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Abstract
Raman spectroscopy allows the identification of molecules and crystalline solids by
their fingerprint-like, vibrational signature. This work contributes to three fields of
applied Raman spectroscopy: Raman blood analysis, Spatially Offset Raman Spec-
troscopy (SORS) in microfluidics and Raman scattering in nanostructured dielectric
metasurfaces.

Inspired by the industry partner Radiometer, a microfluidic plasma fractionation
scheme in whole blood flow is developed in this work which allows the optical inspec-
tion of instantaneously created blood plasma. The combination of this microfluidic
chip with Raman spectroscopy is suitable for accelerated free hemoglobin quantifica-
tion on whole blood at clinically relevant concentrations of hemolysis. Furthermore,
the liquid in the microfluidic channel and the PDMS chip material are by design a two-
layer system where the methodology of SORS can be applied. An alignment protocol
is proposed in this thesis which allows consistent alignment of Raman optics with
respect to the microfluidic chip for quantitative Raman concentration measurements
of analyte in the microfluidic channel.

Nanostructured dielectric metasurfaces are rich in optical properties. They show
for example Mie-type resonances in the visible and near-infrared part of the optical
spectrum. Here the effect of such resonances on the enhanced Raman scattered
intensity is investigated. A tunable Raman setup has been established that allows
scanning of the Raman excitation wavelength across both Mie-type and Fabry-Pérot-
type resonances.
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Dansk resumé
Raman spektroskopi gør det muligt at identificere molekyler og krystallinske materi-
aler ved deres fingeraftryk-lignende vibrationssignatur. Dette arbejde bidrager til tre
områder med anvendt Raman spektroskopi: Raman-baseret blodanalyse, Spatially
Offset Raman Spectroscopy (SORS) i mikrofluidiske systemer og Raman spredning i
nanostrukturerede dielektriske metaoverflader.

Inspireret af industripartneren Radiometer har vi i dette arbejde udviklet et
mikrofluidisk plasmafraktionssystem til fuld blod, som muliggør den optiske inspek-
tion af øjeblikkeligt skabt blodplasma. Kombinationen af denne mikrofluidiske chip
med Raman spektroskopi er egnet til accelereret fri hæmoglobinkvantificering på hel-
blod ved klinisk relevante koncentrationer af hæmolyse. Desuden er væsken i den
mikrofluidiske kanal og det PDMS-baseret chipmaterialet designet i et tolagssystem,
hvor SORS metoden kan anvendes. En kalibreringssprotokol foreslås i denne afhan-
dling, som muliggør konsistent kalibrering af Raman optikken for kvantitative Raman
koncentrationsmålinger af analyten i den mikrofluidiske kanal.

Nanostrukturerede dielektriske metaoverflader er rige på optiske egenskaber. De
udviser for eksempel Mie-type resonanser i den synlige og nær-infrarøde del af det
optiske spektrum. Her undersøges virkningen af sådanne resonanser på den forstærket
Raman spredte intensitet. En justerbar Raman opsætning etableres, der tillader at
ændre Raman excitationsbølgelængden til måling af både Mie-type og Fabry-Pérot-
type resonanser.
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CHAPTER1
Introduction

In this thesis, I would like to present my PhD studies during the last three years.
The two attached manuscripts (one published, one submitted) contain two major
storylines. It is a pleasure for me to supplement that work by some further building
blocks which support the theses and hopefully add to the picture.

This Ph.D project is part of the HemoPoc project, funded by the Innovation Fund
Denmark. Project partners are Radiometer Medical ApS and the Department of
Micro- and Nanotechnology at the Technical University of Denmark (DTU Nanotech).
The intention of this collaboration is the development of optofluidic solution concepts
for the implementation in medical point-of-care testing. Specifically, an optical sensor
for the detection of hemolysis in whole blood samples is sought by both parties. Three
conceptually different, technical approaches are investigated in parallel whereof one
approach is the optical detection of hemolysis by means of Raman spectroscopy. The
outcome of this elaborated approach is presented in this thesis.

Hemolysis describes the rupture of red blood cells in whole blood and the con-
sequent release of cell content into blood plasma. The occurrence of hemolysis be-
comes apparent by a reddish tone of the blood plasma phase due to dissolved free
hemoglobin. In order to detect hemolysis by optical detection methods, blood plasma
needs to get separated from whole blood so that free hemoglobin becomes spatially
distinguishable from intracellular hemoglobin. This separation is usually achieved
permanently by centrifugation, which is too time-consuming for point-of-care testing.
Therefore, an instantaneous plasma separation method needs to be developed which
can be combined with an optical detection scheme.

Chen Zhou et al. [1] achieve optical access to instantaneously created blood
plasma with an evanescent waveguide sensor that comprises a nanostructured surface
keeping red blood cells at a distance from the plasma sensing regions. As opposed
to this, a dynamic microfluidic approach in combination with Raman spectroscopy
is pursued in this thesis. Here the naturally occuring cell-free layer in microfluidic
whole blood stream is manipulated by the microfluidic channel geometry. The aim
is to create space for confocal Raman probing in an expanded cell-free blood plasma
domain. Resonance Raman spectroscopy of hemoglobin in this instantaneously frac-
tionated blood plasma allows free hemoglobin quantification. Corresponding results
are summarized in chapter 4.1 and the manuscript in appendix A.

Quantitative Raman spectroscopy in microfluidics can be a challenging task. As
microscope objectives with high numerical aperture are used in the microfluidic exper-
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iments, the collected Raman scattered intensity from hemoglobin depends crucially
on the alignment of the collection optics with respect to the microfluidic channel. In
chapter 4.2 and the manuscript in appendix B, an alignment protocol is proposed for
reproducible concentration measurements in microfluidics. Here the out-of-focus Ra-
man intensity from the microfluidic chip material is used as internal reference. The
methodology requires an imaging Raman spectrometer where spectral information
also from spatially offset locations - with respect to the point of laser excitation - are
used. Consequently, this concept combines microfluidics with spatially offset Raman
spectroscopy (SORS) which is a technique of currently high scientific interest.

The detection of other Raman active analytes in blood and blood components is
promising in terms of clinical diagnosis [2]. However, often the Raman intensity is low
so that surface-enhanced Raman spectroscopy (SERS) strategies are applied, like in
[3] where colloidal solutions of blood plasma with metallic nanoparticles are used for
cancer classification. It is the aim of the third part of this thesis to contribute to the
field of Raman enhancement mechanisms. As plasmonic SERS has already seen huge
interest in recent years [4], this work puts focus on the enhancement by nanostructured
dielectric materials, specifically silicon. At the same time, these investigations are
part of the growing scientific field of dielectric metasurfaces. In the future, dielectric
metasurfaces might be combined with microfluidic Raman spectroscopy to enhance
Raman scattered intensity and to lower detection limits of analytes in manipulated
liquid flow.

Chapter 4.3 summarizes corresponding efforts of this work by describing Raman
experiments with silicon metasurfaces on fused silica substrates. Mie resonances
are present at similar wavelengths as that of the Raman laser, giving rise to local
field enhancement and consequent Raman intensity enhancement from silicon. Both
structural parameters and the Raman laser wavelength are modified in order to study
how Raman intensity is effected by the wavelength difference between the laser and
a specific Mie resonance. A tunable Raman laser setup can serve as optical probe for
Mie-type and other resonances.



CHAPTER2
State of the Art and

Scattering Theory
In the first three sections of this chapter I present an overview of the current state of
the art. The relevant literature that motivates each of the three main projects of this
thesis, is comprised into not more than two pages, respectively. Further information
and comparison to experiments is given in the two manuscripts and chapter 4 which
presents experimental results. In the fourth section of this chapter, I summarize some
fundamentals in scattering theory. Either the classical or the quantum description
is chosen where appropriate, in order to support an intuitive understanding and to
explain experimental results throughout the thesis.

2.1 Raman blood analysis
Hemolysis can happen in vivo or in vitro. In both cases, red blood cells rupture
and their content is released into the blood plasma. In vivo hemolysis can indicate a
live threatening medical situation. However, if hemolysis happens outside the human
body (in vitro) due to bad sample handling, not only a higher concentration of free
hemoglobin is present in the plasma: At the same time, the potassium concentration
is higher which leads to a wrong diagnosis and consequently to a wrong medical
treatment. It has been the fundamental incentive of this work to contribute to novel
hemolysis detection methods.

The ultimately time-limiting step in current hemolysis detection methods is the
centrifugation of whole blood for plasma extraction which takes a couple of minutes.
This takes too long for application in point-of-care (PoC) testing [5]. Therefore, the
approach in this project is to realize instantaneous plasma separation that allows
Raman spectroscopic free hemoglobin sensing. The combination of microfluidics and
Raman spectroscopy as reviewed in [6, 7] appears promising to solve this task. The
biophysical aspects of blood flow in the microcirculation are described in [8] and
[9]. The authors of these articles predict cell-depleted, about 1-2 µm sized plasma
layers at the channel walls of whole blood flow in 10 to 300 µm sized capillaries.
Similiar dimensions of cell-free layers can be realized in microfluidics. By utizing this
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(b) (c)(a)

Figure 2.1: (a) The porphyrin group is the central and photoactive part of the
hemoglobin molecule. (b) Hemolysis makes the plasma phase turn red,
visible after time-consuming centrifugation. (c) Advantageous, the in-
stantaneous plasma separation in microfluidics, designed for locally ap-
plied Raman spectroscopic probing.

and other biophysical concepts of microfluidic blood flow, even permanent plasma
separation is possible as demonstrated in [10], [11] and [12]. These microfluidic devices
have inspired the approach in this work. The realized plasma domain creation for
local Raman hemoglobin quantification is illustrated in figure 2.1(c). I would like to
refer to the attached article in appendix A for the main results and to chapter 4 for
supplementary information.

Hemoglobin in liquid blood and blood plasma samples is detectable by Raman
spectroscopy without applying a SERS technique, if the Raman excitation wavelength
is chosen close to the electronic transition of the molecule. The photoactive central
part of the hemoglobin molecule is a porphyrin ring structure which has a strong
absorption band in the wavelength range from 400 nm to 480 nm. If hemoglobin is
illuminated with light in this wavelength range, it is a resonant Raman scatterer [13]
(see chapter 2.4.1 for some resonant Raman theory). This was demonstrated already
in the 1970s in the articles [14, 15, 16]. However, hemoglobin is still of interest today.
For example bands can be assigned like in [17], single hemoglobin molecules can be
detected by means of SERS [18], diabetes can be diagnosed [19] or oxygen saturation
measurements can be performed by using resonance Raman intravital microscopy on
hemoglobin [20, 21]. Furthermore and most importantly for this thesis, hemoglobin
is the molecule of interest in hemolysis diagnosis.

In general, Raman spectroscopy is a very attractive method for quantitative op-
tical sensing. The linear superposition of fingerprint-like, specific Raman intensities
from a set of analytes in a sample allows that multiple analytes can be quantified
from a single acquired Raman spectrum. For this, a multi-dimensional Partial-Least-
Square (PLS) regression model needs to be calibrated. With this methodology, multi-
component blood analysis by near-infrared Raman spectroscopy has been demon-
strated in [22], [23] and [24]. A concentration set including values for urea, glucose,
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albumin, total protein, triglyceride and cholesterol can be quantified quite accurately
after a calibration round, by examining a single Raman acquisition. This is one ex-
ample where the application of Raman spectroscopy to blood and blood plasma has
been successful. The entire field of biomedical Raman research on blood and blood
components has been reviewed by Atkins et al. in [2] and Krafft et al. in [25].

Classification studies in the medical context are conceptually similar. Here it is
to decide if the measured Raman spectrum belongs to a specific characteristic group
or to another. In this framework, it is for example possible to discriminate body fluid
traces in forensic identification studies [26, 27] or to identify dengue infected blood
and blood plasma [28]. Furthermore, cancer classification studies as [29], [3] and [30]
have been performed where Raman spectra of plasma from patients with cancer are
compared to a healthy reference group. In order to rise the Raman scattered intensity
above the detection limit, liquid colloids of gold or silver nanoparticles are mixed with
the plasma before Raman measurements so that the SERS effect is taken advantage
of. This discipline of reproducible signal enhancement of blood plasma and serum
has been studied systematically by Bonifacio et al. in [31]. Their more general study
[32] covers also other bodyfluids.

2.2 Spatially offset Raman spectroscopy
Light scattering in a turbid medium is fundamentally different from a pure reflection
by an interface. In a turbid (or semi-transparent) medium, scattering happens grad-
ually along the optical path of a collimated light beam. Each photon in the train of
incident and scattered photons is manipulated randomly, depending on the optical
properties of the medium. The interaction is described by probability distributions
for the scattering event of a single photon. In analogy with electron-matter interac-
tion, in electron microscopy, interaction volume and penetration depth characterize
the overall interaction in diffuse light scattering. The appropriate modeling tool is a
numerical Monte-Carlo implementation.

Results from these numerical models are particularly interesting when looking at
systems that are not extended semi-infinitely, but those which are thin with respect
to the direction of incident light. Of course, the penetration depth is limited to the
extend of the thin layer. However, also the lateral extent of the scattering volume is
the smaller the thinner the layer is. For a thick layer, the lateral size of the scattering
volume is large. For a thin layer, it is small. The same principle holds in a semi-
infinite turbid medium. Scattered intensity from the layer close to the surface at
the position of the incident beam is collected only at small spatially lateral offsets.
Scattered intensity from deep inside the material, can be probed efficiently at large
spatial offsets. Figure 2.2 illustrates this mechanism. The curved arrows indicate
the outermost paths of possible photon migration with respect to a specific probing
depth.

In good approximation, Rayleigh scattered photons and Raman scattered photons
can be treated equally because Raman photons are created with a small probability in
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Incident 
Laser

Depth

Spatial Offset

Figure 2.2: Light scattering in a layered stack of turbid media. Depending on the
spatial offset of an optical collection system at the surface, a different
subsurface volume is probed.

every scattering event [33]. In a layered stack of Raman active chemical compounds,
the origin of Raman scattering from each layer is encoded in its Raman signature. As
shown in figure 2.2, differently sized subsurface volumes are probed by detecting the
scattered response at different spatial offsets with respect to the position of Raman
laser excitation. In this way, it is possible to do subsurface probing in diffusely
scattering media. In early works of Matousek et al. [34, 35] they describe this finding
and present spatial offset Raman spectroscopy (SORS) in numerical and experimental
studies. In later works like [36], the Monte Carlo models are adjusted to specific media
as breast tumor tissue, for example.

In practical terms, SORS is a tool in many applications where it is of interest
to noninvasively acquire Raman spectra from beneath the surface of a sample. A
prominent example is the analysis and detection of packaged pharmaceuticals and
concealed drugs where SORS enables Raman probing through the packaging container
material. A consistent summary of this SORS field is given in [37]. The fluorescence
from the container or the analyte inside the container can be problematic but can be
corrected for as demonstrated in [38, 39].

Various samples, as historical multi-layered paintings and art restaurations [40],
weed seats [41], bones and tissue [42] have been investigated. Furthermore, the
methodology has evolved into several branches of SORS. The originally fiber-based
setups are accomplished by microscope based SORS setups. Digital mirror devices
(DMDs) expand the range of possibilities even further [43]. The general benefits of per-
forming SORS using micron offset distances as opposed to the more typical millimeter
offsets in fiber-based setups are discussed by Di et al. in [42]. Imaging Raman spec-
trometers allow hyperspectral spatially offset Raman acquisitions [44]. Hyperspectral
spatially offset setups are equivalent in design to line-scan optical microscopes which
are connected to an imaging Raman spectrometer [45]. Such an imaging Raman spec-
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trometer is also utilized throughout this thesis where the samples under study are
microfluidic chips.

In Raman microscopy, the collected Raman intensity depends strongly on the
optical alignment of the detection system. In particular, the alignment of the focus
makes a big difference. Matousek and Conti have investigated the effect of the focus in
micrometer-scale SORS experiments [46, 47, 48]. They emphasize that the variation
of illumination and detection zones in the defocusing process has an effect on the
intensity of collected Raman signal from different layers in a multi-layer system. In
this way, they can recontruct the Raman spectrum of a sublayer by comparing in-focus
Raman spectra to Raman spectra which are acquired in a defocused alignment.

2.3 Raman enhancement in dielectric nanostructures
Already in 1983, Murphy and Brueck [49] demonstrated that nanostructured silicon
surfaces enhance Raman scattered intensity compared to an unstructured silicon sur-
face. However, the advent of surface-enhanced Raman spectroscopy by means of
plasmonic nanostructures - as reviewed for example in [50] and [51] - first drew at-
tention away from this field [4]. In fact, the used plasmonic structures show great
local field enhancements locally around the nanostructures, thereby enabling highly
sensitive sensing applications [52].

One current trend in research is the field of metasurfaces and metamaterials [53].
This field also inspires the traditional discipline of silicon nanophotonics in the way,
that structural designs are transferred [54]. Figure 2.3 shows some design examples of
nanostructured silicon. The fundamental building blocks of metasurfaces and meta-
materials in silicon are the sphere, the disk and the cube. The optical properties
of these structures are studied in light scattering experiments of various kinds. In
this thesis, silicon metasurfaces of the type named ’g’ in figure 2.3 are fabricated and
probed in reflectance and Raman experiments.

The fundamental building blocks of metasurfaces and metamaterials individually
are already rich in terms of optical properties. These building blocks are essentially
Mie-type scatterer having different optical resonances and scattering characteristics
depending on size and shape [55, 56]. The implementation of highly-efficient dielectric
Huygens’ surfaces [57] is one example which shows that also the directionality of
scattered light can be tuned by the metasurface. Directionality in light scattering
is also the major topic of the articles by Aleksandr Vaskin et al. [58] and Yuanqing
Yang et al. [59].

Beyond a single nanoresonator comes the situation of a cluster of nanoparticles.
The small gap in between two adjacent nanoresonators leads to the strong localization
of electromagnetic field strength. This enables optical biosensing [60] and highly sen-
sitive spectroscopy [61] with clusters of these individually resonant structures. One
type of spectroscopy is Raman spectroscopy. Ivano Alessandri et al. [4] review re-
search in the field of enhanced Raman scattering in dielectric structures. The case of



8 2 State of the Art and Scattering Theory

Figure 2.3: From silicon nanoresonators to silicon metamaterials. Dielectric meta-
surfaces and metamaterials are essentially built from the three funda-
mental types of resonators: the sphere, the disk and the cube. The
figure is taken from [54].

Raman scattering where the optical wavelengths of the Raman laser and the Raman
scattered intensity are close to a Mie resonance, is also covered in their article.

Crystalline silicon has got a characteristic Raman spectrum, as shown in figure
2.6(c). The distinctive peak at about 520 cm−1 broadens if temperature increases.
This can be utilized to perform Raman thermometry, where the shape of the Raman
peak reports the temperature of the silicon nanoparticle which is optically heated [62].
In the article termed ”Resonant Raman scattering from silicon nanoparticles enhanced
by magnetic response” [63], Pavel Dmitriev et al. study Raman scattering from single
spherical silicon nanoparticles. By tuning the nanoparticle size, the wavelengths of
the Mie resonances shift. In their experiments they focus on the magnetic dipole (MD)
resonance. They compare Raman scattering where the excitation laser wavelength is
identical to that of the MD resonance, to Raman scattering from another nanoparticle
where the excitation laser is off-resonant. The so derived enhancement factor is about
140. Dmitriev et al. claim by theoretical considerations in [63] that the Raman
enhancement from a magnetic quadrupole (MQ) Mie resonance would be even higher.
In [64] Frizyuk et al. present an analytical framework for enhanced Raman scattering
from dielectric nanoparticles. They apply the theory both to spherical and disk-like
nanoparticles and compare with numerical simulations. The analytical derivation
in [64] leads to equation (2.13) which shows that Raman intensity from a dielectric
nanoparticle scales with the strength of the electric field at the laser wavelength and
the Purcell-factor at the Raman scattered wavelength.
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2.4 Scattering theory
Raman spectroscopy is a direct, nondestructive and noninvasive optical technique for
the identification of molecules. Each molecule has its own specific Raman signature
which has its cause in the unique set of oscillatory motion of the molecule atoms with
respect to each other. This vibrational signature from one molecule is unique, it can
thus be identified and distinguished from the signature of other types of molecules in
a Raman spectrum. It is the intention of this paragraph to summarize the derivation
of a classical theoretical expression for the Raman scattered intensity which can be
applied to the most fundamental example: a diatomic molecule consisting of two
identical atoms.

In general, molecules that are illuminated by electromagnetic radiation scatter
light elastically (Rayleigh scattering) and inelastically (Raman scattering). Chemical
bonds inside of molecules are formed by sharing electrons between atoms. An external
electromagnetic field E(ω) induces an oscillating electric dipole inside the molecule.
The induced electric dipole can be understood as a time-periodic displacement of the
electron cloud system with respect to the atoms of the illuminated molecule. This
induced electric dipole p is the source of scattered radiation, as described in [65]. The
scattered intensity at the scattered frequency ωs is given by

I = k · ω4
s · p2 · sin2θ , (2.1)

where k = (32πϵ0c3)−1 is constant and θ is the angle with respect to the dipole axis.
The expression demonstrates the scaling of scattered intensity with the frequency ω4

s

of scattered radiation. Consequently - regarding the wavelength λs - this means:

I ∼ λ−4
s , (2.2)

which explains among other things why the sky is blue. The induced dipole p(r, ω, ωs)
is a vector located at the molecule position r and it is induced by the incident electric
field E(r, ω) of frequency ω at the molecule position r. For linear scattering, higher
order terms in E(r, ω) are neglected:

p(r, ω, ωs) = α̂(r, ω, ωs)E(r, ω) . (2.3)

The polarizability tensor α̂ is characteristic for a specific molecule. It represents the
coupling of the incident electric field to the discrete set of oscillatory normal modes
of the molecule. The polarizability tensor α̂ can be expanded into a Taylor series of
the normal coordinates Qk of these oscillatory normal modes, where k is the index of
the k-th mode:

αij = α0
ij +

∑
k

∂αij

∂Qk

∣∣∣∣∣
0

Qk + . . . (2.4)

In the case of a diatomic molecule, only one oscillatory mode k exists which can be
described by two masses with a connecting spring in between (Hooke’s law). The
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masses and the coupling constant determine the oscillatory frequency ωk and the
oscillatory movement is described by

Qk(ωk) = Q0
k · cos(ωkt) . (2.5)

For one oscillatory mode k, the polarizability in equation (2.4) reads:

αk = α0 + α′
k Qk(ωk) + . . . (2.6)

with α′
k being the first derivative of the polarizability with respect to the vibrational

normal mode coordinate k of the molecule. The insertion of equation (2.5) into
equation (2.6) leads to an expression of the polarizability tensor:

α = α0 + α′
kQ0

k · cos(ωkt) . (2.7)

Finally, with an incident electric field E(ω) = E0cos(ωt) at the position of the
molecule, the polarizability for a molecule with a single mode is

p = αE(ω) = α0E0cos(ωt) + α′
kQ0

kE0cos(ωt)cos(ωkt) (2.8)
= p(ω) + p(ω − ωk) + p(ω + ωk) (2.9)

In the last step, the identity cosA cosB = 1
2 {cos(A + B) + cos(A − B)} has been

used. The polarizability p(ω) represents the Rayleigh scattered intensity, whereas
p(ω−ωk) and p(ω+ωk) lead to Stokes-shifted and anti-Stokes-shifted Raman scattered
intensities, respectively. Of course, considering only one mode k and one dimension
simplifies the math. However, the appearance of (anti-)Stokes-shifted Raman terms
applies to three-dimensional systems with many vibrational modes k of the molecule
in the same way. The ultimate requirement for a specific vibrational mode of the
molecule to be Raman active is that α′

k - the first partial derivative of the polarizability
tensor with respect to the normal coordinate of mode k - is not zero.

2.4.1 Energy levels and resonant Raman scattering
Raman scattering is a spontaneous quantum process. It is decided randomly if a
specific incident photon of energy h̄ω is scattered elastically (Rayleigh) or in-elastically
(Raman). However, the probability for a Raman-type interaction is reduced by about
a factor of 106 compared to Rayleigh scattering [66]. The application of strongly
suppressing notch or etch filters for the Rayleigh contribution allow Raman scattering
to be accurately detectable in experiments.

Figure 2.4 illustrates schematically different scattering processes. The description
focuses on the energy exchange. The vibrational energy levels above the ground
state level represent the discrete oscillatory modes of the molecule. These modes
can absorb and release a quantized amount of energy. Virtual energy states are of
artificial nature and appear in the theoretical description in order to allow energy
conservation at all times. If an incident photon of energy h̄ω (green) transfers all of
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Virtual
energy states

Vibrational
energy states

Infrared
Absorption

Rayleigh
scattering
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Raman
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Figure 2.4: Energy scheme for different types of light scattering. The vibrational
modes of a molecule give rise to a set of energy levels above the ground
state energy. Scattered on virtual energy states and returned to the
same or another vibrational energy level, the scattered photon can be
of the same energy as the incident photon (green) or it can be blue/red-
shifted.

its energy to the scattered photon by means of a virtual energy state, the interaction
is called Rayleigh scattering. In contrast, if energy is partly released into a vibrational
mode, the scattered photon is red-shifted and the interaction is called Stokes Raman
scattering. If energy is gained from an already excited vibrational mode (blue-shifted
photon), the interaction is termed Anti-Stokes Raman scattering.

Raman scattering is resonantly enhanced if the energy of the incident photon
h̄ω matches or is close to the energy of an electronic transition of the molecule [13].
This is particularly the case for the protein hemoglobin which is a resonant Raman
scatterer if the excitation frequency is adjusted to an absorption band of the molecule
[14, 67]. The Raman scattered intensity from this molecule is analyzed in large parts
of the thesis. Derek Long [65] presents an analytical formulation of the polarizability
tensor in the quantum mechanical framework in order to derive some analytical insight
regarding the phenomenon of Resonance Raman scattering. The polarizability tensor
is formulated for a transition from an initial state |i⟩ to a final state |f⟩. Furthermore,
several resonant states |r⟩ are involved. The general transition polarizability reads

(αρσ)fi = 1
h̄

∑
r ̸=i,f

{
⟨f |p̂ρ|r⟩⟨r|p̂σ|i⟩
ωri − ω − iΓr

+ ⟨f |p̂σ|r⟩⟨r|p̂ρ|i⟩
ωrf − ω + iΓr

}
, (2.10)

where p̂ is the induced transition electric dipole moment operator, and Γr relates to
the full width of the resonant level |r⟩. The summation in equation 2.10 considers
all possible states |r⟩ excluding the initial state |i⟩ and the final state |f⟩. In the
case that ωri = ωr − ωi is approximately equal to ω for a specific state |r⟩, then the
frequency of the incident radiation is in resonance and the denominator of the first
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Figure 2.5: Four types of Raman scattering, from off-resonant to resonant. Adapted
from [65].

term of equation 2.10 diverges, as much as the dampening Γr allows. In his book
[65], Derek Long presents different situations of non-resonant to resonant Raman
scattering depending on the number and the type of the optical transitions that are
available at the frequency of the incident radiation. The illustration from the book
is reproduced as figure 2.5.

2.4.2 Raman scattering by phonons
Radiation that is incident onto the surface of a crystalline solid interacts with the
lattice vibrations (phonons) of the material. As phonons are quantized in terms of
their energy, each incident photon can transfer discrete amounts of its energy during
the instantaneous scattering process. This energy difference of the scattered photon
with respect to the incident photon is reported as Raman shift in the optical spectrum.
For example, crystalline silicon has got a famous Stokes Raman spectral signature, a
strong peak at about 520 cm−1 as shown in figure 2.6(c).

In the scattering process, not only the energy is conserved but also wavevector and
momentum. The energy is conserved due to the fact that a phonon is excited. The
wave vector is conserved by the geometrical condition shown in figure 2.6(a). This
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condition implies that scattered photons of specific wavevector ks probe phonons of
specific wavevector q. The optically excitable lattice vibrations are called optical
phonons and are plotted in the phonon dispersion relation of a perfect diatomic
lattice in figure 2.6(b). D. Tuschel argues in [68] that only phonons very close to
k = 0 fullfill the momentum conservation in classical Raman experiments. Therefore,
only these phonons can be sampled and thus only the phonon energy very close to
k = 0 contributes to a Raman spectrum. This explains the presence of distinct
peaks in Raman spectra from crystalline solids. In the case of amorpheous solids,
vibrational modes are no longer plane waves propagating through the crystal, but
they are localized. The result is that Raman spectra of amorpheous solids do not
have distinct peaks but rather broader bands. Smith et al. have found out that the
Raman spectrum of a amorpheous solid can resemble the phonon density of states of
a crystalline solid [69].

(a) (b)

(c)

Figure 2.6: Raman scattering with crystalline solids. (a) Wavevector conservation
in a Raman scattering process with phonons. (b) Dispersion relation of
a one-dimensional diatomic lattice. (c) Raman spectra of amorphized
and crystalline silicon. Figures are adapted from [68].
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In the classical mathematical description, a lattice vibration is a plane wave

Qk = Q0
k · cos(ωkt) , (2.11)

with the same notation as for the oscillatory mode of the molecule that has been
used in equation (2.5). In fact, both the molecule oscillations and the vibrations of
the crystalline solid can be treated equivalently within the mathematical framework.
Therefore, the equations of the induced electric dipole (2.3) and the polarizability
tensor (2.4) also hold for Raman scattering in crystalline solids.

The third part of this thesis studies Raman scattering from polycrystalline silicon
nanoparticles that are arranged on a substrate. These nanoparticles are both Mie-type
resonances and the source of Raman scattering. Of particular interest is the situation
when the frequency of the incident radiation for Raman excitation matches a Mie
resonance frequency of the nanoparticle. Frizyuk et al. [64] present a theoretical
investigation of the Raman intensity from these structures. Starting point is the
surface integration of Raman intensity Iσ

R through the surface S of a nanoparticle.
Here a single phonon mode σ is considered:

Iσ
R = 1

2
Re

∮
[E(r, ωs) × H⋆(r, ωs)]dS . (2.12)

The subsequent derivation in [64] with the help of the Green’s function formalism
assumes fully incoherent Raman sources and neglects internal losses. Thus, the di-
electric silicon is considered transparent, which is particularly true for optical wave-
lengths above 600 nm. The derivation leads to the scattered Raman intensity by a
dielectric nanoparticle

Iσ
R = vω4

sµ0

12πc

∫
dV |PR(r, ω, ωs)|2 FP (r, ωs) (2.13)

which integrates the scattered intensity from all induced dipole moments inside the
nanoparticle of volume V . The small v is a constant and µ0 is the magnetic free-space
susceptibility. The interpretation of equation (2.13) allows the conclusion that the
Raman intensity scales quadratically with the electric field at the excitation frequency
ω. Furthermore, the instantaneously scattered Raman intensity scales linearly with
the Purcell-factor FP (r, ωs). Thus, the process of instantaneous re-emission in Ra-
man scattering is comparable to a spontaneous emission process [70] which depends
on the optical environment of the scattering location r at the frequency ωs. The
Purcell-factor is the fraction that relates the rate of spontaneous emission of a dipole
coupled to an optical resonator to its rate of spontaneous emission in free-space or
bulk material. In the case that the emitter is situated inside of a nano-optical cavity,
the Purcell factor scales as E2(ωs) [71]. This means that the scaling of the usual equa-
tion for Raman scattered intensity holds in the case of the Raman scatterer inside a
cavity:

IR ∼ E2(ω)E2(ωs) . (2.14)
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2.4.3 Mie scattering
Small dielectric particles scatter incident radiation. Depending on the size of the
particle with respect to the wavelength of the incident radiation, the scattering phe-
nomenon shows different characteristics. In Mie scattering, the particle size is com-
parable to the optical wavelength. The incident radiation interacts with the resonant
electromagnetic modes of the particle.

In their book [72], Bohren and Huffmann present an analytical approach to Mie
scattering from a small spherical dielectric particle. Both the resonant normal modes
inside the Mie particle and analytical expressions of scattering cross sections are
derived. There are two distinct types of normal modes, characterized by their electric
field vectors: Electric type modes have electric field lines with no radial component
while magnetic type modes show exclusively circular field lines. The first two modes
of each type are shown in figure 2.7, adapted from the book [72]. They are called
electric dipole (ED) and electric quadrupole (EQ) as well as magnetic dipole (MD)
and magnetic quadropole (MQ). The magnetic field in modes with radial field lines
(MD and MQ) is strong because it directly relates to the curl of the electric field.

How strong the excitation of one of these modes is depends on, whether the
frequency of incident radiation matches the respective eigenfrequency of the mode.
The scattering cross section describes the strength of this interaction. Bohren and
Huffmann [72] derive an analytical expression of the scattering cross section for a
spherical particle. Frizyuk et al. plot this cross section in [64] as function of the
incident wavelength for a spherical silicon particle of 220 nm diameter, see figure

ED

EQ

MD

MQ

Figure 2.7: Projection of electric field lines for Mie modes in a spherical par-
ticle. The two modes on the left are electric dipole and electric
quadrupole. The two modes on the right are magnetic dipole and mag-
netic quadrupole. The figure is adapted from [72].
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MD

MQ

Figure 2.8: Mie scattering cross section of a spherical silicon nanoparticle with 220
nm in diameter. To the right, the electrical fields inside the nanoparticle
for the magnetic quadrupole (MQ) mode at about 620 nm and the
magnetic dipole (MD) mode at about 850 nm. The figure is adapted
from [64].

2.8. The cross section is calculated for each resonance individually. Consequently,
the total cross section is a linear superposition of the contributions from the various
resonances. Figure 2.8 shows also the corresponding three-dimensional electric fields
inside the spherical nanoparticle at the wavelengths of both magnetic quadrupole and
magnetic dipole.



CHAPTER3
Fabrication and

Optical Experiments
This chapter summarizes the details during the experimental work of my thesis. The
microfluidic chip fabrication is described in this chapter. I was also involved in parts
of the cleanroom fabrication of the dielectric metasurfaces which were then used in
Raman experiments. Furthermore, I spent some time establishing, testing and fine-
tuning a Raman microscope which is now available to carry out Raman experiments
in a flexible manner. Due to the fact that it is an inverted Raman microscope, it
enables Raman analysis in microfluidic chips.

3.1 PDMS microfluidics
Polydimethylsiloxane (PDMS) is a silicone. It is a standard material for microfluidics
which allows fast prototyping. Either patterned SU-8 photoresist or a structured
silicon surface is commonly used as the master. Liquid PDMS – homogeneously
mixed with ten weight percent of the corresponding developer – is cast onto the
master and left in an oven at 60-90 °C for a few hours. The cured PDMS can then be
taken off. The protrusions of the master leave small channels behind in the surface
of the PDMS material. They are the microfluidic channels. In order to close the
channels, a cover slide glass or a 200 µm thick, one inch sized fused silica wafer is
bonded to the PDMS.

In figure 3.1 the fabrication is shown step by step. The first five steps (a-e) il-
lustrate the UV lithography on a standard single side polished silicon wafer with a
mask (SUESS MicroTEC, Garching, Germany) or a maskless aligner (Heidelberg In-
struments, Heidelberg, Germany), followed by reactive ion etching (DRIE Pegasus,
SPTS, Allentown, United States). Subsequently, an anti-stiction coating of fluorocar-
bon is deposited onto the structured silicon surface in a molecular vapor deposition
process (MVD 100, Applied Microstructures Inc., Newport, South Wales). Only with
this layer, it is possible to remove the PDMS later from the silicon master without
residuals. Liquid PDMS is cast into a mold with the structured silicon master at
the bottom. The ensemble is put into an oven at 75 °C for a few hours. Figure
3.1(i) shows the mechanically introduced inlet or outlet reservoir in the cured PDMS
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Figure 3.1: Process flow for PDMS microfluidics. (a-e) UV lithography with a nega-
tive resist. (f) Anti-stiction coating from a Molecular-Vapour Deposition
(MVD) process. (g) PDMS casting and curing. (h) PDMS pealed of the
silicon wafer. (i) Introduction of inlet and outlet reservoirs with a biopsy
punch. (j) Bonding to a cover slide. (k-l) Microfluidic experiments.

chip. After this step, the microfluidic channels are closed by bonding the PDMS chip
to a cover slide of 200 µm in thickness. Prior to bonding, both surfaces are acti-
vated in oxygen plasma. This procedure enforces a stable bond and thus a consistent
microfluidic chip.

Structured silicon masters for microfluidic channels are prepared for PDMS cast-
ing. The channels are designed to be 50 µm in width, either 20 µm or 40 µm in height
and 9 mm in length. In the microscope image of a structured silicon wafer in figure
3.2(a), one can see the protrusion that is supposed to cause a locally expanded channel
in the surface of the PDMS chip. After fabrication, this chip is mounted to the stage
of an inverted microscope for microfluidic experiments with blood samples. First, a
liquid sample of about 30 µl is inserted with a pipette into the inlet reservoir. Then
pressure in the range of 1–100 mbar can be applied to make the blood flow. There
is either the possibility of applying forward pressure at the inlet or underpressure at
the outlet of the microfluidic channel. The application of underpressure at the outlet
has got the advantage that the sample can be exchanged without moving the fluidic
connector. In this way, the optical alignment in the microscope is conserved during
sample exchange and consecutive measurements. The microfluidic chip, mounted in
a holder on the stage of the inverted microscope and connected to a pressure pump
is shown in figure 3.2(b).

In microfluidic blood flow experiments, one needs to follow a specific protocol to
reduce the risk for blood clogging and bias of analyte concentration. Therefore, the
microfluidic channel is wetted with buffer solution that matches the pH value of blood.
This buffer solution is also used as a rinse for channel cleaning in between different
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Figure 3.2: (a) Fabricated negative of the microfluidic channel in silicon, prepared
for PDMS casting. (b) Microfluidic chip mounted on the microscope
stage and connected to a pressure source. (c) Microfluidic experiment
in the microscope.

whole blood samples. Figure 3.2(c) shows a microscope image of flowing blood in a
channel expansion. One can clearly see the cell-depleted domains which are desired
for optical inspection of blood plasma. However in this microfluidic fractionation
experiment, recirculation occurs and a couple of cells circulate in the two cell-depleted
domains. Some details on channel design to suppress this effect are presented in the
attached article [73] in appendix A.

3.2 Nanostructured thin films of polycrystalline silicon
Thin films of polycrystalline silicon are deposited in a LP-CVD (low pressure chemical
vapor deposition) process at 630 °C on fused silica wafers. The growth rate is about
9.5 nm per minute and the approximate thin film thickness can be determined with
ellipsometry. In order to avoid interference in optical experiments, the silicon layer on
the backside of the wafer is removed by reactive ion etching. The entire process flow
for the fabrication of a metasurface is presented in figure 3.3. The consequent steps
(d-j) describe electron beam lithography which was carried out by Chen Zhou. Due to
the non-conducting fused silica wafer, aluminum is deposited onto the e-beam resist
in order to avoid surface charging during the electron beam writing process. After
development of the positive e-beam resist, a thin layer of aluminum is deposited. The
goal is to reverse the pattern and use aluminum as etch mask. This is achieved in a
lift-off process where the remaining e-beam resist on the thin film with aluminium on
top is stripped of and only islands of 40 nm thin aluminum remain on the thin silicon
film. With this aluminum etch mask, I processed the wafer in a reactive ion etcher
(DRIE Pegasus, SPTS, Allentown, United States). After final aluminum removal, the
nanostructured thin film sample is ready for inspection.
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Figure 3.3: Process flow for metasurfaces. (a-b) Deposition of polycrystalline silicon
on a fused silica wafer in an LP-CVD process at 630 °C. (c) Backside
removal. (d) Spin-coating of e-beam resist. (e) Aluminum deposition
for charge control. (f) E-beam writing. (g) Aluminum removal. (h)
Development of resist. (i) Aluminum deposition (40 nm). (j) Lift-off.
(k) Reactive ion etching. (l) Aluminum removal.

The anticipated metasurface design is an array of individual, free standing disks on
fused silica. Both pitch and diameter of the disks are adjustable. Their height is given
by the thickness of the initial silicon thin film. In order to study these metasurfaces
in a systematic way, a range of disk diameters from 100 nm to 200 nm is designed to
be fabricated on the same sample. However, test rounds for the fabrication were done
with one specific parameter set where the disk diameter is 170 nm and the pitch in
between individual disks is 400 nm. In particular, the etching step (k) in figure 3.3 is
critical and sensitive. The time of the reactive ion etching process has to be adjusted
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Figure 3.4: Two different etching times lead to a shift in the reflectance spectrum
of the metasurface. Etching times are 75 s on the left and 65 s on the
righ.
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precisely to fully remove the thin film in between the disks. Nevertheless, too long
etching leads to over-etching and horizontal shrinkage of the disks. This sensitivity
regarding the etching time is illustrated in figure 3.4 where two areas from the same
wafer with the same metasurface design are compared. The left SEM image shows
the resulting metasurface when the etching takes 75 seconds. In the SEM image on
the right, it is 65 seconds. One can clearly see that the etching that takes 65 seconds,
is not complete: There is some thin silicon remaining in between the disks, even some
periodic height differences of these silicon residuals can be seen. In contrast, the 75
seconds lasting etch removes all silicon in between the disks. However, the disks are
shrinked slightly in the horizontal orientation, specifically at their bottom. The disks
are slightly cone-shaped.

The difference in the etching time of the two presented metasurfaces in figure 3.4
has an impact on their optical properties. It results in a shift of the Mie resonances as
the reflectance spectra show. One would expect a red-shift of the Mie resonances with
increasing height of the disks because the height is directly correlated with etching
time. Counterintuitively, here the Mie resonances move towards shorter wavelengths.
This can be explained by the reduced diameter and the cone-shape of the metasurface
disks. In general, the size of the disks critically determines the spectral position of
their Mie resonances which, in turn impacts the results of reflection measurements.
Thus, their color impression to the human eye is also influenced by the Mie resonances
in the visible part of the optical spectrum. This is described in more detail in the
article [74]. The change of surface color due to shifted Mie-type resonances can be
observed also in the systematic study of designed disk diameters ranging from 110
nm to 200 nm. Figure 3.5 presents microscope images. The natural color of the
unstructured silicon thin film of about 200 nm thickness is pink as the color of the

Figure 3.5: Microscope images of metasurfaces with varying disk diameter: in the
range from 110 nm to 200 nm in steps of 10 nm. The pitch is 325 nm
and the disk height is about 200 nm. Mie resonances are red-shifted
with increasing disk diameter.
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labels indicates. One can clearly see the spectral position of the Mie resonance move
from green to red. For larger sizes, the Mie resonances move into the near-infrared
part of the optical spectrum which is invisible to the human eye. Consequently,
higher order Mie resonances in the green part of the spectrum determine the color
appearance again at the largest disk diameters.

3.3 The Raman microscopy setup
A custom-built Raman microscopy setup was established. It consists of three major
components: a selectable laser source for optical excitation, an inverted microscope
for inspection and a spectrometer for Raman analysis. The chosen laser source is
accomplished by an appropriate filter set including a laser sideband filter (band-pass
or short-pass edge filter) and a Rayleigh suppression filter, like a notch or a long-pass
edge filter. A schematic representation of the setup is drawn in figure 3.6. The col-
limated laser beam couples into the microscope and is focused by the objective to a
point in the field of view. Reflected and scattered intensity from the sample surface
is collected by the same objective and sent to the spectrometer for spectral analy-
sis. The spectrometer is an imaging spectrometer. This means that in the imaging
mode, it acquires images of the microscope field of view. In the wavelength dispersive
mode, the spectrometer acquires spectra of the reflected or scattered intensity that
corresponds to the microscope field of view.

The alignment of the chosen laser source and its coupling to the microscope needs
to be precise. The ultimate goal is a focused laser spot in the field of view. Its
position in the field of view has to be finely adjustable. Furthermore, the laser
illumination is supposed to be vertical onto the sample surface. In order to achieve
these requirements, two mirrors and a telescope are necessary. They are shown in
the setup of figure 3.6. With the telescope, one assures that the laser beam arrives
perfectly collimated at the back-focal plane of the microscope objective. With the

Grating

Spectrometer
CCD

Laser (532 nm)

Translation stage

Objective

Sample

Slit

Notch filterLense pair

Figure 3.6: Raman microscopy setup. Components are a laser, an inverted micro-
scope and a spectrometer. The figure is adapted from [73].
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two mirrors, the beam position is adjusted to the center of the back-focal plane and
the angle is set to vertical.

Throughout this thesis many lasers have been examined for Raman spectroscopy.
The wavelengths of these diode lasers are 406 nm (Toptica), 408 nm (Crystal Laser),
447 nm (Thorlabs), 660 nm (Crystal Laser) and 785 nm (Cobolt Lasers). However,
some of the aforementioned lasers are not specifically dedicated for Raman applica-
tions, in particular due to broad spectral lineshapes. In order to establish a long
term solution that can also be used by other users of the Raman setup, three narrow
linewidth lasers have been selected for a permanent installation with the wavelengths
406 nm (Cobolt 08-01 Series), 532 nm (Cobolt 08-01 Series) and 785 nm (Toptica
DL Pro). Nevertheless, there is the flexibility to integrate also other lasers into the
setup.

The 785 nm laser is a tunable diode laser with a grating stabilized optical cavity
that enables wavelength sweeps in the range from 765 nm to 805nm. Both the 406
nm laser and the 785 nm laser require sideband filtering. Due to the fact that the
785 nm laser is tunable, the cut-off wavelength of the band-pass filter needs to be
adjusted to the actual laser wavelength. Therefore, a tunable band-pass edge filter is
installed in the optical path of the 785 nm laser. The cut-off wavelength of the filter
can be adjusted by its angle with respect to the incident laser beam, as illustrated in
figure 3.7. In the next section, the tunable Raman setup is presented in more detail.

A C-mount connects the spectrometer to the output port of the microscope. If
the spectrometer is adjusted to imaging mode, a bright field image of the sample
in the microscope is projected onto the CCD camera. It is the 0th diffraction order
(reflection) of the grating inside the spectrometer. In this mode, only a small area

Diode Laser (406 nm)

Lense pair

Microscope
Port

Bandpass Filter

Tunable
Bandpass Filter

DPSS Laser (532 nm)

Lense pair

Diode Laser (765-805 nm)

Lense pair

Figure 3.7: Optical table with laser sources and collimation optics. The tunable
NIR diode laser can be tuned by turning the grating of the external
cavity with a hex key.
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in the middle of the CCD camera is illuminated. As an example, a nanostructured
dielectric metasurface pattern is shown in figure 3.8(a) where a 4X objective of numer-
ical aperture (NA) 0.3 is used. The confocal laser spot is also visible, being aligned
to a position on the squared nanostructured array. This spot represents the reflected
and scattered light that returns from the sample. It contains the information of the
interaction of the incident focused laser beam with the sample. Therefore, the laser
spot needs to be aligned in a way that it still enters the spectrometer when the en-
trance slit aperture is inserted. Figure 3.8(b) is the same bright field image as figure
3.8(a), but with inserted entrance slit aperture.

Inserting the aperture slit increases the spectrometer resolution and suppresses
most light from other positions than the laser spot. Both effects are desired in ana-
lytical Raman measurements. Switching off the sample illumination for bright field
imaging lowers the background in Raman spectra. A notch filter or a long-pass edge
filter in front of the spectrometer input suppresses the Rayleigh scattered contribu-
tion while Stokes-shifted Raman intensity passes for spectroscopic analysis. Figure
3.8(c) shows the corresponding Raman acquisition of the silicon metasurface in spec-
troscopic mode on the CCD camera. Camera pixels along the horizontal axis of the
CCD stand for spectral dispersion whereas pixels along the vertical axis stand for
positions defined by the position of the slit aperture in the field of view. Thus, this is
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Figure 3.8: The imaging spectrometer in operation. (a) Bright field image of a sili-
con metasurface squared array on fused silica. The laser spot appears in
the field of view. (b) The same bright field image, but with the entrance
slit aperture of 200 µm applied. (c) Corresponding Raman measurement
on the CCD camera of the spectrometer: Laser wavelength 785 nm, slit
width 200 µm and integration time 30 s. (d) Vertically binned counts
on the camera, summing from pixel 160 to pixel 190.
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a hyperspectral spectrometer where Raman spectra can be acquired simultaneously
from a line of positions y. However in the demonstrated case in figure 3.8(c), Raman
intensity is only collected at the position of laser excitation at pixels around y = 180.
This is in good agreement with the vertical alignment of the laser spot in the bright
field images.

The pixel counts are binned vertically, in order to extract the classical Raman
spectrum. Of course one could use only a limited vertical range of pixels, for example
in order to suppress stray light from locations spatially offset from the laser excitation
spot. This is not necessary in this case. Figure 3.8(d) presents the Raman spectrum
of the nanostructured polycrystalline silicon film on a fused silica substrate. One can
clearly see the classical one-phonon line at about 520 cm−1. The broad emission in
the range from 420 cm−1 to 520 cm−1 comes from the fused silica substrate. The
steep etch at about 420 cm−1 clearly shows the spectral position of the long-pass etch
filter which is used for Rayleigh suppression.

3.4 Tunable Raman spectroscopy
Photonic resonances motivate the setup of a tunable Raman system. Such a system
allows the acquisition of Raman spectra at various closely spaced Raman excitation
wavelengths which cover the wavelength range of the resonance. The resulting wave-
length dependent Raman scattered intensity represents a Raman excitation profile
across the resonance. The most central part is a tunable narrow-linewidth laser that
is suitable for NIR Raman spectroscopy. It is a DL Pro (Toptica Photonics, Munich)
which covers the wavelength range from 760 nm to 810 nm. One standard filter (set)
is not enough to enable Raman experiments at all wavelengths of this broad wave-
length range. The suppression of the strong broad-band emission of the laser (the
laser tails) requires a laser line filter.

As indicated in figure 3.7, a tunable bandpass filter (BP01-796/12, Semrock, New
York) can be tuned spectrally by adjusting its angle with respect to the laser beam.
The bandpass filter and the Raman edge filter need to match spectrally in order to
allow Raman spectroscopy at a particular laser wavelength (excitation) and Raman
scattered wavelength (emission). In order to measure the Raman line of polycrys-
talline silicon at 520 cm−1 with a wavelength in the given NIR range, a shift of about
33 nm between excitation and emission wavelength is measured. A suitable selection
of filters should enable the detection of the silicon Raman line at any of the available
laser wavelengths.

Figure 3.9 illustrates a strategy which shows that it is possible to fulfill the de-
scribed requirements with a set of two Raman edge filters (785 nm and 808 nm) and
one tunable bandpass filter. All filters are high quality filters (Semrock, New York)
with intensity suppression of more than six orders of magnitude in the stop bands. In
figure 3.9(a) the tunable bandpass filter is tuned as close to the 785 nm edge filter as
possible with the requirement that the multiplied transmissions of both filters is not
reduced by less than six orders of magnitude at any wavelength. The Raman laser
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Figure 3.9: Filter considerations for tunable Raman spectroscopy. (a) The tunable
bandpass filter (red) is adjusted to complement the 785 nm edge filter.
Possible laser wavelengths are from 762 nm to 782 nm. (b) The tun-
able bandpass filter is adjusted for the edge filter at 808 nm. Filter
transmission spectral data is from [75].

wavelengths are then marked in shaded red and the corresponding emission wave-
lengths of the silicon Raman line at a 33 nm longer wavelength are shaded in blue.
With this filter configuration, it is possible to cover laser wavelengths in the range
from 762 nm to 782 nm. An equivalent analysis for the 808 nm edge filter in figure
3.9(b) shows that the range from 784 nm to 805 nm is also covered. Thus, Raman
analysis of silicon can be adequately performed in nearly the entire wavelength range
that the tunable laser offers.

When the laser wavelength changes, also the Raman spectrum shifts. The laser
wavelength range from 765 nm to 810 nm implies the silicon Raman line to be in
the range from 798 nm to 843 nm. The Raman scattering efficiency for a crystalline
silicon wafer is considered constant in these ranges, so that deviations are attributed
to different laser power at different wavelengths and the wavelength dependent effi-
ciency of the optical system (lenses, filters, spectrometer grating, CCD camera). The
laser power is measured for each wavelength so that the collected Raman intensity
can be reported per mW. Varying intensity herein thus results from the optical sys-
tem. Figure 3.10(a-c) shows the tunable Raman experiment for a silicon wafer. The
reflectance spectrum is flat in the wavelength range of excitation and the correspond-
ing scattered Raman intensity at 520 cm−1 is nearly constant as plotted in panel (b).
The decreasing Raman intensity per mW in the excitation wavelength range above
800 nm is expected to result from the sub-optimal combination of laser bandpass and
edge filter in this wavelength range.

In comparison to the bulk silicon wafer, figure 3.10(d-f) shows a tunable Raman
experiment with a thin film of crystalline silicon deposited on a fused silica wafer.
The thin polycrystalline silicon film is about 700 nm thick. Due to little absorption



3.4 Tunable Raman spectroscopy 27

750 800 850

Excitation wavelength [nm]

0

0.2

0.4

0.6

R
ef

le
ct

an
ce

750 800 850

Excitation wavelength [nm]

0

0.2

0.4

0.6

R
ef

le
ct

an
ce

800 820 840

Emission wavelength [nm]

0

1

2

3

4

5

R
am

an
 in

te
ns

ity
 [1

/m
W

s]

800 820 840

Emission wavelength [nm]

0

0.5

1

1.5
R

am
an

 in
te

ns
ity

 [1
/m

W
s]

760 780 800

Excitation wavelength [nm]

0

0.5

1

R
am

an
 R

at
io

760 780 800

Excitation wavelength [nm]

0

0.1

0.2

0.3

0.4

R
am

an
 R

at
io

(a) (b) (c)

(d) (e) (f)

Bulk silicon

Silicon thin film

Figure 3.10: (a-c) Tunable Raman measurements with a standard polished silicon
wafer and (d-f) the same measurements but with a thin film of poly-
crystalline silicon which is deposited on a fused silica substrate. The
colors of excitation and emission wavelength match. Integration time
in Raman measurements is 1 s and the spectrometer entrance slit is
set to a width of 100 µm.

of silicon in the near-infrared spectral region, optical losses are low and the thin film
acts as a Fabry-Perot cavity. This can be observed in the reflectance spectrum in
figure 3.10(a). It also shows where the Raman excitation is positioned spectrally.
Interestingly with the thin film sample, Raman intensity depends on the excitation
wavelength. Raman intensity increases as the excitation wavelength moves closer to
the wavelength of the reflection minimum. A detailed discussion on this topic is given
in chapter 4.3. The bulk silicon experiment in figure 3.10(a-c) serves as reference for
the other samples in tunable Raman experiments. Every Raman peak intensity for
a specific laser wavelength is divided by the corresponding Raman peak intensity of
the bulk silicon sample, leading to the Raman Ratio that is plotted in panels 3.10(c)
and 3.10(f).
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CHAPTER4
Results

This chapter describes the experimental results of the thesis. Each of the three
sections relates to one of the three major projects. The two closed projects are
described comprehensively within the two manuscripts of the appendix. Here, the
first two sections summarize these findings and present corresponding supplementary
material. The third section is about Raman scattering in dielectric nanostructures.

4.1 Raman blood analysis
The motivation for this project has been to demonstrate sensing of hemolysis by
means of Raman spectroscopy, with the option to integrate the designed system into
a blood gas analyzer used in point-of-care environments. As already described in
chapter 2.1, there has been a lot of other interest in analyzing human and animal
blood by means of Raman spectroscopy in the last two, three decades. The findings
are summarized in a recent review article by Atkins et al. [2]. Blood consists of a huge

Figure 4.1: Selected reference ranges for various blood analytes, extract of [76].
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number of analytes to be detected, as indicated in figure 4.1. But only few of them
are significantly Raman active. Of those that are Raman active, many are contained
at a too small concentrations so that the Raman intensity is below the detection limit
or hidden in the fluorescent background.

Some blood parameters are measurable by Raman spectroscopy. Often, better re-
sults have been achieved by using blood plasma instead of using not centrifuged whole
blood, as the publications [22] and [23] show. The detection of free hemoglobin inside
hemolyzed whole blood also requires the separation of whole blood into blood plasma
and the cell-enriched complement. Thus, there is a need for faster plasma separation
from whole blood. Microfluidic solutions for fast and permanent plasma separation
have been demonstrated for example in [11] and [12]. The fundamental rheological
principle that allows the microfluidic fractionation or separation, is the presence of
an approximately 1.5 µm sized, cell-free plasma layer at the capillary/channel walls
in dynamic whole blood flow. The shape and size of this cell-free plasma layer can be
manipulated by the designed geometry of the microfluidic channel. Figure 4.2 shows
two possible designs - implemented in this work - to enlarge the cell-free layer. More
emphasis has been put on the design where the channel is locally expanded, due to
its simplicity.

4.1.1 Dynamic microfluidic whole blood fractionation
The continuity equation of fluid-dynamics tells that the expansion of the cell-depleted
plasma layer implies a reduced flow velocity inside the expanded cell-depleted flow. I
would like to demonstrate by means of numerical simulation and analytical consider-
ation that the volume exchange of the expanded plasma layers is fast enough so that

Figure 4.2: Microscope images of two fractionation schemes with bovine whole
blood in microfluidic channels. (a) Local expansion of the microfluidic
channel to three times the channel width. (b) Bypass structure with
a cell-depleted side channel and cell-free domains in the corner. Both
schemes allow confocal Raman probing on fractionated blood plasma.
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the whole blood fractionation is truly instantaneous and really of advantage in the
medical context. Furthermore, these considerations suggest geometrical parameters
for the microfluidic design.

Figure 4.3 shows four two-dimensional simulations of water flowing in a 50 µm
wide microfluidic channel of height h. Details on the simulation itself are given in the
manuscript [73] in appendix A. The channel is locally expanded to a width of 150
µm. The length of the expansion is either 50 µm or 100 µm. The channel height h
is either 20 µm or 50 µm. The black streamlines indicate the extent of the cell-free
layer, respectively. Here I focus on the local distribution of flow velocities relative to
the maximum flow velocity in the middle of the unperturbed channel. As the flow
velocity u drops drastically towards the walls of the channel, the colorcode scales
logarithmically. For example green color, as present in many areas of the expanded
cell-free layer, means that flow velocity of the plasma is reduced by two orders of
magnitude. This is a 100 times smaller flow velocity compared to the middle of
the unperturbed channel. The flow velocity inside the recirculating eddies in figure
4.3(b) is reduced by a factor of about 1000. As experimentally demonstrated and
discussed in the manuscript of appendix A [73], Moffat-type re-circulation [77] can be
suppressed by reducing the channel height h. This is also confirmed in figure 4.3(a-b)
where there is no re-circulation at h = 20 µm and re-circulation happens at h = 50

Lo
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)
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g
1
0
(u
)

(a) (b)

(c) (d)

Figure 4.3: Simulation of water in microfluidics for two different channel geometries
and two different channel heights h. It is h = 20 µm in the panels (a)
and (c) and h = 50 µm in the panels (b) and (d). Black streamlines
indicate the extent of the cell-free layers. The velocity u is encoded
logarithmically in the colorscheme.
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µm for the otherwise identical geometry.
Flow velocity is reduced by a factor of 100 to 1000 in the corners of the channel

expansion. Does this still allow significantly fast sample exchange if one only considers
that the corners are fed solely by blood plasma from the cell-free layer of the channel?
I consider the average velocity in the channel in order to get an estimated flow velocity
in the expanded cell-free domains: The average velocity in the channel is v = Q

A , where
Q is the volumetric flow rate and A is the area of the channel cross section. In a 20
µm deep and 50 µm wide channel, usual flow rates are about 10 µl/h. This implies
an average flow velocity of about 3 mm/s. Consequently, a 100 times reduction of
flow velocity in the corners means, that the cell-free plasma domains are exchanged
at a velocity of about 30 µm/s. Thus, after sample exchange, the cell-free plasma
domains are renewed within very few seconds.

However, in deeper channels - as shown in figure 4.3(d) - the reduction of flow
velocity in the corners can reach factors of up to 10000 which corresponds to flow
velocities of the order of 0.3 µm/s. Here, cell-free volume exchange would not happen
fast enough. Luckily, diffusion of blood plasma analytes is relevant on these length
scales and helps to overcome this limitation. The diffusion constant of hemoglobin in
a 2-4 weight% aqueous solution is D = 67 · 10−8 cm2/s [78]. By inserting this value
into the equation for a one-dimensional diffusion length, one receives the estimate

LD =
√

2Dt ≈ 12µm (4.1)

for a diffusion time of t = 1 s. Consequently, if the channel dimensions are not
chosen too large, diffusion can accomplish a fast and complete analyte exchange in
the cell-free domains.

4.1.2 Hemolysis detection
The aim of this project is to demonstrate a proof of principle for hemolysis detection
in less than about 30 seconds by means of Raman spectroscopy. This task has been
solved by the time-advantageous microfluidic fractionation as described above and
summarized in figure 4.4(a-b). The whole blood fractionation in microfluidics enables
confocal Raman probing of plasma domains. The microfluidic Raman setup in figure
4.4(c) is designed for such Raman measurements.

Hemoglobin is red in color due to absorption bands in the green wavelength range.
Resonant Raman scattering of hemoglobin with green laser excitation has been demon-
strated in [79]. However, even stronger Raman scattering can be obtained by choos-
ing a Raman laser that lies within or close to the Soret band that has a maximum
at about 420 nm wavelength. Because the absorption in this wavelength range is
stronger, choosing a wavelength in this range leads to a higher Raman scattering
cross section. Figure 4.4(d) shows the absorption spectrum of oxyhemoglobin to-
gether with the corresponding Raman spectrum excited at 408 nm. The Raman peak
at 1375 cm−1 is most dominant and characteristic in the oxyhemoglobin Raman spec-
trum. At the laser wavelength 408 nm, blood plasma fluoresces which gives rise to
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Figure 4.4: Overview of the hemolysis study. (a) Microfluidic fractionation schemat-
ically. (b) Microfluidic fractionation experimentally: microscope image,
time-averaged image series and standard deviation of time average. (c)
Microfluidic Raman setup. (d) Resonance Raman spectroscopy of oxy-
hemoglobin in blood plasma at concentrations of 0.5 g/l and 3 g/l.

a broad background in the collected Raman spectrum. Luckily, the Raman intensity
from hemoglobin is strong enough to be detectable on top of this background. Fig-
ure 4.4(d) demonstrates that it is possible to distinguish blood plasma with 0.5 g/l
dissolved hemoglobin from plasma that carries 3 g/l. The medical reference range for
acceptable hemolysis levels is from 0 to 1 g/l in the plasma phase of whole blood [80].

The manuscript in appendix A [73] shows more details of this study, including
a description of the background subtraction routine and the Raman system align-
ment with respect to the microfluidic channel. Here, I would like to summarize and
stress the hemoglobin specific detection by Raman spectroscopy in fractionated whole
blood. Figure 4.5(a) shows collected raw spectra of fractionated plasma in microflu-
idic flow of hemolyzed whole blood. The utilized whole blood is spiked with different
concentrations of oxyhemoglobin from ruptured cells. The dominant peak at 1375
cm−1 depends on hemoglobin concentration. The double-shouldered Raman peak at
about 2920 cm−1 comes from the PDMS chip material. The baseline subtraction
routine [81] determines for each spectrum the fluorescent background which is then
subtracted. The peak values at 1375 cm−1 in these baseline-corrected spectra increase
monotonically with increasing hemoglobin concentration.
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Figure 4.5: Raman measurements for various hemoglobin concentrations in fraction-
ated plasma domains of microfluidic whole blood flow. Laser power at
the sample is 7.4 mW, the laser wavelength is 408 nm and the time of
each measurement is 1 s.

4.1.3 Other blood plasma analytes
Fluorescent intensity is comparable to the Raman peak height at hemoglobin concen-
trations of clinical relevance in terms of hemolysis. If hemoglobin was not a resonant
Raman scatterer at the excitation wavelength 408 nm, the Raman intensity would be
hidden in the fluorescent background scattering. This means that the violet Raman
excitation wavelength has been chosen in order to specifically probe for hemoglobin.
On first sight, no further analyte of comparable Raman intensity can be identified in
figure 4.6. However during the summer period - when cows get different fodder - a
traceable amount of beta-carotene is found in their blood that has been used for the
experiments of this work. Centrifuged bovine plasma is orange in color and absorp-
tion spectroscopy shows a broad absorption band in the wavelength range from 400
nm to 525 nm. As the wavelength of the 408 nm laser falls within this absorption
band, the molecule is a candidate for resonant Raman scattering.

In fact the Raman spectrum of beta-carotene has two prominent Raman lines at
1165 cm−1 and 1535 cm−1 as discussed in [82] and [83]. Taking a look at the Raman
spectrum of fractionated plasma with 0 g/l in figure 4.6(a) again, one can recognize
a small peak at 1530 cm−1 which reports beta-carotene. This is 408 nm excitation
and the blood sample has a low level of beta-carotene. The beta-carotene level has
been higher in the study that is summarized in figure 4.6. Raman measurements are
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Figure 4.6: Resonant Raman scattering of hemoglobin and beta-carotene at 408 nm
(violet) and 448 nm (blue) laser wavelength. (a-c) refer to hemoglobin
dissolved in water, (d-f) refer to bovine blood plasma carrying beta-
carotene. Absorbance spectra, raw spectra and corresponding baseline
subtracted spectra are shown, respectively.

collected from deep liquid volumes without a microfluidic channel. Both a 408 nm
laser and a 448 nm laser have been used to study hemoglobin dissolved in water as
well as blood plasma containing beta-carotene.

The position of the excitation laser of the Raman laser with respect to the
hemoglobin most absorptive resonance in figure 4.6(a) determines the amplitude of
resonant Raman scattering. It is indicated that the 408 nm laser is close to the
resonance maximum while the 448 nm laser is slightly off-resonance. The resulting
Raman scattering from hemoglobin is about 8 times stronger for the 408 nm laser.
This evaluation is performed by comparing peak values at wavenumber 1375 cm−1 in
the baseline subtracted Raman spectra of figure 4.6(c).

The opposite trend can be observed for beta-carotene. Here the 448 nm laser
is closer to the absorbance maximum compared to the 408 nm laser. Consequently,
the Raman scattering at characteristic wavenumbers of beta-carotene is stronger for
the 448 nm laser. In hemolysis studies the 448 nm is not a good choice if the 408
nm laser is available instead. With the 448 nm laser, hemoglobin is not specifically
targeted. Instead, beta-carotene is measured and the fluorescent background from
the plasma is stronger (see figure 4.6(e)). This example illustrates the sensitivity in
Raman wavelength selection. The optimal choice of Raman wavelength for biological
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specimen has been discussed by Kerr et al. in [84].
Another example of plasma Raman spectroscopy is given at the near-infrarerd

(NIR) wavelength of 785 nm. Towards NIR wavelengths most biological samples are
increasingly transparent. Thus, no electronic transitions of molecules give rise to
fluorescence. Furthermore, resonant Raman scattering is not present with the advan-
tage that no analyte is specifically probed but all analytes are equally represented
according to their non-resonant Raman cross sections. However in practice, there is
still some fluorescence which superimposes the Raman characteristic spectrum. But
the fluorescent intensity is small enough to allow Raman lines to be visible with suffi-
cient intensity against the background. Figure 4.7 shows a Raman spectrum of blood
plasma excited at 785 nm. The fluorescent tail is quite dominant but pure Raman
peaks can be extracted by means of a baseline subtraction [81]. Some Raman peaks
can be assigned from the spectrum, so the peak at about 1000 cm−1 from pheny-
lalanine and the peak at 1140 cm−1 from glucose [24]. In general, this NIR Raman
spectrum has very similar features compared to other blood plasma studies, for ex-
ample [3],[30], [22] and [23]. In these articles, such spectra are the basis for Raman
classification or multidimensional regression studies in biomedical diagnostics.
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Figure 4.7: NIR Raman spectrum of blood plasma with the laser wavelength 785
nm, incident laser power at the sample 68 mW, integration time 150
seconds and the slit width adjusted to 100 µm. (a) Raw spectrum
with fluorescent background. (b) Baseline subtracted spectrum. Arrows
indicate Raman lines of phenylalanine near 1000 cm−1, glucose at 1140
cm−1 and water at about 1640 cm−1.
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4.2 Spatially offset Raman spectroscopy applied to
microfluidics

As introduced in chapter 2.2, spatially offset Raman spectroscopy (SORS) allows to
distinguish chemical fingerprints of top- and subsurface layers in multi-layer systems.
In general, the interaction volume of light scattering in a thin turbid layer depends
on the thickness of the layer, as illustrated in figure 4.8. The respective projection of
the interaction volume increases in size with increasing layer thickness. The simple
projection of the interaction volume equals an optical collection system with a numer-
ical aperture of zero where the depth of focus is infinite. In practice, the numerical
aperture of an optical detection system for scattered intensity is larger than zero and
the depth of focus is finite. Two lenses (objective lens and second lens) project the
focal plane onto a CCD camera. The detected image of the scattering volume depends
on the focus position of the objective with respect to the turbid layer. However, also
in the scenario of such an imaging system consisting of two lenses: It is still true that
the overall projected size (in-focus and out-off focus contribution) of the scattering
volume is larger if the turbid layer is thicker. This allows the distinction of thin and
thick layers, surface layers and deeper layers which is at the heart of SORS.

4.2.1 A two-layer system
The microfluidic chips, which have been used throughout this thesis, are effectively
a stack of two Raman active layers: the thin liquid in the channel and the extended
PDMS chip material. The glass slide can be neglected because it is a comparably
weak Raman scatterer at the applied wavelength of 406 nm. Both layers are semi-
transparent with little absorption. The scattering volumes of the two layers are
different in size as illustrated in figure 4.9(a). The dissolved analyte in the 20 µm
high microchannel is hemoglobin with the most distinct Raman spectral feature at
1375 cm−1. At a Raman excitation wavelength of 406 nm, this corresponds to about
430 nm. Thus, a blue color is used. The Raman scattering from PDMS is at about

Glass slideLiquidGlass slideLiquid Glass slideLiquid

Figure 4.8: Scattering in differently thick layers of a turbid liquid. The projections
of the interaction volume increase in size with increasing layer thickness.
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Figure 4.9: (a) Raman scattering in a two-layer system that consists of a liquid in
a microchannel and the PDMS chip material. (b) The adjustment of
the focus position z. (c) The collected in-focus Raman intensity from
the liquid is maximal when the detection system is in focus with the
center of the channel. In contrast, the in-focus PDMS Raman intensity
grows as a function of z until saturation. Out-of focus PDMS Raman
intensity is constant.

455 nm (2920 cm−1). For better distinction by the eye, a green color has been chosen
for the volume where scattering occurs.

The manuscript [85] in appendix B discusses the collected Raman intensity when
the distance of the microfluidic channel relative to the objective is changed. Thus,
the illumination/collection zone is modified as illustrated in figure 4.9(b). The focus
z is scanned across the channel leading to maximal Raman intensity from hemoglobin
in the liquid when z is aligned to the middle of the channel. Also shown in figure
4.9(c), the in-focus PDMS Raman intensity increases as z moves towards the channel-
PDMS interface. The out-off focus Raman scattering from PDMS is constant, thereby
enabling absolute calibration of Raman intensity. The ratio between the amplitude
of the two PDMS signals provides information about the focal position with respect
to the microfluidic channel which can be an input for alignment correction enabling
repeatable objective-to-chip alignment in microfluidic Raman experiments.

4.2.2 Hyperspectral spatially offset Raman spectroscopy
Spatially offset Raman spectroscopy (SORS) allows the distinction of chemical finger-
prints of top- and sub-surface layers. By using an imaging spectrograph connected to
a microscope, hyperspectral SORS acquisitions can be performed. This means that
Raman spectra at various spatial offsets are measured simultaneously. Technically,
the microscope projects the surface of the sample onto the image plane. The field of
view describes the size of the sample surface that can be looked at through the eye
piece or on a camera. The field of view is projected onto the entrance plane of the
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Figure 4.10: Hyperspectral Raman spectroscopy in a two-layer system. (a) Scat-
tered intensity from the top layer, collected at the surface. (b) Scat-
tered intensity from the sub layer, collected at the surface. The dashed
lines represent the entrance slit of the spectrometer. (c) Hyperspectral
spatially offset Raman acquisition. The Raman hemoglobin signature
(1375 cm−1) from the channel is spatially localized. The Raman signa-
ture from PDMS (2920 cm−1) has a broader spatial distribution. The
figure is adapted from [85].

imaging spectrometer. If a mirror is used instead of a grating inside the spectrometer,
the CCD camera of the spectrometer shows the sample surface. This is the image
mode of the spectrometer, which is used to find the location for Raman analysis. In
the dispersive mode of the spectrometer, two adjustments are made: A slit is intro-
duced as entrance aperture and a grating achieves energy dependent dispersion of the
incident intensity. The insertion of the slit aperture leads to a spatial selection of
intensity in the field of view which means that only a line of positions (here named y
coordinate) on the sample is projected onto the CCD camera. The application of the
reflection grating inside the spectrometer causes energy dispersion of light from each
position along the y coordinate. Thus, the two-dimensional pixel array of the CCD
camera monitors the y coordinate in one dimension and the energy dispersion in the
other dimension, resulting in one hyperspectral acquisition.

Figure 4.10 summarizes these considerations applied to the two-layer system of
hemoglobin in the microfluidic channel and PDMS as extended material. The panels
(a-b) illustrate the scattered intensity from each of the two layers at the sample surface
when illuminated by a light beam at origo. Intensity from the upper layer (blue) is
locally concentrated while intensity from the lower layer (green) is also present at
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larger spatial offsets. The aperture slit of the spectrometer spatially selects in the
field of view and determines from which positions on the sample surface light comes
from that enters the spectrometer. Figure 4.10(c) then shows the resulting CCD
image on the spectrometer camera with spatial selection on the vertical axis and
spectral dispersion on the horizontal axis. Laser power at the sample is 1.6 mW at
a wavelength of 406 nm. The integration time is 30 seconds and the spectrometer
entrance slit is set to a width of 100 µm.

4.2.3 Internal calibration by means of the PDMS Raman intensity
spatially offset profile

The combination of the demonstrated hyperspectral SORS method with defocusing
protocols opens up for further experimental possibilities. As already shown in figure
4.9, the focus position z has a strong effect on the overall collected Raman intensity
from different layers. Furthermore, the Raman intensity profile along the spatial
offset coordinate depends on z. In the attached manuscript [85] of appendix B, it
is pointed out that this spatial offset profile of PDMS Raman intensity incorporates
information about the focal position of the Raman microscope objective with respect
to the microfluidic channel. Thus, this information provides an input for alignment
correction. Furthermore, the Raman signal from the microfluidic chip material PDMS
- at substantial spatial offset from the laser excitation - is constant for a large range
of z positions, thereby enabling absolute calibration of Raman intensity.

In order to do such a calibration that can be used for alignment correction in
reproducible Raman microfluidic studies, one needs to scan the focus z across the
microfluidic channel. At each position of this z-scan, a hyperspectral spatially offset
Raman measurements is acquired. Consequently, collection optics are in focus with
different heights z of the layered stack. Raman intensity from the focal plane is col-
lected most efficiently, out-off focus scattering appears diffuse in the collected image.
The suppression of out-of focus intensity is particularly determined by a characteristic
function: the depth of field of the microscope objective. Mathematically, the concen-
tration of analyte in a z-scan across the channel is a two-sided step function. However
in practice, this step function is convoluted by the characteristic function of the mi-
croscope objective, resulting in a smooth Raman intensity profile for hemoglobin in
the channel as shown in figure 4.9(c).

Regarding the Raman intensity from the PDMS material of the microfluidic chip,
the collected in-focus intensity increases with the focus approaching the interface
between channel and PDMS. This in-focus intensity corresponds to Raman intensity
that is collected at spatial offsets close to zero. However, most out-off focus scattering
appears in the field of view at larger spatial offsets. This spatially offset contribution
comes from scattering deep inside the PDMS material. Due to the large size of the
interaction volume of PDMS, it is less sensitive to the optical alignment of the focus
z. Therefore, the spatially offset PDMS intensity is constant during a z-scan and
can serve as internal intensity reference. In addition to that, the shape of the PDMS
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Figure 4.11: Spatially offset profiles of PDMS Raman intensity for different posi-
tions of the microscope focus inside and outside the microfluidic chan-
nel. The channel is in the range z = −10 . . . 10 µm. The figure is
reproduced from [85].

intensity as a function of the spatial offset coordinate y, is a direct measure of the
alignment of the focus. The shape of the profile for different positions of a z-scan is
shown in figure 4.11. At z = 0 µm, the focus matches with the middle of the channel.
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4.3 Raman scattering in resonant nanophotonic
structures

This section summarizes efforts on Raman spectroscopy in nanostructured dielectric
surfaces. The aim is to enhance the amplitude of Raman scattered intensity. In this
regard, the majority of studies in recent years has been focusing on surface-enhanced
Raman scattering (SERS) in structured plasmonic surfaces [50]. The enhanced elec-
tromagnetic field concentration is localized outside of the structures, close to the
surface. A Raman active analyte eventually attach to this surface in the area of
high electromagnetic field strength. As the intensity of Raman scattering is propor-
tional to E4, the Raman intensity from analyte situated at ’hot-spots’ of locally high
electromagnetic field strength can be boosted by up to 6-10 orders of magnitude[50].

However, enhanced Raman scattering from dielectric structures historically re-
ceived less interest due to comparably low expected Raman enhancement factors [49].
Furthermore, in contrast to plasmonic SERS, the enhanced field strength is localized
inside the high refractive index dielectric material. This enables enhancement of Ra-
man scattering of the dielectric substrate material itself. Here I present characteristic
Raman scattering of nanostructured polycrystalline silicon. Localized optical reso-
nances enhance Raman scattered intensity. Fabry-Perot type cavity modes in thin
silicon films are fundamental optical resonances, which show Raman enhancement in
the case of constructive interference inside the thin film. The second example are
silicon Mie resonators arranged in a periodic array on top of a quartz wafer. Here,
the circulating electric field inside the Mie scatterer is characteristic for the optical
resonances that give rise to Raman enhancement. Finally, I demonstrate the possibil-
ities of a tunable Raman spectroscopy setup that allows to scan across these optical
resonances and distinguishes the two different types of resonances presented. It ap-
pears that Raman spectroscopy acts as near-field probe for the electromagnetic field
inside the Mie resonators, and can be used to map out the resonances.

4.3.1 Fabry-Perot modes of thin silicon films
In contrast to amorphous sillicon with only broadband Raman emission, polycrys-
talline silicon has a pronounced Raman peak at about 518 cm−1. A low-pressure
chemical vapor deposition (LP-CVD) process at 630 ◦C enables the deposition of
polycrystalline silicon onto a fused silica wafer. The adjusted deposition time deter-
mines the thickness of the resulting thin film. The deposition rate is about 9.5 nm
per minute.

The relatively high refractive index of silicon (n ∼ 3.9 at 800 nm wavelength)
enables substantial optical confinement of light in nanophotonic structures. Here,
thin silicon films are about d = 200 nm in thickness, deposited on a fused silica
substrate. The large refractive index differences at the interfaces both between silicon
and air as well as between silicon and fused silica imply strong reflection. Thus, the
silicon film acts as an optical nanocavity under vertical optical probing. In the case
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of constructive interference inside the nanocavity, where

mλ = 2dn and m ∈ {1, 2, 3, . . .} , (4.2)

the cavity is in resonance with the external light field of free-space wavelength λ.
However, in the case of destructive interference, where(

m − 1
2

)
λ = 2dn and m ∈ {1, 2, 3, . . .} , (4.3)

an external light field, that propagates normally with respect to the plane of the thin
film, does not couple efficiently to the nanocavity and most intensity is reflected.

Figure 4.12 illustrates these considerations by evaluating a two-dimensional Com-
sol model that simulates a 200 nm thick silicon film placed on a fused silica substrate.
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Figure 4.12: 2D Comsol simulation of a 200 nm thin silicon film below a fused
silica substrate. (a) Sketch of the geometry and the light rays. (b)
Field plots of the propagating electric field with polarization in the
x-direction, at three different wavelengths. (c) Transmittance and re-
flectance spectra. (d) Spectrum of the time averaged energy density.
Vertical lines mark the wavelengths 580 nm, 640 nm and 790 nm, cor-
responding to field plots in panel (b).
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Illumination is from below, the reflected and transmitted intensities are measured
by embedded ports at the top and the bottom of the simulation domain. The wave-
length of the incoming collimated light field is swept in order to determine reflectance
and transmission spectra. In this scenario the condition for constructive interference
inside the thin film cavity is met at about 580 nm (m = 2) and 790 nm (m = 3).
Destructive interference is most pronounced at about 640 nm. These findings can be
observed both in the plots of the x-polarized electromagnetic field in figure 4.12(b) as
well as the reflectance and transmittance spectra in figure 4.12(c). The quality factor
of this Fabry-Perot cavity is small (Q < 10). Therefore reflectance and transmittance
spectra have no particularly narrow features that would indicate sharp resonant con-
ditions. Compared to a laser cavity for example, resonances are spectrally broad.

As noted in chapter 2.4, Raman intensity of an analyte scales with the amplitude
of the local electric fields at the excitation and the emission wavelength:

IRaman ∼ |E(λexc)|2 · |E(λem)|2 . (4.4)

Therefore, it is important to evaluate the electric field E(λ) inside the thin film. At
the same time, the silicon film itself is the analyte that experiences the local electric
field. The spatially integrated |E(λ)|2 (energy density) inside the film is plotted in
figure 4.12(d). Notably, the maxima of the energy density in the optical near-field
correspond directly to the maxima in simulated far-field reflectance and transmittance
spectra.

In an oven for LP-CVD, thin polycrystalline silicon films are deposited ontop
of fused silica four inch wafers. The deposition time is adjusted in six steps such
that the film thickness range 145 nm-245 nm was spanned. Due to inhomogeneous
deposition rates at different positions on the wafer boat inside the oven and also a
thickness gradient across each single wafer, the overall thicknesses range is closely
covered and many different thicknesses are available for reflectance measurements
and Raman characterization. Estimates of approximate film thicknesses are received
from an ellipsometer measurement on respective silicon test wafers that have been
placed in the oven together with the fused silica wafers. Furthermore, the complex
refractive index of the deposited poly-silicon thin film was determined and considered
in numerical modeling.

In figure 4.13(a) the measured reflectance spectra of four different film thicknesses
are plotted. One can clearly observe the reflectance dip moving to higher wave-
lengths as the film thickness increases. Furthermore, the distance between adjacent
reflectance minima decreases with increasing film thickness. Figure 4.13(b) shows the
corresponding Raman spectra from the same thin films. The Raman excitation wave-
length is λexc = 785 nm. Raman scattered intensity is most pronounced in form of
the well-known characteristic peak of crystalline silicon at 518 cm−1 (λem = 818 nm).
Broadband Raman intensity below 500 cm−1 originates both from the non-crystalline
fused silica substrate as well as the polycrystalline silicon of the thin film.

The Raman peak intensity from silicon at 518 cm−1 depends clearly on film thick-
ness. The substantial intensity increase - comparing a 155 nm film to a 225 nm film
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Figure 4.13: (a) Reflectance spectra of thin polycrystalline silicon films on fused sil-
ica. The film thicknesses are noted in (b), together with corresponding
Raman spectra at 785nm excitation. (c) The same spectra but divided
by the 155 nm non-resonant spectrum. (d) Raman peak intensity as
a function of reflectance minimum wavelength which represents the
cavity mode of the thin film.

- can only be partly explained by the added Raman active thin film material. How-
ever, the corresponding reflectance spectra indicate a correlation between reflectance
minima (constructive interference) and Raman intensity from silicon. The closer
the Raman excitation and emission wavelengths are with respect to a Fabry-Perot
resonance of the thin film, the higher is the Raman intensity.

Figure 4.13(c) compares increasingly resonant thin film spectra to a non-resonant
spectrum from a film of approximate thickness 155 nm (blue color). All spectra are
divided by this non-resonant spectrum, individually. The resulting peak values at 518
cm−1 of these Raman ratio spectra are then plotted in figure 4.13(d) as function of
the respective reflectance minimum wavelength. Raman intensity is clearly maximal
if Raman excitation and emission wavelength are located symmetrically to both sides
of the reflectance minimum. In this experiment the film thickness is used to sweep the
resonance wavelength compared to fixed Raman emission and excitation wavelengths.
In section 4.3.3 I show the same findings at one fixed film thickness, but sweeping the
Raman excitation wavelength.

Figure 4.12 has shown that maxima in |E(λ)|2 of a thin film coincide with minima
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in the reflectance spectrum, thereby spectrally resolving resonances of the Fabry-
Perot thin film cavity. The experimental results of figure 4.13 illustrate that the
product |E(λexc)|2 · |E(λem)|2 - and thus Raman intensity IRaman (see equation 4.4)
- is maximal if both Raman excitation and emission wavelength are symmetrical on
both sides of the resonance wavelength.

4.3.2 Mie resonances in dielectric meta-surfaces
Mie scattering theory of a spherical dielectric particle can be performed analytically
as outlined in chapter 2.4. The wavelength-dependent scattering cross-section indi-
cates the presence of a set of optical resonances. Depending on the nature of the
electromagnetic fields inside the sphere, the resonances are named electric and mag-
netic dipole as well as electric and magnetic quadrupole, respectively. Pavel Dmitriev
et al. have shown that Raman scattering from spherical silicon nanoparticles is en-
hanced if the Raman wavelengths match the wavelength range of a Mie resonance.
The single dielectric nanospheres in their publication [63] are of the order of 100nm
in size. In order to fabricate large quantities of such particles, nanolithography can
be used. In contrast, the fabricated particles remain on the substrate and they are
cylindrical, not spherical. The detailed fabrication method of such nanodisks on a
fused silica substrate is described in chapter 3.2.

In numerical simulations of a silicon nanodisk array one can observe the electric
and magnetic field of Mie type resonances. Figure 4.14(a) shows the three-dimensional
modeling domain with a nanodisk of 170 nm in diameter and 195 nm in height. The
period of nanodisks on the silica substrate is 350 nm. The presented parameter choice
is included in the range of sizes of the fabricated nanostructures for optical experi-
ments. A x-polarized plane wave of specific frequency is introduced through a port
function at the top of the simulation domain. The reflected wave is measured by the
same port. The transmitted field is measured by a second port at the bottom. A
perfectly-matched layer (PML) absorbs the intensity, thereby avoiding back-reflection
from the bottom into the simulation domain which would lead to non-realistic inter-
ference effects.

The reflectance spectrum in figure 4.14(b) has a broad double-shouldered resonant
peak which has the same shape as the Mie resonance of the spherical nanoparticle (see
chapter 2.4.3 for Mie theory). However, the maximum of stored energy inside the Mie
resonator - which determines Raman scattered intensity - is shifted by about 10-15
nm compared to the maxima of the far-field reflectance spectrum. The corresponding
electromagnetic field plots in figure 4.13(c) - evaluated at the two maxima - illustrate
the respective type of Mie resonance. The arrows are electric field vectors, whereas the
color code describes the norm of the magnetic field. Thus, these magnetic type Mie
resonances are characterized by circulating displacement currents which give rise to
strong magnetic fields, large amounts of accumulated/stored energy and thus strong
Raman enhancement. One can clearly see the discreteness of the two resonant modes
by their field plots. The mode at 760 nm has got one circle of displacement currents
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Figure 4.14: (a) Three-dimensional photonic modeling of a periodic array of silicon
nanodisks on a silica substrate by means of periodic boundary condi-
tions. The disk is 170 nm in diameter and 195 nm high, the period is
350 nm. (b) Reflectance spectrum from a wavelength sweep and the
stored energy spectrum. (c) Field plots of the nanodisk at the two
most resonant wavelengths. Arrows indicate electric fields and the
color code describes the norm of the magnetic field. The model was
initially built by Kirstine Engell Sandager Nielsen and Søren Raza.

(one magnetic field maximum) while the mode at 655 nm shows two circles (two local
magnetic field maxima).

The corresponding experimental study involves both the fabrication of nanodisk
arrays on substrates as well as optical reflectance and Raman experiments. The
fabrication of nanodisks from polycrystalline silicon on fused silica is described in the
method chapter 3.2. Designed diameters span the range from 100 nm to 200 nm. The
disk height is 195nm and the period is 400 nm (P2) for all disk diameters. Figure
4.15(a) shows a SEM image with a designed disk diameter of 170 nm.

With the spectrometer connected to the microscope, I locally probe the nano-
structured disk arrays (500 µm by 500 µm in size) and acquire reflectance spectra for
all disk diameters. A selection of reflectance spectra is plotted in figure 4.15(b). Apart
from the sample with 100 nm diameter, all reflectance spectra show clear double-
shouldered maxima that indicate Mie-type resonances. Furthermore, these resonances
are red-shifted as the disk diameter increases. The Mie resonance is located at about
530 nm for a 100 nm disk diameter and moves beyond 800 nm for a 200 nm disk
diameter. This tendency is resolvable not only with the spectrometer. Comparing
different disk diameters, the reflectance color difference is visible by the naked eye.
Figure 4.15(c) shows the corresponding bright field microscope images of the same
nanodisk arrays. The different colors underline the potential for structural colors by
means of Mie scattering dielectric nanodisks [74].

The Fabry-Perot resonances of the thin film are of fundamentally different type
than the Mie resonances. This is directly observable by the fact that a Fabry-Perot
resonance is characterized by a reflectance minimum while the two Mie-type reso-
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Figure 4.15: (a) SEM image of a nanostructured polycrystalline film on fused silica.
The disks are 195 nm high, their diameter is 170 nm and the period
is 400 nm. (b) Reflectance spectra of arrays with four different disk
diameters. (c) Corresponding bright field microscope images.

nances gives rise to a double-shouldered maximum in the reflectance spectrum. The
impact of a Fabry-Perot resonance onto the reflectance spectrum can most easily be
understood in the framework of coupled-mode theory. The initial plane wave couples
to the thin film cavity mode which then couples to the transmitted field (see again
figure 4.12(a)). If the coupling of the initial electromagnetic field to the thin film
cavity is weak - due to the low density of optical states at destructive interference
- only little light can couple to the transmitted field and most intensity is reflected.
If the cavity is in resonance with the external light field, it can couple to the cavity
which then also couples efficiently to the transmitted field.

In contrast, the interpretation of the reflectance maxima from Mie resonances has
to be explained in the framework of Mie theory where the properties of scattering
nanodisks play the fundamental role. The scattering cross section of each individual
nanodisk is large so that a nanodisk filling with the pitch being larger than the disk
diameter, can lead to a reflectance maximum close to unity. However, one can clearly
see the systematic decrease of maximal reflectance intensity with respect to decreasing
disk diameter in figure 4.15.

Mie resonances strongly confine electromagnetic energy. Simulations in figure
4.14(b) have demonstrated that the energy confined to the nanodisk peaks close to the
maxima of the corresponding reflectance spectrum. Consequently, Raman scattering
from silicon nanodisks is expected to be maximal if Raman excitation and emission
are close to the maxima of the reflectance spectrum. Here, the Raman excitation
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wavelength λexc = 785 nm and the corresponding Raman emission wavelength of
silicon λexc = 818 nm are fixed. But the spectral location of the Mie resonance is
moved across by scanning the disk diameter. In figure 4.16(a), the double-shouldered
Mie resonance moves to higher wavelengths as the disk diameter increases from 150
nm to 190 nm. In terms of Raman excitation and emission, this means that the
situation changes from a non-resonant condition at 150 nm disk diameter to a resonant
condition at 190 nm disk diameter.

The corresponding Raman experiments in figure 4.16(b) indicate strong effects of
the spectral location of the Mie resonance onto the collected silicon Raman intensity.
With disks of 150 nm in diameter, the Raman intensity from silicon is suppressed and
hidden in the broadband emission from fused silica. Nevertheless at all larger diame-
ters - where the Mie resonance moves closer towards Raman excitation and emission
wavelengths - the Raman scattering intensity from silicon nanodisks is substantial.
The enhancement of Raman intensity - comparing the resonant to the non-resonant
situation - is more than a factor of 100. However, it is difficult to evaluate the
silicon Raman intensity of the non-resonant situation for reference because there is
no distinct silicon Raman peak. The silicon Raman peak at 518 cm−1 is spectrally
overlapping with the broadband Raman emission from the fused silica substrate.

650 700 750 800 850

Wavelength [nm]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R
ef

le
ct

an
ce

600 800 1000

Wavenumber [cm-1]

0

200

400

600

800

1000

1200

1400

1600

R
am

an
 In

te
ns

ity
 (

a.
u.

)

150

160

180

190

650 700 750 800 850

Resonance Wavelength [nm]

0

200

400

600

800

1000

1200

1400

1600

S
ili

co
n 

R
am

an
 P

ea
k 

In
te

ns
ity

 @
52

0c
m

-1
 (

a.
u.

)

exc em exc em

(a) (b) (c)
180

160

Figure 4.16: (a) Mie type reflectance peaks red-shift as the disk diameter increases.
(b) The corresponding Ramann intensity is maximal for a disk di-
ameter of 180 nm. (c) A systematic sweep of disk sizes results in a
wavelength shift of the Mie resonances in the reflectance spectrum (hor-
izontal axes) and a more than 100x Raman enhancement, comparing
the resonant to the non-resonant situation.
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It has to be noted that the resonance wavelength used as the horizontal axes of fig-
ure 4.16(c) is derived at the wavelength of the highest value of the double-shouldered
Mie reflectance peak. This means that the true Mie resonance wavelength - deter-
mined by the stored energy maximum - is located about 10 to 15 nanometers higher.
This consideration leads to the observation that Raman intensity is maximal if the
Raman excitation wavelength λexc = 785 nm matches the Mie resonance wavelength.

This conclusion is fundamentally contrasting Raman scattering from a Fabry-
Perot thin film cavity, as illustrated in figure 4.13. The difference lies in the relation of
Raman excitation wavelength and the wavelength of the respective resonance. With
the Fabry-Perot mode, Raman excitation and emission are symmetric around the
resonance wavelength in the case of maximal Raman intensity. Here, equation 4.4
holds. However in the case of a Mie resonance, equation 4.4 is no longer applicable.
The excitation wavelength λexc is at the maximum of stored energy. This implies
that the excitation is highly sensitive to the stored energy at the Mie resonance while
the instantaneous Raman re-emission is less responsive to the maximum in stored
energy. This result is in agreement with the theory proposed by Frizyuk et al.[64] (see
equation (2.13) in chapter 2.4.2). In their manuscript, Raman intensity of dielectric
Mie particles scales with the stored energy at the excitation wavelength. The Raman
re-emission scales with the Purcell factor of radiative decay at the emission wavelength
which is not necessarily maximal at the same wavelength as the stored energy.

4.3.3 Tunable Raman spectroscopy
This section directly compares Raman scattering, spectrally close to a Fabry-Perot
resonance, to Raman scattering that is spectrally close to a Mie resonance. The
findings of the preceding sections are confirmed. In contrast, here, a single sample
with a specific resonance wavelength is chosen and the Raman excitation wavelength
is scanned across this resonance. As an advantage, no sample needs to be exchanged
and the optical alignment stays the same throughout each wavelength sweep.

A fabricated thin film sample has a Fabry-Perot resonance at 800 nm as plotted in
figure 4.17(a). The excitation wavelength is tuned from 760 nm to 810 nm in steps of 5
nm and the Raman scattered intensity in the range 793 nm to 843 nm (corresponding
to a wavenumber shift of 518 cm−1, respectively) is derived as the height of the silicon
Raman peak. Raman intensity is maximal when the excitation and the emission
wavelengths are about 785 nm and 818 nm, respectively. The resonance wavelength
of the thin film is in-between those two wavelengths. This means that equation 4.4
holds. By implication, the set of Raman experiments reports the wavelength of the
Fabry-Perot resonance. This information can also be directly extracted from the
reflectance spectrum. Both results match.

In contrast, the wavelength of the reflectance maximum of the Mie resonance is not
in-between excitation and emission wavelength, as shown in figure 4.17(d). It is even
about 10 nm blue-shifted from the Raman excitation wavelength. This shift agrees
with the observed wavelength shift of the stored energy of the Mie resonator compared
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Figure 4.17: Tunable Raman experiments comparing Fabry-Perot to Mie type res-
onances. (a) Reflectance spectrum of a thin film with Raman excita-
tion wavelengths. (b) The Raman scattered intensity divided by the
reference bulk silicon Raman intensity. Identical data treatment as in
figure 3.10. (c) Reflectance spectrum of a Mie-type resonance (disk
diameter 180 nm). (d) The same tunable Raman experiments as in
(b), but for the Mie resonance. Vertical lines indicate the wavelength
at the reflectance extremum, respectively.

to the far-field reflectance maximum in the numerical model of figure 4.14. This means
that equation 4.4 is not applicable as the scaling of the emission intensity cannot be
given by the stored energy, in the same way as with the excitation wavelength.

Frizyuk et al.[64] derived an expression for the Raman scattered intensity of a
Mie resonator which is reproduced as equation (2.13) in this work. The equation
states that Raman excitation is most effective at the wavelength of the highest energy
density and Raman re-emission is maximal where the Purcell factor is maximal. The
wavelength of maximal Purcell enhancement does not necessarily need to be at the
same wavelength where the energy density peaks. The discrepancy of these two most
effective wavelengths for Raman excitation on the one hand and Raman emission
on the other hand is also shown in numerical simulations in [64]. However, from
the experimental results herein it seems, that the excitation wavelength with respect
to the Mie resonance wavelength is responsible for the most dominant contribution
in the Raman near-field enhancement mechanism. In this case, the tunable Raman
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setup can thus serve as optical far-field probe to identify the spectral position of
electromagnetic Mie resonances in the near-field.



CHAPTER5
Conclusion

In the work presented in this thesis, a detection method for hemolysis was developed
and a proof of principle study was successfully realized. The separation of blood
plasma from whole blood was achieved by expanding the cell-free plasma layer at the
channel walls to sizes that are accessible for confocal laser illumination. The chemical
sensing for hemoglobin at clinical concentrations was achieved by Resonance Raman
spectroscopy. From a commercial point of view, this approach is too expensive due
to the equipment of the Raman setup. Nevertheless, this project inspired the other
approaches within the collaboration between DTU Nanotech and Radiometer Medical
ApS. Furthermore, this work led to considerations for other Raman based implemen-
tations in PoC testing. The microfluidic in-line fractionation method is applicable
also for other optical or electrochemical probing in instantaneously fractionated blood
plasma.

The SORS project can be considered as a spin-out from the initial hemolysis
project. The established Raman equipment had to include an imaging spectrometer
in order to allow spatially precise probing of the cell-free plasma domains in order to
enable hemolysis detection. At the same time, this setup can be used for spatially
offset Raman spectroscopy because it enables the simultaneous acquisition of Raman
spectra offset from the laser excitation spot. The work on reproducible concentration
measurements of hemoglobin led to the proposal for an alignment routine which uses
the spatially offset Raman profile of PDMS as internal alignment and intensity refer-
ence. In future experiments, it will be interesting to analyze the effect of fluorescent
scattering on the applicability of the alignment protocol [86].

In the third part of this work, dielectric metasurfaces were investigated. The
objective was to use these metasurfaces for Raman enhancement in microfluidics.
Nevertheless, the fabrication of the metasurfaces of intended quality took longer than
expected so that the stage of microfluidic implementation was not reached. But on
the way, interesting physics emerged. Metasurfaces have Mie resonances that support
Raman enhancement if the laser is close to such a resonance. The tunable Raman
setup made it possible to move spectrally across such resonances and to map out the
collected wavelength dependent Raman scattered intensity. In experimental tunable
Raman experiments both a Fabry-Perot resonant mode of a thin film and a Mie
resonance were studied. The respective spectral position of resonant modes in the
near-field can be determined by Raman excitation profiles.
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