropanol (IPA). Eventually, we dry-etched
the sample with SF6 + Ar and O2, which enables us to get a straight
line and 90° waveguide wall. We removed the residue of the Al using a
400K developer.
Inclusion Cluster Fabrication. The inclusions of cylindrical

shape were milled into the silicon guiding layer using a Helios focused
ion beam (FIB). The holes were fabricated with a depth of 2 μm and
radius of 0.58 μm.
Spectroscopy on a Waveguide. A broadband laser source

(Fianium WL-SC-400-15), with bandwidths of 450 to 2400 nm, was
focused into a single mode fiber (1550BHP) using a X10 plan
achromat objective (Olympus) with a numerical aperture of NA =
0.25. The single-mode fiber was aligned to the waveguide using a 3D
stage (3-Axis NanoMax Stage) and monitored by a stereo microscope
(Zeiss Stemi SV6) for precise alignment. The transmitted spectra
were collected using a multimode fiber into a optical spectrum
analyzer (Yokogawa 6370D) at a wavelength range of 1−1.7 μm and
resolution of 1 nm.

■ RESULTS AND DISCUSSION
Molecular Overtone Transitions. Molecular vibration

overtone transitions can be excited in near-IR. Each molecular
vibration transition has a different probability to occur, which
is expressed by the oscillator strength. The oscillator strength f
is proportional to the square of electric dipole transition
moment26

π ν
μ= ℏ | |i

k
jjjj

y
{
zzzzf

m

e

4

3
e ij

ij2
2

(1)

where me is the mass of an electron, ℏ is the reduced Planck
constant, νij is the frequency for transition from state i to state

j, and μij is the electric dipole transition moment, which is
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where μ0 is the dipole moment at r = 0, where r is the
displacement and 0 indicates that the derivatives are at the
equilibrium bond length (detailed description of oscillator
strength can be found in the Supporting Information). From
eq S-10 in the Supporting Information, one can see that the
probability of the overtone vibration is an order of magnitude
smaller compared to the probability fundamental vibration,22

which makes it hard to identify. For this reason, here, we
propose to enhance the overtone transition probability by the
induced deflected Talbot effect on perforated optical wave-
guides with inclusions of cylindrical shape.
To investigate the influence of the inclusions on the Talbot

effect, we study a Silicon-On-Insulator (SOI) nanostrip rib
waveguide with 5 nm Ta2O5 overlayer, which acts as a capping
layer, having a cluster made of cylindrical inclusions in the
guiding layer, which is shown in Figure 1. We choose a square

configuration for the hole cluster due to the growing interest of
quadrumers for different fundamental phenomena.27 A
cylindrical shape was chosen for the inclusions due to the
easy fabrication process compared to other shapes. To observe
the Talbot effect by a multimode interference, we modeled the
waveguide with a height of 1.6 μm, nanostrip height of 400 nm,
and inclusion diameter of 1.12 μm, as shown in Figure 1.
Using Lumerical FDTD software, we modeled the wave-

guide when the inclusions are embedded in different media: air
and weakly absorbing media of N-methylaniline (NMA)
molecule.28 A Gaussian beam, with a wavelength of 1.5 μm,
radius of 4.75 μm, and divergence angle of 0.13 rad, was
launched into the waveguide. The inclusions were engraved at
a distance of 20 μm from the input facet. We explored the
conditions for the deflected Talbot regime in x−y and x−z
waveguide planes and its influence on molecular overtone
transitions. Due to the propagation of a number of modes in a
multimode waveguide, a wavefront replicates the periodic
perturbation pattern along the propagation. When the
dielectric perturbation occurs in a waveguide, some of the

Figure 1. Schematic of the dielectric rib waveguide with a silicon
guiding layer on the silica substrate with a cluster of inclusions of
cylindrical shape.

ACS Sensors pubs.acs.org/acssensors Article

https://dx.doi.org/10.1021/acssensors.0c00325
ACS Sens. 2020, 5, 1683−1688

1684



power transfers to other modes, which creates the deflected
Talbot effect.
First, we investigated the influence of the inclusions at the

x−z plane of the waveguide. Figure 2a shows a schematic cross
section in the center of the waveguide at the x−z plane. Due to
the multimode interference, a self-imaging Talbot effect occurs
in the silicon rib waveguide (Figure 2b). When the cylindrical
inclusion cluster is placed inside the core, the deflected Talbot
effect (Figure 2c,d) occurs when the guiding layer is embedded
in air and in weakly absorbing medium with dispersion of N-
methylaniline,24,28 respectively, which creates perturbation
along the propagation direction of the waveguide. Next, we
investigated the influence of the inclusions at the x−y plane of
the waveguide. Figure 3a shows a schematic cross section in
the center of the waveguide at the x−y plane. Figure 3b shows
the Talbot effect in the silicon rib waveguide as a deformation
of the field along the propagation. A perturbation appears
along the propagation direction in the waveguide (Figure 3c,d)
caused by the introduced inclusion cluster in the guiding layer
embedded in air and in N-methylaniline, respectively. We
notice a leakage beyond the waveguide strip confinement.
Figures 2 and 3 show that some power transfers to the other

modes and the Talbot effect becomes deflected due to the
dielectric perturbation of cylindrical shape (the evolution of
the guided modes is shown in the Supporting Information).
For the experiment, we first fabricated and characterized the

silicon rib waveguides. Figure 4a shows a scanning electron
micrograph image of fabricated rib waveguides (top view)
without inclusions. Next, the Talbot effect was deflected by the
cylindrical inclusion cluster milled into the guiding layer with a
focused ion beam (FIB) with a depth of 2 μm and radius of
580 nm. Figure 4b shows a scanning electron micrograph
image of the zoomed area on the fabricated inclusion cluster
(top view). The waveguides were characterized and tested
using the inline waveguide measurement setup, as described in
Experimental Section. Figure 4c shows a photograph of the
inline setup with a fiber in-coupled rib waveguide aligned on
the 3D stage. Fiber-out is collecting the output signal from the
waveguide into the optical sepctrum analyzer (OSA) (not
shown).
To further explore the influence of the deflected Talbot

regime on the overtone molecular absorption on the
waveguide, we constructed the experimental setup shown in
Figure 5a. We used red light of 80 mW. Therefore, partially,

Figure 2. (a) Schematic of the cross section in the center of the waveguide, x−z plane (y = 0 μm). Evolution of the electric field when the
waveguide was embedded in (b) air without inclusions, (c) air with inclusions, and (d) N-methylaniline, nNMA = 1.5712 + i8.931 × 10−5, with
inclusions.

Figure 3. (a) Schematic of the cross section in the center of the waveguide, x−y plane (z = 1 μm). Evolution of the electric field when the
waveguide was embedded in (b) air without inclusions, (c) air with inclusions, and (d) N-methylaniline, nNMA = 1.5712 + i8.931 × 10−5, with
inclusions.
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such high-power light can be guided in the waveguide. It allows
for the visualization of the waveguide lines and facilitates the
alignment. Next, a broadband laser source was coupled to a
single-mode fiber (SMF1550). The fiber was placed on a
piezo-electric stage for precise and accurate inspection. The
output signal was collected by a multimode fiber into an
optical spectrum analyzer (OSA). We dropped 12 μL of N-
methylaniline onto the inclusion cluster shown in Figure 4c,
resulting in the spectrum shown in Figure 5b (blue curve). For
comparison, the laser was coupled to the reference waveguide
(with no inclusions) with N-methylaniline, resulting in the
spectrum shown in Figure 5b (red curve). Figure 5c,d shows
the upper view of the illuminated waveguide.
Figure 5b shows the transmittance spectrum of N-

methylaniline on the rib waveguide with and without
inclusions at a broad wavelength range of 1.3−1.6 μm. The
absorption of the N−H bond in N-methylaniline is clearly seen
around 1.5 μm on the waveguide with the inclusions. The
absorption of N-methylaniline when dripped onto the
waveguide surface and filled in the inclusions is approximately

3.5 dB compared to dripped N-methylaniline on a waveguide
without the inclusions. It shows that in the deflected Talbot
regime caused by the inclusions, we enhance the absorption
effect of the N-methylaniline probe molecule. Figure 5d shows
the far-field scattering effect caused by the cylindrical
inclusions compared to the scattering in the reference
waveguide, as shown in Figure 5c, which fits the simulation
results shown in Figure 3b,d.
We noticed that dielectric perturbations such as cylindrical

holes enhance the absorption when the hole diameter is
comparable to the incident wavelength. This can be explained
by the scattering effect.

2D Scattering from a Cylinder Embedded in the
Waveguide Core. The enhanced absorption of N-methylani-
line overtones can be explained by the multiple scattering
events.28,29 One can explain the resonant elastic scattering of
light by a chain of coherent absorption and re-emission events.
Simply put, the photons are re-emitted in random directions
because the wave vector is not conserved by the system for the
lack of translational symmetry. The resonant scattering results
in a significant increase in the mean trajectory of photons
travelling through the guide. However, the actual scattering of
a waveguide mode by a finite cylinder with a height of H ≈ λ
and diameter of D ≈ λ cannot be solved analytically. Therefore,
for describing the scattering effect by cylinders in the
waveguide core, we will ignore the height restriction of the
cylinder and illuminate it with a planar wave.
In the case of TE mode when the electric field is parallel to

the xz plane, the scattered fields of a single cylinder (shown in
Figure 6a) are defined as30
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where En = E0( − i)n/(k sin ζ), and Mn
(3) and Nn

(3) are the
proper cylindrical vector harmonics,30 which are given by
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where ψn is the generation function, which is defined as

ψ ζ= φ ζ−H kr e e( sin )n n
in ikz(1) cos

(8)

where k is the wavenumber and Hn
(1) is the Hankel function of

the first kind, Hn
(1) = Jn + iYn.

Figure 4. (a) Scanning electron microscopy (SEM) image of the rib
waveguide. (b) Scanning electron microscopy (SEM) image of the
fabricated inclusions on the rib waveguide. (c) Photograph of the
inline experimental setup.

Figure 5. (a) Artistic impression of the experimental setup. (b)
Measured transmittance spectra with OSA on the reference waveguide
(red curve) and on the waveguide with a cylindrical inclusion cluster
(blue curve). Note, both waveguides were embedded in N-
methylaniline medium. Top view of the waveguides captured with
an optical microscope. (c) Reference waveguide. (d) Waveguide with
fabricated inclusions.

Figure 6. (a) Long cylinder illuminated by a plane wave. (b) Top
view of the cylindrical hole.
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Using the continuity equations for E and H at the cylinder
boundary (r = a), we obtain the two coefficients
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where m is the relative refractive index of the medium filling

the cylinder ( = κ+m n i
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), and a is the cylinder radius.

In the case of a waveguide, the incident illumination is at
normal incident to the inclusions (ζ = 90); hence, anI is equal
to zero. Therefore, bnI can be calculated as
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For a finite cylinder, the correction factor is given by31

=fc
kLA

kLA
2sin( ) , where A = cos ζ + sin θ cos ϕ and L is half of the

cylinder length. This factor provides the spectral correction
that depends on the cylinder length. However, it does not
consider a space dependence of the field along the cylinder
axes.
Using this simplified model, we can estimate the effect of the

inclusion cluster. Using a single scattering model, the scattered
field at an arbitrary point O is described as the sum of scattered
field of each hole.
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where n is the hole number and γn is the angle from the hole to
point O.
The scattered field Es(t) from the whole cluster of inclusions

leads to the enhanced absorption when the hole diameter is
comparable to the incident wavelength. The scattering
transfers energy to the high-order modes, which have larger
interaction with the surrounding. The scattering enhances the
sensitivity of the waveguide, allowing us to identify the unique
absorption lines of the molecule.

■ CONCLUSIONS
In conclusion, we have presented a waveguide system
experiencing the deflected Talbot effect due to the appearance

of perturbations of cylindrical shape in the waveguide core
embedded in weakly absorbing medium N-methylaniline.28 We
fabricated the waveguides on the SOI platform and milled
inclusions in them using the FIB technique. We found that the
deflected Talbot effect on a waveguide enhances the
absorption of molecular transition overtones. Specifically, the
absorption line of the N−H bond of N-methylaniline excited
around 1.5 μm experienced a drop of 3.5 dB as compared to
unperturbed by the inclusion waveguide. In addition, we
noticed that dielectric perturbations such as cylindrical holes
enhance the absorption when the hole diameter is comparable
to the incident wavelength due to the scattering effect. This
paves the way for integrated spectrometers in which the
enhancement of the weak absorption occurs due to the
perturbation in the waveguide core.
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2.3 Surface roughness-induced absorption acts as an ovarian can-

cer cells growth sensor-monitor

The third step in my research was to investigate a different method for enhancing sensitivity

by decreasing the confinement of the mode. To this end, I studied microfiber for enhancing

sensitivity for monitoring cancer cells treatment in-vitro [47].

Ovarian cancer is one of the leading causes of death in women. Late diagnosis is one of

the major causes for [48, 49]. Optical fiber can be used for sensing. To use optical fiber for

sensing, the fiber needs to be tapered, creating a microfiber region that acts as the sensing

region. In this region, the fiber diameter is smaller and the confinement of the fiber decreases

[50] causing an increase in the penetration depth of the evanescent field. This improves the

sensitivity of the fiber.

I investigated the vibration absorption of untreated and treated ovarian cancer cells

using a tapered fiber. A conventional single-mode fiber was tapered to a diameter of 2.5

µm. In this microfiber region, the evanescent tail appears outside the fiber and the small

diameter increases the penetration depth of the evanescent field. Both enhance sensitivity.

In the experiment, a broadband laser source was coupled in the tapered fiber. 12 µl of

the cancer samples were dropped on a Teflon spacer, which acts as a liquid reservoir due

to its hydrophobic property. The cancer cells were treated with different concentrations of

the medicine. The Teflon was softly slid to the microfiber region and the transmission was

collected to an optical spectrum analyzer. I found that the absorption was higher compared

to the simulation with the same microfiber diameter. This is caused by the random roughness

of the microfiber that occurs in the fabrication process.

From these results, I concluded that the random roughness of the microfiber surface not

only causes scattering losses, but even enhances sensitivity by increasing the penetration

depth of the evanescent field.
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A R T I C L E I N F O
Keywords:CancerOvertonesMicrofiberSensorNear-infraredIn-vitro

A B S T R A C T
Uncontrolled growth of ovarian cancer cells is the fifth leading cause of female cancer deaths since mostovarian cancer patients are diagnosed at an advanced stage of metastatic disease. Here, we report on thesensor for monitoring the cancer treatment efficiency in real-time. We measure the optical interaction betweenthe evanescent fields of microfiber and ovarian cancer inter-cellular medium at different treatment stages.Spectral absorption signatures are correlated with optical micrographs and western blot tests. We found thatthe treatment of tumor cells with induces both cells growth arrest and alter the spectral lines in a dose-dependent manner. These observations are mediated by surface roughness out of silica glass material, form anessential step toward the development of early detection of response to cancer therapy.

1. Introduction
Ovarian cancer is the fifth leading cause of female cancer deaths dueto late stage diagnoses (Fishman and Bozorgi, 2002; Lengyel, 2010),while diagnosis at earlier stages of ovarian cancer has a 5-year relativesurvival rate of 92% (Noone et al., 2018). However, most ovarian can-cer patients are diagnosed at an advanced stage of metastatic disease,as the tumor spreads into the peritoneum. This aggressive disease isincurable and the survival rate of such a patient is as low as 30%.This poor survival rate is primarily related to recurrent disease ofchemotherapy-resistant tumors, hence, adjustment of an appropriatesecond and third line of chemotherapy (or targeted therapy) is requiredto improve the survival rate. Currently, there are no clinical biomarkersto prioritize treatment for these patients (except of BRCA1/2 muta-tion (Kurian et al., 2010; Lee et al., 2013)), and treatment efficiencyis monitored weeks after the initial treatment. Application of a systemthat will record therapy efficiency hours or days after treatment will bea major milestone in the care of ovarian cancer patients.The conventional procedure of monitoring cancer treatment effi-ciency is performed with harmful methods such as positron emissiontomography (PET) and computed tomography (CT) scan simultane-ously (Beyer et al., 2000; Johnson et al., 2016; Fischer et al., 2009;Pelosi et al., 2004). The PET scan gives information about the activityof the cell using a radioactive tracer, while the CT scan gives a 3-dimensional image of the body using X-ray. Simultaneous PET–CT

∗ Corresponding author.E-mail address: alinak@bgu.ac.il (A. Karabchevsky).

monitoring provides an accurate information about the tumor morphol-ogy and malignancy state (Schäfers and Stegger, 2008; Stegger et al.,2007). However, this not-affordable, bulky, and cumbersome imagingequipment is both harmful and not suitable for bedside monitoring; itis not always available and requires qualified personnel to operate.Silica glass is an important material used in microelectronics due toits insulating properties. However, this most complex, most abundantmaterial and widely used in optical systems is susceptible to surfacealterations. Therefore, it is long being considered inappropriate forbedside healthcare applications. Yet, it is among the most importantmaterials used in science and technology due to its robustness, chemicalresistance, insulating properties and biocompatibility (Kotz et al., 2017;Geisler et al., 2019; Paget, 1924). Due to its transparency to light attelecommunication wavelengths (Arumugam, 2001; Midwinter, 1976;Palais, 1988), optical fibers composed of silica have been explored andutilized since the previous decade for light signal transfer (Suematsu,1983; Okoshi, 1987). Despite wide usage of silica glass fibers forsensing (Chow et al., 2018; Soto et al., 2016; Caucheteur et al., 2016;Wan et al., 2015), biomedical and healthcare applications (Fried andIrby, 2018; Rao et al., 1998; Peterson and Vurek, 1984; Rao et al., 1997;Motz et al., 2004), their contribution to cancer treatment efficiency isstill elusive.Despite the wide body of research regarding optical imaging andsensing techniques for monitoring absorption changes of tumor cells
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Fig. 1. Experimental set-up for overtones absorption spectroscopy from silica glass microfibers. (a) Schematic drawing of a tapered fiber structure (not to scale). (b) Calculatedfraction of power at wavelength of 1.5 μm, in the fiber (red) and in the analyte (blue) with index of 1.33, over the total power carried by the guided modes. ∼15% of thetotal power in the analyte is indicated by the dot. Calculated normalized electric field (EF) distributions for various microfiber radii: (c) 𝑟mf = 0.2 μm, (d) 𝑟mf = 0.5 μm and(e) 𝑟mf = 0.8 μm. (f) Schematic drawing of the experimental set-up with broadband laser source coupled to a single-mode fiber using an x10 objective. (g) Photograph of theexperimental setup. (h) Schematic drawing of the tapered fiber sensing device. (i) Photograph of the tapered fiber sensing device. (For interpretation of the references to color inthis figure legend, the reader is referred to the web version of this article.)
(Mackanos and Contag, 2010; Chang et al., 2005; Mahadevan-Jansenet al., 1998; Sung et al., 2003) the contribution of surface topology interms of surface roughness on optical microfibers was never exploredin cancer media. For this, first we design the particular microfiberlandscape by solving Maxwell equations numerically with the helpof the simulator that we built, then we fabricate the microfiber, andfinally, we test the microfiber in cellular media of treated and untreatedcells.In this work, we use the detection of overtone lines related tothe inter-cellular cancer medium in near-infrared (NIR) in order tomonitor the cancer cells treatment efficiency. Infrared spectroscopy,commonly called vibration or overtone spectroscopy, is an importantanalytical technique and provides information on molecular signaturesin different states of matter: liquid, solid, or gas (Struve, 1989). Eventhough the NIR region has benefits of affordable sources and detectorsdeveloped to operate at telecommunication window, the absorptioncross-section of molecular vibrations overtones is order of magnitudesmaller compared to the fundamental vibrations of the same degreeof freedom (Suart, 2004) making the detection of overtones at NIRspectrum challenging.Here, we report the results of an all-optical proof-of-concept deviceshown on Fig. 1a for monitoring of cancer cells treatment. Basedon our pioneering works on molecular vibrations overtones detectionin near-infrared (NIR) (Karabchevsky and Kavokin, 2016; Katiyi andKarabchevsky, 2017, 2018; Karabchevsky et al., 2018; Dadadzhanovet al., 2018; Karabchevsky and Shalabney, 2016; Borovkova et al.,

2019; Dadadzhanov et al., 2019; Borovkova et al., 2020), we relatethe absorption bands to the morphological change of cancer cells. Tothis end, we designed and tested the nanophotonic device to measurethe overtones vibration spectra of intercellular medium of treated anduntreated isolated ovarian tumor cells with different concentrations ofthe PI3K inhibitor. We discovered that the fingerprint signatures of thecancer cells viability could be detected from the intercellular medium.We also designed and tested the nanophotonic device to probe theovertones vibration spectrum of intercellular medium while monitoringthe modification of cancer cells under selective pressure of therapy.We noticed that the enhanced evanescent field of the microfiber allowsmonitoring the tumors cell viability. Our results open up a plethora ofprecise, miniature, and portable devices for in-vitro healthcare appli-cations and for future in-vivo applications. The bedside applications ofthe proposed fiber probe will involve the extraction of tumor cells frompatient’s ascites pre- and post-treated with chemotherapy. The efficacyof the therapy will be then monitored in-vitro with the fiber.
2. Material and methods
2.1. Fiber simulation

The fiber modes simulation was performed using COMSOL Multi-physics FEM (Finite Element Method).
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2.2. Fabrication of the sensing device

We tapered the single-mode fiber (SMF-28) to approximately 2.5 μmdiameter using a commercial Vytran GPX-3000 tapering system. First,we removed the acrylate polymer coating from the tapering area. Thetapering was done in two step process. At the first stage the fiber wastapered from a diameter of 125 μm to a diameter of ∼15 μm. Then, thefiber was tapered from a diameter of ∼15 μm to a diameter of ∼ 2.5 μm.We glued the tapered fiber on both sides with Epoxy glue to a metalfork, which we designed and fabricated for robustness. We placed aTeflon spacer under the tapered fiber. We used the Teflon spacer as aliquid reservoir for holding the cancer cells due to the Teflon’s surfacetension.
2.3. Cell cycle

Cells and growth medium were collected, centrifuged for 10 minsat 4 ◦C, then a pellet was fixed using 70% ice-cold ethanol and storedat −20 ◦C. Before the read, the pellet was washed twice with cold1X PBS, treated for 30 mins at 37 ◦C with 100 μl of RNase solution(100 μg/μl), and stained in the dark for 20 mins with 200 μl Propidiumiodide solution (100 μg/ml). The cell phase was analyzed using BDFACSCANTO II.
2.4. Cell lines and chemical compounds

Ovarian cancer cell line (IGROV1) obtained from ATCC and main-tained at 37 ◦C in a humidified atmosphere at 5% CO2, in RPMI-1640medium, supplemented with 1% L-glutamine 200 mM, 100 units ofpenicillin and streptomycin and 10% fetal bovine serum. GDC0032were purchase from MedChemExpress (HY-13898) and were dissolvedin DMSO at a stock concentration of 10 mM. Cell were treated at aconcentration of 50 nM. The cancer cells were removed from the plasticplate by trypsin, washed in PBS and suspended in UV-sterile water atconcentration of 1 ⋅ 106 cells/ml.
2.5. Cancer cells imaging

The cancer cells were imaged using Carl Zeiss Inverted microscopeAxio Observer 7 system.
2.6. Western blotting

Plates with cells were washed with cold PBS and suspended withcold lysis buffer containing phosphatase inhibitor cocktail (Stratech,B15001-BIT). Lysates were then centrifuged at 14 000 rpm for 10 minsat 4 ◦C, and supernatants were collected and assayed for protein quan-tification using the Bradford protein assay (Biorad, 5000006). 1 mg/mlof quantified lysate were resolved on NuPAGE 4/12% Bis-Tris gelsand transferred to PVDF membranes (Biorad, 1704157). Membraneswere incubated for 1 h in 5% BSA in Tris-buffered saline (TBS)-Tween and then hybridized using the primary antibodies (P21, actin,AKT) in 5% BSA TBS-Tween. Horseradish peroxidase (HRP)-conjugatedsecondary antibodies (1:20000, GE Healthcare) were diluted in 5% BSAin TBS-Tween. Protein–antibody complexes were detected by chemilu-minescence with ECL (Cyanagen) and imaged with a c300 azure camerasystem. SMOBIO-PM-2600 protein marker were used to analyze bendsize.
2.7. Statistical analysis

The experiment was repeated at least three times. Statistical analysiswas performed using GraphPad Prism software, presented as mean ±SEM. For comparisons between conditions, Ordinary one-way ANOVAwere used. Values of 0.05(*), 0.01(**), 0.001(***) and 0.0001(****)were considered statistically significant.

2.8. Experiment optical set-up
A broadband laser source (Fianium WL-SC-400-8-PP), with a wave-length range from 450 nm to 2400 nm, was coupled into a SMF(1550BHP) using Olympus plan achromat objective with NA 0.25 andmagnification x10. The SMF was spliced to the tapered fiber usingFujikura 70 s fiber fusion splicer. Cancer volume of 12 μL and 4000cells/μL was dropped onto Teflon bulk and slid to the microfiber region.The transmittance spectra were collected into an optical spectrumanalyzer (OSA, Yokogawa AQ6370) with a resolution of 1 nm and asampling interval of 0.2 nm. The transmittance spectrum was measuredfrom 1000 nm to 1700 nm.

3. Results and discussion
3.1. Numerical approach and method description

In order to find the optimal design, numerical investigations wereperformed before fabricating the device. The numerical model was builtfor the microfiber structure in which the light propagates due to thetotal internal reflection effect in direction of vector �⃗�. The evanescentfield, some fraction of the field propagated and decayed beyond thephysical dimensions of the microfiber core, interacted with the studiedaquatic medium. In a single-mode fiber (SMF), when the V-number isbelow 2.40541, only a small fraction of the power is carried in theevanescent field (Katiyi and Karabchevsky, 2017), and this affects thesensitivity of the sensor. When the V-number of the fiber is decreased,the confinement of the guided optical mode in the fiber core decreasesas well (Agrawal, 2012) and more energy is guided in the cladding. Ourcalculations show that 70% of the power in the fiber core is guided forV-number of 2 and 20% of the power in the fiber core is guided forV-number of 1.We designed our fibers such that the decreased confinement (Katiyiand Karabchevsky, 2017) of the optical mode increases the penetrationdepth of the guided light into the cellular medium by minimizing the V-number. This in turn, improved the interaction between the evanescentfield and the analyte. To find the optimal fiber diameter, we calculatedthe fraction of the power carried by the evanescent field.We built a simulator based on fine element method (FEM) algorithmimplemented by COMSOL Multiphysics and solved Maxwell equationsto study the device performance. Fig. 1b shows the fraction of thepower (𝜂) calculated according to Ref. (Katiyi and Karabchevsky, 2017)in the microfiber core and in the aquatic medium while varying thefiber radius. Fig. 1c shows the evolution of the guided modes in thefiber core as a function of the fiber radius. We notice that the smallerthe diameter of the fiber, more light leaks beyond the fiber core into themedium in which the fiber is embedded. We calculated the normalizedelectric field distributions of a microfiber having core index of 1.445embedded in aquatic medium with index of 1.33, for a wavelength of
1.5 μm. As the radius of the microfiber is reduced, the penetration depthof the evanescent tail increases (Fig. 1c–1e). Therefore, we fabricateda tapered fiber based on these insights; we heated and pulled an SMFwith core diameter of ∼9 μm and cladding diameter of 125 μm to obtaina core diameter as small as ∼2.5 μm without a cladding. The fabricatedfiber lead to an enhanced evanescent field, with ∼15% of the totalpower, as marked by the dot on Fig. 1b. This reduced diameter allowsfor efficient probing of the analyte without sacrificing the entire power.
3.2. Biological test and spectral analysis

Spectroscopic experiments were performed in biological materialof seeded ovarian tumor cells, IGROV-1 (Bénard et al., 1985), onthe fiber. Nine fibers (Fig. 1f), monitored using an optical spectrumanalyzer (OSA, Yokogawa AQ6370), were tested. Fig. 1g shows thedesigned handling tool with hydrophobic Teflon spacer. A broadbandlaser source (Fianium WL-SC-400-8-PP) was coupled into a single-mode
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Fig. 2. (a) Western blot analysis of pAKT of IGROV-1 cells, treated with three different concentrations of GDC-0032 (5 nM, 50 nM and 500 nM) for 24 h, compared to thebeta-actin level (3 repeats for each individual point). (b) Flow cytometry-based (FACS) analysis of the population in S phase in IGROV-1 cell line, 24 h after treatment with DMSOor 5 nM, 50 nM and 500 nM of GDC0032 (mean ± S.E.M. 𝑛 ≥ 4, ∗∗𝑃 < 0.01, ∗∗∗∗𝑃 < 0.001). Optical micrographs of IGROV1 cells: (c) untreated and treated with different medicineconcentrations (d) 5 nM, (e) 50 nM, and (f) 500 nM. (g) The transmittance of cancer cells with different concentrations of the medicine. Dotted curve shows the spectral responseof healthy cells. (h) Numerical modeling results for microfiber with diameter of 2.5 μm and length of 2 mm embedded in medium of different concentration of the drug. (Forinterpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
fiber using an objective x10. The single-mode fiber was spliced withthe tapered fiber and the output spectra were collected into an opticalspectrum analyzer with resolution of 1 nm. We tapered a single-modefiber to approximately 2.5 μm diameter and glued it to a metal handlingtool as shown in Fig. 1h. Since the surface of the spacer is hydrophobicand can be used a liquid-reservoir, the sample was isolated within thetear-sized dimensions on Teflon. The tumor cells in buffer solution weredripped onto the spacer and the microfiber was immersed in the dropletof 12 μL. During the experiment, the near-infrared spectrum was moni-tored with time intervals of 30 s to observe the time dependent changeof molecular overtones signatures. In addition, we treated the IGROV-1cells with PI3K inhibitor, GDC-0032, to explore if such agent, which isknown to induce tumor growth arrest (Zorea et al., 2018), also affectsthe absorption of molecular overtones indicating the change in cancerviability. The sensitivity of the device to response therapy was testedby treating the IGROV-1 tumor cells with three different concentrationsof GDC-0032 (5 nM, 50 nM and 500 nM) for 24 h. Using western blot(Fig. 2a) and flow cytometry (Fig. 2b) methods, we confirmed a dose-dependent effect of GDC-0032 on IGROV-1 cells with a reduction ofpAKT (Abbas and Dutta, 2009) and a reduction in S phase, respectively.Fig. 2c shows optical image of untreated cancer cells while Fig. 2d-2f show treated cancer cells with 5 nM, 20 nM and 500 nM concen-tration of the GDC-0032 medicine. These images show that when theconcentration of the GDC-0032 increases, the cells shrink and exhibit adecrease in their spatial distribution. Following these results, we testedthe NIR spectral signature of cells under the same conditions. Fig. 2gshows the transmittance of the microfiber embedded in the inter-cellular medium of the cancer cells while the cells were treated with5 nM, 50 nM and 500 nM concentration of the GDC-0032 medicine.The limit of detection was determined using three standard deviationsand 20 repeats of signals for each individual point. As a control signal,we measured the untreated cancer cells. The signal of untreated cancercells shows the features of fringes related to the interference effect ofrelatively big bio-entities surrounding the fiber. As the concentration ofthe GDC-0032 on the cancer cells increases, the interference disappearsbut the bifurcated absorption effect appears around 1500 nm — areaassociated with the N–H overtone bond (Karabchevsky and Kavokin,2016; Karabchevsky et al., 2018; Karabchevsky and Shalabney, 2016;

Wheeler, 1959). This bifurcation effect is well defined for the con-centration of the GDC-0032 of 5 nM and gets suppressed when theconcentration of GDC-0032 is increased to 50 nM. Related opticalimages show the decrease in spatial distribution of the cells as thetreatment changes from 5 nM to 50 nM.Remarkably, the dip around 1450 nm in signals obtained whenthe tumor was treated with 5 nM and 50 nM is associated with thehydroxylic group (Wheeler, 1959). When the concentration of the GDC-0032 is as high as 500 nM, the bifurcation merges into one well-definedand smooth dip around 1450 nm. The corresponding optical image onFig. 2f shows that the tumor cells are squeezed and their distributionis affected, supporting our assumption that the spectral feature for 500nM medicine concentration shows the positive response to treatment.We noticed that while further increasing the concentration of themedicine, the signal remains identical to the signals from cells treatedwith 500 nM GDC-0032. Therefore, we conclude that 500 nM GDC-0032 inhibits cell proliferation, and prevents the tumor growth anddistribution. This inhibition affects metabolic reaction and reduces theprevalence of the N–H bonds as well as the hydroxyl groups. To under-stand our results, we studied the disordered wave propagation in frameof coupled-mode theory. Assuming the unperturbed system and dis-persion of drug-treated and untreated (UT) medium, the translationalinvariance defines the waveguide modes which we solve numerically.Fig. 2h shows the numerical solution of the wave equation in cylindricalcoordinates with the boundary conditions of the microfiber having adiameter of 2.5 μm and an interaction length of 2 mm embedded indifferent media of treated and untreated cancer cells. Numerical resultsare in good agreement with experimental data. We note, that in theexperiment the interaction length was 4 times smaller as compared totheoretical prediction. Specifically, interaction length of the microfiber0.5 mm was fabricated while in the theory, the interaction length wasconsidered as 2 mm to fit the experimental data. In the experiment,4 times enhancement in absorption is observed as compared to thetheoretical estimations. This remarkable observation can be interpretedas roughness-induced absorption due to the surface roughness of thefiber discussed below.
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Fig. 3. Schematics of the oscillator mechanism when the cancer cells are under different treatment stages. Cellular spatial distributions (top) and the corresponding absorptionintensities (bottom) for (a) low concentration of medicine, (b) medium concentration of medicine, and (c) optimal concentration of medicine — influence on cancer cells andmetabolism. 𝑟 designates the inter-atomic distance.
3.3. Scattering and oscillator mechanism

We note that the spatial distribution of the cancer cells has aninfluence on the spectral absorption signatures (Fig. 2). Fig. 2c–2fshow that the concentration of the medicine during the treatmenthas influence on the density and distribution of the cancer cells. Thecellular density affects the scattering mean free path 𝑙𝑠𝑐 , the distanceuntil the light is scattered, which is defined as Lorenzo (2012):
𝑙𝑠𝑐 =

1
𝜇𝑠

[cm] (1)
with scattering coefficient 𝜇𝑠 with
𝜇𝑠 = 𝜌𝜎𝑠𝑐 (2)
where 𝜌 is the density of the particles and 𝜎𝑠𝑐 is the scattering cross-section of a single particle.In untreated cancer sample, the cancer cells are densely packed(Fig. 2c) which decreases the scattering mean free path. As a result, thescattering increases, which decreases the overall-transmission as shownin Fig. 2b (orange curve). For medicine concentration of 50 nM (Fig. 2g- blue curve), the distribution of the cancer cells is small (Fig. 2e)and therefore the scattering decreases, leading to the improvement inoverall transmission, and thus the molecular signature of the mediumcan be identified.The oscillator mechanism when the cancer cells are under differenttreatment stages is shown on Fig. 3, explains how the medicine termi-nates the metabolism and cellular growth. When the cells are treatedwith insufficient concentration of medicine, they experience densespatial distribution with well-defined cellular boundaries Fig. 3a(top).The corresponding absorption intensity of the excited overtone is ashigh as shown in Fig. 3a(bottom).Fig. 3b(top) shows lower spatial density of cells as comparedto Fig. 3a(top), due to the increase in the concentration of the medicineleading to suppressed absorption intensity shown in Fig. 3b(bottom).Fig. 3c shows the influence of the high concentration of the medicineon the cancer cells leading to the reduced cellular volume, lower spatialdensity Fig. 3c(up) and corresponding suppressed absorption lines asexpected. This effect can be interpreted as the roughness-induced en-hanced absorption. Recent studies show that high index nanoparticles

with high index contrast between the particles and the medium inwhich these particles are embedded experience directional scatteringeffect (Terekhov et al., 2017, 2019a,b,c; Shamkhi et al., 2019). How-ever here, the contrast between the scatters and the medium is verylow.
3.4. Enhanced absorption and surface roughness influence

It is important to note that the surface roughness plays a crucialrole in the observed effect of roughness-induced enhanced absorption.Ideally, the optical fiber is considered as having a smooth surface, alsotapered fibers illuminated with external source show continuous andsmooth boundary as shown in Fig. 4a (captured with x100 home-builtmagnification system). However, the heating-based tapering process,introduces surface roughness. To explore the effect of surface rough-ness, we switched off the external free-space illumination in home-builtmagnification system and coupled the light into the tapered fiber itself.Now, when the tapered fiber guides a light, the bright scattered spotscan be observed (Fig. 4b). This is the evidence that the unbounded glasssurface has a random surface roughness.The surface roughness of the microfiber can be represented as avariation in the microfiber core radius. In the first approximation,the microfiber surface roughness can be explained by the Gaussianrandom field. The perturbation magnitude can vary and therefore, theamplitude of the electric field in guided and radiated modes changescontributing altogether to the surface sensitivity. The spectral powerdensity 𝑃 (𝑘) of the surface roughness can be expressed as Jackle andKawasaki (1995):
𝑃 (𝑘) =

𝑘𝐵𝑇

𝛼|𝑘|2 (3)
where 𝑇 is the glass transition temperature, 𝛼 is the surface tension inthe transition, and 𝑘 is the countradirectional wave vector. The lowercut-off wavevector is √

𝑔𝑑∕𝛼, where 𝑑 is the glass density. Now, thesurface roughness can be defined in terms of roughness variance andpower density
𝜎2 = 1

2𝜋2 ∫
∞

−∞
𝑃 (𝑘) 𝑑2𝑘 (4)
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Fig. 4. In-house x100 optical microscope image of fabricated microfiber illuminatedwith (a) external light source and (b) guided light in the fiber itself while the externallight source was switched off. (c) Model diagram of ray propagation inside the coreof optical microfiber. The red arrow shows the ray bounced in between the smoothfiber walls. 𝜃𝑝 is the angle with fiber boundary for microfiber with continuous smoothboundary while the blue arrow shows the ray bounced in between the rough fiber walls(𝜃𝑖). (For interpretation of the references to color in this figure legend, the reader isreferred to the web version of this article.)

In the single mode operation of the glass microfiber, the spectralcomponents 𝑃 (𝑘) are considerably large and therefore, they are respon-sible to enlarge the evanescent fields, which in turn contribute to thesurface sensitivity of our device.The surface roughness of the microfiber has a significant influenceon the evanescent field. For smooth fiber, the wave propagates in 𝜃𝑝due to the effect of total internal reflection (TIR). However, in caseof rough fiber, the angle at which the ray hits the fiber boundary isdifferent than the propagating angle (Fig. 4c). The boundary incidentangle 𝜃𝑖 is influenced by the roughness of the surface and is definedas Zhong et al. (2013):
𝜃𝑖 = 𝜃𝑝 − tan−1

(
2𝛿
𝛥

) (5)
where 𝜃𝑝 is the propagating angle for smooth fiber with continuousboundary, 𝛿 is the average pit depth, and 𝛥 is the average pit diameteras shown in Fig. 4c.Eq. (5) shows that the incident angle 𝜃𝑖 is a function of fiber rough-ness. In addition, the change in 𝜃𝑖 has an influence on the penetrationdepth 𝑑𝑝 of the evanescent field into the cellular medium as it is definedin Eq. (6) as the distance for which the field intensity decays to 37%(1∕𝑒) compared to the field intensity at the guiding layer boundary. Thepenetration depth is defined as:
𝑑𝑝 =

𝜆

2𝜋
√

𝑛𝑓 2 sin2(𝜃𝑖) − 𝑛𝑎2
(6)

where 𝑛𝑎 is the refractive index for the analyte, 𝑛𝑓 is the refractiveindex for the fiber and 𝜃𝑖 is the incident angle. Eq. (6) emphasizesthat the penetration depth depends on the incident angle. The smallerthe incident angle, the larger the penetration of the evanescent fieldinto the cellular medium which, in turn, improves the sensitivity of thedevice.
4. Conclusions

We found that the treatment of tumor cells with GDC0032, a beta-sparing PI3K, induced both growth arrest and altered the spectral linesin a dose-dependent manner. We interpreted the observed effect interms of the roughness-induced absorption of light mediated by surfacescatterers. Enhancement in absorption as high as 4 times was observedas compared to the theoretical estimations. This remarkable enhance-ment is interpreted by means of the roughness-induced absorption

resulting in increased interaction length due to the microfiber surfaceroughness. We explained the role of the surface roughness in the ob-served spectral effect. The monitoring method for treatment efficiencyof ovarian cancer based on a microfiber device demonstrated here hasseveral advantages compared to the conventional techniques involvingthe positron emission tomography (PET) and an X-ray computed tomog-raphy (CT). Importantly, the guided-light microfiber device does notinvolve irradiation of the patient, it is suitable for bedside applications,and gives real-time spectral response. Our findings form an essentialstep toward the development of early detection of response to cancertherapy. The simplicity of our approach opens a window for furtherin-vitro clinical investigation also for many accessible cancers such asesophageal, colorectal, cervical. In the future we aim at developingthis system for in-vivo applications also suitable for lower acceptablesuch as brain cancers. This will consist the engineered biocompati-ble cage-jacket encapsulating fragile sensing area to monitor tumorsin-vivo.
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3 Additional studies

3.1 Scattering pattern of a cylindrical inclusion on a waveguide

For understanding the behavior of inclusions on the mode in a waveguide, I numerically

investigated the influence of a single cylindrical inclusion with different diameters in a silicon

nitride ridge waveguide on the scattering pattern [51]. I investigated the influence of a single

inclusion by numerical simulation with COMSOL multiphysics. A single cylindrical inclusion

was placed in a ridge waveguide made of silicon-nitride (Si3N4) with a width of 1 µm, height

of 0.8 µm and wavelength of 1.55 µm as shown in Fig. 10. The refractive indices for silica

substrate and silicon nitride guiding layer were nsub = 1.444 and nwg = 1.997, respectively.

The fundamental TE mode was launched inside the waveguide as shown in Fig. 10.

Figure 10: Illustration of the waveguide with cylindrical inclusion through the guiding layer
[51].

I calculated the angular diagrams of electric dipole (eDip), electric quadrupole (eQuad)

and magnetic dipole (mDip) moments normalized to the maximum while varying the diam-

eter of the inclusion for D = λ/5, λ/10, λ/20, λ/100 in xy and yz planes when the cylinder

is in the middle of each plane.

Figure 11 shows the angular diagrams of multipole emitted power from inclusion (cylin-

drical cavities) for D = λ/5, λ/10, λ/20, λ/100. The blue curve shows the angular diagram

in yz plane, and the red curve shows the angular diagram in xy plane. While narrowing the

hole, the electric dipole becomes dominant. The maxima are changed when the diameter of

the inclusion gets smaller. For a relatively large inclusion diameter, the incident field on the

cylinder is comprised of the propagating modes in the waveguides as well as the reflections

from the scattered fields. As the diameter becomes smaller, the scattered fields decrease,

while the propagating modes do not experience a change. The scattered field pattern be-

comes more similar to the fundamental electric and magnetic multipoles. For example, figure

12 shows the evolution in the scattered field pattern for the magnetic dipole for different hole
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Figure 11: Angular diagrams for D = λ/(5, 10, 20, 100) (different diameter from each column
as labeled above the columns) for fundamental TE. Some of the fields at xy plane in the
polar graph are multiplied by 10 for comparison. The blue curve shows the angular diagram
in yz plane and the red curve shows the angular diagram in xy plane, respectively. The 1st

row shows the electric dipole (eDip), the 2nd row shows the magnetic dipole (mDip), and the
3rd row shows the electric quadrupole (eQuad) - as labeled in the y-axis of (a,e,i) (adapted
from [51]).

diameters.

From these results, I concluded that the scattered field from inclusion can be utilized for

transferring power to high-order modes, enhancing the evanescent field. In addition, a larger

diameter has a stronger influence on the scattering pattern.

3.2 Subwavelength grating on a waveguide for enhanced sensitiv-

ity

As I found in the microfiber experiment that the random roughness of the microfiber surface

enhances the sensitivity of the microfiber, I proceeded to study the influence of constant

roughness on sensitivity. Using a designed structure as constant roughness will allow the

modification of a structure needed for the sensing application. For the constant roughness,
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Figure 12: Calculated magnetic dipole for D = λ/(5, 10, 20, 50, 100) presented in Cartesian
coordinates plot (adapted from [51]).

I used a subwavelength grating on top of a multimode silicon rib waveguide, as illustrated

in Fig. 13.

Figure 13: Illustration of the waveguide with the subwavelength grating.

A numerical simulation was performed to check the influence of the grating on the evanes-

cent field. Using Lumerical FDTD, I built a rib silicon waveguide with length of 20 µm, slab

thickness (tsl) of 1.6 µm, strip thickness (tst) of 0.4 µm and width (wst) of 6 µm (see Fig. 13

for the dimensions). A subwavelength grating with a period of 400 nm, a duty cycle of 50%,

depth of 400 nm and length of 10 µm was placed in the middle of the waveguide. These

dimensions were chosen due to the fabrication limitation of the focused ion beam (FIB)

machine. To test the influence on the evanescent field, I measured the field 50 nm above

the top facet. Figure 14 shows the electric field of the fundamental transverse electric (TE)

mode at a distance of 50 nm from the top facet for the two cases.

Figure 14a shows that the normalized electric field for untouched rib waveguide is around

0.05. Figure 14b shows the field for a rib waveguide with the subwavelength grating. It shows
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Figure 14: The normalized electric field of the fundamental transverse electric (TE) mode
in distance of 50 nm from the top facet for (a) untouched rib silicon waveguide and (b) rib
silicon waveguide with subwavelength grating.

an increase in the evanescent field compared to a waveguide without the subwavelength

grating. To check the simulated structure, I fabricated a subwavelength grating on an SOI

rib waveguide. Using a focused ion beam machine, I milled a subwavelength grating with

a period of 400 nm, a duty cycle of 50%, depth of 400 nm and total length of 16 µm. A

scanning electron microscope (SEM) image of the fabricated subwavelength grating is shown

in Fig. 15.

Figure 15: Scanning electron microscope (SEM) image of the fabricated subwavelength grat-
ing on the waveguide.

Next, I built an experimental setup, as shown in Fig. 16a, to study the waveguide with

the grating. A broadband laser was coupled to a single-mode fiber using an x40 objective.

The single-mode fiber was connected to a lensed fiber that was coupled to the waveguide.

The waveguide output was collected to an optical spectrum analyzer by a fiber. The setup

was monitored by a microscope for precise alignment of the input and output fibers.

The influence of the subwavelength grating on the absorption of N -Methylaniline was

tested: First, by checking the transmission for untouched clean waveguide. Next, by dripping

3 µl of N -Methylaniline on the waveguide and measuring the transmission. Then, by moving
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Figure 16: (a) Laser to waveguide coupling setup. (b) Scattering from the grating. (c) The
measured transmission of a clean untouched waveguide (black curve), untouched waveguide
with N -Methylaniline (blue curve) and waveguide with milled subwavelength grating and
N -Methylaniline (red curve). (d) Transmission of N -Methylaniline in 1 cm cuvette.

the laser to the waveguide with the subwavelength grating. Figure 16b shows the top view of

the illuminated waveguide with the subwavelength grating. It shows the scattering caused by

the grating. The results of this experiment are shown in Fig. 16c, indicating that when N -

Methylaniline was dripped on an untouched waveguide (blue curve), the absorption was very

low. When a waveguide with the subwavelength grating and N -Methylaniline was checked,

the absorption was enhanced and was clearly seen (red curve). The absorption of the N-H

bond can be seen around 1475 nm and the absorption of C-H around 1600 nm. To verify, I

checked N -Methylaniline in a 1 cm cuvette (Fig. 16d). I observed a shift in the absorption

between the N -Methylaniline in the cuvette (Fig. 16d) and N -Methylaniline on a waveguide

(Fig. 16c).

From these results, I concluded that constant roughness can be used for enhancing the

sensitivity of the sensor.
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4 Conclusions and Discussion

To summarize, I investigated guided wave architectures for overtone spectroscopy.

First, I investigated the overtone absorption on a multimode silicon-on-insulator rib

waveguide. As the order of the mode increases, the evanescent field is enhanced, which

in turn improves the sensitivity. The multimode behavior of a multimode SOI waveguide

enhanced the sensitivity in three orders of magnitude by launching power to high order

modes. A precise distinction was observed between two similar organic molecules, aniline

and N -methylaniline (aniline derivative) and a CH bond second overtone without any sur-

face modification on the waveguide was identified through scanning over the absorption dips

in the NIR transmission spectra. Another method for transferring power to high order mode

is by deflecting the Talbot effect using perturbations of cylindrical shape in a multimode

waveguide core. The deflected Talbot effect, due to a cluster of inclusions milled into a

waveguide, enhanced the absorption of molecular transition overtones of weakly absorbing

N -methylaniline. The absorption line of the N-H bond of N -methylaniline around 1.5 µm

experienced a drop of 3.5 dB as compared to an unperturbed waveguide.

Further research was performed on the influence of the diameter of a single inclusion

in a silicon nitride ridge waveguide on the scattering pattern. I found that changing the

geometry of the inclusion affects the directional scattering effect. When the hole diameter

is comparable to the incident wavelength, the absorption is enhanced and it can be used for

sensing. As the radius becomes smaller, the fundamental electric and magnetic multipoles

become dominant and can be used for single-photon source applications on a chip. Therefore,

the diameter of inclusion can be modified and utilized for chemical analytes, quantum dots,

nanolasers and others.

Next, I studied another method for enhancing the sensitivity of the overtone absorption

by changing the confinement of the mode. Decreasing the confinement of the mode increases

the evanescent field, which in turn enhances the sensitivity. The interaction between the

evanescent fields of microfiber and ovarian cancer intercellular medium at different treatment

concentrations was investigated. The microfiber was fabricated by tapering an optical fiber.

I found that the spectral lines were altered in a dose-dependent manner. In addition, an

enhancement in absorption as high as 4 times was observed, as compared to the theoretical

estimations. This remarkable enhancement is interpreted by means of the roughness-induced

absorption. Besides the enhancement caused by decreasing the mode confinement by tapering

an optical fiber, I found that the random roughness of the microfiber enhances sensitivity,

by further increasing the penetration depth of the evanescent field.

The enhancement in sensitivity can be also achieved by the fabrication of a designed
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constant roughness on the surface of the waveguide, for example a grating. Surface roughness

can be used for enhancing the sensitivity and modulated accordingly.

4.1 Future research and perspectives

Enhancing the sensitivity by decreasing the mode confinement, which I explored during

my research, can be studied in the direction of tapering the guiding layer of a waveguide.

Waveguides have advantages over conventional tapered fibers. The main advantage is that

waveguides are more robust and the modification of waveguides is easier, which allows their

design for specific applications. Further investigation can be performed on combining the

effect of tapering with the enhancement due to surface roughness, a feature that can be used

for medical and sensing applications such as creating lab on a chip by adding laser source

on the chip, or for medical applications by monitoring treatment efficiency.
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 תקציר 

זאת בשל   מערכות.  של  ויישומי במגוון  פונדמנטאלי  מחקרלרחבה  רמה  מספקת פלטפו  גל  אופטיקת מוליכי

יש  מוליכילכי  העובדה   כגון  נןגל  ייחודיות,  ובעיקר היכולת להיות   מזעור,  איפנון השדה הדועך  תכונות 

בתדירויות  או    בתדירות הבסיסית   מולקולריותויברציות בהתאם ליישום הנדרש. היכולת לחקור    מתוכננים

מכיוון שתדר האור   בכלל  וחישה  רפואיבטכניקות ניטור    חשוב  נה מרכיבהי (  overtones)  גבוהות יותר

הוויברציונית   הרמות  להפרשי  בדיוק  מתאים  מולקולות  ידי  על  על   –הנבלע  מבוססות  טכניקות 

אלו  מולקולרית  הספקטרוסקופי רמות  הפרשי  של  למדידה  ישירה  דרך  של מהווים  מולקולרי  מבנה   ,

- קשריעל  מבוססת    אדום הקרוב-באינפראויברציונית    ספקטרוסקופיה.  אטומיים-ביןדרך קשרים    המולקולה

אף על פי  .  הקרוב  אדום-אינפראבכלי רב עוצמה לחקר מבנים מולקולריים    נהאור לחומר והי  בין  גומלין

הנבלעת   הנמוכה  כמות האור בשל  היטב  לא נחקר  הוא  פוטנציאל רב,    בעל  קרוב ה  אדום-אינפראהשתחום  

אפשר פיתוח  י  בתדרים גבוהים  אופני תנודהשל    בליעהמנגנון ה. הבנת  בתדרים גבוהים  על ידי המולקולה

יעילות חדשות,  גילוי  לשמש  ונגישות  שיטות  ויישומים    היכולות  כימיים  חיישנים  כגון  יישומים  למגוון 

במהלך    כגון  רפואיים בסרטן.  הטיפול  יעילות  שלישי,  ניטור  תואר  של  תנודה  חקרתי  המחקר  אופני 

מולקולות שונות וארכיטקטורות שונות של מוליכי  ותכוללהמערכות,  מגווןב  גבוהיםמולקולריים בתדרים 

 גל המפורטות בתזה. 

 

ה מנגנון  בחקר  מתמקד  שלי  מעברי  בליעה  המחקר  ידי    בעזרת   יםהרמוני  םמולקולריי  הרעידעל 

גל אופטיים לספקטרוסקופיה של    מוליכי שניתן להשתמש ב  מצאתי.  יםגל אופטימוליכי    של  ארכיטקטורות

את    שפר, ניתן לריג, כגון חורים או סהולכה. על ידי יצירת הפרעות/הפרעות בשכבה ה הרמוניותרעידות  

  סיב   כיווץ שלה על ידי    בתווך המוליך  אופןהכליאה של ה  הקטין את. בנוסף, ניתן לשל מוליך הגל  הרגישות

 . דועךהשדה ה ה שלחדיר הומק ע מהגדלת תהנובער הרגישות, פשמנת ל לע אופטי
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