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Abstract

With the miniaturization of smart devices, a certain need for compact sen-
sors emerged. Quantum cascade technology offers interesting concepts to
address this issue in the field of chemical sensing. Molecules show very
distinct and strong absorption features in the mid-infrared spectral region,
making it quite appealing for sensing and spectroscopy applications. It is
therefore often referred to as fingerprint region. Quantum cascade devices,
namely lasers and detectors, are able to efficiently emit and detect light
for that purpose. Moreover, it is possible to precisely tailor their operation
wavelength to directly target an absorption feature of a molecule of interest.
Another important aspect when it comes to miniaturization is the possibil-
ity to use an unbiased laser, if designed properly, as a detector for the same
wavelength radiation, allowing for monolithic integration and lab-on-a-chip
applications.

This thesis focuses on such quantum cascade laser detector devices and their
implementation in a microfluidic sensor cell. Starting from device charac-
terisation and development of the cell, stability and transient behaviour are
investigated. Absorption spectroscopy experiments are conducted and lead
to a solid framework for future investigations and diverse applications. Ad-

ditionally, a sensor for in-situ measurements is developed and evaluated.
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Kurzfassung

Mit der Miniaturisierung intelligenter Geréte gewann die Entwicklung kom-
pakter Sensoren bedeutend an Relevanz. Die Quantenkaskadentechnologie
bietet vielversprechende Konzepte fiir deren Realisierung im Bereich chemis-
cher Messungen. Molekiile zeigen ein starkes und sehr spezifisches Absorp-
tionsverhalten im mittleren Infrarotraum (,fingerprint region”), wodurch
sich dieser Frequenzbereich besonders fiir Messgerate und Sensoren eignet.
Quantenkaskadenlaser und -detektoren konnen effizient solche Strahlung
aussenden bzw. detektieren. Deren Wellenldnge kann sogar individuell
angepasst werden, um die Absorptionslinien eines bestimmten Molekiils zu
adressieren. FEin weiterer wichtiger Aspekt im Sinne der Miniaturisierung
ist die Moglichkeit einen entsprechend designten Laser, der nicht betrieben
wird, als Detektor fiir Strahlung derselben Wellenldnge verwenden zu kénnen.
Dies ermoglicht monolithische Integration und ,,Lab-on-a-chip”-Anwendungen.
Diese Arbeit beschéftigt sich mit solchen Quantenkaskadensensoren und
deren Integrierung in eine mikrofluidische Messzelle. Die Gerate werden
charakterisiert, eine Zelle entwickelt und Messungen von Stabilitat und Ein-
schwingverhalten werden durchgefithrt. Mit dem fertigen Sensor wird Ab-
sorptionsspektroskopie betrieben und somit eine solide Basis fiir zukiinftige
Forschung und Anwendungen geschaffen. Zusétzlich wird das erlangte Wis-

sen libertragen und ein in-situ-Sensor entwickelt und getestet.
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1 Introduction and Motivation

In the last half of the 20" and the beginning of the 215 century, Moore’s
law quite accurately described the downscaling of silicon-based transistors in
integrated circuits [1]. In the same time miniaturization took place in many
other areas and our life would be unimaginable without powerful handheld
electronic devices such as smartphones or laptops. Alongside the increas-
ing computational power, a need for compact sensors emerged, allowing the
devices to perceive and interact with their environment. An example is
automatization in industry, where process monitoring became mandatory.
This thesis will describe the development of a measurement scheme based
on a sensor for chemical substances employing quantum cascade technology
as a promising way towards monolithic integration for lab-on-a-chip appli-

cations [2].

Wavenumber (cm™)
3600 3400 3200 3000 2800 2600 2400 2200 2000

10"

Absorption line strength [cm™"/(moleculexcm™)]

3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000 5200
Wavelength (nm)

Figure 1.1: Absorption spectra of typical trace gases. The grey background
indicates the absorption caused by water vapor. This figure was taken from
[3], with data from [4].

Molecules show strong and very distinct absorption features in the mid-
infrared (mid-IR) spectral region due to their fundamental rotational-vibrational
energy states as depicted in Fig. 1.1. The sharp absorption lines only occur

in the gas phase, in the liquid phase these peaks get significantly broadened
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Figure 1.2: Absorption spectra of water in different phases: gaseous (red),

liquid (green), solid (blue). This figure was taken from [5].

and partly overlap to wide spectral bands (Fig. 1.2). Since these spectra are
unique for every molecule and even differ for varying structural conformation
of the same molecule, the mid-IR, spanning from ~ 3 pum to 30 pm, is of-
ten referred to as “fingerprint region”, making it quite appealing for sensing
applications [6]. An additional benefit of IR radiation is its non-destructive

interaction with matter, compared to ultra-violet (UV) light or even x-rays.

For a long time most of the available light sources in the mid-IR had ma-
jor drawbacks concerning reliability, power output, coherence, stability and
size, limiting IR optical spectroscopy to specialized laboratory equipment,
until in 1994 the first quantum cascade laser (QCL) was shown by Faist et
al. [7]. Within only a couple of years the first commercial QCL hit the
market, while still being an active research topic today with more than 100
citations of the original article in 20197, State of the art QCLs run in con-
tinuous wave (cw) operation at room temperature with Watt-level output
power [8, 9] and dimensions on the millimeter-scale, opening up a platform
for various applications.

One of the most important aspects about QCLs is the independence of the
optical transition energy from the semiconductor bandgap and therefore the
ability to tailor the device to work at almost any desired wavelength in the
mid-IR and terahertz spectral region. The whole span from 2.6 pym [10] up
to 1.2 THz [11] can be addressed, excluding the reststrahlen band. This

property can be used to design a sensor directly targeting an absorption

TWeb of Science: https://webofknowledge.com



feature of a molecule of interest.

Another interesting facet of this technology is that an unbiased laser func-
tions as a detector, that, if designed properly, can efficiently detect the same
frequency as the laser emits under biased condition [12]. This enables a
relatively easy and cost efficient, monolithic sensor design as will be shown
in the following chapters.

QCLs are applied in various fields. In environmental monitoring they are
implemented to measure the atmospheric concentration of trace gases such
as COq [13], CHy [14, 15], etc. Sensors have been built for breath analysis in
medical diagnostics to detect for instance NO [16] or acetone [17], as trace
markers for certain illnesses. Applications are also found in industrial pro-
cesses to in-situ monitor exhaust systems [18] or combustion processes [19],
in security to detect explosives [20, 21] and even in radio astronomy as local
oscillators [22].

Most of these examples measure the absorption of an analyte in the gaseous
phase, which makes miniaturization challenging since large interaction vol-
umes are advantageous to optimise the limit of detection, as gases have
relatively high absorption lengths. The sensors in this thesis aim at the
detection and analysis of liquid samples where molecules are much denser
packed and therefore a respectively shorter path length is needed for compa-
rable limits of detection. The dimensions of laser, detector and interaction
region lie in the micrometer to millimeter range, making monolithic integra-

tion a promising concept for miniaturization and cost-efficient production.

The actual work performed continues where B. Schwarz (Monolithic integra-
tion of mid-infrared photonics) [23] and D. Ristanic (Optoelectronics Inte-
gration: On-Chip Infrared Sensors) [24] left off. Sensor chips that had been
already processed were characterised and appropriate devices were chosen
for experiments. Different approaches for a microfluidic cell implementing
these sensors were tested. Absorption spectroscopy experiments were per-
formed with the resulting setups, leading to a platform that can be used for
diverse experiments in future works.

The thesis is structured as follows: it starts with a brief introduction on
absorption spectroscopy. The subsequent chapters explain the physics of
QCLs and QCDs before combining these building blocks to get to a working
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sensor. Subsequently, device characterization, fluid cell development and

finally absorption spectroscopy experiments are discussed.

2 Absorption Spectroscopy
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Figure 2.1: Absorption spectroscopy schematics: Light source L, Detector
D, Incident light intensity Iy, Measurement Cell C', Transmitted intensity
I, Molar attenuation coefficient e, Molar substance concentration ¢, Opti-
cal path length .

a) Empty-cell measurement for reference Iy, b) Measurement of transmitted

I with filled cell and calculation of either € or c.

The central equation in absorption spectroscopy is the Beer-Lambert law:
AN) = €e(N)cx (2.1)

linking the absorbance A of a substance to the molar attenuation coefficient
€, the molar concentration of the attenuating substance ¢ and the optical
path length x. Both, the absorbance as well as the attenuation coeflicient are
dependent on the wavelength A of the light travelling through the medium.

The absorbance can also be defined as

I
A = loglo 70 (22)



with Iy, the incident light intensity and I, the transmitted light intensity.

These equations suggest a very simple experiment as illustrated in Fig. 2.1:
The initial intensity of a light source is measured with a detector. In the
next step a medium is brought in between the source and the detector, so the
light can penetrate it for a known distance and the intensity at the detector
is measured again. Knowing either the substance concentration or its molar
absorption coefficient the respective other quantity can be calculated.

But this rather simple relation is only valid if the following criteria are
fulfilled [25]:

e The incident light beam needs to be collimated and monochromatic.

The substance needs to be homogeneously distributed across the beam

cross section.
e Scattering within the substance has to be negligible.

e The substance concentration has to be low enough, so the interaction

among the molecules is negligible.

e Scattering and reflection at the surface of the analyte has to be ac-

counted for.

For polychromatic light sources their intensity spectrum and the wavelength

dependent extinction coefficient have to be implemented into (2.1) and (2.2):

dI = Iy(A)10~Werg) (2.3)
with  Io(A) = IpS(\) (2.4)
A = —logig [ / S(AN)107cWMez g (2.5)

The normalized light source spectrum is given by S(A) dependent on the
wavelength A.
If an analyte consists of IV different absorbing substances then their ab-

sorbances A; simply add up:

N N
Atot = Z Al =T Z €,C; (26)
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This formula indicates that in order to measure the concentration of a mix-
ture of NV substances, N — 1 experiments with different known light sources
have to be performed.

The theoretical evaluation of absorption spectroscopy experiments can be
complicated due to uncertainties of the complex electro-optical system, there-
fore, commonly a sensor is calibrated and the calibration curve later on is

used to interpret measurements.

3 Quantum Cascade Technology

The basic working principle of QCLs will be explained in this section, start-
ing from single quantum wells building up a full device. Further on IR light

detection using unbiased QCL structures will be addressed.

3.1 Quantum Cascade Laser

This chapter explains the basics of a QCL, starting from optical intersub-
band transitions to single quantum wells and finally a fully functioning laser.

An even more detailed explanation to the topic can be found in [26].

One might assume that the functional principals of laser diodes and QCLs
are somewhat similar, since both of them are electrically-pumped,
semiconductor-based sources of coherent light, but actually they differ quite
substantially. While in a laser diode the photon is generated when an elec-
tron in the conduction band recombines with a hole in the valence band
(interband transition), in a QCL intersubband transitions take place. This
means that the process of photon emission happens in either the valence
band or the conduction band involving only one type of charge carrier, hole
or electron, respectively. The name suggests the presence of sub-energy
levels within the main band which has interesting consequences for light

generation.

Figure 3.1 a) shows the optical interband transition in a potential well from
the conduction band to the valence band with the energy difference FEo;.

Due to the opposite curvature of the two bands and the occupation of higher
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Figure 3.1: Band diagram, band structure and gain of a) interband tran-

sitions and b) intersubband transitions. This figure was taken from [27].

states, transitions with a higher energy difference than Es; can occur. This
leads to a broad gain and respectively to a broad emission spectrum.

An optical intersubband transition is depicted in Fig. 3.1 b). Again the
energy difference F9; separates the subbands, but in this case their curva-
ture is the same (neglecting non-parabolicity). Therefore, independently of
the occupied energy states, the photons end up having the same energy, re-
sulting in a narrow gain and emission spectrum. In addition, intersubband
transition photons are transverse-magnetically (TM) polarized due to the
quantum mechanical selection rules.

Another unique property of a QCL is its cascading structure. The device
consists of a periodical stack of regions where an optical transition is pos-
sible, therefore, one charge carrier can generate a photon for every step it
takes in this cascade. This leads to a high differential quantum efficiency,
enabling even devices with a small active region to operate at high output

power [27].

The implementation of just one optical transition through a two-level system
is not sufficient for laser operation. In order to reach population inversion
at least a third energy level has to be implemented. The schematic working

principle of a QCL is depicted in Fig. 3.2. Electrons get injected in the
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Figure 3.2: Schematic working principle of a QCL. This figure was taken
from [24].

upper laser level (3), photons of energy AFs5_o are generated when electrons
drop down to the lower laser level (2). The energy difference between level
2 and 1, AFEs_; typically equals the energy of a longitudinal optical (LO)
phonon in the corresponding material system. Therefore, this transition is
efficient and happens very fast. From level 1 the electrons are transferred
into the upper laser level of the next cascading stage, usually by resonant
tunnelling through a so-called injector region (multiple quantum wells).

The fast phonon-assisted depopulation of level 2 and injection into the upper
laser level (3) create the population inversion and are responsible for the fast

gain dynamics of QCLs, which lie in the order of picoseconds.

In order to understand the principle of the QCL a look at finite quantum
wells, as shown in Fig. 3.3 a) and b), is useful. The energy for each eigenstate

n can be calculated by
h2k2
2m

E, = (3.1)

where k,, the wave vector, is dependent on the width of the quantum well
and the potential height. i denotes the reduced Planck constant and m the
electron mass. The number of bound states is limited by their energy being
smaller than the potential height. Consequently, a broader quantum well

(a) possesses more bound states than a narrow one (b).



Quantum Cascade Laser

—Uo—|¥j)? ¥l

-] ED -2

a) b) c)

0,60 |— — — — — — —

055;//\\\x//\\\ r Z/iw\v/(f>\_ﬁfT$v

2
~ 0,50 | o o
w
0,45 |- L L
0,40 [ [ :—/ ........ L ]
L 1 1 L L 1
0 50 100 0 50 0 50 100 150

x/nm

Figure 3.3: Electrons in a finite quantum well:
a) broad quantum well, b) narrow quantum well ¢) coupled quantum wells
UO...potential, [1)7|2.. . probability density of state n in well w,

E7. . . energy of state n in well w.

Bringing the two wells into close proximity (Fig. 3.3 c¢) the wave functions
of the separate wells spread out to the other well and couple to each other.
This leads to a non-zero possibility for the electron to make a transition,
calculated by the overlap integral.
A QCL consists of multiple quantum wells and barriers of varying widths,
designed in a way as schematically shown in Fig. 3.2. An additional aspect
important for the design is that during operation the QCL is biased, which
tilts the bands and influences the wave functions. A typical QCL design is
shown in Fig. 3.4. Commonly, the device consists of 20 to 50 periods, which
in turn contain the active region and the injector. There is an overlap of the
probability densities for the upper and lower laser levels for the optical tran-
sition and then on to the extractor state, typically separated by the energy
of one LLO phonon. Via scattering mechanisms and resonant tunnelling, the
electron is injected into the upper laser level of the next stage.

The initial three well design was improved by reducing the spatial over-
lap of the upper and lower lasing level resulting in a diagonal transition.
This increases the lifetime of the upper laser level and helps to build up a

population inversion. There is a chance that electrons might be lost to the
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Figure 3.4: Band diagram of a three quantum well QCL with probability

densities of the bound energy states. This figure was taken from [28].

continuum which can be counteracted by designing the injector as a Bragg
reflector [29]. The next breakthrough that later on enabled cw operation at
room temperature [30] was the so called two-phonon design. It features a
fourth quantum well below level 1 from Fig. 3.2 to gain an additional energy
level separated by a second LO phonon energy. This significantly reduces
thermal back-filling from the extractor to the lower laser level even at higher
temperatures.

A different approach implemented superlattices to create ” minibands”, sim-
ilar to the energy bands in a crystal lattice [31]. Due to the long lifetime in
the upper miniband and the fast scattering within a miniband, lasing can
take place. This operation scheme was developed further to the ”"bound-to-
continuum” design that combines the benefits of the original three quantum
well design and the miniband approach [32]. The upper laser level is a dis-
crete state, where electrons get injected via resonant tunnelling, while the
lower level is a miniband, where electrons are quickly scattered to lower en-
ergy states. One advantage of this design is its broad gain caused by the
transition between a single, discrete upper state to multiple closely-spaced
states in the superlattice structure. The lasers used in this thesis are based

on such a ”bound-to-continuum” design.

10



Quantum Cascade Laser

In a real device these energy levels are realized by growing nm-thin layers
of semiconductor materials with different band gap energies on top of each
other, as shown in Fig. 3.5 d), referred to as a heterostructure. This forms
the desired 1-D structure in the growth direction. The interfaces need to
be abrupt and free from defects. Therefore, the different semiconductors
in one QCL need to have matching crystal structures and similar lattice
constants, while the growth of the structures is very challenging. Molec-
ular beam epitaxy (MBE) [33, 34] and metalorganic vapor-phase epitaxy
(MOVPE) [35, 36] are the favoured methods for that demanding task.

a)

metallization

Figure 3.5: Laser device structures: a) Schematic of a typical QC ridge
laser: two trenches define the laser geometry, an insulator layer enables the
top device contact. This figure was taken from [37], b) SEM image of a QC
ridge laser (active area in light grey). This figure was taken from [38], c)
SEM image of a ring QCL with second order DFB grating. This figure was
taken from [39], d) TEM image of a QCL active region. This figure was
taken from [40].

The active region is typically embedded in a vertical (in growth direction)

laser cavity. The light is outcoupled orthogonal to the growth direction (TM

11
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polarization). The most commonly used cavities (or waveguides) of QCL de-
vices are ridge and ring waveguides as shown in Fig. 3.5 a)-c). Usually the
width of the devices is relatively narrow (3 — 20 pm), on the order of the
emission wavelength, to feature only one lateral laser mode. The vertical
confinement is achieved by the growth of additional, so-called cladding lay-
ers, on top and at the bottom of the active region.

In ridge type QCLs the back and front facets act as mirrors (reflectivity
towards air ~ 30 %) to form a Fabry-Pérot (FP) cavity. Depending on the
length of the cavity, a large number of laser modes will form. One of the
facets might be covered with a high-reflection (HR) coating to maximize the
power output at the other side. Ring type QCLs develop so called whisper-
ing gallery modes [41] and the light is coupled out vertically by second order
distributed feedback (DFB) gratings.

The second reason to apply a DFB grating is to make the laser emit sin-
gle mode radiation. By periodically modulating the refractive index of the
cavity the modes inside get partially reflected and interfere. Only modes
fulfilling the Bragg condition (3.2) interfere constructively:

mm = A, (3.2)
where m denotes the grating order, Ap,qq4 is the free-space wavelength of
light that satisfies the Bragg condition, n.s; the resulting effective refractive
index and A, the grating period.

Usually gratings are lithographically transferred and etched directly into the
waveguide. The etching depth and the duty cycle of the grating determine
the coupling strength. The order of the grating also determines the direc-
tion of light scattering. First order only couples in-plane, second order also
scatters perpendicular to the initial mode direction.

As with many concepts in physics also QCLs can work in two directions:
Light can be generated by a flowing current, but also a current may emerge

upon light absorption, leading to detector operation.

3.2 Quantum Cascade Detector

In 2002 Hofstetter et al. published experiments using an unbiased QCL-like

active material as a photodetector, somewhat similar to quantum well in-

12
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frared photodetectors (QWIP) [42]. This concept works as a photovoltaic
detector, meaning that a voltage builds up upon illumination and a pho-
tocurrent can flow. The working principle is depicted in Fig. 3.6: Absorp-
tion of a TM-polarized photon (black arrow) excites an electron (red dots)
from the lower detector level to the upper one. In the upper level the elec-
tron resonantly tunnels to the extractor states, consisting of several levels
separated by an LO phonon energy, and quickly gets injected into the lower
detector level of the next stage. Due to the fast LO phonon scattering, near
thermal equilibrium most of the electrons are located in the lower detector
levels. As can be seen from the asymmetric band diagram, the electrons

possess a preferential flow direction.

N Nl N

Photon Absorption

Figure 3.6: Schematic working principle of a QCD: A photon (black arrow)
gets absorbed and excites an electron (red). The electron tunnels to the
extractor and is injected into the next period. This figure was redrawn from
[43].

The band diagram of a real detector working at 6 pum is depicted in Fig. 3.7,
where in well A the active transition happens and wells B to F function as
the extractor. This efficient extraction mechanism makes the QCD a very
fast detector, that barely experiences saturation effects. Its responsivity is
inversely proportional to the number of periods in the cascade and usually
lower than that of a comparable QWIP. However, one of the main advan-
tages of a QCD is its extremely low dark current even at high temperatures,
due to unbiased operation, leading to better signal to noise ratio and the

ability of long integration time measurements.

13
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Figure 3.7: Band diagram and electron probability densities of a QCD
for 6 pm wavelength: A photon hw gets absorbed in quantum well A and
excites an electron from state 1 to state 2. Via resonant tunnelling ~ it gets
to state 3 in well B. LO phonon scattering leads to a fast extraction and

injection into the next period, well A’. This figure was taken from [44].

This concludes the two essential modules (emitter and detector) of an ab-
sorption spectroscopic experiment. The next section introduces concepts

essential for monolithic integration.

4 Monolithic Integration

In order to create a fully integrated on-chip sensor two aspects have to be
considered: Firstly, the active region must be designed carefully to enable
both laser and detector operation at the same wavelength. Secondly, the
light must be efficiently coupled from the laser to the detector, so an addi-

tional waveguide has to be introduced.

4.1 Bi-Functional Active Material

This section briefly addresses the complex design issues of a so called bi-
functional active region material - a material able to efficiently emit and
detect light at the same wavelength. It is based on the publications [12] and

[45] and explained in more detail in [23].

14
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As shown in section 3.2, QCL active regions can be used for detection when
unbiased. However, special care has to be taken in the design to compensate
for a mismatch in the energy of emitted photons in lasing and absorbed
photons in detecting operation. Fig. 4.1 shows the biased and unbiased
case of a 4 well QCL to address this matter. The lasing transition (biased)
takes place from the upper to the lower laser level. The detecting transition
(unbiased), on the other hand, has its lower energy level originating from
the previous injector, leading to a significant blue-shift of the wavelength

compared to the lasing transition.
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Figure 4.1: Comparison of the biased laser (left) and unbiased detector
(right) operation of a common 4 well QCL. The difference of the emitted
and absorbed photon energy is highlighted. This figure was taken from [12].

One approach to counteract the shift is to strongly couple the narrow well
on the left in Fig. 4.1 to the transition well [12]. The width is designed so
the energy level of its wave function matches the higher energy level of the
active (broader) well, which leads to the degeneration of the energy. The
lower level of these two is now used for the optical transition. This reduces
the blue shift, but the effect is not strong enough to completely compensate
it. Additionally, the coupling between the lower laser level and the extrac-
tor can be reduced, decreasing the mismatch so the spectral shift can be
fully compensated. This comes, however, at the cost of a worse laser perfor-
mance.

The breakthrough towards quantum cascade laser and detector (QCLD)
devices that could compete with individual state-of-the-art lasers and de-
tectors respectively was the horizontal-vertical extraction scheme [45, 46].
Fig. 4.2 illustrates the band diagram of an optimized device for laser and

detector operation. Four regions can be discerned in laser operation: a
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Monolithic Integration

slightly diagonal optical transition takes place in the gain section (orange),
which helps to reduce the wavelength mismatch. Next, the electrons are
extracted almost horizontally through 2-3 quantum wells with thick barri-
ers via scattering-assisted tunnelling (blue). These thick barriers enable a
complete compensation of the wavelength mismatch. In the following ver-
tical extractor (pink), strongly coupled wells with large energy differences
prevent thermal backfilling and enable an efficient electron transport. The
fourth section (green) is designed to effectively inject electrons to the next
gain region in laser operation and extract electrons in detector operation.

Two different energy levels are used respectively to optimize both modes.

= =
c == = =
5% 23 2F 3
04 = A AT - T [ — ‘ T
v 4 i 2 doped W
AT 60 meV
AL ] .
0.3 & \ i
=
o
>
5 02 |
: AALNN
w RS o ]
01 2| | == e A \3% A
E[ EEmcAe Nz oA ANATANAST
= g g Y g N2 N 1
| Wi=:=:2 avasocasegindey
0 L 1
absorption extractor section
ANV A Yooed | - I.f \
A R/ | doped A
WM | 1 | 1) \/ 1
| o
N NN B u:g'\\/\_
= 34 Wil e
1] . | .
= — c:f‘éqﬁ_—q{, tf =
& = A Ko e T
i B AN avavlingy E:
w E\QL\L,—’ K- LI ;.f
N~ farAn R
041 Lo - =ddues 7,

110 120 130 140 150 160 170 180 190 200

Distance (nm)

Figure 4.2: Simulated band diagrams for laser (top) and detector (bottom)
operation of a QCLD active material, implementing the horizontal-vertical
extraction scheme. The different regions are highlighted and the charge

transport is indicated by black arrows. This figure was taken from [45].
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Waveguiding

This thesis was conducted using devices based on the discussed improve-
ments. However, in 2017, a QCLD design was published able to operate in
cw at room temperature with Watt-level output power [46].

After covering the theoretical background of the QCLD active region, the
next section adds the last ingredient for the on-chip sensor and discusses

how to efficiently couple the light of the laser to the detector.

4.2 Waveguiding

This chapter is based on the publications [23] and [47], where a more de-
tailed explanation can be found.

Depending on the spectral region many different approaches for waveguiding
have been realized. The field of plasmonics shows interesting concepts and
is already well established in the visible and near-IR. In the last couple of
years it spread to the mid-IR [48] and the sensors of this thesis exploit so
called dielectric-loaded surface plasmon polaritons (DL-SPP) to efficiently
couple the light from the laser to the detector, while maximizing the interac-
tion volume with an adjacent analyte and keeping the additional processing
costs at a minimum.

Surface plasmon polaritons are quasi-particles describing the strong coupling
between the electromagnetic field and collective oscillations of charge den-
sities at the interface of metals and dielectrics. They can be used to guide
and localize electromagnetic waves. Dielectric-loading, the application of a

thin dielectric strip, can be used for further mode confinement.

The necessity of waveguiding becomes clear with the simulations in Fig. 4.3.
Without the implementation of a waveguide some of the laser light couples to
the semiconductor substrate, but most of it is lost to free space (Fig. 4.3 a).
If a gold surface is applied on the substrate in front of the laser, weakly
bound SPPs are excited and the light couples to the metal-air interface
(Fig. 4.3 b). This leads to a slightly increased propagation length. High lat-
eral confinement can be achieved with the application of a thin and narrow
silicon nitride (SizNy4, short SiN) layer on top of a gold surface (Fig. 4.3 c).
The light couples to the metal-dielectric interface, which strongly binds the
SPPs, leading to a drastically extended propagation length. Fig. 4.3 d) de-
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Figure 4.3: Simulation of electromagnetic wave propagation for different
waveguide configurations: a) without waveguide: laser (left) emits most of
the light to free space and partly to the substrate, b) a thin gold surface
in front of the laser leads to the excitation of weakly coupled SPPs, ¢) a
thin SiN strip on top of an unpatterned gold surface leads to a strong con-
finement of the laser mode to the interface and enhances the propagation
length drastically, d) a thin SiN on gold strip leads to scattering losses at
the metal edges, limiting the propagation length, e) the scattering losses can
be avoided by a wider gold surface instead of a narrow strip. These figures

were taken from [47].
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picts the simulation of light propagation at the interface of a thin SiN-layer
on a narrow gold strip, leading to scattering losses at its edges. These can
be avoided by spreading the gold across a much larger area (Fig. 4.3 e),
significantly prolonging the light propagation at the interface.

The TM-polarization of the light does not change when travelling through
the waveguide, therefore, it can be directly coupled to a QCD. This leads
to high coupling efficiencies from the laser to the detector even for longer
waveguides.

Another important aspect of DL-SPP waveguides is that most of the mode
(96 %) is located outside of the dielectric layer, leading to high interaction

volumes with an adjacent analyte.

This concludes the building blocks of the QCLD on-chip sensors as a theo-

retical background for the following chapters.

5 Device Characterization

This section briefly introduces how a real sensor chip is grown and fabri-
cated. Then, electrical and optical properties of the devices used for the
experiments in this thesis are investigated.

The sensors were already completely fabricated in the in-house clean room
facilities. The actual work of this thesis started with the mounting, wire

bonding and characterization of the devices.

5.1 Sensor Growth and Fabrication

A brief overview of the steps necessary to yield a functioning sensor is de-
picted in Fig. 5.1: Starting with an InP wafer (1) the QCLD active region as
well as cladding and contact layers were grown by molecular beam epitaxy.
GalnAs was used for the quantum wells, AllnAs for the barriers and Si for
n-type doping (2).

In the next step (3) the laser and detector ridges are processed by etching
trenches into the epitaxially grown film (compare Fig. 3.5). Similarly, a

DFB grating can be etched directly into the upper cladding layers of the
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laser ridges. Both is done by reactive ion etching (RIE) [49], because of its
anisotropic behaviour. SiN is used in step (4) to passivate the devices, so
they can be electrically connected by extended contact pads from the top,
without short-circuiting them. Gold is sputtered on to create these contact
pads and the metal layer for the DL-SPP waveguides. Also, the dielectric
SiN-strips are deposited in this step via plasma enhanced chemical vapour
deposition (PECVD) [50].

Since many laser /detector pairs are processed simultaneously, in a last step
the wafers are cleaved into smaller parts (usually 4-5 sensors per piece),
which are subsequently mounted on a heat sink (e.g. Cu or Al) with In
solder. The relatively soft solder metal compensates the different thermal
expansion coefficients of sensor substrate and heat sink while still providing
a good thermal conductivity. Finally, the devices are wire-bonded so they

can be electrically contacted.

- ry "

1. Substrate 2. Epitaxy 3. Laser/detector
etching
4. Contacts/waveguide %{
processing w w
5. Mounting
and bonding

Figure 5.1: Growth and fabrication of a QCLD sensor, schematic overview:
1. A plain semiconductor wafer, 2. Epitaxial growth of the active region,
cladding and contact layers, 3. Etching of the laser/detector ridges, 4. Pro-
cessing of electrical contacts and waveguides, 5. Mounting of the substrate

to a heat sink with indium and wire bonding of the electrical contacts.

To illustrate the working principle of the absorption spectroscopy experi-
ments, Fig. 5.2 (left) depicts a rendered image of the sensor: Molecules
between the laser and detector absorb the light and, therefore, lead to a
decrease of the detector signal. On the right an SEM image of such a device

is shown. The detector is a bit broader than the laser and the waveguide is
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tapered to increase the coupling and as a consequence the detector signal.
In the inset a zoomed-in image of the DFB grating in the laser ridge can be

seen.

Figure 5.2: Monolithically integrated QCLD sensor: rendered image

of laser and detector connected via a DL-SPP waveguide and absorbing
molecules, with an inset of the cross section (left). This figure was taken
from [45], SEM image of a fabricated device, the inset shows the DFB grating
on top of the laser ridge (right). This figure was taken from [24].

The sensor chip used in this thesis consists of four laser-detector pairs as
schematically shown in Fig. 5.3 (left) with its corresponding dimensions.
The DFB gratings vary in a way that the lasers emit slightly different wave-
lengths around 6.1 pum (= 1640 cm™!). The image on the right shows a
mounted and wire-bonded sensor chip with six units of varying waveguide

length.

5.2 Optoelectrical Characteristics

In all the experiments up to two QCLD sensors were used in parallel. They
were pulsed in sequence using two AVITECH AVL-2-B pulse generators at
5 kHz repetition rate with a pulse duration of 100 ns (é 0.05% duty cycle)
and a respective delay of 260 ns. This sequential operation was necessary
to limit electrical crosstalk, since both sensors share the same electrical
ground. 47 ) resistors were added in series to get impedance matching

to the driving circuit. The detector signals were recorded using a Teledyne
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Figure 5.3: Monolithically integrated QCLD sensor: schematic of a semi-
conductor chip with four sensors (left), microscope image of a mounted and
wire-bonded semiconductor chip with different waveguide lengths between

lasers and detectors (right).

LeCroy HDO 4034 High-Definition Oscilloscope with 50 ) termination. The
area of the detected pulses was integrated by the oscilloscope to increase the
signal-to-noise ratio (SNR), similarly to a boxcar averager, and transferred
to the PC subsequently for post-processing. For the light intensity-current-
voltage (LIV) measurements the oscilloscope was also used to measure the
current through and the voltage directly at the lasers.

The resistance of a QCL and also its optical output power decrease strongly
with increasing temperature. Therefore, on one hand the temperature had to
be stabilized with a thermoelectric cooler driven by a Wavelength Electronics
PTC 5 K-CH temperature controller, on the other hand a laser ridge can
be used as a fast on-chip temperature sensor by continuously measuring its
resistance with a Keithley System Source Meter (2636A/2612B).

The laser couples most of its light directly to the detector, so no absolute
output power measurements could be performed, only the stray light can be

detected externally.

The LIV of a laser ridge was measured using its on-chip detector and is
depicted in Fig. 5.4. The laser voltage (black) looks typical for a mid-IR
QCL. The laser threshold current density of 7.6 kA cm™2 can easily be seen
in the red curve. However, at lower current densities a non-zero signal can
be measured. This can be explained by electrical crosstalk: the laser and

the detector are electrically connected via the substrate resistance. In order
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Figure 5.4: LIV measurement of the QCL: the laser voltage (black, left
axis) follows a typical trend, the detector signal (red, right axis) shows that

2

lasing starts at a current threshold of 7.6 kA cm™. The crosstalk signal

(blue, right axis) was recorded at the detector by driving an adjacent laser.

to prove that theory, the detector signal was measured while an adjacent
laser was operated and the result (blue) matches the recorded signal for the
coupled laser below the lasing threshold. Above, it follows a similar trend
and shows no jumps. Therefore, it is assumed that the crosstalk is mainly
of electrical, not of optical nature. The signal can be used for crosstalk
compensation calculations.

The laser emission spectra were recorded using stray light from the surface
of the chip, collimated into a Bruker Vertex 70V Fourier transform infrared
(FTIR) spectrometer. As shown in chapter 4.2, a large percentage of the
laser light is coupled to the detector, making it difficult to obtain the spectra.
A liquid nitrogen-cooled EG&G Judson mercury cadmium telluride (MCT)
detector was connected to a Stanford Research Systems SR570 low-noise
current amplifier, further enhanced with an EG&G 5210 lock-in amplifier to
measure the faint spectral signal. The laser temperature and also the driving
current influence the spectral behaviour. Therefore, a temperature range
from 15 °C to 40 °C for various laser currents was investigated. Fig. 5.5
shows the normalized spectra of the two lasers most suited for the absorption
spectroscopy experiments at three different temperatures. The intensity

of the emitted light decreases with the temperature, but also the spectral
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components vary quite substantially. The DFB gratings seem not to couple
too well to the laser, since several peaks are visible. However, the two
laser spectra differ sufficiently, qualifying them for absorption spectroscopy

experiments.
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Figure 5.5: Spectra of QCLs on the sensor chip for varying temperatures:

sensor 1 (left), sensor 2 (right).

After the characterization of appropriate devices an experimental scheme

had to be developed and will be discussed in the next chapter.

6 pFluidic Cell

The design and processing of a microfluidic cell was one of the main parts of
this thesis. It posed difficulties in various aspects, which were approached in

several ways. The following list gives an overview of the design challenges:

e The fluid cell needs to be leak-proof and chemically stable. Depending
on the experiments this can either mean acids and bases or organic
solvents. It can also mean that the substances used are not degraded

by the materials, e.g. biological cells by silver.
e Its volume should be as small as possible.
e The fluid connectors and the cell itself need to be mechanically stable.
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e Both, the liquid has to reach the QCLD sensor chip, but also an elec-
trical connection needs to be made to lasers and detectors. This means
the chip has to be wire-bonded to a conductor path, leading out of the

cell, so BNC-connectors can be soldered on to it.

e The QCLD chip needs to be connected to a heat sink. The in-house
built Peltier coolers are all designed for 2.5 cm x 1.5 ¢cm x 0.1 cm pure
copper plates, which the lasers are usually soldered on with indium
(cf. Fig. 5.1). Ideally, the fluid cell should be compatible to these, or

even incorporate them.

The goal was to explore the capabilities of different approaches, while pursu-
ing the more promising ones. In the beginning, two fundamentally different

concepts were investigated:

=L

Figure 6.1: Schematic procedure of the microfluidic channel processing: a)

a layer of SU-8 photoresist is spin-coated and the middle part gets removed
by developing, b) the removed part is now filled with maP 1275 photoresist
(red), c) a second layer of SU-8 is applied and circles are removed, d) the

maP 1275 is dissolved in acetone, the underlying channel is opened.

The first one was inspired by a publication of Diehl et al. [51], who used
lithography to create a microfluidic channel directly on top of a QCL chip
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out of photoresist and polydimethylsiloxane (PDMS). In a first attempt a
7 pm high and 500 ym wide channel with openings for tubing were processed
in SU-8 negative photoresist in three steps (see Fig. 6.1): a) a first layer of
SU-8 was deposited on a GaAs substrate and lithographically patterned so
the fluid channel and the tubing openings were removed (blue); b) a layer
of maP 1275 positive photoresist was developed to cover the opening of the
SU-8 layer (red); c¢) an additional SU-8 layer was deposited and only the
tubing openings were patterned; d) the maP resist finally was removed with
acetone, leaving the openings and the SU-8 covered channel. However, it ap-
peared that the SU-8 slightly mixed with the priorly deposited maP, making
it difficult to judge the quality of the channel. A microscopy image after the
final step is displayed in Fig. 6.2. The red residuals of the maP 1275 pho-

toresist can be seen clearly within the channel.

Figure 6.2: Microscope image of a lithographically processed microfluidic

channel in SU-8 negative photoresist.

Another downside of this approach is, that the sensor chips are too small
(2-4 mm width) to be processed with the clean room equipment. Also, it
would be difficult to apply tubing that is mechanically robust. The devices
would have to be soldered to a heat sink priorly, solving these problems.
However, this would leave a step from sample to the heat sink, too high to
perform precise lithography. Therefore, this approach was not investigated
further. In future work the maP resist could be exchanged for one, that is
not soluble in SU-8.

The second concept evolved around the aforementioned copper plate heat

sinks and finally lead to successful experiments.
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Figure 6.3: Rendered image of the microfluidic cell (top), final device with

liquid and wire connectors (bottom).
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The idea was to lithographically process an electric circuit board onto the
copper plate and use a second bulk part forming the liquid cell, ultimately
screwing both together and sealing the cell with an O-ring in between. A
rendered image of the final design can be seen in Fig. 6.3 (top). The top part
of the cell was manufactured in-house from aluminium, featuring standard
flangeless liquid connectors and a cell volume of ~120 uL for the copper
substrate and ~60 pL for an advanced aluminium substrate concept. The
latter can be compared to the volume of a single drop of water only.

A chemically stable Teflon O-ring of 1 cm diameter in between the alu-

minium cell and the circuit board results in a leak-proof fluid cell.
The circuit board turned out to be more of a challenge and different designs

were implemented. They are discussed in more detail in the following sec-

tions.

6.1 Copper Substrate

Ti, Au

SiN,
Polymer
SiN,

Ti, Au

Cu plate

Figure 6.4: Copper circuit board: schematic cross section (left), fully

processed (right).

When processing the circuit board on copper, two main issues emerged:
firstly, using only a thin SiN insulation layer made it impossible to solder
wires to the gold pads due to the fast heat transport. The copper substrate
acted as a heat sink for the contact pads and cool the solder too quickly.

Also, the thin layer was easily short-circuited by mechanical impact (e.g.
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measuring the resistance with multimeter tips). Secondly, an SU-8 photore-
sist insulation layer led to delamination of the gold pads already under low
stress from soldered contact wires and even wire-bonding ripped away parts
of the gold traces. Therefore, a sandwich process was applied leading to the
final recipe, which is depicted in Fig. 6.4:

Holes were drilled into the pure copper heat sink so the aluminium flow cell
could be attached to it. It was mechanically polished and a thin layer of
Ti (10 nm) and Au (200 nm) was deposited by sputtering. Subsequently,
a 1 pm thick layer of SiN was deposited using PECVD. A layer of 8 um
SU-8 photoresist was applied by spin coating and the middle part was re-
moved, i.e. developed after the outer area of the negative photoresist was
exposed. Another 1 ym thick SiN layer was deposited on top and the SiN in
the middle square of the plate was etched away by RIE, revealing the initial
TiAu layer. Finally, the gold traces were deposited by patterning the desired
structure with maN 1440 negative photoresist, sputtering Ti (10 nm) and
Au (300 nm) all over the sample and removing the excess gold on top of the
photoresist by dissolving the resist in acetone. Such a process is called a
lift-off procedure.

The sensor chip could easily be soldered to the middle square and had a
good thermal contact because all the insulating layers had been removed
there. The wire bonding was still demanding and the parameters had to be
optimized. Wires could be soldered to the gold pads due to the increased
thermal insulation and the pads did not delaminate as easily as before. In
order to increase the mechanical stability, thin and flexible wires were used
and after soldering two-component epoxy resin was applied to further in-
crease their resistance towards mechanical stress.

This design offers the best thermal conductivity and relatively good chemi-
cal stability since SiNN is resistant to most substances, such as solvents. The
downside is its extensively time-consuming processing, while it still suffers
from partial delamination when e.g. ripping off the bond wires for exchang-

ing the sensor chip.
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Figure 6.5: Silicon circuit board: schematic cross section (left), mounted,
wire-bonded and soldered (right).

6.2 Silicon Substrate

Utilizing the findings of the copper circuit board, another design was de-
veloped, which started with a silicon wafer as a base, cleaved to the same
size as the copper plates. A 1 um thick silicon dioxide insulation layer was
deposited on top of the pre-existing 50 nm dry SiOs by PECVD and, again,
a Ti (10 nm) and Au (300 nm) lift-off procedure was used to create the
electrical traces (see Fig. 6.5).

The sensor chip can be directly soldered onto the thin SiO» layer as a trade-
off between processing time and thermal conductivity. The adhesion of the
gold traces is similar, if not slightly better, compared to the copper design
and the chemical stability is also sufficient for many applications. However,
the difficulty lies in the drilling of the holes for attaching the fluid cell, with-
out accidentally cleaving the substrate. This can be achieved by cautiously
using dental diamond drills at high rotational speed while submerging the

silicon substrate in a water bath.

6.3 Aluminium Substrate

The third solution was designed within the framework of this thesis, but
ordered from an external manufacturer. It features an aluminium plate
as a substrate, a polymer insulator layer with good thermal conduction and
copper-gold traces that are partially protected by yet another polymer layer.
In the middle a square was milled into the aluminium so that, after solder-

ing, the sensor chip surface and the circuit board surface are roughly level.
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Cu
Polymer

Al

Figure 6.6: Aluminium circuit board: schematic cross section (left), pho-

tograph (right).

Compared to the other designs, this turned out to be the most practical
one due to its good mechanical stability and wire bonding behaviour. Here,
BNC-cables can be directly soldered to the gold contact pads without the
need for thin and flexible wires in between. Furthermore, the 47 ) resistor
can also be directly soldered onto the contact pad to improve the radio fre-
quency (RF) behaviour (cf. Fig 7.14).

For high power cw operation of QCLs a good cooling scheme and therefore
the mounting on a good thermal conductor is essential. The devices in this
thesis, however, are operated at a duty cycle of 0.05 %. Therefore, the ther-
mal conductivity is less crucial. Tab. 6.1 lists the elements used for the

circuit board and the laser substrate with their thermal conductivity.

Clearly, copper dominates the thermal behaviour, but also silicon has a
rather high thermal conductivity compared to the InP-substrate, the de-
vices are grown and processed onto. Additionally, the indium solder should
be as thin as possible. The electrical insulators, on the other hand, are also
thermally insulating and should be removed at the position the device is

mounted to increase its performance.

In this design the whole sensor chip including the wire bonds is submerged
in the analyte. The concern arose that the wire bonds might come off in
a high liquid flux. Therefore, a liquid was applied directly with a syringe,
rapidly emptying it through the fluid cell, to test rather extreme (mechan-
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Table 6.1: List of Elements and their thermal conductivity [52-56].

Element Thermal conductivity / W m~! K!
Copper 401
Aluminium 220
Silicon 156
Indium 83.7
Indium Phosphide 68
SiOy (PECVD) ~1.2
SisNy (PECVD) ~0.5
SU-8 ~0.2

ical) conditions. Both, the copper and aluminium design were not affected
by this procedure (cf. chapter 7.2).

Another aspect that has to be kept in mind is, that electrically-conductive
liquids like acids and bases might short-circuit the laser. This was not inves-
tigated yet, but will be done in future work. If needed, the mounted sensor
chip could be electrically insulated by applying either a layer of SiN or SiOo,
or sealing the electrical contacts with a photoresist, while implementing a

microfluidic channel on the waveguides between lasers and detectors.

The performance difference of the three designs was not further investigated,
as it can be assumed that their impact is rather small due to the low duty
cycle operation. Furthermore, a temperature compensation scheme was de-
veloped later on, reducing the influence of the heat sink on the performance
of the sensor even more. However, for optimization in future investigations

this might become relevant.

With this, all the necessary components for experiments have been put to-
gether: a fully-operational QCLD liquid sensor chip has been mounted into

a fluid cell and characterized next.
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7 Absorption Spectroscopy Experiments

In this section various experiments that were performed with the microfluidic
cell in the course of this thesis are presented. This includes the concentration
determination, long-term behaviour and transient responses. Subsequently,
the findings were used to do an in-situ concentration experiment. All of
these experiments rely on a sensor calibration, while in the last subchapter
a theoretical evaluation of the data will be addressed.

The conditions and lab equipment used to operate the sensor chip were iden-
tical to the ones stated in section 5.2, if not specified further.

In order to test the sensor a high and a low absorbing substance, namely
H50O and isopropyl alcohol (IPA), are mixed together in different ratios and
pumped through the fluid cell.

7.1 Long-Term Stability

The first experiments were conducted on the copper mount with the 120 ul
cell were aiming at investigating the long-term behaviour of the sensor.
Therefore, it was cooled to 15 °C and driven by 100 ns pulses for over
3.5 hours at a sampling rate of ~ 75 data points per second (Fig 7.1, black
line). In order to find the best integration time the corresponding Allan de-
viation plot was calculated and depicted in Fig. 7.2. A detailed explanation
on how to calculate the Allan deviation and interpret its results is given
in [57]. The plot shows the Allan deviation in dependence of the number
of averaged samples and features three main areas divided by the red lines.
The most interesting one is in the middle. It corresponds to a region, where
Gaussian noise dominates the signal, therefore, averaging improves the SNR.
The right part corresponds to a region which is dominated by drift, which
cannot be averaged out. It suggests that ~ 20 000 samples should be av-
eraged for optimum SNR. Even though the signal in Fig.7.1 still appears
somewhat noisy, its standard deviation over the whole time is 0.001 A.U.,

which is equivalent to a concentration fluctuation of merely 0.05 %o

No long-term drifts can be seen in the signal, which is a good indicator for

a stable sensor operation.
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Figure 7.1: Long-term stability measurement of a typical QCLD sensor:

time dependent signal (black), averaged signal (red).
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Figure 7.2: Allan deviation calculated from the long-term measurement of

Fig. 7.1.

7.2 Transient Concentrations

Next, the copper-mount configuration with the 120 ul cell was tested for its
transient response. Initially, the cell was filled with pure IPA, then a syringe
was used to rapidly pump a solution of 80 % IPA and 20 % H5O through the
cell, followed by pure IPA again. The corresponding time dependent signal
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is depicted in Fig. 7.3.
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Figure 7.3: Transient concentration measurement with the QCLD sen-
sor: pure IPA, TPA + H5O, pure IPA applied to fluidic cell with a syringe

successively.

The detector signal drops significantly (less than 50 % of the initial signal),
but shows the same value before and after the experiment. The falling edge
is shown in more detail in Fig. 7.4 and a double exponential fit is applied.
The time constants show a very fast detector response, while the shorter one
most likely corresponds to the flushing out of the preceding liquid, the longer
one is caused by turbulence that occurs, when flushing the cell with a syringe
and the mixing of the two liquids before getting flushed out completely. In
any case the fluid cell geometry limits the response time of the sensor and
not the laser or detector themselves. The time constants depend strongly
on how fast the liquids are pumped through the cell, making a direct com-
parison difficult. Therefore, the cell volume was reduced significantly in the

second design.

7.3 Water Concentration in Isopropyl Alcohol

For the following measurements the re-designed Al heatsink and PCB to-
gether with the 60 ul Al fluid cell were used, utilizing a new QCLD sensor
chip. In Fig. 7.5 (left) the absorbance spectra of HoO and IPA are depicted
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Figure 7.4: Transient concentration measurement with the QCLD sensor:
pure IPA, IPA 4+ H5O applied to fluidic cell with a syringe, falling edge time
signal (black) with a double exponential fit (red).

over the whole mid-IR spectral region. Also, the laser emission spectrum is
plotted, but merely visible since it is a narrow line. The right image shows
the highlighted section in more detail and reveals that for the laser light
the IPA absorption is very low and almost constant (magenta), whereas the
water absorption is extremely high (cyan). The absorbance was calculated
for a 48 pum interaction length, which corresponds to the geometry of the
50 pm waveguide and 96 % of the optical mode being outside of the plas-

monic waveguide, i.e. in the analyte, as discussed in section 4.2.

The QCLD sensor chip used in these experiments was processed with DFB
gratings to enable single-mode operation. Slightly different gratings were
used for each of the four otherwise identical lasers on the chip to address
multiple wavelengths. However, the laser emission spectra in Fig. 7.5 show
multiple peaks, leading to the conclusion, that the gratings do not couple
well enough to the optical mode to sufficiently suppress all side-modes. Yet,
the number of modes is significantly reduced, compared to a typical FP
QCL. This leaves a lot of room for improvement, since single-mode lasers
show a more stable operational behaviour. On the other hand, the spec-
tra differ substantially, which allows to address different absorption features

with each sensor unit, as intended.
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Figure 7.5: Emission spectrum of a QCLD sensor with two lasers working
in parallel (black, blue) and absorbance spectrum of HoO (cyan) [58] and
IPA (magenta) [59] for a 48 pum interaction length: overview of the whole

mid-IR spectral range (left) and zoom-in on the laser modes (right).
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Figure 7.6: Temperature dependence of the QCLD sensor signals and
the resistance of a laser ridge (left), schematic of a sensor chip with 4
laser /detector pairs (right): pairs 1 and 2 are used for absorption exper-

iments, the resistance of laser 3 is used as a fast on-chip temperature sensor.
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The schematic of the laser chip mounted within the fluid cell is depicted in
Fig. 7.6 (right). Two lasers are driven in parallel and the light travels along
the waveguides to their respective detector. On its path it interacts with the
adjacent analyte and the intensity decreases. A third laser ridge is biased
continuously to measure its resistance, which is inversely proportional to the
temperature of the sensor chip. The fourth laser/detector pair is not used in
the presented experiments. The pure IPA detector signal as well as the ridge
resistance are recorded for many different temperatures, set with the Peltier
cooler. It is crucial to wait for thermal equilibrium before taking the data
points for every set temperature. Then, these curves can be linearly fitted
and used to compensate temperature fluctuations in later experiments. The

fit parameters are displayed in Tab. 7.1.

The intensity signal I measured at a detector varies not only over time ¢
due to varying analyte concentration, but also with changing temperature
T. The Beer-Lambert law (Eq. 2.2) can be used to compensate these fluctu-
ations, if they are relatively small (single digit °C) and the intensity signal
as a function of temperature is well represented by a linear fit. The detec-
tor signal can be approximated by a product of the temperature dependent
intensity Iy (the initial intensity in the Beer-Lambert law) and the concen-
tration dependent transmission C' (the exponential decay function in the
Beer-Lambert law), which in the experiments mostly depends on the an-
alyte, that varies with time (Eq. 7.1). With the temperature calibration
curve from Fig. 7.6, the actual temperature can be calculated by measuring
the resistance over time R(t) and using the fit parameters from Tab. 7.1 with
Eq. 7.2. The intensity term Iy can now be written as a known intensity at a
set temperature Iy altered by a temperature offset with the proportionality
constant oy (Eq. 7.3). To eliminate the temperature offset the equations
are combined to Eq. 7.4, where, with the measured intensity I,.(t) for sensor
x, the time dependent resistance R(t) and the fit parameters from Tab. 7.1,

the temperature corrected intensity I,(t) can be calculated.
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I(T,t) = 1o(T) - C(t) (7.1)
T = R(t) — Ro (7.2)
R
Io(T) = Iy + af (T — Tp) (7.3)
7 I:v(t) T
I,(t) = Iy, 7.4
(t) (R(Z;Ro B T0> o 0 (7.4)

Table 7.1: Temperature compensation curves for the QCLD sensors, linear
fit (X = Xo+ axT|X € 11,1, R) of Fig.7.6: intensity signals of detector 1

and 2, resistance of laser 3, temperature T.

Device ax Xo

Detector 1 signal I; | —4.15-10710 X5 | 1.667 - 10~% Vs

Detector 2 signal I | —3.82-10710 3 | 9.26- 1079 Vs

Laser 3 resistance R | —2.210 % 204.36

In Fig. 7.6 the signal of detector 1 is almost twice the signal of detector 2,
even though both lasers are operated at similar conditions. This might
either be caused by a difference in laser performance, for instance by a too
lossy DFB grating, or by different coupling efficiencies from the laser to the
waveguide and further on to the detector. The latter might be caused by

processing defects or even contaminations of the sample.

A piston-operated pipette was used to prepare 91 mixtures of IPA and HoO
with well defined concentrations. These were continuously pumped through
the sensor and for each of the defined concentrations the detector signals
were recorded and depicted in Fig. 7.7. Again, it was important to wait for
thermal and concentration equilibrium before sampling.

The liquid transport was realised with an Ismatec Reglo ICC peristaltic
pump’, shown in Fig. 7.8. A fixed elastic plastic tube is squeezed by a small
cylinder, that can rotate freely. This cylinder is moved along the tubing,

pushing forward the liquid inside. In the used pump 8 cylinders are located

Thttps://www.ismatec.com/int_e/pumps/t_reglo/reglo.htm
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Figure 7.7: Calibration curve of the absorbance spectroscopy experiment:

the QCLD sensor signals were recorded for an increasing HoO-content in
IPA.

in a circle on a disk. By rotating the disk at a certain speed, a desired pump

rate can be achieved when the tubing diameter is known.

Figure 7.8: Ismatec Reglo ICC peristaltic pump for four independent liquid

channels.

With the characterized sensors, the temperature compensation curve and the
concentration calibration curve, finally, experiments were performed. The

schematic is depicted in Fig. 7.9.
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The sensor chip is located inside the Al cell on the Al heatsink and laser 1
and 2 are driven in parallel by individual pulse generators. A third laser is
DC biased and its resistance is measured. The aluminium substrate fixed on
a regulated Peltier cooler is set to 20 °C. The detector signals are recorded
with an oscilloscope. A beaker with 50 ml IPA sits on a magnetic stirrer
plate, a stir bar is inside the beaker. One tube leads from the beaker to the
sensor fluid cell, over the peristaltic pump and back into the beaker. In the
beginning of the measurement the pump stands still with [PA already in
the fluid cell and at a certain point it is activated. This is done to check if
the temperature compensation works properly, as will be explained later on.
Another tube connects a beaker filled with pure de-ionized (DI) water over
a second, individual channel of the peristaltic pump to the IPA beaker. This
pump is only activated 15 min after the first one, so the stable operation
can be guaranteed beforehand. With a flow rate of 1.5 ml/min water is then
pumped to the IPA beaker, resulting in a drop of the detector signal over
time. Due to the stirrer and a fast pumping of liquid through the sensor cell
(15 ml/min) it is assumed that within the measurement circuit the water
concentration is qualitatively the same. The theoretical water concentration

can be calculated by

1

Virpa
1+ (t—to)bm,0

CHyOy, = (7.5)
where Vip4 is the initial volume of IPA in the beaker, ¢p,0 the water pump
rate, t the time and t(y the time when the water pump started. This equation

is valid after tg, before, the theoretical concentration is zero.

In order to be able to measure fast concentration changes, while still con-
ducting long-term experiments, multiple approaches were tested. The high-
est data rate for a continuous measurement was achieved with the following
procedure. As mentioned before, the detector signals were integrated over
the pulse length by the oscilloscope to increase the SNR. Thereby each pulse
signal (or an average of multiple pulses) was converted into one single num-
ber. The oscilloscope then continuously generated a new time-dependent
signal from these values with a buffer size of 1000 elements. This new wave-

form could be transferred to the computer, however, since no timing or
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Figure 7.9: Schematic of the absorption spectroscopy experiment setup:
pulse generators drive lasers 1 and 2, detectors 1 and 2 are read out with an
oscilloscope. The resistance of laser 3 is measured for temperature compen-
sation. The sensor is kept at 20 °C with a Peltier cooler and a temperature
controller. Pure IPA is in a beaker and pumped through the cell constantly
with a peristaltic pump. At a certain point a second peristaltic pump is
activated to pump H3O into the IPA beaker. A stirrer is used to rapidly

mix the liquids.
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triggering procedure was implemented in the system, the waveform had to
be read out in a way, that two consecutive data sets overlapped in time. This
overlap was used to stitch the waveforms together at the right position and
generate the correct timestamps for each data point. This was implemented
in a Python program and a fast algorithm was developed to find the over-
lap and merge the two datasets. It enables a continuous sampling rate of
~ 170 s~! for two channels simultaneously, where the individual data points
are already an average of 5 pulses each. Furthermore, the application reads
out the resistance of a third laser at a rate of 4 data points per second for

the temperature compensation. It is also capable of operating the peristaltic

pump.
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Figure 7.10: Absorption spectroscopy experiment: time dependence of

the two detector signals (black, blue) and resistance of a laser ridge as a

temperature reference (red) for increasing water concentration starting after

15 min.

An experiment according to Fig. 7.9 has been performed and the detector
signals as well as the resistance of laser 3 are shown in Fig. 7.10. It can be
divided into three subsections. In the first, pure IPA resides in the fluid cell.
When the first channel of the peristaltic pump is activated to pump IPA
from the beaker through the cell, the signal drops as well as the resistance.
The cell is cooled to 20 °C, however the room is at a temperature of 22 °C,
therefore the liquid within the unregulated beaker is warmer and heats up

the cell and the sensor, resulting in this drop. Then, the signal is quite stable
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for 15 min, until the second channel of the pump is activated to initiate the
H>O flow. With the increasing water concentration, the detector signals

decay exponentially.
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Figure 7.11: Absorption spectroscopy experiment: time dependence of
the two detector signals (light black, blue) and temperature corrected (dark

black, blue) for increasing water concentration starting after 15 min.

The resistance signal is used to calculate the temperature compensated de-
tector signals with Eq. 7.4. Fig. 7.11 shows the measured detector signals
in grey and light blue and the corrected signals in black and dark blue. The
jump in the beginning vanished, which is a good indicator that the temper-

ature compensation works properly.

Finally, the concentration calibration curve is applied to the temperature
corrected intensity signal. By a simple mapping mechanism the y-axes of
both, Fig. 7.7 and 7.11 are eliminated and the time dependent concentration
signal is gained (Fig 7.12). The theoretical curve (green) is calculated us-
ing Eq. 7.5. For low concentrations both sensors are in good agreement with
the theoretical value. At higher concentration the signals seem to become
quite noisy. This is caused by the exponential behaviour of absorption.
In this region there is almost no signal left, therefore, the noise increases
steadily. This effect is more pronounced in sensor 2, which had a much

lower signal to start with.
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Figure 7.12: Absorption spectroscopy experiment: time dependence of the
two temperature corrected detector signals, the concentration-calibration
curve was used to convert the signals to water concentration in IPA (black,
blue) for increasing water concentration starting after 15 min, theoretical

curve (green).
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Figure 7.13: Absorption spectroscopy experiment: time dependence of the
temperature corrected, calibrated detector 1 signal, the theoretical water
concentration was subtracted and the absolute value was calculated for the

normal time signal (black) and an averaged one (170 samples, red).

Fig. 7.13 enables a closer look at the deviations between theory and ex-

periment. The theoretical signal was subtracted from the measured one of
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detector 1 and the absolute value was formed (black). For the red signal
an average over 170 samples was formed beforehand, leading to a sampling
rate of ~ 1 data point per second. In the beginning there is already an
offset, which might be caused by a 370 ppm water contamination in the
IPA. Although the supplier of the IPA guarantees a purity of 99.7 %, the
residual 0.3 % might not be the source of the deviation, since the same IPA
was used for the calibration curve already. One possible explanation might
be, that water vapour from the air might have diffused into the IPA over
time. When the pump is activated the deviation starts to increase, while
also the noise is increasing, as mentioned before. This might originate from
a slightly different pumping rate, but also evaporation of IPA might change
the real concentration, which is not considered by the simple equation. After
the measurement, the liquid was slightly white. Isopropyl alcohol and water
might have slowly dissolved the peristaltic tubing, leading to an additional

absorber that was not accounted for.

The standard deviation of the concentration signal for pure IPA is 8 - 1072 %yo
and can already be reduced by a factor of 2 with the averaging of 170 sam-
ples, still leading to a data rate of 1 sample s~!. This first experiment leaves
a lot to investigate and optimize in future designs. One interesting find-
ing is, that the temperature can be compensated quite sufficiently, enabling

sensing without temperature regulation.

7.4 In-Situ Sensing

In-situ translates from Latin to ”on site”, in this context meaning that the
measurement is performed directly at the spot, where a reaction is hap-
pening. Adapting the findings from the previous experiments and reusing
the aluminium heatsink, a sensor was designed to be submerged completely
in a beaker filled with an analyte for real-time measurement without a de-
lay caused by liquid sampling before being analysed externally. Again, the
experiment features two laser/detector pairs that can be operated in par-
allel and a third laser ridge functioning as a fast temperature sensor. The

mounted QCLD chip can be seen in the middle of the sensor in Fig. 7.14.
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Figure 7.14: In-situ chemical sensor.

This approach has a slightly simpler measurement setup, compared to the
one in the previous chapter. It is shown in Fig. 7.15. The electrical part is
identical to the experiment with the aluminium fluid cell. The difference is,
that now the sensor is directly submerged in the beaker, in which DI water
and IPA are mixed. Again, a magnetic stir bar is used for that purpose,
spinning directly beneath the sensor. It is activated after a short initial
recording of the signals for a quick stability check. The initial [PA volume is
25 ml. The peristaltic pump is used to make water drop from a tube located
above the beaker. Again, it will only be activated after a stabilization time
of 7.5 min. A slow water flow rate of 200 ul/min has been chosen, to see a
slower decay over a longer period of time. The whole measurement was set

to take about 50 min.

The temperature compensation and concentration calibration have been per-
formed beforehand. The raw time dependent signal of the experiment is
depicted in Fig. 7.16. Again, three areas are immediately visible: a first
very short one after which the stirrer is turned on and the intensity makes
a small jump. This is followed by the stabilization and, ultimately, by the
activation of the pump and the exponential decrease of intensity caused by

light absorption in the added water.

The corrected and calibrated signals are displayed in Fig. 7.17. Compared
to Fig. 7.16, the step at the beginning has vanished and also the falling
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Figure 7.15: Schematic of the in-situ absorption spectroscopy experiment:
pulse generators drive lasers 1 and 2, detectors 1 and 2 are read out with an
oscilloscope. The resistance of laser 3 is measured for temperature fluctua-
tion compensation. The sensor is submerged directly in a beaker filled with
pure IPA. At a certain point the peristaltic pump is activated to drip water

into the beaker. A stirrer is used to rapidly mix the liquids.
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Figure 7.16: In-situ absorption spectroscopy experiment: time dependent

signal of the two detectors (black, blue).
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slope afterwards has been compensated with the temperature measurement.
Both curves (black, blue) follow the theoretical one (green) quite well. The
most prominent difference to the experiment with the fluid cell are spikes
in the signal, implying very high and short peaks in water concentration.
What is even more interesting is, that the peaks do not appear at the same
magnitude for the two different sensors.

The explanation for this phenomenon is rather simple: when the water
droplets hit the beaker, the swirl flushes the drops directly over the sen-
sor before they completely mix with the rest of the liquid in the beaker.
Depending on where the water is swept exactly the detectors measure dif-
ferent intensities, explaining the deviations of both corrected signals. In the
long run, the steps caused by the droplets almost disappear and the envelope

matches the theoretical curve.
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Figure 7.17: In-situ absorption spectroscopy experiment: time dependence
of the two temperature corrected detector signals, the calibration curve was
used to convert the signals to water concentration in IPA (black, blue),

theoretical curve (green).

These peaks can actually be used to extract further information about the
system. Fig. 7.18 shows the concentration signals caused by three consec-
utive droplets. The high peaks can easily be used to count the droplets.
Furthermore, their positions in time can be used to calculate a droplet pe-

riod At, in this case 15 s. The plateau of the step can be used to calculate the
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volume of each droplet over the concentration difference Aconc.. The first
droplet in Fig. 7.18 has 54 pl, which is in good agreement with an approxi-
mate 50 ul per drop. The flow rate then can be calculated to 216 ul min™!,

which also compares well to the set value of 200 ul min~!.
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Figure 7.18: In-situ absorption spectroscopy experiment: concentration
corresponding time signal of three consecutive droplets of water. The time
difference At and the concentration difference Aconc. lead to a droplet vol-

ume of 54 ul between two steps.

Additionally, the time constant for the mixing process can be extracted from
the measurement, which varies around 1 s, depending on the exact droplet

volume.

Here, the standard deviation for pure IPA is equal to 6 - 1072 %, and can

be reduced to 5-1073 %y, by averaging to get a sampling rate of 1 sample s~1.

7.5 Theoretical Evaluation

As discussed in section 2, the evaluation of the measured signals can also
be performed analytically instead of using a calibration curve, with some
restrictions coming from the Beer-Lambert law. Starting from Eq. 2.1 the

absorbance of water was calculated from the detector signals as follows:
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IO - Icross

A =logg 100 (7.6)

- ICTOSS

whereas the crosstalk signal I...ss is measured for pure water, i.e. total
absorption, and subtracted from the initial signal in pure IPA Iy, as a back-
ground matrix, and the intensities measured for the calibration curve at
different water concentrations I(c). These curves are depicted in Fig. 7.19
for both lasers (black, blue) for the fluid cell (left) and the in-situ experiment
(right). Instead of the intensity in air, the pure IPA signal was used as the
reference intensity to account for a difference between liquid and gaseous
analytes, caused by different refractive indices at the interfaces.

The theoretical absorbance is calculated using Eq. 2.5 with the normalized
laser spectra and the absorbance spectra (48 pum interaction length) of Fig.
7.5. The calculation was performed for all water concentrations used in the

calibration curve and its result is plotted in Fig. 7.19 for both sensors (cyan,

magenta).
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Figure 7.19: Theoretical absorbance computed with the absorption spectra
of water and IPA for the emission laser spectra 1 and 2 (cyan, magenta), ex-
perimental absorbance calculated from the acquired data of the two sensors

(black, blue) for the fluidic cell (left) and the in-situ sensor (right).

The experimental data for sensor 1 fits the theoretical curve quite well. At
high concentrations the deviation becomes more pronounced. It might be
caused by the limitations of the Beer-Lambert law, as discussed in section

2, since water and IPA are polar molecules that interact in a non-negligible
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way. Furthermore, in the calculation IPA was used as the background ma-
trix, which might not suffice for the high water content of the experiments.
The data for sensor 2, however, is much higher than what is theoretically
expected. One reason for this effect might be the fast and localized heating
of the sensor chip due to the pulse of laser 1, preceding the pulse of laser 2 by
merely 260 ns. This was not accounted for when the spectral measurements
were performed. Fig. 5.5 shows that with increasing temperature the laser
2 peak shifts towards the center of water absorption in Fig. 7.5, while the
side modes decline, both accounting for an overall higher absorbance.

Nevertheless, the calculated absorbances for two different calibration curves
match each other quite well, substantiating the reliability of the sensor and

being a good starting point for future experiments.

8 Conclusion and Outlook

A microfluidic cell was developed and implemented around a QCLD liquid
sensor chip, operating between 6 and 6.15 pm wavelength. The long-term
stability as well as the transient response of a prototype cell was investigated.
Long-term drifts smaller than 0.001 A.U. were found for respective averag-
ing of the signal, which compares to less than 0.05 %, water concentration
change. The transient response could be estimated with a double exponen-
tial fit revealing two time constants in the sub-second order of magnitude,
indicating a fast mixing and liquid transport out of the cell. Moreover, the
durability of the wire bonds was shown with this experiment.

A redesign and the implementation of a new sensor chip enabled experiments
with an even lower volume of the fluidic cell, i.e. 60 ul, while being able to
operate two independent sensors and a fast on-chip temperature sensor for
improving the SNR, simultaneously. In order to efficiently read out data over
a long period a python script was programmed, leading to a sampling rate
of 170 data points s~! per sensor and 4 data points s~! for the temperature
signal. A calibration and a temperature compensation curve were recorded
to extract the water concentration in IPA from experimental data. Using a
peristaltic pump, water was added to IPA while continuously flushing the

mixture through the cell. The processed data matches the theoretical con-
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centration profile quite well.

The temperature compensation scheme allowed for the development of an
in-situ liquid sensor. A similar experiment was performed, only now the
sensor was submerged completely in an [PA-filled beaker, while water was
dripping into the beaker at a well-defined and constant rate. Again, the
calculated concentration ramp fits to the measured data nicely.
Furthermore, single droplets could be counted and their volume calculated,
both being in good agreement with the set flow rate and the theoretical vol-
ume of a water drop. Additionally, the time constant of the mixing process

of single drops could be estimated to ~ 1 s.

The presented work offers basic concepts for two types of liquid sensors,
which can be further developed and implemented in various ways. The
proof-of-principle experiment with water in IPA can be used to also detect
other substances of chemical interest. The wavelengths of the lasers were
chosen to target the absorption features of proteins, more precisely, the ab-
sorption originated in their secondary structure. Depending on whether a
protein is curled up in a helical shape (a-helix) or planar (/3-sheet) their ab-
sorption varies slightly. Fig. 8.1 (left) depicts this shift for 8-lactoglobulin
(BLG). A reaction from one to the other structure can be caused by temper-
ature variations, but also certain pH-values favour one shape or the other. In
the case for BLG an increasing pH-value leads to a transition from 3-sheet
to a disordered secondary structure, whereas the shift can be in principle
recorded with the presented sensor. The difficulty is to overcome the high
absorption of water, which in this case can be easily accomplished by mak-
ing the measurement in heavy water (D20), which has a shifted absorption
peak and does not interfere with this measurement. Another challenge in
the case of acidic and basic environments is the electrical conductivity of the
liquid. The sensor has to be electrically insulated, which can be realised by
coating the sensor with a photoresist, lithographically clearing the area of
the plasmonic waveguide. Alternatively, the sample could be coated with a

thin layer of silicon oxide or nitride within a PECVD reactor.

Another example is alcohol induced denaturation of a-chymotrypsin. The

formation of the -sheet secondary structure can be observed by the emer-
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gence of two new absorption features, while the main peak decreases, as can
be seen in Fig. 8.1 (right).

I Al

Absorban

1650 1600 1550
Wavenumber / cm™ Wavenumber / cm’

Figure 8.1: Absorbance spectra of proteins: an increasing pH-value shifts
the peaks of S-lactoglobulin from the red to the blue curve (left). This figure
was taken from [60], a-chymotrypsin is denaturated by alcohol to form J-
sheets: transition from a-helix (blue) to S-sheet (green, right). This figure

was taken from [61].

The devices allow various experiments that can be performed with the ex-
isting concepts, while still offering a lot of room for improvement. The
fabrication of the microfluidic cell as discussed in the beginning of chapter
6 can be further developed by following the recipe of [51] to process a thin
channel at the waveguide region. This would enable the cell to work with
fractions of the current volume and also insulate the electrical contacts.
Similarly, a fluidic channel can be processed on a silicon wafer. The sensor
chip then can be wafer-bonded directly onto it.

The diversity of QC technology can be exploited to detect molecules by
tailoring the wavelengths of the devices specifically. For biological sensing
the spectral region below 6 pum is very attractive due to the low water ab-
sorption, as shown in Fig. 7.5. Furthermore, depending on the experiment,
the waveguide length can be designed appropriately with the findings of the
initial experiments presented in this work. For high sensitivity of low concen-
trations, longer waveguides might be preferable, whereas highly absorbing
species in vast amounts can be detected implementing shorter waveguides.
Another angle for improvement is the electrical read-out of the detector sig-

nal. A current and/or lock-in amplifier can be used to further enhance the

o4



signal and even a PCB can be designed so impedance converters can be put
directly next to the detector.

DFB gratings can further improve the stability of the lasers if designed
properly. A single mode laser is more stable to temperature and current
fluctuations. This also influences the applicability of temperature fluctua-

tion compensation in a positive manner.
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