N

N

Thermométrie submicrométrique par
fluorescence:Caractérisation de micro et nanostructures
en milieux sec et liquide
Peter Low

» To cite this version:

Peter Low. Thermométrie submicrométrique par fluorescence:Caractérisation de micro et nanostruc-
tures en milieux sec et liquide. Micro et nanotechnologies/Microélectronique. Université Paul Sabatier
- Toulouse II1, 2008. Francais. NNT: . tel-00319487

HAL Id: tel-00319487
https://theses.hal.science/tel-00319487
Submitted on 8 Sep 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00319487
https://hal.archives-ouvertes.fr

THESE

en vue de |'obtention du
DOCTORAT DE L'UNIVERSITE DE TOULOUSE
délivré par I'Université Toulouse Il - Paul Sabatier

U.F.R. P.C.A.

Discipline: Sciences de la Matiére

présentée et soutenue

par

Peter Low

le 22 février 2008

Titre:
Thermométrie submicrométrique par fluorescence:
Caractérisation de micro et nanostructures

en milieux sec et liquide

Directeur de thése:

Christian Bergaud

Cretin
Volz

Rapporteurs

B

S
Examinateurs L Aigouy
J.-P.  Bourgoin
B. J. Kim
R Plana






Thermométrie submicrométrique par fluorescence:
Caractérisation de micro et nanostructures
en milieux sec et liquide

Résumeé

Ce travail concerne le développement et |'optimisation de la thermométrie par fluores-
cence en milieu sec et liquide pour caractériser thermiquement des fils de dimensions
submicrométriques dont I'échauffement est obtenu par effet Joule. En utilisant des
simulations en éléments finis, les paramétres des fils sont étudiés afin d'optimiser leur
comportement thermique. Un fort confinement spatial de la température autour des fils
en nickel sur un substrat de silicium est observé grace a des mesures en fluorescence.
Concernant le temps de réponse, des constantes de temps thermiques en dessous de la
milliseconde sont obtenues expérimentalement. Les résultats présentés dans cette thése
sont d'un grand intérét pour le développement de nouveaux outils pour la détection,
la reconnaissance et I'étude fondamentale des molécules (dépliement et repliement de
protéines et d'’ADN par exemple) sous modulation thermique rapide.

Mots clés : Fluorescence, thermométrie, analyse submicrométrique, nanofils, sim-
ulation en éléments finis, modulation thermique, laboratoire-sur-puce.

High spatial resolution fluorescent thermometry:
Thermal characterization of submicrometer
structures in dry and liquid conditions

Abstract

This thesis presents the development of an improved fluorescent thermometry approach
for the thermal characterization of Joule-heated submicrometer wires in dry and liquid
conditions. The design parameters of the wire systems are studied by the use of finite
element modeling (FEM) in order to optimize their thermal behavior. A high spatial
confinement of the temperature changes is experimentally demonstrated when using a
nickel submicrometer wire on a silicon substrate as a heat source. The thermal time
constants of the wire systems are shown to lie below one millisecond. The results of this
thesis are of great interest in the development of new tools for the sensing, recognition
and fundamental studies of molecules (for instance the folding of proteins and DNA)
based on fast temperature modulation.

Keywords: Fluorescence, thermometry, submicrometer analysis, nanowires, FEM
analysis, temperature modulation, lab-on-a-chip.
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INTRODUCTION

Measuring and controlling temperature on the microscale is an increasingly active area
of research and development. While the characterization of temperature is essential
for the defect analysis and the design optimization of many conventional microsystems,
e.g. microelectronic circuits, the active control of temperature on the microscale can be
applied in lab-on-a-chip processes such as the polymerase chain reaction (PCR) [1-6].

The main advantage of the miniaturized on-chip approach to processes such as PCR
is the increased capability for fast temperature cycling. Due to the lower thermal mass
and heat capacitance, the time required to change between the three different process
temperatures (melting, annealing and extension temperature) is significantly decreased.
In similarity with the modern PCR devices, current research and development for tem-
perature control in other biological, chemical and biomedical processes frequently aim at
the miniaturization of the involved systems. In order to evaluate the thermal behavior
at the small spatial and temporal scales of the new devices, it is becoming clear that the
performance of the current tools for thermal characterization has to be enhanced and
that conceptually new approaches may have to be developed.

Temperature and molecular kinetics A field in which precise spatial and fast tem-
poral control of temperature hold potential for greatly improved efficacy is the field of
fundamental molecular studies. A typical area of molecular studies is that of protein
folding [7-12]. It is well-known that proteins, as well as other molecular structures such
as DNA [13-18], undergo conformational changes upon changes in their environment.
Although simulations and structural studies give certain information, the most direct
approach to study the pathway and the various transition states of protein folding and
unfolding is to perform dynamical studies of the events [19-21]. In these dynamical stud-
ies, it is obviously necessary to have access to a characterization method for the analysis
of the molecular events, e.g. fluorescence analysis [7,10,22], circular dichroism [11,22] or
NMR spectroscopy [19, 22]. However, it is also important to have access to a technique
which allows for the initiation of the molecular events. Examples of such techniques are
rapid mixing (or stopped flow) [23,24], pH-jumping [25, 26], pressure-jumping [27] and
temperature jumping (T-jumping) [20, 23, 24].

To allow for accurate studies of the fast kinetic events in molecules, it is generally
understood that the disequilibration pulse, which brings the molecule out of its equi-
librium state, has to be short in duration and quickly return to its original value in
order to resolve the subsequent energy relaxation pathway of the molecule. Among the
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aforementioned techniques, T-jumping is the highest performing technique in terms of
temporal resolution. It allows for the study of events happening on a time-scale below
the millisecond regime due to its short-pulse capabilities [20, 23].

Fast temperature modulation for molecular studies and sensing An additional
advantage of short temperature pulses is the possibility to use fast temperature oscil-
lations in combination with a lock-in technique in order to measure the kinetics of a
molecule with high noise reduction. This technique was recently demonstrated in the
study of the folding properties of a DNA hairpin structure, measuring the kinetics at a
temporal resolution of 5 s [28]. Another similar application making use of fast tempera-
ture oscillations has demonstrated the possibility to perform dynamical molecular analysis
by studying the displacements of chemical equilibrium as a function of the temperature
modulation frequency. Further potential of fast temperature modulation is found in the
temperature pulse voltammetry which allows for the identification of different molecular
species in a liquid volume [29-31].

Spatial temperature control for sensing applications In the field of molecu-
lar sensing, precise temperature control can potentially enhance the sensing mecha-
nisms. This is typically the case in various gas sensors [32-34]. Furthermore, the use
of temperature-induced local surface modifications, e.g. the thermal polymerization of
molecularly imprinted polymers (MIP) [35-37] and the thermal ablation of resists [38],
is promising in the creation of binding and recognition sites on specific sensing elements.

Objectives of this thesis

Fluorescent thermometry Within this thesis, the main target has been to develop
a methodology for the effective thermal characterization of micro- and nanoscale tem-
perature control devices, particularly for biological applications. While the achievement
of high spatial resolution is a high priority, factors such as cost and simplicity are nat-
urally also of particular importance. In comparing the existing methodologies for small
scale temperature measurements, we have identified fluorescent thermometry to be the
most suitable method for our purpose. It does not only provide simple and cost-efficient
measurements. In addition, since fluorescence microscopy is a well-known tool for most
biologists, the method is suitable for quick integration and application in the typical
biotechnology laboratories. It is also the only thermometric technology which allows for
full-field temperature measurements of samples in liquid conditions. A trade-off which
is made is that of the temperature resolution which typically is not better than 1°C for
fluorescent thermometry. However, in biological applications this resolution is generally
sufficient.

Nanowires as heat sources As we develop an improved methodology for fluorescent
thermometry, the performance of the measurements is tested via the parallel development
and optimization of an on-chip device for high-speed and spatially confined temperature
jumping (Fig. 1). The basic idea of the envisioned device is to use a nanowire to induce
temperature changes by resistive heating. Due to the small dimensions and the small
heat capacitance of a nanowire, the temporal response of such a heating element can
be expected to be very fast and the temperature distribution spatially confined. By
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Figure 1: The use of a nanowire as a heating element holds potential for highly localized
thermal impact (thus high integration) and fast temporal response. To advance the
research on nanowire heaters, the thermal behavior must first be characterized. In a
second step, when the thermal behavior is well understood, nanowire heating is expected
to find a broad range of applications, e.g. the on-chip study of molecular kinetics and
the thermally induced local modulation of surface properties (e.g. in combination with
MIP, pNIPAAM etc.).
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optimizing the thermal design of the nanowire surroundings, the response times may be
significantly improved compared to existing microscale heaters [6,39,40] and potentially
reach thermal time constants in the lower microsecond regime. An additional advantage
of a nanowire-based device lies in the well proved capability of semiconductor nanowires
to function as molecular sensors [41-45]. This is appealing regarding the integration of
temperature control functions in more complete lab-on-a-chip systems.

A typical application that we have in mind regarding the nanowire heaters is to
perform T-jumping for the initiation of molecular folding events. The molecular folding
events of different molecules can occur on very different time-scales. Lower time limits are
set by the fastest possible formation of local structures, either secondary, such as isolated
a-helices (100 ns) and B-turns (6 wus), or tertiary, such as small loops (1 us) [19, 20].
Observation of folding near these time scales requires effective approaches for detection
and the use of ultra-short disequilibration pulses for the initiation of the folding reaction.
The shorter the pulse can be made, the better the characterization of the intrinsic
equilibration process of the folding event can be resolved.

Typically, T-jumping consists in temperature changes induced by laser heating which
allows for pulse durations in the nanosecond regime. However, the complexity and cost
of the required laser systems are generally very high. By the use of electrically induced
T-jumping by nanowires instead, on-chip integration is made possible and both cost and
complexity are decreased with the potential for parallel studies and automated processing.
Although not providing pulse durations as short as those in laser T-jumping (nanosec-
ond regime), the envisioned system is likely to provide sufficiently short pulse durations
(microsecond regime) for resolving the relaxation mechanisms of most molecules. Con-
sidering the added advantages of on-chip handling, the nanowire T-jumping approach
will be a highly valuable addition to the existing methodologies.

Disposition of the thesis

Regarding the disposition of the different chapters, we will start by giving a general survey
on submicrometer thermometry. This survey is intended to introduce the reader to the
principal existing technologies for high spatial resolution temperature measurements and
to clarify the reasons behind the choice of fluorescent thermometry within this thesis.

In Chapter 2, the thermal behavior of possible nanowire systems will be studied with
the intention of finding appropriate design parameters for an optimal spatial and temporal
behavior. To enable the efficient study of relevant parameters, simulations based on the
finite element method (FEM) are used. The chapter is completed with a description of
the approaches and protocols used to fabricate the simulated systems.

Chapter 3 illustrates the preliminary development process of the fluorescent ther-
mometry, consisting principally in the evaluation of possible fluorescent probes.

After the selection of a fluorescent probe, Chapter 4 deals with the application for
high spatial resolution thermometry. Specifically, the nanowire systems developed in
Chapter 2 are thermally characterized.

Finally, Chapter 5 is dedicated to a thorough discussion of the results. Possible
further improvements will be suggested and the potential applications of the results are
discussed.



CHAPTER 1

SUBMICROMETER THERMOMETRY

The aim of the current chapter is to lead the reader through the most common current
methodologies in temperature measurement. Considering the position of the thesis within
the micro- and nanotechnologies, frequent references will be made to applications in these
fields. The performance of the various technologies is also particularly evaluated with
small scale temperature characterizations in mind. The chapter will be concluded with
discussions on the suitability of the different techniques for the thermal analysis of our
particular devices.

Before beginning, it is of value to refer the reader to a couple of related reviews
on the same or similar topics. These reviews have been of great value in writing this
thesis manuscript and are highly recommended for those seeking to further broaden
their knowledge in the field. A thorough review on the entire range of thermometry
techniques is found in reference [46]. Reviews focused on microscale thermometry have
been given in references [47-49] while a brief review on nanoscale thermometry was
given in a recent paper by Lee et al [50]. Other interesting reviews with focus on
specific technologies are the reviews on nanoparticle fluorescence thermometry [51],
scanning thermal microscopes [52], thermographic phosphors [53] and thermochromic
liquid crystals [54].

1.1 Thermometry - the measurement of tempera-
ture and heat transfer

Temperature is one of the fundamental thermodynamic properties, with fundamental
importance for the different properties and behaviors of matter. As such, it is also a
parameter which knowledge is of great importance in everyday life as well as in sci-
entific and industrial activities. The term thermometry is normally used when making
reference to those technologies devoted to the measurement of the temperature and
the heat transfer properties of a system. Over the last centuries, many thermosensing
technologies based on different physical properties of materials have been developed, e.g.
thermally induced reactions, the expansion/contraction of volume, and thermo-optical
and electronic properties. [50]

The importance of measuring and controlling temperature is apparent after a closer
look at almost any industrial process. Typically, real-time monitoring of temperature is
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essential in order to minimize waste production and energy consumption. Additionally, a
broad range of processes requires the implementation of well-defined temperature cycles
in order to obtain optimal product qualities [51].

In the field of chemistry and biomedicine, temperature has a great influence on al-
most all processes and in some cases temperature is the only indication of the progress
of the occurring reaction [55]. Furthermore, the handling and investigations of biological
cells introduce particular requirements, considering that temperature changes of even a
few degrees can mean the difference between life and death of a cell [51]. Temperature
measurement is additionally a useful tool in the detection of mechanical weaknesses in
components in the aircraft and car industries, e.g. for the identification of faults in high-
speed moving parts such as turbine blades [51]. Yet another field where temperature
control is essential is in chemical sensor applications. Knowing the temperature is par-
ticularly important in fluorescent sensing of oxygen since quenching by oxygen generally
is highly temperature dependent [56].

1.1.1 Micro- and nanothermometry

Advances in the nano- and biotechnologies are increasing the demands for precise ther-
mometry, with nanoscale spatial resolution and temporally well-resolved measurements
being important for further developments. Accurate temperature measurements on the
small scale is a challenging research topic with conventional technologies frequently not
having the required performance. Furthermore, due to the possible existence of un-
foreseen material properties on the nanoscale, e.g. in terms of physicochemical and
thermodynamic properties, it is likely that the continued development of thermometric
technologies will require the use of new materials and approaches qualitatively different
from those typically used today. [50]

One of the first incitements for pursuing what today is referred to as microthermom-
etry was the birth of the semiconductor technologies and the integrated circuits. Due to
the dense integration of components and interconnection lines on a small surface, with
high heat dissipation as a result, good thermal management has long been a key issue to
assure the optimal performance and lifetime of a circuit. Thermal mapping of a circuit
board is useful as it gives information about the current densities and the distribution of
the current flowing in the interconnection lines. By analyzing these maps, defects can be
easily detected by the identification of hot and cold spots, which represent short-circuits
and open-circuits, respectively [57-59]. It also gives valuable information about where
in a design heat tends to build up, thus giving indications about how to improve the
circuit or the cooling system. With the continued drive towards nanoscale electronic
components over the last decade, the development of new thermometric technologies as
well as the optimization of existing ones have accelerated. Using modern technologies,
e.g. scanning thermal microscopy (SThM) and micro-Raman spectroscopy, precise mea-
surements such as the characterization of the asymmetric build-up of heat within single
electronic components have become possible [49, 60].

Recent developments in the microelectronic industry towards organic semiconductors
have introduced yet higher requirements for good thermal design, owing to the low
mobility of carriers in these materials. The high heat dissipation within these devices
is paired with a poor thermal conductivity, which results in thermal effects becoming
relevant under weaker driving conditions than in inorganic semiconductors. [61]

The tendency of miniaturization is also observed in the biomedical sciences. Minia-
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turized systems offer improvements such as reduced consumption of chemicals and higher
throughput. In terms of thermal control, the miniaturization also provides advantages,
e.g. in the improved response times during temperature cycling processes. For example,
in the case of genetic analysis, DNA must first be extracted from cells. This can be
accomplished through the destruction of the cell membrane (cytolysis) by heating the
cell. The DNA is then amplified through the polymerase chain reaction (PCR), which
needs precise thermal cycling between different temperature levels. The cycling process
can be done more rapidly in a microfluidic system than in a conventional system due
to smaller sample volumes [62,63]. Thermal cycling is also used for the generation of
microbubbles for micromixing [64] and DNA sample transport [65].

There are numerous examples of the importance of temperature effects also in cap-
illary electrophoresis systems and similar devices where electric fields are used to ma-
nipulate biological entities. Temperature gradients in capillaries for electrophoresis have
long been understood to cause band spreading with a consequent reduction in separation
efficiency. Fundamental studies of protein folding and denaturation have also been per-
formed in capillary electrophoresis by controlling buffer temperature. The Joule heating
that is induced by the application of electric fields must be taken into account to avoid
undesired damage on the biological specimen. [66, 67]

In the field of micro- and nanolithography applications such as nanoimprint lithog-
raphy and electron beam lithography, the temperature of the resists used for patterning
is of great importance. Excessive resist heating in these techniques leads to undesired
results such as pattern deformation and failure to reach critical dimensions. There is
consequently a great interest in being able to characterize and monitor the temperature
of these resists in order to develop optimal process conditions. [68]

1.2 Classifications

1.2.1 Contact vs. non-contact techniques

Before taking on the task of reviewing the various thermometry techniques, it is appro-
priate to do some classifications. The main distinction that can be made between various
techniques concerns whether or not a certain technique involves physical contact with
the object being investigated. Typical contact methods include thermocouples, thermis-
tors and resistance temperature detectors (RTD). The most commonly used non-contact
method is infra-red (IR) thermography, which due to its simplicity and early development
is a popular tool in the microelectronics industry. Other non-contact methods include
fluorescent thermometry, thermoreflectance and Raman spectroscopy.

For simple routine measurements of temperature, contact methods are frequently
the simplest and most obvious choice. Thermocouples are easily found at a low cost
with simple calibration procedures and easy readout of temperature. However, contact
methods are badly suited for temperature measurements on small scales. Since the
measuring probe of a contact method by definition gets into physical contact with the
object of study, the probe will alter the thermal state of the measured area. The probe
provides a thermal leakage path to the system leading to false measurements. These
errors are more significant for smaller objects due to the relatively big thermal mass
that the probe represents. Furthermore, the larger the thermal mass of the probe is,
the longer it takes for it to indicate a stable temperature. In the case of high temporal
resolution measurements, this presents a significant drawback.
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A possible alternative to the application of conventional contact methods is to inte-
grate the thermal probe with the device being measured. For example, a resistive element
could be used both as a heat source and as a thermal sensor, using either changes in
the resistance or the 3w-approach to determine the temperature [69-72]. While not
allowing for precise spatial resolution, it can in specific cases provide a simple mean
to non-invasively perform temperature measurements with potential for high temporal
resolutions.

The common way to avoid the typical problems of contact methods is to choose
a non-contact method. Non-contact methods function by the analysis of light emitted
from or reflected on an object. Due to the need for non-contact methods particularly in
the microelectronics industry and in the remote monitoring of various industrial processes
in real-time, the development of these techniques have seen great advances over the last
couple of decades. In the following sections, contact and non-contact methods will be
treated separately, starting with the more basic and simple contact techniques.

1.2.2 Full-field vs. point probe techniques

A second distinction that can be made among different thermometry techniques is
whether temperature data is collected in a parallel or serial fashion. Distinguishing be-
tween these two types is of particular interest in applications where unknown temperature
distributions, e.g. on the surface of an IC circuit, are characterized. Full-field techniques,
including mainly a number of non-contact methods, e.g. infrared thermography [73, 74]
and thermoreflectance [59, 75], are able to capture the temperature information from
several points in one single measurement. On the other hand, point-probe techniques
use a probe that measures one point at a time in a serial fashion, thus resulting in sig-
nificantly longer acquisition times. Typical examples of the latter are scanning thermal
microscopy (SThM) [52] and micro-Raman spectroscopy [76].

1.2.3 Dry vs. liquid condition thermometry

Thermometry techniques used in the microelectronics industry do not need the capabil-
ity to measure the temperature of samples immersed in liquids. The commonly applied
techniques, e.g. infrared thermometry and thermoreflectance, perform well for the char-
acterization of dry environments but give poor results for liquid environments. Recent
advances in lab-on-a-chip technologies have increased the demands for measurement
techniques capable of efficiently characterizing temperatures and thermal properties in
liquids.

A technology that has proved to be a simple and efficient tool for the thermal char-
acterization of liquid environments, e.g. microfluidic channels, is fluorescent thermom-
etry [66, 77]. Other techniques that have been applied for similar purposes are Raman
spectroscopy [62] and thermochromic liquid crystal (TLC) thermometry [78,79].

1.3 Contact thermometry

1.3.1 Thermistors and RTDs

The resistivity of basically any kind of conducting or semiconducting material is de-
pendent on a number of parameters. The resistivity of a semiconductor can typically
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be modified by the insertion of impurities into the crystal lattice or by the presence of
an electric field. More importantly in our context, the semiconductor resistivity also
has a strong dependence on the temperature, generally with decreased resistivity upon
the increase of temperature. Similarly, although qualitatively different, the resistivity of
metals also has a distinct temperature dependence, generally with an increase in resis-
tivity as the temperature is increased. The mechanism behind the temperature-induced
changes in resistivity is generally explained in terms of the phonon-electron interactions
of a material [46].

Examples of temperature sensors that determine temperature by the measurement
of resistivity changes are the thermistor and the resistance temperature detector (RTD).
While thermistors typically employ a ceramic or polymer material, the RTD is based on
a pure metal, typically platinum. Regarding thermistors, the sensor can be classified as
positive or negative depending on whether the resistivity increases or decreases with the
temperature. [46, 47]

1.3.2 The thermocouple

Thermocouples are popular tools for everyday temperature measurements. They are
commonly used because of their low cost, simplicity, robustness and temperature range.
The measurement principle relies on the Seebeck effect, also known as the thermoelec-
tric effect. This effect arises at the junction between two different metals. It consists
in the generation of a voltage which is related to the difference in temperature be-
tween the measuring junction and a reference junction. Compared to thermistors and
RTDs, thermocouples have stable temperature calibration curves and offer higher spatial
resolutions. [46,47, 80]

1.3.3 The 3w-method

The 3w-method is a contact mode technique used to evaluate several thermal prop-
erties of a sample, in particular thin films [69-72]. Unlike common contact methods
for temperature measurements such as thermistors and thermocouples, the 3w-method
operates in the alternating current (AC) regime. In the most simple application of the
technique, a line heater is deposited on a sample using an approach that assures a good
thermal contact, typically metal evaporation. An AC current with frequency w, I(w),
is applied through the line heater. Due to Joule heating, a heat flux at a frequency 2w
is generated. Since the resistance of the metal depends linearly on the temperature,
the line heater resistance will oscillate with the temperature changes at the same 2w
frequency. As a result, a 3w frequency component will be detectable in the voltage drop
across the heater. The 3w component contains valuable information on the thermal
properties of the sample. By the use of lock-in detection techniques and four-terminal
measurements, a clear detection of the 3w component can be achieved.

Compared to conventional contact methods, the 3w-method gives a better signal-
to-noise ratio and is particularly well suited for the determination of thermal properties
such as the thermal conductivity and the specific heat [81,82]. In Fig. 1.1, the example
of a 3w-based approach for the determination of thermal conductivity is shown. In this
specific case, a four-terminal line heater is deposited on top of a porous anodic alumina
membrane. In this case, the 3w measurement provided information about the thermal
conductivity and thermal diffusivity along the channel axis.
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Figure 1.1: Typical configuration for the four-terminal measurement of the 3w compo-
nent. The 3w measurement can be used for the determination of the thermal conduc-
tivity of the underlying sample. Here, the sample being investigated is a porous alumina
membrane. [71]

The 3w-method can be used also for the characterization of systems comprising
characteristic sizes below the phonon mean free path (~10 nm), although only in the
vertical dimension. In order to properly interpret the acquired signal and to identify
the properties of thin layers and interface resistances, specific modeling of the system is
required [70].

1.3.4 Contact thermometry in the nanotechnologies

In the context of micro- and nanotechnologies, several attempts have been made to
integrate contact measurement probes with micro- and nanostructures [83-86]. Using
micropatterning techniques, it is indeed possible to achieve close integration of these
probes in the vicinity of the point to be measured. The advantage of such an approach
is mainly the simple monitoring of temperature that can be performed once the probe
is at place and calibrated. A negative aspect is that, due to the contact nature of the
probes, paths for heat leakage are introduced. This is particularly true when measuring
highly confined temperature gradients since the thermal probe introduces a relatively
large heat capacity in the vicinity of the system [62]. In order to minimize the problem
of heat leakage, it is necessary to miniaturize the probe element. In addition, minia-
turization is required in order to optimize the response time of the probes [87] and to
reach higher spatial accuracy. Miniaturization of this kind is typically seen in scanning
thermal microscopes. A particular inconvenience of the thermoelectric contact probes is
the influence of ambient electromagnetic noise on the measurement. This is especially
problematic in miniaturized thermocouples, where the voltage changes that have to be
distinguished are of a very small magnitude.

Contact thermometry is generally only used when temperature distributions do not
have to be known, e.g. for the calibration of other thermometry techniques [39]. The
solutions to achieve full-field imaging are to either integrate numerous probes on a sample
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to form an array of sensing points, which evidently complicates the design of the sample,
or to scan a probe over the sample surface. The latter approach is used in scanning
thermal microscopy.

1.4 SThM

Scanning thermal microscopy (SThM) is a thermometric method specifically developed
for measuring the thermal properties of nanostructured materials at an exceptionally high
spatial resolution. It is being addressed in connection with the contact methods for the
simple reason that most of the related technologies rely on a probe coming in contact
with the investigated object. As the name suggests, the technique makes use of a probe
that scans the surface of a sample and senses the local thermal properties. By collecting
data from a large amount of points, a thermal map of the sample can be acquired.

The most popular types of SThMs rely on classical contact measurement principles,
typically thermocouples and RTDs. The major difference as compared to the conven-
tional techniques is the size of the probes and the capability to precisely position and
scan these probes over a surface. The sensing elements of conventional thermocouples
and RTDs have dimensions far above the micrometer. Commercially available thermo-
couples typically come with a minimum junction size of 20 um. In the case of SThMs,
the same physical principles are applied, but the probes are dramatically miniaturized and
mounted or directly fabricated on a scanning microscope tip. These tips are commonly
of the same kind found on atomic force microscopes (AFMs). Probe sizes are normally
on the order of 100 nm.

The development of the SThM began in 1986 with research conducted by Williams
et al [88], shortly after the invention of the scanning tunneling microscope by Binning
et al [89]. While high spatial resolution is the SThMs greatest advantage, the typical
inconveniences are slow image rendering times and complicated fabrication procedures.

A particular challenge of the SThM methodology, regardless of the kind, lies in un-
derstanding the heat transfer mechanisms between the SThM probe tip and the sample
being investigated. Improved knowledge in this area holds promise for improved accu-
racy and reliability by enabling improved probe designs and better interpretation of the
measured values. Some of the main advances done since the invention are discussed in
articles by Shi et al [52] and Luo et al [90]. In the article by Luo et al, a contact mode
SThM was presented, demonstrating that the dominant heat transfer effect taking place
between the tip and the surface occurred through a liquid film present at the surface
under ambient conditions (see Fig. 1.2). Due to the broadened understanding, they
succeeded in demonstrating a spatial resolution of 24 nm. Recent studies by Kittel et
al on heat transfer in vacuum conditions have continued to shed light on the various
mechanisms involved [92].

A fact worth mentioning in the framework of this thesis is the absence of thermal
characterizations by SThM made on samples in liquid conditions. Although the im-
plementation of a SThM-based measurement in liquid might be envisioned, the actual
implementation is likely to impose significant practical difficulties. These difficulties
would consist in problems such as the positioning on an encapsulated liquid systems,
the necessity for electric passivation (thermoelectric probes) and the complexity of the
optical path (fluorescent probes).

In Table 1.1 , the various types of SThM types proposed to date are presented
together with evaluations on their performance in various aspects. In the following, the
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Table 1.1: Summary of various SThM techniques.

SThM probe Heat transfer phenomena Spatial resolution Temporal resolution ~ Temperature resolution  Sensor fabrication difficulty

Thermocouple Tip-sample heat 3 _ 3.5

(coaxial) [88,93] conduction by air 100 rm 0.1 =1ms 107K Moderate

Thermocouple Tip-sample heat 3 b

(crossed wires) [95, 96] conduction by air 300 = 500 nrm 10 =50ms 107K Easy

Thermocouple Tip-sample heat 3. b -

(micromachined) [90, 91, 97] conduction by liquid film 20 = 0 nm 0.1 =1ms 107K Difficult

Thermistor/RTD 3ub

(Wollaston wire) [98-100] Unknown 200 nm Unknown 107°K Easy

Thermistor/RTD -

(micromachined) [101,102] Unknown Unknown Unknown Unknown Difficult

Thermistor/RTD

(micromachined using FIB & Unknown 20 nm Unknown 103K Very difficult

E-beam deposition) [103]

Fluorescent probe [104-106] Unknown 100 — 200 nm Unknown Unknown Easy

Thermal expansion c _3

(bimaterial cantilever) [94] Unknown 400mm Lms 107K Easy

Thermal expansion [107] No tip-sample heat oy 1 .

(SJEM) transfer required 10nm 1ms 107“—-107"K Not required

Contact potential [108] ._._v-mm:.:o_m rmm.ﬁ ~100nm @ Unknown 103K b Easy
conduction by air

NOTN [109] Photon transfer < 100 nm Unknown 9 Unknown Moderate

TRSTM [110] Photon transfer Unknown Unknown ¢ Unknown Easy

aProbably limited by gas mean free path. [90]

bLimited by electrical noise. [94]

“This resolution is argued in reference [100], stating instead a limitation to 200 um due to heat transfer in air.
dPotentially very high response time if signal can be kept strong.
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Figure 1.2: The different heat transfer mechanisms for a contact mode SThM. [91]
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Figure 1.3: Coaxial thermocouple probe with the junction being located at the tip of the
wire.

different methods will be further detailed, starting with the two most common types,
thermistor/RTD SThMs and thermocouple SThMs.

1.4.1 The thermocouple SThM

In the same way as conventional thermocouples, the thermocouple SThM exploits the
Seebeck effect in order to create a temperature dependent voltage at the junction of two
metals. A number of approaches have been suggested for the fabrication of miniaturized
metal junctions. The first SThM ever fabricated [88] employed a coaxial construction (see
Fig. 1.3), providing an effective metal junction size of around 100 nm. The development
since then have seen the apparition of tips constructed directly from thin metal wires
bent into the desired shape [95] and the use of temperature sensing through diamond
tips [96]. More significantly, micromachining technologies have enabled the production
of tips in batches and with a more reproducible outcome [90, 91,96, 97].

The use of thermocouple probes provides advantages such as high spatial resolution
and temperature accuracy down to the millikelvin (mK) regime. However, compared to
the thermistor probe, the thermocouples may be regarded as less suitable for complete
thermal characterizations. This is mainly due to their dependence on external heat
sources for the study of properties such as thermal conductivity and specific heat [100].
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Figure 1.4: The principle of an RTD SThM. [99]

1.4.2 The thermistor/RTD SThM

As described in section 1.3.1, thermistors and RTDs determine temperature by the mea-
surement of electrical resistance in the sensing element. In the SThM version of this
technique, platinum is the most common choice of sensor material [98-100, 103]. How-
ever, other materials such as palladium have also been employed [101]. The thermistor
probe fabrication can be performed in a number of ways. A popular technique is the use
of a Wollaston wire that is shaped into a tip and etched partially to remove the protec-
tive polymer to uncover its platinum core. Further etching of the platinum results in a
miniature sharp edge which can be used as a SThM probe (see Fig. 1.4) [98-100]. Sim-
ilar to the thermocouple probes, micromachining technologies have provided improved
efficiency in the fabrication of thermistor probes [101,102].

Thermistor probes generally have two functional modes, the passive mode and the
active mode. The passive mode is used for temperature measurements. A very small
current is passed through the probe, just enough to sense the changes in resistance as
the temperature varies. In the active mode, a larger current is applied through the probe,
giving rise to local Joule heating. By monitoring how the imposed probe temperature
changes upon the contact with a surface, data on thermal properties such as the thermal
conductivity and the specific heat can be acquired. Hammiche et al used the multiple
functions of a thermistor probe in order to perform a complete thermal characterization
of metal particles buried in a polymer, including calorimetric analysis and determination
of the thermal conductivities and thermal diffusion within the sample. By the use of
pulsed heating at the tip of the probe, evanescent thermal waves could be created in the
sample, which allowed for the characterization of subsurface properties [98].

As compared to the thermocouple SThM, the thermistor-based SThM has been more
popular in total thermal analysis of samples. The main advantage lies in the possibility
to use the thermistor probe both as a highly localized heat source and as a temperature
sensor. Accordingly, no external heating device, e.g. a laser diode, is needed for the
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Figure 1.5: Fluorescence spectrum of a fluoride glass particle doped with erbium (Er3+)
and ytterbium (Yb>1) ions. The spectrum changes strongly with the temperature.

investigation of thermal conductivity and specific heat.

The disadvantage of the thermistor probes is the slightly lower performance in spatial
and temporal resolution. The typical spatial resolution of thermistor probes lies in the
range 100 - 300 nm. While a resolution of down to 20 nm has been demonstrated,
it should be noted that the successful fabrication of such high performing thermistor
probes requires highly sophisticated and costly micromachining equipment [103].

1.4.3 The fluorescent probe SThiM

A recent addition to the SThM family is the fluorescent probe SThM [104-106]. This
technique is essentially a combination of the fluorescent thermometry technique, which
will be addressed in section 1.5.4, and the atomic force microscope (AFM). It proposes
the use of a small fluorescent particle glued at the end of an AFM tip. The fluorescence
emitted by the particle presents a strong dependence on the temperature (see Fig. 1.5).
Scanning a surface while monitoring the changes of the fluorescence gives information on
the temperatures throughout the surface. In a recent article by Aigouy et al [104], the
choice of material and the construction of the probe tip were explained. The fluorescent
particle consisted of fluoride glass doped with the rare-earth ions erbium (Er*T) and
ytterbium (Yb31) and had a characteristic size of 300 - 400 nm. With a particle of this
size, the technique was claimed to be capable of rendering temperature maps with a
lateral resolution of 180 - 200 nm. The lateral resolution is subject to improvement in
the near future via a decrease of the fluorescent probe size to a few tens of nanometers.

Compared to the SThM techniques described above, the fluorescent probe SThM
has the advantage of being relatively easily assembled in terms of preparing the sensing
tip. On the other hand, the technique requires the mounting and the alignment of a
laser excitation source in order to induce fluorescence in the fluorescent particle. At this
moment, the lateral resolution is comparable to that of the thermistor SThM. Similar
to other techniques, a source of inaccuracy is the lack of understanding of the heat
transfer mechanisms between the fluorescent particle and the investigated surface. The
size of the currently used particles introduces a relatively large heat capacity near the
sample which reduces the response time of the measurement. Furthermore, because of
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irregularities of the particle shape, the contact area is not well known which is likely to
introduce uncertainties in the measurement.

1.4.4 The thermal expansion SThM

This technique relies on the difference in thermal expansion for different materials in
order to detect temperature changes. In an article by Nakabeppu et al [94], a bimaterial
cantilever was realized by simply depositing a thin film of either gold or aluminum on
top of a silicon nitride AFM probe. By monitoring the changes in deflection of the
cantilever during scanning, using a lock-in detection technique to distinguish thermal
and topographic deflection, the probe could be used to map the temperature of a sample
with a 400 nm lateral resolution. However, this resolution was questioned in a review
by Balk et al where the resolution was instead claimed to be limited to 200 um due to
heat transfer mechanisms in the air between the sample and the entire cantilever [100].

Another type of SThM based on thermal expansion is the scanning Joule expansion
microscope (SJEM). Here, the thermal expansion being measured is that of a sample
heated by a modulated electric current. By modulating the current at a certain frequency,
lock-in detection can be used to distinguish topographic features from thermally induced
variations in height. The thermal expansion data retrieved by the scanning tip can be
used to determine the temperatures on the surface. The SJEM technique has been
demonstrated to give a lateral resolution below 100 nm [49, 107, 111].

1.4.5 Other SThM techniques

In addition to the techniques described above, a broad range of other SThM sensing
schemes have been proposed. In the following, a short description of some of these
approaches will be given.

The contact potential SThM  This technique was first proposed in 1992 by Non-
nenmacher et al [108]. It allows for thermal conductivity measurements and subsurface
thermal characterizations on conductors and thin insulating films deposited on top of
conductors. lIts lateral resolution is about 100 nm. It measures the electrochemical po-
tential difference between the tip and the sample (the contact potential) by probing the
electrostatic force field generated by this difference. Heating the tip or the sample causes
a change in the electrochemical potential difference, which thus serves as an indicator
of the temperature change.

Near-field optics thermal nanoscopy (NOTN) The NOTN technique, as pre-
sented by Taguchi et al [109], suggests the use of a near-field optical fiber to character-
ize both temperature and thermal conductivity with high spatial resolution. In order to
capture near-field temperature dependent light waves, it relies on the thermoreflectance
principle, which will be further explained in section 1.5.2. In short, it measures the change
in reflectivity of the surface as a function of temperature. The method is claimed to be
a non-contact method. However, the tip-sample distance has to be on the order of a few
nanometers for the evanescent waves to be captured and the heat transfer mechanism
between tip and sample has not been established. The authors claim a spatial resolution
of below 100 nm and potential to reach the vicinity of 10 nm.



1.5. Non-contact thermometry 17

Thermal radiation scanning tunneling microscopy (TRSTM)  The TRSTM
is a recently proposed technique which allows for imaging of thermally excited surface
plasmons on an object [110]. The TRSTM is based on a home-made apertureless
infrared near-field scanning optical microscope (NSOM) without external illumination.
It is an AFM with a hot sample holder combined with an infrared optical microscope
and detector. The tip acts as a scattering center that radiates in the far field a signal
linearly related to the infrared evanescent fields emitted by the surface.

1.5 Non-contact thermometry

The remaining part of this chapter will be devoted to reviewing what we define as non-
contact thermometry techniques. As the name suggests, these methods measure the
temperature of an object without the need to get in physical contact with it. In our
context, the most obvious advantage of this approach is that the measurement probe
won't affect the temperature that is measured. We shall begin by presenting the oldest
non-contact method used in microtechnologies, namely IR thermography. Later sections
will deal with more recently developed techniques, including thermoreflectance, Raman
spectroscopy and fluorescence thermometry. In addition, thermochromic liquid crystal
thermometry is briefly covered in Appendix B.

1.5.1 Infrared thermography

All matter emits electromagnetic radiation as a consequence of the movement among
charged particles within atoms. This radiation is generally called thermal radiation. The
spectrum of the thermal radiation is strongly dependent on the absolute temperature of
the object being considered. For a blackbody, i.e. a hypothetical object that absorbs all
electromagnetic radiation that falls onto it, the temperature dependence is described by
Planck’s law of radiation [46,112]. For increased temperatures, the peak of the thermal
radiation shifts towards lower wavelengths and increases in intensity. In the case of real
objects, the wavelength and intensity of the peak also depend on the object’s emissivity.
The emissivity relates the emission characteristics of a specific material to those of an
ideal blackbody in order to correct for the lack of total light absorption.

In infrared (IR) thermography, the thermal radiation of an object is captured and
analyzed in order to determine its temperature. Electromagnetic radiation is typically
captured in the infrared part of light, giving it the name IR thermography. In the
microtechnologies, particularly for the non-destructive testing of IC circuits and semi-
conductor devices, IR thermography has a relatively long history. When used in com-
bination with a microscope to access the microscale features, it is often referred to as
micro-thermography. This methodology was proposed already in the 1960s [113, 114],
demonstrating its abilities to locate defects on circuits by the identification of hot-spots.

The main advantages of IR micro-thermography are on one hand the simplicity of
usage with well-developed commercial solutions available. Furthermore, it provides a
quick full-field method of locating hot spots and to characterize temperature on mi-
crostructures. It also provides an efficient mean for characterizing fast changes in
temperature. The main weakness of micro-thermography lies in its spatial resolution.
Since the temperature information is carried by low-energy IR light, the diffraction limit
does not allow for a resolution below a few micrometers with conventional optical sys-
tems. Typically, the spatial resolution of modern micro-thermography systems lies around
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5 um [57,74,115] although recent research has proposed possible solutions for improved
resolutions [116,117]. An additional disadvantage is that the user must know the emis-
sivity of the materials on the sample surface. Without this knowledge, the thermal
radiation emitted from the surface can not be correctly interpreted. With the presence
of several materials on the sample surface, the measurement is further complicated. An-
other inconvenience of the method lies in the fact that IR radiation is largely absorbed
by water and ordinary glass. This means that thermal mapping through a window or on
surfaces immersed in water are made impossible.

1.5.2 Thermoreflectance

A promising alternative to IR micro-thermography is the thermoreflectance technique.
The thermoreflectance technique is based on the measurement of thermally induced
changes of the reflectivity of a surface. In most solids, the reflectivity is closely as-
sociated with thermal expansion. In semiconductors it is also largely affected by the
modification of the band gap with temperature [118]. Reflected light coming from the
surface of a sample thus carries information about the thermal behavior of the device
under test via parameters such as the amplitude, phase and polarization of light. When
an electrical current is fed through a device, the device is submitted to a variation of
temperature AT. This in turn creates a variation of the reflectivity AR at the surface of
the device:

AR 1 dR

R R dT-AT—KAT (1.1)
where R is the mean reflectivity of the sample and « is the thermoreflectance coefficient
[118,119]. By capturing and quantizing the variations in reflectivity using a photodiode
and a CCD camera, temperature information can be extracted.

Typical applications of thermoreflectance thermometry are seen in the microelectron-
ics field, although it also has been applied for characterizations of for example micro-
electromechanical systems (MEMS) [75] and laser diodes [120]. Recent developments
have furthermore proposed the thermal mapping of buried elements using backside illu-
mination at a wavelength where the silicon wafer is transparent, i.e. light in the infrared
region [121,122].

Thermoreflectance is particularly advantageous in terms of spatial resolution, reach-
ing the sub-micrometer regime, while maintaining a high speed of image capture. Ad-
ditionally, the setup is relatively cheap and simple. To perform basic measurements,
all that is needed is an optical microscope, a CCD camera and a light-emitting diode
(LED). However, for optimal performance, additional equipment, e.g. a lock-in detection
scheme, is required. [118]

The most critical weakness of the technique is the necessity to precisely know the
thermoreflectance coefficients of the involved surfaces. These coefficients are rather dif-
ficult to establish because of their strong dependence on several parameters, e.g. the
wavelength of the illuminating light (see Fig 1.6) and, in microelectronic devices, the
thickness of the passivation layer [75,119,123]. In applications for micro- and nanoscale
thermometry, the thermoreflectance calibration procedure is particularly complicated due
to the high magnification conditions [119]. An additional disadvantage of the thermore-
flectance technique is its susceptibility to measurement errors due to imperfections in
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Figure 1.6: Thermoreflectance coefficient on a bare gold surface and a passivated gold
surface as a function of the wavelength of the incoming light. A careful choice of the
illumination wavelength is necessary in order to ensure a high signal to noise ratio of the
measurements [118].

the studied material [124]. Possible solutions for the improvement of the technology are
discussed in articles by Dilhaire et al [119], Grauby et al [125] and Luerssen et al [126].

1.5.3 Raman spectroscopy

Raman spectroscopy is a technique in which oscillation frequencies of atoms and molecules
are measured. In the case of solid materials, these oscillations are generally known as
phonons. Phonons are a quantum mechanical way of describing the lattice vibrations in
a material. The nature and amount of possible phonons depend on the type of material
that is under consideration. Semiconductor materials, which present symmetric crystal
lattices, enable a relatively limited number of possible phonons and therefore give rise
to energy spectra, called Raman spectra, containing very distinct peaks. Since even the
slightest changes in the lattice structure implies changes in the way atoms oscillate, a
range of material properties, e.g. temperature, stress, free carrier concentration and
material composition, can be determined by studying the Raman spectrum [124,127].
Experimentally, Raman spectra can be captured by illuminating an object with a
monochromatic laser and detecting the scattered light using a spectrometer and a charge
coupled device (CCD). Upon incidence of the laser light on the material lattice, a small
portion of the photons, approximately 1 in 107 [124], interact with the phonons of the
lattice. The interaction can be of two types, either Stokes scattering or anti-Stokes
scattering. To understand the nature of these scattering types, it is useful to have a
look at a typical vibrational energy level diagram and the corresponding Raman spectrum
(see Fig. 1.7). Stokes Raman scattering refers to the case where the resulting state, after
phonon-photon interaction, is the excited vibrational energy state. Anti-Stokes Raman
scattering on the other hand is the case where a photon interacts with an atom or
molecule that already is in the excited vibrational state and which ends up in the unexcited
state. The energies of the re-emitted Stokes and anti-Stokes photons are equally different
from the incident photon energy, but with different signs (see Fig. 1.7). [60,124,127,128]
There are several ways to determine temperature changes through the analysis of a
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Figure 1.7: a) Vibrational energy level diagram. b) Raman spectrum of GaAs (110).
The Stokes and anti-Stokes peaks are equally distant from the excitation laser energy
level. [60]

Raman spectrum. A common way to go about it is to study the ratio of the Stokes to
anti-Stokes intensities [60, 124,129]. Another approach is to study the frequency shift,
i.e. the positions of the Stokes and the anti-Stokes peaks. This method has been claimed
to provide better results for measurements over a broad range of temperature [124,128].
A third method is to analyze the peak broadening in the Raman spectra. However, to
this point, this method has not proved to be as robust as the other two [124,128].

Under the name micro-Raman spectroscopy, the general Raman spectroscopy tech-
nique has been adapted for measurements on surfaces with a high spatial resolution.
By illuminating a sample through a microscope objective, the laser illuminates only a
limited area. The size of this area determines the spatial resolution of the measurement.
Using high power magnification objective lenses, the laser spot size can be limited to a
diameter below 1 um [60]. By the use of XY-tables micro-Raman spectroscopy allows
for the analysis of several points on a sample, thus making thermal mapping of a sur-
face possible. Using piezo-stages, the accuracy of the positioning may be as good as
0.1 um [76,130].

Micro-Raman spectroscopy presents advantages such as sub-micrometer spatial res-
olution [76,131] and the possibility to yield absolute temperature measurements [124].
Furthermore, the technique has a very broad measurement range, from room tempera-
ture up to above 1000°C [127]. Another interesting aspect lies in its capability to measure
subsurface temperatures due to the penetration of the illuminating laser in the sample
by a few micrometers. By the use of confocal microscopy, the temperature of different
surface layers can be mapped [76]. An interesting aspect of micro-Raman spectroscopy
is that it can be applied to some extent in the measurement of temperatures in water.
This is realized by analyzing the O-H stretch vibration modes of the water molecule [62].

Due to the spectral resolution of Raman systems and because of thermal stresses
induced in the sample, the temperature accuracy is generally limited to around 10 K
[60,76,129,130]. The point-probe nature of the method leads to slow image captures,
although high-resolution temporal studies of single points are possible [128,131]. Using
standard micro-Raman systems, the measured temperature in a certain point inevitably
represents an average over the penetration depth [124,129, 132], which obviously de-
creases the accuracy in case only the surface layer temperature is of interest. Further
remarks on the Raman approach should be made regarding its unsuitability for measure-
ments on metals [76]. The main applications lie in the study of semiconductor systems.
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Furthermore, calibrations of the micro-Raman system are process dependent, i.e. each
new setup and sample material need specific calibrations [124].

1.5.4 Fluorescent thermometry

Fluorescent thermometry relies on the measurement of the photoluminescent light emit-
ted by a probe in order to determine the temperature. The probe is placed at a certain
location and reports information on the temperature of its location via changes in its
fluorescence. Since the probes used in fluorescent thermometry transmit information
via light, the method is useful as a non-contact approach in the characterization of
temperature.

Fluorescent thermometry has during the last few decades seen extensive develop-
ment and found a range of applications. A common use lies in fiber optic fluorescent
thermometry where in-process temperature measurements in a wide range of industrial
settings have been enabled [55]. For applications in the microtechnologies, the potential
of the technique has been the subject of numerous scientific papers [39, 66, 133-135].
For example, fluorescent probes have been used in the defect analysis of electronic cir-
cuits by identifying hot spots and for the characterization of temperature distributions
in microfluidic channels and on MEMS heating devices [66, 133, 136].

In similarity to micro-Raman spectroscopy and thermoreflectance, the spatial reso-
lution of fluorescent thermometry is fundamentally limited by the diffraction of light.
Using low wavelengths and high-performance optics, the spatial resolution could be-
come as good as a few hundreds of nanometers. However, the actual spatial resolution
mentioned in the literature so far lies around 1 um [66]. As for the temperature resolu-
tion, specific applications can reach precisions of down to a few millikelvins. However,
for applications in the microtechnologies, the best resolutions typically lie in the range
0.1 - 1 Kelvin. Regarding the temporal resolution, the fundamental limit depends on
the fluorescent probe used and the response time of the probe’s fluorescence to changes
in the temperature. Apart from this fundamental limit, the main limiting factor lies in
the device used for capturing the fluorescence. When used for full-field studies, CCD
cameras are commonly employed for the quick mapping of thermal images. The CCD
device generally imposes a maximum temporal resolution of around one millisecond.

As opposed to other non-contact methods, fluorescent thermometry is semi-invasive
due to the fact that the fluorescent probes have to be deposited or held at the location
of interest. While such a semi-invasive approach may be regarded as a disadvantage, a
positive aspect is that the calibration of the probes becomes more or less independent
of the sample. This makes fluorescent thermometry relatively simple compared to for
example thermoreflectance, where specific calibrations have to be performed for every
new sample [119]. As compared to infrared thermography, fluorescent thermometry is
not only advantageous in terms of spatial resolution. In addition, it is unaffected by the
emissivity of the surface.

Fluorescent thermometry is of particular interest for use in microbiological and bio-
chemical on-chip applications. On one hand, by choosing an appropriate fluorescent
probe, measurements can be made through glass and water [51]. Furthermore, the
techniques needed, e.g. fluorescent microscopy and fluorescence analysis, are generally
well-known to the concerned biologists. The equipment is often also readily available
to these researchers, which allows for a relatively fast and cheap implementation of the
experimental setup.
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Figure 1.8: The Jablonski diagram is used to diagrammatically illustrate the mechanisms
of photoluminescence. The normal fluorescence contains three principal stages; the
excitation (1), the excited-state lifetime (2) and the fluorescence emission (3).

1.5.4.1 Theoretical background

Luminescence is the collective name for those processes involving the excitation of a
susceptible molecule into an electronically excited state followed by the emission of
light upon relaxation of the molecule. The excitation process can occur via a range
of mechanical, physical or chemical interactions of the molecule with its environment.
In the case where excitation occurs via the interaction of light with the molecule, the
luminescence is generally referred to as photoluminescence. The photoluminescence
mechanism is further classified into two types, fluorescence and phosphorescence.

Fluorescence is the result of a three-stage process that occurs in the luminescent
molecule or particle [137]. It is frequently depicted diagrammatically in the form of a
Jablonski diagram as shown in Fig. 1.8.

1. Excitation: A photon of energy hv., is absorbed by the molecule, creating an
excited electron singlet state (SI°)

2. Excited-state lifetime: The excited state exists for a finite amount of time, typically
10710 - 1077s [138]. During this time, the molecule may undergo conformational
changes and interact with its environment. Due to these processes, the energy
of S1'is partially dissipated, yielding a relaxed singlet excited state, SI, from
which the subsequent fluorescence originates. Not all molecules initially excited
by the incoming light return to the ground state (S0) via fluorescence emission.
Nonradiative processes such as collisional quenching and intersystem crossing may
assist in the depopulation of S1'[138]. Furthermore, competing radiative processes
from longer-lived triplet states, called phosphorescence, may also take part in the
relaxation process.

3. Fluorescence emission: A photon of energy hv,,, is emitted, returning the excited
molecule to its ground state S0. Due to the energy dissipation during the lifetime
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of the excited state, the energy of the emitted photon is lower than that of the
absorbed photon. This means that the emitted photon is red-shifted compared to
the absorbed photon. The difference in energy or wavelength between the absorbed
and the re-emitted photon, hvey — hv.y,, is generally called the Stokes shift.

The difference between fluorescence and phosphorescence  The difference be-
tween fluorescence and phosphorescence is clarified by considering the different electronic
states of a photoluminescent molecule (see Fig. 1.8). Fluorescence is the result of the ex-
citation of the molecule into a singlet state and subsequent relaxation back to the ground
state. In the case of phosphorescence, the molecule is primarily excited to the singlet
state, after which it is relaxed nonradiatively into a triplet state. Since the electron in this
triplet state has the same spin orientation as the ground state electron, transitions to the
ground state are forbidden [139]. Relaxation back to the ground state, being a forbidden
transition, consequently takes a relatively long time, typically on the order of 1076 — 1
seconds [138]. As a result, phosphorescence is in most cases weak compared to fluores-
cence, though with a longer-lasting emission of light. Applications of phosphorescence
for thermometry purposes have been proposed in a number of publications [140-142].

The temperature dependence of fluorescence The fluorescence emitted by many
fluorescent particles is dependent on the surrounding temperature. The mechanism be-
hind this temperature dependence is slightly different between different fluorophores
and shall be discussed in connection with the presentation of each fluorophore in the
following text. The most common observation that is made is the decrease of the
fluorescence intensity as the temperature is increased. The origin of this behavior is
for most fluorophores believed to lie in the increased occurrence of nonradiative pro-
cesses related to thermal agitation (e.g. collisions with other molecules, intramolecular
vibrations and rotations etc.). This leads to shorter fluorescence lifetimes and lower
quantum yield [51,67,134,143]. Other effects that can be observed as the temperature
is increased are shifts in the wavelength of the emission peaks and broadening of the
emission profile [135, 144].

The instability of fluorescence In the use of fluorescent particles and probes, the
researcher generally seeks to maximize the stability and repeatability of the measure-
ments. However, in the case of most fluorophores, the emitted fluorescent signal suffers
in one way or another from fluctuations and degradations due to interactions with the
environment. These effects are particularly disadvantageous when quantitative mea-
surements of the fluorescence are performed. Typical destabilizing effects are those of
photobleaching, oxygen quenching, pH quenching, fluorescence intermittency (blinking)
and thermal bleaching. The most commonly encountered instability is photoinstability,
which can be observed to some extent for all fluorophores [145,146]. It consists in the
change of the fluorescence intensity over time when exposed to the excitation light. It
can be observed both as a decrease of the intensity (photobleaching) and as an increase
of the intensity (photoenhancement). Fluorescence intermittency is an effect that has
been given particular attention in the use of semiconductor nanocrystals [147-150] but
which also exists in other fluorophores [151]. It is observed as an on-off behavior of the
emitted fluorescence. The mechanism of blinking is still poorly understood, although it
has been the subject of numerous articles. Concerning the thermal bleaching, this is a
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permanent change of the fluorescence which typically occurs upon the exposure to high
temperatures [39,51,152].

1.5.4.2 Various fluorescent imaging techniques

The information contained in the fluorescent emission from a fluorophore can be analyzed
in a variety of ways. In general, it is of interest to achieve a fluorescence emission that is
as strong as possible in order to maximize the signal-to-noise levels. The fluorophores are
therefore in most cases excited at the peak of the absorption band. The excitation at a
certain wavelength is realized by illumination through optical filters or monochromators,
which only transmit light of a narrow band of wavelengths. In the techniques generally
referred to as LIF (Laser Induced Fluorescence), laser sources with very well-defined and
narrow-banded spectra are used to directly excite a fluorophore [137,146,153-159]. For
the precise analysis of the emitted fluorescence spectra, a spectrofluorometer can be used.
Studies of specific bands are possible by the use of optical filters or a monochromator.
In order to capture the filtered signal, devices such as a CCD camera [39,159] or a PMT
(photo-multiplying tube) can be used [105]. To allow for easy and practical separation
of the excitation light and the re-emitted fluorescent light, it is generally preferable to
choose a fluorophore which possesses a large Stokes shift, i.e. a large gap between the
excitation and emission peaks [160].

In the following, different quantitative analysis methods will be further detailed along
with descriptions of the typical advantages and inconveniences of each approach.

Intensity-based measurements

The most common method of fluorescence analysis is to measure the integrated intensity
of the fluorescent light, either within a certain band of the spectrum, typically in the
vicinity of the emission peak, or throughout the entire emission spectrum [66, 77,133,
134]. This approach allows for a relatively easy setup and enables fast capture times of
entire images. Variations in the fluorescence intensity can be captured on a computer
using a basic CCD camera. As opposed to several other techniques, the intensity-based
measurements generally suffer from losses in accuracy due to factors such as drift of
the optoelectronic system and variations in the optical properties of the sample. The
optical properties may be affected by photobleaching as well as by changes in fluorophore
concentration and the refractive index [161].

FIR — Fluorescence Intensity Ratio  As a variation of the intensity-based mea-
surements, FIR relies on the measurement of the intensity at several positions of the
fluorescence spectrum. Certain fluorophores are particularly suited for such applications
due to the existence of two or more well-defined emission peaks in their spectra. By
measuring the ratio of the peak intensities, information can be extracted. Compared
to the simple intensity measurements described above, FIR is largely independent of
instabilities such as drift of the system or the sample. The intensities of the various
peaks certainly change with such drifts but the ratio of the peaks generally stays sta-
ble. [105,106, 162-164]

Two-color thermometry  While being similar to FIR in principle, two-color ther-
mometry makes use of two different fluorophores [157,165]. The technique is sometimes
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Figure 1.9: The FLIM approach measures the dependence of the fluorescence lifetime
on temperature.

employed under the name DELIF (Dual Emission Laser Induced Fluorescence) [137,154].
The intensities from one spectral band of each fluorophore are measured and the ratio of
these two intensities is subsequently analyzed and used to extract information. Typically,
one fluorophore has a high intensity dependence on an environmental parameter, in this
case temperature, while the other fluorophore possesses a very low dependence on the
same parameter. The second fluorophore is then used as an internal reference which
takes into account factors such as drifts in the system, e.g. fluctuations of the excitation
light source and differences in the optical path.

In the selection of the two fluorophores, it is practical to use fluorophores with similar
absorption spectra but with different emission bands. This simplifies the setup required
to excite the fluorophores and to separate the resulting emissions.

Two-color thermometry offers more flexibility than FIR in the choice of fluorescence
wavelengths, but is more sensitive to intrinsic fluorophore instabilities. Due to the use of
two different molecules, differences in for example diffusion rate and photobleaching are
not automatically compensated for. Furthermore, in particular for spatially small scale
analysis, it may become challenging to make sure that the density of each fluorophore
stays constant throughout the field of analysis.

FLIM — Fluorescence Lifetime Imaging

Upon excitation, a fluorophore enters an excited state. The lifetime during which it
remains in this state is to a large extent dependent on the environment. In the FLIM
technique, this is exploited by determining the dependence between the lifetime and a
specific environmental parameter. Temperature in particular tends to affect the lifetime
of the excited state. This is due to phenomena such as the changes of the thermal
agitation and the presence of charge-transfer states in the surrounding media which
offer nonradiative de-excitation pathways that become energetically more favorable with
increasing temperature [153].

As compared to intensity-based measurements, FLIM requires a relatively complex
experimental setup to be realized. Since the timescale of fluorescence lifetimes typically
is on the order of nanoseconds, pulsed lasers are normally employed to precisely control
the excitation process. Furthermore, the acquisition of the fluorescence is generally
achieved using lock-in techniques in order to precisely select the time window during
which fluorescence should be captured. In Fig. 1.9, the approach is visualized by showing
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Figure 1.10: Temperature dependence of the spectral position of the CdSe/ZnS
nanocrystal emission peak [135].

the time-dependent fluorescence intensity as a result of the excitation by a short laser
pulse. In order to determine the lifetime T, the integrated intensities in two or more
specific time windows following the end of the laser pulse are measured. [55,138]

Since the FLIM approach is a ratiometric measurement technique, it is independent
of experimental parameters such as the dye concentration and the excitation/detection
efficiency, thereby facilitating quantitative temperature measurements [55,56,161]. On
the other hand, the method typically requires the acquisition of several data series in order
to reach a satisfactory signal-to-noise level. This in turn leads to image capture times
which are generally longer than those for intensity-based measurements. In principle,
FLIM is not well suited for fast full-field imaging considering that it requires the use of
pulsed lasers, lock-in detection and highly sensitive devices to acquire the lifetime data.
However, in a recent article by Benninger et al [161], three-dimensional imaging of the
temperature within a microfluidic channel was illustrated. The technique was based on a
relatively complex setup, where FLIM was implemented using an ultrafast, electronically
shuttered, wide-field detector based on a gated image intensifier. Furthermore, by the use
of multiple parallel laser beams, a fast acquisition time (10 - 30 s) of three-dimensional
images was demonstrated.

Spectral shift thermometry

For many fluorophores, the spectral position of the emission peaks changes with the
temperature. While in many cases this spectral shift is hardly observable, some flu-
orophores provide quite easily detectable shifts which in turn can be used to probe
temperature changes. Although rarely applied for thermal mapping, a recent paper by
Li et al demonstrated the use of spectral shifts in semiconductor nanocrystals in order
to probe temperatures on a microheater device (see Fig. 1.10) [135]. The technique
requires equipment that allows for the capture and analysis of fluorescence spectra. The
calibration can typically be performed using a spectrofluorometer while measurements
on for example a planar sample require the use of more adaptable instruments, e.g. a
spectrograph in combination with a CCD camera. Similar to the FLIM approach, spec-
tral shift thermometry is not affected by system instabilities such as fluctuations of the
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Figure 1.11: Molecular structures of the xanthene molecule and the xanthene-based
fluorescent dyes fluorescein and rhodamine B.

excitation light source.

1.5.4.3 Fluorescent probes

Photoluminescent probes can be of very different kinds, e.g. organic (Fluorescein, Rho-
damine B, Perylene etc.), inorganic (various rare-earth and semiconductor compounds)
and organometallic (Ruthenium and Porphyrin). In the following sections, the fluores-
cent probes that have been considered for this thesis will be presented, starting with
two organic fluorescent dyes, Fluorescein and Rhodamine B. After presenting these dyes,
the semiconductor nanocrystals will be addressed followed by rare-earth materials. For a
broader survey on the fluorescent materials, the reader is referred to Appendix A, where
an additional range of potential probes are described.

A. Organic fluorescent dyes

Among the most commonly employed fluorescent dyes in biological applications we find
the Rhodamine and Fluorescein molecules, which are members of the group referred to
as Xanthene dyes (Fig. 1.11) [138,145,157,166].

A.1. Rhodamine B One of the most commonly applied organic dyes in fluorescent
thermometry applications is the Rhodamine B molecule from the Rhodamine family. It
is a dye which absorbs green light and fluoresces in the red-orange part of the visible
spectrum. It is commonly used as a laser dye for wavelengths near 610 nm [157]. The
Rhodamine B molecule shows a strong dependence on temperature. In the literature,
the fluorescence intensity is typically stated to decrease with increasing temperatures at
a rate of 1.2 - 2.5% per °C at room temperature [67,154,155,157,158]. The decrease
occurs uniformly over the entire emission spectrum and is strongest in the range of
0 - 100°C [167]. Other molecules of the Rhodamine family have also been applied for
temperature characterization, although less frequently [134,137]. Slyadnev et al reported
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Figure 1.12: a) Molecular structures of the three different conformations that Rhodamine
B can take [68]. b) The Rhodamine B spectra at different temperatures. The absorption
curve is dashed and the emission curves at different temperatures are solid [146]. c)
Temperature dependence of the emission peak intensity [66].

a b-fold decrease of the fluorescence intensity of Rhodamine 3B when increasing the
temperature from 20°C to 90°C [134].

Regarding the mechanism behind the temperature dependence, some papers explain
it simply as being a result of the increased amount of non-radiative relaxation processes.
However, the mechanism can be explained further in detail by considering the different
conformations that the Rhodamine B molecule can take. Depending on the surrounding
media and the environmental parameters, there are three possible conformations (see
Fig. 1.12). Two of these are strongly emissive, while the third is emissionless due to the
interruption of the conjugate 7r-electron in the chromophore [68]. As the temperature
is increased, the transformation from conformation one and two into the third one is
facilitated to some extent leading to a decrease in the observed fluorescence intensity.
An additional reason for the decrease in intensity is that the Rhodamine B molecule may
decompose at elevated temperatures.

Experimentally, the Rhodamine B fluorescence is commonly induced using either a
mercury lamp with filters transmitting light in the vicinity of the absorption maximum, i.e.
500 - 550 nm [66]. An appropriate laser source can also be used. The most commonly
used laser is the Ar-ion laser with light centered around 514.5 nm [155,168]. The less
employed Nd:YAG laser, with light centered around 532 nm, enables a stronger excitation
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as it excites the Rhodamine B molecules closer to the absorption peak [146, 159].

Several approaches for the exploitation of the temperature dependent Rhodamine B
fluorescence have been reported. For applications in microfluidics and microsystems, the
most common method has been the measurement and analysis of the intensity changes
within one spectral band [39,63,66,67,159,167]. This is mainly due to the simplicity
of these measurements which allow for fast temperature mapping using a standard fluo-
rescence microscope and a CCD camera [66]. Typical temperature resolutions reported
for the intensity-based measurements are on the order of 3°C between 20°C and 90°C
without spatial or temporal averaging. Spatial resolutions of down to 1 um have been
reported [39, 66]. Slyadnev et al reported a temperature resolution of 0.5°C using the
alternative Rhodamine dye Rhodamine 3B [134]. Better temperature resolutions have
been achieved for temperature measurements on a bigger scale, with resolutions down
to 0.4°C [159]. The temporal resolution is typically limited by the acquisition time of
the CCD camera in use, i.e. on the order of a few milliseconds.

Except for the single intensity-based measurements, Rhodamine B has also been suc-
cessfully employed in two-color thermometry applications. The Rhodamine B dye is in
this case generally used as a strongly temperature dependent probe while a second fluo-
rophore, e.g. carboxyfluorescein [165], Rhodamine 110 [157] or Pyrromethene 567 [137],
is used as an internal reference to compensate for instabilities such as the fluctuations
of the excitation light source. The approach requires a slightly more complex setup than
single intensity measurements in that it requires the use of two CCD cameras [157] or
alternatively a 3-CCD color camera [165] in order to separate the different colors of
the two fluorophores. Three-color measurements [156] as well as lifetime measurements
have also been investigated [161].

The use of Rhodamine B for temperature characterizations has been extended to
several application areas. In the recent past, several papers have been published on
its application for temperature mapping within microfluidic channels [63, 66, 67, 167].
Another interesting application is its use for the evaluation of the temperatures within
resists used for nanoimprint and electron beam lithography. These processes are highly
dependent on the resist staying within a certain temperature range in order to avoid
pattern deformation and to achieve specific critical dimensions [68]. Except for its use
in microscale applications, Rhodamine B has also been successfully applied in problems
such as the characterization of natural convection [146], evaluation of the dynamics of
heated submerged jets [156,168] and the temperature measurements on a monodisperse
droplet stream [155].

Except for its strong temperature dependence, typical advantages of Rhodamine B
lie in its independence of pH (at pH ranges above 6) and its resistance to high pressures
(up to 350 psi) [67,68,154]. Furthermore, its temperature dependence has been demon-
strated in a number of different media, e.g. ethanol [169], biological buffers [63, 66]
and polymer [68], making it a versatile temperature probe. On its downsides, Rho-
damine B suffers from relatively strong photobleaching under the influence of the exci-
tation light [67,146]. Due to the spectral band overlap, its fluorescence has also been
shown to be dependent on the dye concentration [170].

A.2. Fluorescein  Fluorescein is a commonly used dye for labeling and tracking
species in microbiological assays [171,172]. Additionally, fluorescein has a strongly pH-
dependent fluorescence, making it a useful probe in applications where pH must be
monitored [154]. In the field of thermometry, fluorescein is useful due to its fluorescence
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Figure 1.13: Temperature dependence of the absorption spectrum of fluorescein [154].

intensity which decreases as the temperature increases [13,173]. In contrast to the
general observation of decreased intensity with increased temperature, Coppeta et al
has presented results on the temperature dependence of fluorescein where an increased
intensity could be achieved for increases in temperature [154]. The rate of increase was as
high as 2.43% per K. This observation could be understood by analyzing the temperature
dependence of the absorption spectrum (Fig. 1.13). At an increased temperature, the
absorption band is widened. This widening leads to an increased absorption at the flanks
of the band. Since the authors of the article used excitation light centered on the flank of
the absorption band (514 nm), an increase in temperature led to a dramatically increased
absorption which in turn led to a stronger fluorescence intensity. On the other hand,
when using excitation light at a lower wavelength (488 nm), the authors measured a
temperature dependence of —0.16% per K, i.e. a slight decrease of intensity with an
increase in temperature. A typical disadvantage of the fluorescein molecule is that it
quickly photobleaches when exposed to the excitation light. The photobleaching process
can be alleviated by controlling the environment, e.g. the temperature and the presence
of oxygen, both of which influence the photobleaching rate [145].

B. Inorganic fluorescent probes

B.1. Semiconductor nanocrystals A highly interesting new class of fluorescent
probes is the semiconductor nanocrystals, also known as quantum dots. Compared
to conventional fluorescent dyes, these particles present particular advantages in terms
of their high photostability, exceptional quantum yield, broad absorption spectra and
narrow emission peaks [51,174-176]. While being investigated for a range of various
applications, e.g. biological labeling [174,177-181] and semiconductor lasers [182], since
15 - 20 years ago, the application for temperature measurements in the physiologically
relevant range is relatively recent. [51, 135, 144,152]

The nanocrystal photoluminescence dependence on temperature can be observed in
several ways. The most significant dependence is that of the emission peak intensity,
which decreases when the temperature is increased. Changes can also be observed in
the emission band width and in the spectral position of the emission peak. The common
observation is a widened emission band and a red-shifted position of the emission peak
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Figure 1.14: Visualization of the CdSe/ZnS spectrum at different temperatures. The
spectrum shows several interesting characteristics which can be found in many semicon-
ductor nanocrystals. First of all, the absorption band (curve a) is very broad, allowing
for a flexible choice of excitation source. Furthermore, the emission peak is relatively
narrow. Finally, the emission intensity is strongly dependent on the temperature. The
different temperatures of the emission spectra, in the order from b to /i, are 280K, 288K,
298K, 308K, 318K, 328K, 338K and 348K. [152]

for increased temperatures [144].

The mechanisms behind the temperature dependency of the nanocrystal photolu-
minescence have been the subject of study in several recent publications [183-185].
Due to the quantum confinement, the thermal behavior of nanocrystals has to be an-
alyzed with consideration of the particle size, the processes of nonradiative relaxation
via phonon coupling, exciton thermal dissociation, energy transfers, carrier trapping and
the temperature dependence of the absorption spectra [51]. Commonly, it is observed
that capping layers and organic ligands positioned at the nanocrystal surface play an
important role in determining the temperature dependent properties [152,184,185]. Yet
another contribution to the thermal behavior comes from the thermoluminescence which
is caused by a thermally induced recombination of carriers trapped in surface states [51].

Like with other fluorophores used for temperature probing, there are various ap-
proaches for the analysis of the temperature dependent fluorescence spectra of nanocrys-
tals. The most common approach until now is single intensity measurements [13, 144,
152]. Another recently demonstrated approach employed the well-known spectral shift
of the emission peak of CdSe/ZnS nanocrystals, with a red-shift of 20 nm over a range
of 200°C [144, 152], in order to determine the temperatures on a microscale heating
strip [135]. FIR techniques are not well suited for semiconductor nanocrystals, as their
spectra commonly only contain one very narrow emission peak.

The most commonly studied semiconductor nanocrystals in temperature sensing ap-
plications are CdSe and ZnS-capped CdSe (CdSe/ZnS) nanocrystals (Fig. 1.14) [77,135,
144,152, 183,186]. Other nanocrystals of interest are CdTe [51, 185] and ZnS/Mn2+
[61, 187] nanocrystals. CdTe has been shown to have a linear reversible fluorescence
intensity changes in a range of 30 - 60°C, while for ZnS/Mn?* reversibility has been
achieved in the range 30 - 150°C [51].

Semiconductor nanocrystals are advantageous in that they can be customized to a
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large variety of applications. By changing the particle diameter, the emission wavelength
can be modified. The introduction of impurities during synthesis can also be used to
change the nanocrystal properties. Improvements of the performance are often achieved
by capping the nanocrystals with a second semiconductor material, e.g. with a different
band-gap. Furthermore, to enable the use in various environments, e.g. for biological
applications, the particle surfaces are frequently functionalized to provide the probes with
specific chemical properties [180].

Because of the high signal yield, often explained by the high electron-hole overlap
which results from the quantum size confinement and which leads to an increased os-
cillator strength [51], semiconductor nanocrystals are particularly useful for quantitative
measurements such as fluorescence-based temperature characterization. Furthermore,
compared to conventional thermal phosphors, the small size, on the order of 1-10 nm,
holds potential for higher spatial resolution measurements because of greatly reduced
light scattering [51]. Many semiconductor nanocrystals are also more or less insensitive
to oxygen quenching, which makes these probes yet more attractive [144].

A well-known property of semiconductor nanocrystals, mostly regarded as a disad-
vantage, is the strong fluorescence intermittency, also known as blinking [147-150]. This
effect is particularly disadvantageous in applications where quantitative measurement are
performed unless averaging of the intensity over relatively long time periods are possible.
Another drawback observed for some nanocrystals is the irreversibility of the temperature
dependent behavior [39,152].

B.2. Rare-Earth based dyes A well-known group of photoluminescent materials
for thermometry applications is that of rare-earth doped materials. They are commonly
known as thermal or thermographic phosphors [53, 153]. The photoluminescence of
the thermal phosphors is created as a result of the photo-optical excitation of rare-
earth dopants [153]. Thermal phosphors have a relatively long history of applications in
thermometry, particularly in high-temperature fiber optic thermometry [55].

In a review by Allison et al, the physical mechanism behind the temperature depen-
dence of the thermal phosphors is discussed [53]. The dependence is partly explained
by reference to the Boltzmann distribution which governs the partitioning of the popu-
lations in the various participating vibrational levels of the ground, excited and emitting
states. In a similar manner, Wade et al discussed the Boltzmann distribution and its
role in the temperature dependent ratio of the population of different excited states
of the rare-earth ions [163]. The temperature dependence has further been explained
to arise from the presence of charge-transfer states in the host ceramic matrix. These
states offer non-radiative de-excitation pathways which become energetically favorable
with increasing temperature, thus leading to thermal quenching of the photoluminescent
emission [153]. In the case of chelated Eu-ions, where resonant coupling between organic
ligands and the rare-earth ions is behind the fluorescence, the decrease in fluorescence
intensity at higher temperatures is generally explained as an increased probability for
coupling of the excited ligand state to non-radiative states [133,188, 189]. Changes in
the non-radiative relaxation mechanisms have also been discussed as being the reason
behind the size-dependent temperature sensitivity of rare-earth doped nanocrystals [190].

Temperature measurements using rare-earth materials are commonly performed by
the FIR [162,163,190] or FLIM [153] approaches, although single intensity measurements
also have been applied [133]. FIR measurements are frequently possible due to the
relatively complex emission spectra, often with the existence of several fluorescent and
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Figure 1.15: The left graph shows the emission spectrum of a Nd3*-doped silica
probe. The presence of two emission bands with different temperature dependencies en-
ables the use of FIR-based measurements. In the right figure, a graph relating the ratio
of the two emission peaks with temperature is shown. [163]
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Figure 1.16: Temperature dependence of the europium-doped particle BaFBr:Eu?t. The
left graph shows the spectrum at different temperatures. In the right graph, the intensity
of the emission peak is plotted as a function of the temperature. [51]

phosphorescent emission peaks originating from one or more rare-earth dopant ions [104].
The often temperature dependent interplay between these peaks provides an excellent
tool for temperature determination (see Fig 1.15).

Typical examples of rare-earth probes used for thermometry applications are various
europium-based compounds, e.g. Eu:TTA [133,188] and europium-(I1l)B-diketonate
[56], and europium-doped particles, e.g. Y203:Eu3* and BaFBr:Eu?* nanoparticles
[61,153]. The europium complexes have demonstrated a high stability and strong tem-
perature dependence in the range of 0 to 70°C [56,133] whereas the doped particles have
shown linear and reversible temperature dependent emission peak intensity between 30
and 150°C (see Fig. 1.16) [51].

Other rare-earth based thermal probes use ions such as erbium [162, 190], ter-
bium [191], neodymium [163] and cerium [153]. High temperature measurements up
to 610°C were specifically demonstrated by Camargo et al using erbium-doped lead lan-
thanum zirconate titanate (PLZT) [162]. High-temperature measurements were also
presented recently by Aizawa et al, using terbium-doped silica as a fiber-optic ther-
mometer for temperature ranging from room temperature up to around 900°C [191].
Another interesting result was presented by Alencar et al in the use of erbium-doped
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BaTiO3 nanocrystals, showing an exceptionally high temperature resolution of around
0.005°C [190] in the range of 50 to 190°C. This is an order of magnitude better than the
commonly reported resolution of 0.05°C for rare-earth based thermal phosphors [53,153].

Applications of rare-earth doped compounds for temperature measurements have in
the past mainly been seen in the field of fiber optic based remote measurements in
industrial processes and macro-size temperature monitoring [55,56]. Typical advantages
are their robustness and stability in harsh environments with measurement capabilities
ranging from cryogenic temperatures to above 1000°C [53,55]. Recent developments
have seen increased interest of rare-earths in the field of microsystems characterization
[105, 133] and microbiological studies [188]. In line with the demands for smaller scale
characterization, particular efforts are being invested in the developments of miniaturized
rare-earth doped compounds, typically referred to as rare-earth doped nanoparticles or
nanocrystals [51, 105, 106, 153,190].

1.6 Thermometry in lab-on-a-chip systems

We will now conclude the first chapter by giving a brief discussion on the relevance
of the submicrometer thermometries with regard to this thesis. As a support to the
reader, a selection of the five most significant thermometry techniques are summarized
and compared in Table 1.2 .

Temperature control is of great importance in biochemical processes and fundamental
biological studies. The potential improvement of temperature control, both in terms of
process parallelization and modulation speed, holds promise for a better efficiency of
existing processes and the development of new approaches for the study of biomolecular
systems.

Within this thesis, the improvement of temperature control has been addressed with
specific focus on two indispensable areas of development. On one hand, the heat source
and the thermal properties of its environment have to be optimized in order to allow for
high spatial confinement and fast stabilization times of the temperature changes. On
the other hand, the thermal characterization of the system is essential in order to verify
the functionality of the device.

The choice of method for the thermal characterization has in this thesis been given
particular importance. With reference to the preceding survey on the existing technolo-
gies, we have identified fluorescence thermometry as the most appropriate technology
for use in miniaturized biosystems. As opposed to the other techniques, it provides un-
questioned capabilities for measurements in liquid environments while being capable of
diffraction-limited resolution, i.e. down to a few hundreds of nanometers. In addition,
it represents a technology which is well-known to most biologists and which frequently
already is available in the concerned laboratories. The main drawbacks lie in instabili-
ties such as photobleaching, thermal bleaching and blinking, which typically reduces the
temperature resolution. However, for biological research and processes, the achievable
resolutions (0.1 - 1°C) are generally satisfactory.

Naturally, the choice of fluorescent thermometry does not mean that other technolo-
gies could not be used as well. In particular, micro-Raman spectroscopy is an interesting
technology with certain capabilities of measurements in liquid environments. However,
it requires relatively sophisticated equipment and its approach is less straightforward.
SThM is also an approach which merits certain attention due to its high spatial resolu-
tion capabilities, although the usefulness in liquid conditions has yet to be demonstrated.
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In conclusion, the development of a device for fast and spatially confined temperature
control has led us to pursue the investigation of three principal issues throughout this
thesis:

1. DESIGN AND FABRICATION OF THE HEAT SOURCE. The design and fabrication
issues of nanowires as heat sources and the influence of its environment on the
thermal response should be specifically addressed. Nanowires have a high potential
for the use as heating elements mainly due to their small volume which results in
highly localized heating. However, their thermal behavior and the extent of their
thermal impact on the environment are likely to be dependent on the thermal
design of their immediate surroundings. In Chapter 2, finite element modeling
(FEM) will be used in order to investigate some of the possible options in the
thermal designs of the nanowire surroundings. The findings will subsequently form
a basis for the actual fabrication of nanowire-based heating elements, which will
be specifically addressed in the end of Chapter 2.

2. SELECTION OF A FLUORESCENT PROBE. In Chapter 3, the study of two
fluorescent probes in particular, CdSe/ZnS nanocrystals and Rhodamine B, will
be presented. These probes were chosen because of their strongly temperature-
dependent fluorescence. As explained previously in this chapter, typical challenges
of fluorescence thermometry are the various stability issues regarding the fluores-
cence signal, e.g. photobleaching and thermal bleaching. A large part of Chapter 3
will consequently be dedicated to the evaluation of the fluorescence stability of the
two probes. Further essential points of investigation which will also be presented
are the acquisition of a temperature calibration curve and the positioning of the
probes on the sample to be investigated.

3. THERMAL MAPPING METHODOLOGY. Various approaches exist for the ther-
mal characterization of a sample using fluorescence. In order to allow for higher
spatial resolution, a new methodology based on the confinement of a fluores-
cent probe in the vicinity of the sample surface is introduced in Chapter 3 and
subsequently applied for high spatial resolution thermometry in Chapter 4. Fur-
thermore, in Chapter 4, the experimental aspects of the approach, e.g. in terms of
the fluorescence acquisition and analysis, will be illustrated. Choices to be made
regarding the experimental approach include those of the acquisition device, e.g.
by a CCD camera or a PMT device, and the fluorescence analysis approach, e.g.
single intensity measurements or FIR. As shall be seen, for the purpose of full-field
imaging capabilities and simplicity, our main approach is based on single intensity
measurements of fluorescence captured by a CCD camera.



CHAPTER 2

NANOWIRES AS HEAT SOURCES

After the survey of the existing thermometry techniques presented in Chapter 1, we
will now target the development of the nanowire-based heating elements discussed in
the introduction. As pointed out in the last section of Chapter 1, the achievement
of a system for fast and spatially confined temperature control is largely dependent
on the size of the system but also on the materials used and the configuration of the
different components. The current chapter will be devoted to deeper considerations
on the thermal design of the nanowire system. As a tool in this analysis, the use of
computer-aided finite element simulations will be illustrated in detail.

Based on the theoretical considerations and the simulations of the first part, the
second part of the chapter will deal with the actual implementation of various nanowire
configurations. The fabricated devices will then be used for the experimental analysis
and possible validation of the theoretically expected results.

2.1 Joule heating in nanowires — a finite element
model

To gain insights into the thermal properties and behaviors of various nanowire configu-
rations without having to perform an experimental trial-and-error procedure, simulations
based on the finite element method (FEM) were implemented. All simulations presented
here were performed in the commercial software COMSOL® (version 3.3). This soft-
ware package provides a broad support for the simulation of resistively induced heat
generation as well as the different heat transfer mechanisms.

It should be noted that the COMSOL software, like other FEM simulation software,
has not been specifically developed for nanoscale thermal transfer. In other words, the
software does not take into account nanoscale effects on thermal properties. Such an
effect is the possible change of thermal conductivity due to increased phonon boundary
scattering [192-195]. Additionally, for dimensions close to the mean free path of electrons
(~ 10 nm), the electrical resistivity can be expected to increase due to increased surface
scattering. This in turn leads to increased resistive heating and higher temperatures.
Although the structures described here are not as small as the mean free paths of the
various energy carriers, the sizes are nevertheless relatively near the critical dimensions.
All results should thus be analyzed with possible nanoscale effects in mind.

37
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It should also be noted that the FEM simulations performed here are not intended to
be used as a tool for the exact prediction of parameters such as the temperature and the
power dissipation. The main function of the simulations is instead to provide a simple
mean to better understand in which direction certain design changes will affect things
such as the resulting temperature distribution, power consumption and response time.

2.1.1 The FEM model

The basic principle of FEM modeling consists in creating a virtual representation of
the physical object. In order to achieve this, a number of object properties have to be
defined in the FEM software. The first step is to enter the geometry of the object. When
doing this, it is necessary to identify appropriate ways to simplify the representation of
the different parts. It is generally of interest to minimize the use of largely different-
sized parts and complicated geometries. Simplifications can also be made by identifying
symmetry lines or planes in the object. If these exist, the volume that has to be analyzed
can be largely minimized, allowing for faster calculations of the response. Too large
systems frequently lead to the inability of a normal computer to perform the calculations.
Lack of memory is a typical reason for uncompleted FEM analysis. To avoid such
problems, simplifications of the geometry can help significantly.

Once the geometry is defined, the physics and the material properties of the different
parts are defined. These properties will be the basis for the calculation of the physical
behavior of the complete model. Furthermore, the boundary conditions of the geometry
have to be defined. In the analysis of heat transfer, boundary conditions can typically
be the designation of a certain inward or outward heat flow at a surface or the definition
of a constant temperature.

Before performing the FEM analysis, the geometry is divided into a large amount of
small cells, which are called the finite elements. The assembly of these finite elements is
typically referred to as a mesh. The physical behaviors of the object are calculated for
each element and with respect of the neighboring elements of each cell. In the COMSOL
software, the mesh is created automatically after indicating certain parameters such as
the minimum size of each finite element.

In the following, the different steps taken for the implementation of our FEM model
will be presented, starting with the creation of an object geometry.

The virtual geometry

The basic nanowire configuration that was analyzed here consisted of a single nickel
nanowire which was connected to an external power source by two 10mm-long nickel
pads, one at each end of the wire. Since the real-world nanowire is most conveniently
realized by conventional lithography methods, e.g. electron beam lithography, the cross-
section could be considered to be approximately rectangular. The dimensions of the
structure is given in Fig. 2.1, with the nanowire being 20 #m long, 200 nm wide and
40 nm thick.

Regarding the immediate surroundings of the nanowire, we were interested in eval-
uating the impact of those materials situated both above and underneath it. A closer
look at the possible alternatives led us to identify the use of two different materials un-
derneath the nanowire. The most basic alternative was that of a nanowire fabricated on
a plain oxidized silicon wafer. Secondly, the impact of using a material of lower thermal
conductivity than silicon was investigated. With regard of the existing micromachining
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Figure 2.1: The dimensions of the nanowire configurations used in our FEM simulations.
As shown in the right figure, simulations were performed also for the case in which the
silicon underneath the nanowire was removed. In this case, the nanowire was supported
by a thin membrane composed either of only silicon dioxide or of a combination of silicon
dioxide and silicon nitride.

technologies, we knew that this could be realized by the removal of the silicon underneath
the nanowire and the silicon dioxide layer. Such processing typically leaves a suspended
silicon dioxide membrane on top of plain air. The existence of only air and a thin oxide
membrane provides a very low thermal conductivity under the nanowire.

Above the nanowire, two alternatives in particular were identified. The nanoheater
device will potentially be applied in dry or liquid conditions. In other words, the material
on top of the nanowire will typically be a water-like fluid (liquid conditions) or an air-like
gas (dry conditions).

In order to create the virtual object, a two-dimensional geometry was initially drawn
(Fig. 2.2). In order to simplify the model, the existence of two symmetry lines in the
structure was recognized and modeling was done on one quarter of the structure only.
The 2D geometry was then extruded several times into a 3D space to create the three-
dimensional object shown in Fig. 2.3 . In the bottom of the model, a 50 um thick block
of silicon was created. Parts of this silicon block could be changed to air in order to
simulate the case where silicon is etched away. On top of the silicon block, a 500 nm
thick layer of silicon dioxide was defined followed by the 40 nm thick nickel structure.
Finally, a passivating 100 nm thick silicon dioxide layer and a 30 um thick block of
air/water were created.

Physics of the model

When a voltage is applied to the structure, Joule heating occurs throughout the nickel
nanowire and the nickel pads. The heat thus generated is spread from the points of
generation to the rest of the sample. The heat transfer through the device can be
described by Fourier’s law relating the heat generation per unit volume with the power
losses per unit volume due to conduction, convection and radiation.

Because of the low temperature range intended for the heater (mainly below 100°C),
the radiation losses were considered negligible [196]. Moreover, considering the small
characteristic size (< 100 pum) of the chamber on top of the nanowire structure (in a
typical microsystem) as well as the absence of an externally imposed flux, the convection
losses were also assumed to be negligible. This left us with a simplified and more
manageable thermal description of the system which largely depended on the power
input for the heat generation and the thermal properties of the materials and the system
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Figure 2.2: Two-dimensional sketch of our nanowire structure realized with the COM-
SOL interface. Symmetry lines were identified in both horizontal and vertical directions
making it necessary only to model a quarter of the structure.
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Figure 2.3: Extrusion of the 2D geometry into the 3D space allowed for a simple cre-
ation of three-dimensional object. The properties of the various parts could be individ-
ually modified by the designation of specific parameters, e.g. thermal conductivity and
electrical properties.

Table 2.1: Material parameters concerning the resistive heating and heat transfer.

Material Nickel  Silicon SiOo Water Air  SiN,?
Thermal conductivity (W-m~1-K=1) 90 130 14 062 0026 20
Specific heat capacity (J-kg™'-K=1) 450 700 730 4200 1010 700
Density (kg-m~3) 8900 2330 2200 995 1.2 3100
Electrical resistivity (ohm-m) 6.9-10°8 - - - - -
Temperature coefficient (K1) 0.0059 - - - - -

@Represented in the simulations by SizNg

boundary conditions for the power losses. While making these simplifications, it should
be noticed that convection losses may indeed play a certain role in those cases where
paths for conductive heat losses are limited. Among the structures we present here, this
is mainly the case for the suspended membranes, where convection might increase the
power dissipation.

In COMSOL version 3.3 an extensive library of material coefficients is included,
covering those materials being employed in our case. While some of the coefficients
are slightly temperature dependent and also defined as such in COMSOL, representative
values of the parameters used are given in Table 2.1. In the case of nickel, which is
to be resistively heated, the electrical resistivity and the temperature coefficient of the
resistivity are also of high importance.

The heat generation in the sample occurs entirely in the nickel structure by resistive
heating. The amount of resistive heating in each finite element depends on the electric
potential drop throughout the element. In the FEM model it is thereby related on one
hand to the externally applied current and on the other hand on the resistivity of the
metal structure. In the simulations, the fact that the resistivity of metals depends on
the temperature was taken into account. The temperature dependent resistivity, p(T),
can be described by the following formula:
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Figure 2.4: A 3D mesh was created to allow for the finite element analysis. The element
size is smallest at the nanowire and in its vicinity.

p(T) = po(1+aT) (2.1)

where pg is the resistivity at To = 20°C and is the temperature coefficient of the elec-
trical resistivity. For nickel, the values for the electrical resistivity and the temperature
coefficient are pg = 6.9-10% ohm-m and a = 0.0059 K1, respectively.

Mesh generation

In order to make the mesh structure easy to handle for the computer, a 2D mesh was
first created on the top boundary. A minimum element size of 100 nm was defined for
the nanowire part in order to assure a good element quality at this essential part of
the model. A 3D mesh was subsequently created by sweeping the 2D mesh downwards
through the entire volume (see Fig. 2.4) . By the use of the sweeping function, the
complexity of the mesh was lowered. This decreased the computer power required for
the solution at the expense of the element quality. This trade-off was especially valuable
in the transient analysis of the system, where the liberation of extra computer resources
is particularly important.

Boundary conditions

As for the outer side boundary conditions of the model, we assumed ambient temper-
ature (30°C) at the interface between the silicon substrate and the surroundings. A
temperature of 30°C was also defined at the bottom boundary, assuming here that the
sample is placed on a temperature control stage which maintains a constant temperature.
Along the symmetry boundaries, thermal insulation was defined since by definition no
thermal energy exchange occurs there. On the top boundaries, i.e. between the medium
above the nanowire structure (air or water) and the microchamber ceiling, we assumed
an outward heat flux. The heat flux was modeled using a heat transfer coefficient, h,
giving the heat flux as the power loss per area unit and per °C of temperature difference
between the inside and the outside of the boundary [W-m2.°C!]. In the case of the
air-ceiling interface, a heat transfer coefficient h,;, = 5 W-m2-°C! was used while in
the case of the water-ceiling interface hyater = 20 W-m~2-°C"! was used.

2.1.2 Steady-state analysis

As we analyzed the simulated temperature distributions in our system, we were partic-
ularly interested in the temperatures obtained at the interface between the passivating
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oxide and the medium above (air/water). The temperature at this interface is inter-
esting since it is the most likely location of a molecule in the potential applications of
the nanowires as sensors and heating elements. As will be explained in Chapter 3, it is
also the location of the fluorescent probes when performing the fluorescent thermometry.
In Fig. 2.5 and Fig. 2.6, the resulting temperature distributions on the oxide-air/water
interface in the four cases identified previously are shown. These results were obtained
when passing a constant current of 2 mA through the nickel structure. In Fig. 2.7, the
result of increasing the current to 5.5 mA in the case of a bulk-air configuration is shown
in order to demonstrate the small influence of the applied power on the characteristic
temperature distribution.

Confined and flat temperature profile on silicon

The most striking observation that can be made from these results is the difference in
the confinement of the temperature changes when altering the material underneath the
nanowire. In the case of a nanowire on top of bulk silicon, the confinement is very high,
regardless of the medium on top of the wire. In the case of a nanowire on top of a
suspended membrane on the other hand, the temperature increases also at considerable
distances away from the wire itself. The explanation for this is the large difference
in thermal conductivity between silicon and air. While air isolates the wire very well,
the silicon is highly efficient in dissipating the heat that is introduced to the system.
Furthermore, since silicon has a higher thermal conductivity than nickel, a larger fraction
of heat is dissipated to the silicon substrate than through the nickel wire, which leads to
a very flat temperature profile along the wire.

High power dissipation through silicon

The second observation to be made is the large difference in the temperature values
obtained when the same current is passed through the different structures. In the case
of a membrane-air configuration, the maximum temperature lies above 300°C while for
the nanowire on bulk silicon and water on top the maximum temperature is only slightly
above 40°C. Evidently, this is due to the fact that silicon is a much better dissipation
medium for heat than air. To keep power consumption at low levels it thus favorable
to use a nanowire on top of a suspended membrane. In order to reach a maximum
temperature above 300°C in the case of a nanowire on bulk silicon, a current of 5.5 mA
had to be applied, resulting in a power consumption of 7 mW compared to the power of
0.8 mW for the nanowire on a membrane.

Temperature dependent resistivity

Another interesting feature to point out is that in order to maintain the same current
of 2 mA, the different structures requires different voltages. Although there is nothing
revolutionary about this observation,! it is indeed an effective demonstration of the
impact of temperature on the resistivity. The higher the temperature becomes, the more
the resistivity will increase, thus requiring a higher voltage to maintain a constant current.
The main interest of this temperature dependence is that the resistivity eventually could
be used as a simple mean to monitor the average temperature of a nanowire heating
element.

1The reason for this is simply that we told the software to take the temperature coefficient a into
account.
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Figure 2.5: Simulation results for a nanowire on bulk silicon in a dry environment (a)
and in a liquid environment (b). In both cases, a current of 2 mA was applied. Since
the resistivity was temperature dependent, the resulting voltages were not the same
for the different cases. The top images show schematics of the geometries used. The
second row shows the temperature distributions at the interface between the oxide and
the medium above. Finally, the third and fourth rows show linescans along the middle
of the nanowire and across the the center of the nanowire, respectively.
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Figure 2.6: Simulation results for a nanowire on a suspended SiOymembrane in a dry
environment (a) and in a liquid environment (b). In both cases, a current of 2 mA was
applied. Since the resistivity was temperature dependent, the resulting voltages were
not the same for the different cases. The top images show schematics of the geometries
used. The second row shows the temperature distributions at the interface between the
oxide and the medium above. Finally, the third and fourth rows show linescans along
the middle of the nanowire and across the the center of the nanowire, respectively.
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Figure 2.7: Simulation results for a nanowire on bulk silicon in a dry environment. a)
Geometry of the sample and the applied current and resulting voltage. b) Temperature
distribution at the interface between the oxide and the air. c) Linescan along the middle
of the nanowire. d) Linescan across the center of the nanowire. Except for the applied
current, which here is 5.5 mA, the parameters are the same as in Fig. 2.5a.
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100 nm SiO,

600 nm SiN,

800 nm SiO,

40 nm Nickel

Silicon / Air

Figure 2.8: In order to study the influence of the membrane composition on the temper-
ature of the system, the previous FEM geometry was modified as shown in this figure.
The previous SiOy membrane (500 nm thick) was replaced by a SiO;/SiNy membrane
(800 nm / 600 nm thick).

2.1.2.1 Influence of the membrane composition

The previous section described a simulation regarding a nanowire on top of a standard
oxidized silicon wafer. However, as shall be explained in the fabrication section of this
chapter, the use of pure silicon dioxide in the realization of suspended membranes is
typically not a viable solution. Instead, suspended membranes are typically composed
of two or more layers of different materials. The membrane composition that will be of
interest for this thesis is the combination of 800 nm silicon dioxide and 600 nm silicon
nitride (SiNy). If we now take a quick look at the thermal properties of silicon nitride,
we realize that it possesses a relatively high thermal conductivity (see Table 2.1). By
introducing a layer of high thermal conductivity immediately under the nanowire heat
source, it is reasonable to ask whether this will have a significant impact on the solutions
found previously.

In order to shed some light on this matter, we decided to implement a FEM model
based on a slightly modified geometry, introducing a thin silicon nitride layer underneath
the nanowire. For simplicity, only the bulk-air and membrane-air configurations were
investigated. The geometry of the new structure is shown in Fig. 2.8. Except for
the membrane composition, all dimensions were identical to those used in the previous
simulations.

The results of the simulations on the modified structures are shown in Fig. 2.9.
To simplify the comparison with the case where no SiNy was used, the linescans from
Fig. 2.5a and Fig. 2.6a (nanowire on pure SiO, membrane in dry conditions) are in-
cluded. Additionally, the curves from those figures are normalized with regard to the
maximum value of the SiNy-curves. In other words, the comparison is valid in terms
of the characteristic temperature distributions but not in terms of absolute temperature
values.

In the two cases shown in Fig. 2.9, a constant current of 2 mA was applied. As
can be seen, the temperature changes are less confined compared to the case where
no silicon nitride was present underneath the nanowire. This is particularly evident
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Figure 2.9: Simulation results for a nanowire on an unsuspended (a) and a suspended
(b) SiNy/SiOsmembrane in a dry environment (air). In both cases, a current of 2 mA
was applied. The top images show the geometries used. The second row shows the
temperature distributions at the interface between the membrane and the air. Finally,
the third and fourth rows show linescans along the middle of the nanowire and across the
the center of the nanowire, respectively. The linescan graphs include normalized results
for the corresponding cases (same geometry and current) for a pure SiOymembrane.
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for the unsuspended SiN/SiO, layer. If we consider the cross-section plots for the
unsuspended SiN,/SiO» membrane, we can also establish that the temperature along
the wire in this case is less uniform with a slightly more parabolic shape than for the
pure SiO2 membrane. These results are not surprising, considering that the introduction
of a high thermal conductivity layer (SiNy) underneath the nanowire could be expected
to increase the lateral heat transfer.

2.1.3 Transient analysis

Apart from understanding the spatial temperature distributions, there is also particular
interest in evaluating the temporal response of a heating device. As discussed already
in the introduction of the thesis, the possibility to provide fast response and stabiliza-
tion times upon resistive heating holds promise for improved efficiency and accuracy in
for example fundamental molecular studies. Potential applications lie, for example, in
the study of molecular relaxation times by temperature modulation [28,197] and electro-
chemical analysis of molecules by temperature pulse voltammetry [29-31]. Consequently,
we decided to use our finite element model also for the temporal characterizations of
the various nanowire configurations.

2.1.3.1 Basic heat transfer considerations

The time it takes for thermal changes to happen can be derived from Fourier’s law, which
governs the behavior of general heat transfer.? In order to broaden the understanding
of the transient thermal behavior, various models can be used. Computer-based FEM
analysis is clearly a powerful alternative and will be presented below. However, before
going into the computer-aided simulations, we will consider the basic principles governing
the transient behavior of a thermal system. An interesting analogy of the thermal system
can be made with an electrical system. The two systems, thermal and electrical, are
governed by the same general equations. By a closer look on how these systems respond
to changes of the equilibrium, we can get an indication of what the time constants of
our thermal system will look like.

If we consider the sketch in Fig. 2.10, the similarity of our device with a simplified
electrical circuit is obvious. The thermal device can be represented by a simple first-order
system, consisting of three components: a point of heat generation, some capacity to
store the heat and an outward heat flux away from the system.

The heat capacity of the system is capable of holding heat to some extent and is
analogous to the capacitor in the electrical circuit. The heat of the thermal system is
analogous to the charges of the electrical system. As the resistive heating is turned on,
heat is built up in the system to the maximum heat capacity until the thermal resistance
allows the heat to leave the system at the same rate as it enters.

By blocking the heat inside the system from flowing out, the thermal resistance is
equivalent to the resistor of the electrical circuit. The heat flow through the insulation
(equivalent to charge flow through the resistor) increases as the temperature inside the
system increases. The thermal resistance is determined by the possible paths of heat

2However, for systems with a characteristic size near the phonon mean free path, Fourier's law is
not valid. Our systems have a characteristic size of a few hundred nanometer and is assumed to follow
Fourier's law.
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Figure 2.10: Thermal and electrical systems are governed by the same equations. Analo-
gies can therefore be made between their behavior, e.g. in terms of resistance, capaci-
tance and temporal behavior.

loss, i.e. conduction, convection and radiation. In our system we have simplified the
losses by saying that the radiation is negligible. Furthermore, the convection losses are
considered small in the system and are lumped together to be represented by losses
at a certain rate at the system boundaries. Thus, the most significant contribution to
the thermal resistance in our system is that of the thermal conductivities of the various
materials.

Being governed by the same equations, the two types of systems react equivalently
also in terms of temporal behavior. In electrical systems, a time constant is typically
used to describe the response of a system to changes in the equilibrium states. The
time constant can be conveniently estimated by multiplying the resistance with the
capacitance of the system. The same approach can be used for the calculation of the
time constant of the thermal system by simply multiplying the thermal resistance with
the thermal capacitance of the system:

T=R-C (2.2)

In the case of our system, if convection and radiation transfer of the heat are consid-
ered negligible, the thermal resistance can be estimated from the thermal conductivities
and the spatial extent of the different materials involved. Regarding the capacitance, it
is determined by the densities, the volumes and the specific heat capacities of the mate-
rials involved. By changing one or more materials, significant changes in resistance and
capacitance are introduced. For example, considering the values of Table 2.1, we expect
that the replacement of silicon with air can be expected to slow down the response of
the system.

2.1.3.2 Response times — FEM simulations

As we perform transient analysis using a FEM model, the basic concepts described in
the previous paragraph are applied to the ensemble of finite elements. With this more
complete definition of the system being possible with computer-aided simulations, a more
accurate prediction of the temporal response can be expected with the FEM approach.

Since the temporal behavior of the thermal response is largely dependent on the heat
capacitance of the system, the specific heat capacities and the density values of the
different parts had to be added in the model before running the transient analysis. Apart
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Figure 2.11: Temporal response of the temperature on top of the center of the nanowire
and at the interface between the passivating oxide and the medium above (air or water).
In the four graphs, four pulse durations of the electrical current were used, ranging from
1 ps to 1 ms (the pulse duration is indicated in the top left corner of each graph). It is
clearly observed that the use of a suspended membrane structure gives a slower response.
However, the difference of using air or water on top of the structure is not as clear.

from this addition of material parameters, no particular changes or enhancements of the
steady-state model were required.

The transient analysis in COMSOL was performed by defining a number of times at
which the state of the system should be determined. It was also possible to define when
a certain parameter, e.g. resistive heating, should be turned on and off3. This presented
us with a relatively simple approach for the study of the thermal response of our systems
to square current pulses.

In Fig. 2.11, the thermal response to electrical current pulses of different durations
is shown. The analysis was in all cases performed at the center of the nanowire on top
of the passivating silicon dioxide layer. The graphs clearly show the impact of changing
the material underneath the nanowire. The use of silicon underneath implies the use of
a very low thermal resistance, which consequently leads to fast equilibration times.

The approximate time constants of the different cases were determined from the

3This is done simply by adding the command *(t<tstop) after the parameter entry. This expression

will equal 1 as long as it is true and 0 when it is false. tstop should be replaced in the software by the
desired stop-time value.
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Table 2.2: Simulated thermal time constants for our nanowire systems.

SiOy membrane

Bulk Si-Air 0.15 us
Bulk Si-Water ~ 0.32 us

Membrane-Air 44 us

Membrane-Water 42 us

SiOy / SiNy, membrane

Bulk Si-Air 0.42 us

Membrane-Air 6 us

simulations and are given in Table 2.2. The time constant was defined as the time at
which the temperature had reach 67% of its final value.

By the use of silicon, time constants of below one microsecond were found. On the
other hand, the use of air or water on top of the structure did not imply a considerable
change in the time constant. According to the formula of equation 2.2 and the heat ca-
pacities and densities given in Table 2.1, it might be expected that the high heat capacity
of water should slow down the response. This is true in the case of the unsuspended
membrane configuration but not for the suspended membrane. The reason for this dif-
ference is likely to be the difference in the main heat dissipation path. For the nanowire
on bulk silicon, the main heat losses occur downwards through the silicon whereas for
the membrane configuration the main dissipation path is via the nanowire ends. When
using water, which has a higher thermal conductivity than air, the dissipation towards
the nanowire ends is facilitated. This leads to a lower total thermal resistance. This
effect is big enough to compensate for the higher heat capacity of water.

2.1.3.3 Influence of the membrane composition

Similar to the steady-state simulations, we were interested in knowing the influence of
using a membrane partly composed by silicon nitride on the temporal behavior. Since the
thermal conductivity of silicon nitride is higher than that of silicon dioxide and since the
membrane thickness is different (see section 2.1.2.1), the time constant may evidently
be affected.

As indicated in Table 2.2, the time constant for the suspended membrane is about
6 microseconds, i.e. almost one order of magnitude faster for the SiOy/SiNy membrane
than for the pure SiO» membrane. We understand why this is by once again recognizing
that the main dissipation channel for the heat is through the silicon at the ends of the
nanowire. The introduction of silicon nitride increases the thermal conductivity towards
the ends which leads to faster response times.

On the other hand, for the unsuspended membrane, the response for the SiO5/SiNy
membrane is slightly slower. This is because in the unsuspended case, the silicon un-
derneath the nanowire is the main dissipation path for the heat. When using a silicon
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nitride based membrane, a larger thermal barrier is present between the silicon and the
nanowire which leads to longer response times.

2.2 Fabrication of the nanowire heating device

In the previously described FEM simulations, we got an idea of what thermal responses
could be expected for various nanowire configurations. Of particular interest is the
possibility to change the temperature confinement around a nanowire heater by changing
the material underneath. One design, with a nanowire on top of silicon, provides high
confinement and a flat profile of the temperature distribution while dissipating large
amounts of heat to the underlying stage. The other design provides a less confined
thermal impact on its environment but consumes considerably less power in order to
reach the same maximum temperature. Furthermore, according to the transient analysis,
the temporal response is faster when using a nanowire placed on silicon.

In order to verify that the simulated results are in fact valid in reality, it is of great
importance to validate them by experimentation, i.e. by actually fabricating the nanowire
structures and measuring the thermal behavior. It is of particular interest to do this in
order to find out whether there is any kind of nanoscale-related phenomena that may
affect the results that are predicted by heat transfer models originally developed for
macroscale systems.

2.2.1 Nanowire fabrication

Several techniques exist for the fabrication of nanowires. In general, these are categorized
into bottom-up and top-down approaches. Top-down approaches include techniques such
as photolithography, electron beam lithography (EBL) and nanoimprint lithography (NIL)
[198-202]. The main advantages of the top-down approaches are the ease of positioning
nanowires at very exact locations and the possibility to produce large amounts of samples
quickly and with a relatively low effort. Bottom-up approaches include techniques like the
vapor-liquid-solid (VLS) growth [42,43,45,203-208] and porous anodic alumina (PAA)
templating [209-215]. Although the bottom-up approaches can provide better control
of the nanowire structure, they present significant drawbacks in terms of positioning and
connection to external devices.

2.2.1.1 Our approach: Top-down

If we now look at the structures that we wish to realize, we can establish that we do in
fact need the possibility to precisely position our nanowires. We are interested in being
able to quickly fabricate large numbers of our nanowire structures and to make them
nearly identical each time. The thermal measurements are likely to require repeated
experimentation on numerous samples throughout the development and optimization of
the targeted fluorescent thermometry technique. Using a top-down approach, there is
good potential for relatively quick fabrication of nanowires once the process has been
established and optimized. Bottom-up techniques are not capable of this as of today.
To give a further motivation for choosing a top-down approach, the specific require-
ments of membrane fabrication should be mentioned. In order to realize a suspended
membrane at the position of the nanowire, it is a great advantage if the positioning of
the wire is well controlled. There are certainly ways to realize a membrane underneath
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Figure 2.12: a) SEM image of a silicon nanowire fabricated by EBL patterning and dry
etching of a SOl wafer. The length of the nanowire is 4 m and the width 100 nm. This
particular nanowire was release-etched from the substrate by removal of the buried oxide.
b) SEM image of a nickel nanowire fabricated by EBL patterning and metal lift-off. The
length of the nanowire is 20 #m and the width 200 nm.

a randomly deposited “bottom-up” nanowire, but compared to a top-down approach it
would be limited in the choice of membrane fabrication technique and furthermore it
would be difficult to produce many identical structures.

2.2.1.2 The EBL system

With the motives explained above, a top-down approach was thus chosen for the pat-
terning of nanowires. Due to the relatively quick trial-and-error capability, direct writing
in resist was applied using a high-speed electron beam lithography (EBL) system from
Advantest Corporation (model F5112+VD01). This system allowed us to write nanos-
tructures of down to 100 nm over entire wafers at a speed of one wafer (4 inch) per
hour. Although EBL systems like this require extensive parameter optimization for each
application, they are relatively well-performing once a specific process has been devel-
oped. Thanks to the direct writing capability, no masks were required and small changes
to a nanostructure design could quickly be realized on a wafer.

2.2.1.3 Simplified fabrication protocol

In large, EBL was used in the development of two different nanowire structures, one for
the fabrication of silicon nanowires and the other for the fabrication of metal nanowires.
In Fig. 2.12, the typical looks of these two types of nanowires are shown. Due to the
relative simplicity and lower cost of metal nanowire fabrication, this option was the one
finally chosen for mass fabrication and application in the development of fluorescent ther-
mometry. The following simplified protocol concerns exclusively the fabrication of metal
nanowires, while the process developed for silicon nanowires is described in Appendix C.
Appendix C also contains more detailed descriptions of the fabrication processes that
were developed, including more details on the following protocol.



2.2. Fabrication of the nanowire heating device 55

1. Silicon substrates The basic substrates used for the metal nanowire fabrication
was either a <100>, 3-inch, 381um-thick silicon wafer or a <100>, 4-inch, 525um-thick
silicon wafer. The larger 4-inch wafers were used for the development of a suspended
membrane structure. The doping type and resistivity of the wafers were in both cases
p-type and 10-20 Qcm, respectively. Since the substrate did not take active part in the
final device, the doping level had no significance other than the possible influence on
EBL scattering effects and on the TMAH etch during membrane fabrication.

2. Nanowire design  All structures that were to be patterned by EBL were designed
using the Virtuoso module of the CADENCE software package. The designs were ex-
ported as stream files in the GDS format. The GDS files were subsequently converted
to the BEF format, which is specific for the Advantest EBL system, and decomposed in
the software Bexelwin before importing the design in the uTile software of the Advantest
EBL system. The uTile software was used to determine the placement of the design on
the sample and to define the exposure doses to be used on the different parts of the
design.

3. EBL process Spin-coating and exposure of the EBL-specific resist ZEP 520A-7
(Zeon Corp.) was first performed and then followed by the development of the exposed
resist in the developing solution ZED-N50 (Zeon Corp.). To assure the good adhesion
of the resist to the surface, the adhesion agent HMDS was spincoated on the sample
before depositing the resist. To remove possible resist residues that remained on the
developed sample, Oy plasma was used to carefully thin the resist before proceeding to
the lift-off process.

4. Lift-off Evaporation of a 40nm-thick nickel layer was realized on top of the
patterned resist. Subsequent lift-off of the metal directly transferred the patterned
structure to the nickel layer. Since the Advantest EBL system allowed for the patterning
of nanostructures as well as larger structures at very short timescales (~one wafer per
hour), the connecting metal pads could be fabricated simultaneously with the nanowires.

5. Passivation In order to electrically passivate the metal structure, the deposition of
silicon dioxide was a good choice due to the relative ease of deposition. Since deposition
was done on top of metal and thus required a low process temperature, we were limited
to two deposition methods. On one hand there was the PVD (physical vapor deposition)
method sputtering and on the other hand PECVD (Plasma Enhanced Chemical Vapor
Deposition). Due to the availability of sputtering equipment in our laboratory, this
technique was chosen. In order to leave windows open in the oxide for wirebonding
on the metal, the outer edges of the metal pads were temporarily covered with high
temperature-resistant Kapton tape during the sputtering process.

2.2.1.4 Challenges in the fabrication process
A. Resist-related problems

The main requirement for the successful EBL-based fabrication of metal nanowires was
the use of an EBL-specific resist that would give good results when used for lift-off
processes. During the development of our fabrication process, several problems related
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Figure 2.13: In the lift-off process, the resist edges should ideally be inclined inwards as
shown in the left image. This increases the chances for a clean lift-off as shown in the
right image.
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Figure 2.14: An example of a bad resist profile for lift-off is when the resist edges are
inclined as in this image. When depositing the metal, the creation of bridges connecting
the metal on the sample surface and the metal on the resist surface are very likely to
occur. During the lift-off process, these types of bridges may deteriorate the resulting
structure or prevent the lift-off to take place.

to the lift-off process were encountered. As shown in Fig. 2.13, the ideal resist for lift-
off purposes should give an inwards inclination towards the uncovered sample surfaces.
Such a profile allows for a clean lift-off where no unwanted removal of metal occurs. A
typically unwanted resist profile is shown in Fig. 2.14. Such a profile makes the lift-off
process difficult and normally does not allow for a good control of the resulting metal
structures.

Although the resist used in our processes basically provided the desired profile, un-
wanted metal removal and difficulties in the removal frequently occurred. In the follow-
ing, the resist-related problems will be discussed in further detail.

Resist residues  After the development of the EBL resist, residues of the resist typ-
ically remained on the surface (see Fig. 2.15). This was problematic for the lift-off
process, particularly because our metal layers were very thin. During lift-off, it happened
that residues participated in removing metal that was not intended to be removed. Fur-
thermore, even if unwanted metal removal did not occur at the time of the lift-off,
swelling of the resist led to a delayed lift-off in some cases. This effect became apparent
only some time after the fabrication. To get rid of the residues, it was efficient to expose
the sample to a reactive oxygen plasma etch (sometimes referred to as ashing) for a short
time (15 seconds in our case). This process lowered the height of the resist uniformly
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Figure 2.15: After development of the EBL resist, residues of the resist typically remained
on the developed areas. Here, the residues are seen as random formations on both sides
of the nanowire structure. To prevent negative effects in the subsequent fabrication
steps, e.g. unintended lift-off, an O, plasma was used to remove the residues.
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Figure 2.16: It case the EBL resist became too thin, e.g. by excessive application of O)
plasma for residue removal, metal bridging typically occurred. This normally led to bad
results during lift-off.

all over the sample.

Metal bridging  While the complete removal of the residues required a certain etch
time, it was important not to over-etch the resist. In those cases where too long ashing of
the resist was performed, the resist became too thin and the metal on the bare sample
surfaces were connected with parts of the metal on top of the resist (see Fig. 2.16).
This complicated the lift-off process and even prevented it in some cases. In those
cases where lift-off worked in spite of the metal bridging, the resulting metal structures
typically presented unwanted geometrical features such as extra metal flakes randomly
attached at the edges of the structure.

Resist adhesion problems  Although some EBL resist manufacturers claim that their
products work without the use of adhesive primers, it is necessary in certain cases to
apply a primer such as HMDS to assure the good adhesion of the resist on the sample
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Figure 2.17: Nanowire structures patterned in ZEP 520A resist without the use of HMDS.
The intended length of the wires was 4 ym and the width 100 nm.

surface. This is particularly true when patterning very small structures such as those
nanowire structures shown in Fig. 2.17, where the fabrication of silicon nanowires was
targeted. The intended length of the nanowires was 4 um and the width was 100 nm.
The image was taken by SEM after development of the exposed resist.

In the case of metal nanowire fabrication by lift-off, an inverted nanowire pattern
was written in the resist, which meant that the resist adhesion problem was of less
significance.

B. EBL-related problems

Stitching errors Stitching errors are related to the way that the EBL system accom-
plishes exposure of entire wafers. The wafer area is divided into several subfields which
are treated serially, one after the other. Typical sizes of these subfields are on the order
of 100x100 pum. In the specific case of the Advantest EBL equipment at the University
of Tokyo, the size is 80x80 um. As the system proceeds through the subfields, there
is no guarantee that the alignment between neighboring domains is satisfactory. The
quality of the alignment depends on the calibration of the system and is normally done
by especially trained engineers. While a badly calibrated system can give microscale
errors at the subfield edges, a well calibrated system can keep these errors to a few tens
of nanometer.

The best way to avoid problems with stitching is to make sure, if possible, that no
nanostructures are located at the vicinity of subfield edges. EBL systems normally allow
the user to visualize where in a design the subfield edges will appear. By the use of such
a function, the design can be modified in a way which assures that no nanostructures
are affected by stitching errors. Examples of stitching errors that occurred during the
fabrication of our nanowires are shown in Fig. 2.18.

2.2.2 Fabrication of suspended membranes

The fabrication of suspended membranes is not a new concept in the micromachining
field. Applications making use of suspended structures are typically seen in microheater
elements used in for example gas sensors [32-34,216], PCR devices [3] and microthrusters
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Figure 2.18: Examples of stitching errors in the case of nanowire fabrication.

[217]. Membranes are normally realized by the deposition of the membrane material on
the sample followed by local etching of the sample from the back, thus releasing the thin
membrane. One of the main challenges in producing the suspended membranes is the
intrinsic stresses, either compressive or tensile, that exist within the membranes. The
result of a bad design is typically a buckling membrane which easily breaks.

2.2.2.1 Membrane design

The common way of dealing with the intrinsic stresses of the membranes is to use a com-
bination of thin layers made of different materials. By combining the right thicknesses
of two materials of opposite stresses (compressive vs. tensile), the resulting observable
behavior of the membrane will be that of a stress-free membrane. Within our work we
have applied a membrane composition developed a couple of years ago at the LAAS-
CNRS [217,218]. In this process, a combination of silicon dioxide (SiO2) and silicon
nitride (SiNy) films is used. A plain silicon wafer was first oxidized to render a 800 nm
thick layer of silicon dioxide. On top of this oxide layer, 600 nm of silicon nitride was
then deposited using a LPCVD process.

The specific challenge of our case was to create a relatively small membrane. The
membranes presented in most published works have typical dimensions on the order of a
few millimeters. Here, we sought to confine the membrane to an area with a characteristic
size comparable to the length of the nanowire, i.e. a few tens of micrometers. In
particular, in similarity to the FEM simulations, it was of interest to make the bulk
silicon reach close to each end of the nanowire in order to help dissipate the heat upon
turning off the resistive heating.

2.2.2.2 Back etching

In order to realize the removal of bulk silicon underneath the SiO2 /SiNy layers, the classi-
cal method is to use one of the anisotropic wet etchants KOH (Potassium Hydroxide) or
TMAH (Tetramethyl Ammonium Hydroxide). These etchants attack the silicon with a
high selectivity regarding the crystalline planes of silicon, giving rise to pyramidal shapes
(see Appendix D for details).

Since about the mid-90s, a process based on reactive plasma etching is also available
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Figure 2.19: An especially made Teflon chuck was used to protect the front side of the
wafers during the back-etch process by TMAH or KOH etchant. a) 3D view of the chuck
after assembling the parts. b) Cross-sectional side-view of the two lower parts of the
chuck.

for the etching of bulk silicon. This process is generally called DRIE (Deep Reactive
lon Etching). The technique allows for the realization of etching profiles without any
tapering effect. While the process can be used to create deep holes of high aspect ratios
in silicon, the etching rates are highly dependent on the width of the pattern to be
etched, particularly for sizes below a few hundreds of micrometers. For the etching of
narrow (< 100 pm) holes through entire wafers (i.e. 400-500 um), many DRIE systems
do not perform well due to the bad exchange of reactive gases when the etched cavity
becomes deeper. The process thus gives its most manageable and predictable results
when used for large pattern etching.

The choice of etching method within this thesis was the use of TMAH and KOH
etchants. Compared to DRIE, these etching methods were assumed to allow for better
control in the fabrication of small suspended membranes (< 100 um). Furthermore,
TMAH in particular is advantageous in terms of its lower etching rate of the membrane
material. This means that the risk of removing some or all of the membrane is much less
during a TMAH process. Furthermore, due to the existence of SiN, from the preparation
of a SiO/SiNy layer, masking of the wafer backside is automatically taken care of for
KOH and TMAH etching.

In order to allow for etching of the backside of our silicon without affecting the
nanowire structures on the front side, a special chuck made of Teflon was developed (see
Fig. 2.19). The mounting of a four inch wafer in this chuck allowed for the protection
of the nanowires during long etching times and at the high temperatures (90°C) used
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Figure 2.20: Optical microphotographs of a suspended SiO;/SiNy membrane. The left
photograph was taken using only front illumination. The right image was taken using
a combination of back and front illumination, which helped visualizing the membrane
position. To further enhance the visibility of the membrane, a dashed line has been added
to indicate its position. The circular patterns visible on the metal connection pads have
no function except their use for alignment purposes during fluorescence analysis.

during the etch. Further details on this approach as well as the etching parameters are
described in Appendix D. An alternative approach that is sometimes used for front side
protection is the temporary gluing of a glass wafer on the front side using a special wax.
However, the removal of this protecting wafer and wax can easily lead to damage of fine
structures unless they are well protected (e.g. by a thick oxide).

A representative membrane structure fabricated with this process is shown in Fig. 2.20.
By the use of an optical microscope with backlight function, the visualization of the mem-
brane was made very clear. As can be seen in this representative microphotograph, the
resulting membrane position was in many cases not perfect. Although the membrane
ended up underneath the respective nanowire in almost all cases, the positioning with
regard to the nanowire varied much. The size of the membrane was also quite difficult to
control, with the membrane in all cases being larger than planned. As seen in the SEM
image of Fig. 2.21, there were clear indications that the etching process did not occur
appropriately. A comparison to a normally obtained pyramidal structure after TMAH
etch is shown in the same figure. The rough and non-uniform etching profile is believed
to be caused by an inefficient exchange of the etchant in the cavities being etched.
This in turn was likely the result of bad stirring. Due to practical difficulties, stirring in
combination with the use of the Teflon chuck was not perfectly implemented.

In spite of the unexpectedly large membrane sizes and the slightly misaligned po-
sitions, these nanowire structures were good enough for the purpose of our thermal
investigations.
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Figure 2.21: The left SEM image shows the result of a regular TMAH etching process.
The pyramidal shape is clean and smooth. In the right SEM image, a representative
result of the TMAH etch done in our Teflon chuck is shown.

Figure 2.22: A nanowire sample assembled with a customized PCB board.

2.2.3 Mounting and connection of the nanowire devices

All nanowire structures explained above were batch fabricated on silicon wafers. Once
the micromachining processes were completed, the wafers were diced into smaller pieces,
typically of sizes 20x12 mm, each containing only a small number of nanowires. In order
to avoid contamination of the wafer surfaces, a protective resist layer was spincoated
on top of the wafer before dicing it. Each piece was then glued to a customized PCB
board and connected to the pads of the PCB board using conventional ultrasonic-based
wirebonding.

The PCB board contained a cavity in its center and was placed on top of the silicon
piece. The placement below the PCB board was done in order to enable direct contact
between the silicon piece and the temperature control stage which was used for the

thermal manipulation of the sample. An example of a nanowire sample mounted on a
PCB board is shown in Fig. 2.22.
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2.3 Conclusions

In this chapter, we have addressed the thermal analysis of possible nanowire systems
with a FEM-based simulation approach. The results of the simulated systems demon-
strated above all that the thermal properties of the materials in the immediate vicinity
of the nanowire can be expected to have a great impact on the thermal behavior of
the sample. While the small size of the nanowire is the basic requirement for a high
spatial confinement of heating, an appropriate design of the entire system is necessary
in order to optimize both spatial confinement and response times. In particular it was
seen that the positioning of the nanowire on top of a high thermal conductivity material,
e.g. silicon, allows for better spatial confinement of the temperature changes and faster
equilibration times when subjected to changes in the resistive heating. On the other
hand, the achievement of high confinement and fast response is made at the expense
of increased power dissipation through the substrate. It also requires the design to in-
corporate an effective heat sink on the backside of the sample which can continuously
remove heat from the sample.

The choice of design should be considered with each specific application in mind. In
the case where continuous heat is to be applied, the use of high thermal conductivity
substrates such as silicon will inevitably lead to large total energy losses. The use of
more isolated nanowires may in these cases be preferred, although it leads to higher
distributions of the temperature changes and thus decreasing the possibility for the
dense integration of several independent heaters.

In the case that fast response times are the highest priority, the use of high thermal
conductivity substrates should be the preferable choice. This is particularly the case, if
the heating is applied in pulses of short duration. In this case, the power dissipation is
certainly high, but the total energy cost will be less significant due to the short duration
of the pulses.

An interesting aspect of using a metal nanowire on a silicon substrate is the remark-
ably flat temperature profile that is achieved. The temperature is basically constant
along the entire length of the nanowire. This kind of profile is appealing in applications
such as molecular studies as it simplifies the positioning of the molecules on the nanowire.
With the flat temperature profile, there is little importance to where a molecule adheres
to the wire. In addition, many molecules sitting on different places on the same wire
can with the flat profile be subjected to the same temperature changes.

In the second part of the chapter, the fabrication of the simulated nanowire systems
was targeted. Two types of nickel nanowires were fabricated, the first one with nanowires
on top of a conventional oxidized silicon wafer and the second one with nanowires on
top of a locally suspended SiO,/SiN, membrane. Due to its relative simplicity, the EBL
technology was applied for the realization of nanowire structures by top-down patterning.
For the purpose of membrane fabrication, a back-side etching process based on the wet
etchants TMAH and KOH was used. Although the membranes were generally larger
than intended and not perfectly aligned under the nanowires, they were considered good
enough to take part in the thermal studies of nanowire systems.
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Summary of nanowire fabrication

A. Metal nanowire

fabrication

Wafer cleaning
(H,SO,:H,0, and BHF)

Thermal oxidation
For use in suspended
membrane: 800 nm

SiN, deposition
(LPCVD, 600nm)
Only for fabrication of
suspended membrane!

EBL patterning

a) Rinse and dehydration

b) Spincoating
(ZEP520A-7)

¢) Prebaking
(180°C, 10 min)

d) Exposure
(120 C/cm?)

e) Development
(ZED-N50, 1 min 30 sec)

O2 ashing

Metal evaporation:
(Nickel, 40 nm thick)

Lift-off
(ZDMAC, 60°C, 15 min)

Surface passivation
(100 nm SiO, by sputtering or
PECVD)

B.

Membrane
fabrication

Fabrication of photo-
lithography mask

Backside patterning
a) Frontside spincoating
(protective layer:
S1818 resist)
b) Baking
(90°C for 5 minutes)
¢) Backside spincoating
(photoresist: 51818)
d) Prebaking
(90°C, 5 min)
e) Backside alignment &
UV light exposure
1) Development
(NMD-3, 30 sec)
g) Postbaking
(130°C, 5 min)

Transferal of resist pattern
(5i0,/SiN, etching)

Membrane release
(Silicon etching by
TMAH/KOH)

Final assembly

Dicing of silicon wafer

Mounting of sample
on PCB board

Wire bonding

Soldering of wires
(for external connection)




CHAPTER 3

SELECTING A FLUORESCENT PROBE

In the previous chapter, we presented the theoretical considerations regarding the thermal
behavior of nanowires in different configurations. Following simulations on the thermal
characteristics of two designs in particular, nanowires on bulk silicon and nanowires on
suspended membranes, the fabrication of these designs were addressed.

In this chapter, the first necessary steps towards a complete fluorescent thermometry
approach will be illustrated. In particular, the evaluation of possible fluorescent probes
will be presented. This evaluation deals with various stability issues, e.g. photostability
and thermal stability, of the probes and provides us with the information needed to choose
the most appropriate fluorophore for application in thermal characterizations. Further
investigations that are presented concern the positioning of the fluorescent probes at the
locations to be characterized.

3.1 Proposed improvements of fluorescent ther-
mometry

A wide range of techniques are available for the thermal characterization at small scales.
Recalling the review given in Chapter 1, the choice of fluorescent thermometry is ad-
vantageous due in particular to its potential for high spatial thermal characterizations in
liquid environments. In addition, the use of fluorescent thermometry requires a relatively
simple setup which is associated with relatively low costs.

Much of the work on fluorescent thermometry to this date concerns the thermal
characterization of macro scale systems. Some of the most recent applications of the
technique target temperature measurements in microfluidic channels. On the other
hand, very few reports have addressed use of fluorescent thermometry for applications
reaching the sub-micrometer scale. Considering that the fundamental limit of fluorescent
thermometry is the diffraction limit, thus around a few hundreds of nanometers, there
is indeed an interest to pursue further developments of the technique.

As compared to earlier work targeting for example temperatures in microfluidic chan-
nels, this thesis targets a method where temperature measurements are done specifically
on the surface of a sample. To realize this, fluorophores are confined to the vicinity of a
sample surface by depositing a layer of the fluorophores directly on the surface without
dissolution in a liquid or a resin. Thus, the measured signal will originate completely

65
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from the plane of interest. This is particularly advantageous when investigating temper-
ature gradients of high spatial confinement. The alternative choice of using fluorophores
dissolved in a resin or a liquid for the measurement of surface temperatures easily intro-
duce measurement errors since the captured fluorescence originates not only from the
surface of the sample and since the temperature is likely to show a gradient throughout
the height of the resin or the liquid. In our case, considering the diffraction limit and
the use of visible light, we can expect a potential spatial resolution below 500 nm.

3.2 Finding a fluorescent probe

The most important component of fluorescent thermometry is the fluorescence-emitting
material used as a temperature probe. As shown in Chapter 1, there is a wide range
of fluorophores with potential use for thermal characterizations. In the selection of a
fluorophore, the most essential properties to consider are the following.

1. Temperature dependence This could be the temperature dependence of one or
several peak intensities of the fluorescence spectra or the dependence of the fluorescence
decay time.

2. Photostability Among those particles that possess a temperature dependent flu-
orescence, it is important that the fluorescence remains stable over time. Ideally, the
only factor affecting the fluorescence should be the temperature. However, it is a well
known fact that the fluorescence of many fluorophores is degraded under the influence
of the excitation light. Many fluorophores also show a dependence on environmental
parameters such as pH and the presence of oxygen.

3. Reversibility It is of special interest that the temperature dependence is stable
and does not change every time the fluorophore is subjected to a temperature cycle.
Instability of the temperature dependence leads to uncertainties in the interpretation of
the fluorescence changes.

Within this work, two fluorescent probes have been investigated. The preliminary choice
was the use of semiconductor nanocrystals, also known as quantum dots. The other
compound that has been targeted is the organic dye Rhodamine B. Both of these fluo-
rophores have in various articles been shown to possess a strongly temperature dependent
fluorescence peak intensity [13,66,67,144,152,157]. In the following sections, the in-
vestigations and evaluations made for the two fluorophores will be presented. For each
fluorophore, studies on the fluorescence properties as well as the practical considerations,
e.g. the deposition on a micro- or nanostructured surface, will be addressed.

3.3 Materials and solvents

3.3.1 Quantum dots

The specific quantum dots used in our study were the commercially available CdSe/ZnS
nanocrystals from Qdot Corporation (now Invitrogen / Molecular Probes). For our
investigations we made use of three differently coated CdSe/ZnS nanocrystals. Coated
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nanocrystals were used in order to allow for easy handling and solubility. The coatings
used were PEG, carboxyl groups or streptavidin. The purchased nanocrystals were diluted
100 times in a biological buffer at pH 7. The fluorescence emission peaks used were
655 nm, i.e. in the red band of the visible light, and 520 nm, i.e. the green band of the
visible light.

3.3.2 Rhodamine B

Rhodamine B is a very commonly used fluorescent dye and is thus easily obtained
through commercial sources. We purchased regular Rhodamine B as a powder from
Sigma-Aldrich (CAS 81-88-9). This Rhodamine B is the sort which is typically used
in thermometry applications. The powder is easily dissolved in plain water. For all our
applications we dissolved the Rhodamine B powder in deionized water at a concentration
of 100 uM.

3.3.3 Streptavidin — Rhodamine B conjugates

In order to enable the binding of Rhodamine B on the sample surfaces, a streptavidin-
conjugated Rhodamine B complex was also purchased. This product was found at
Molecular Probes (Cat. No. S871) and was delivered as a lyophilized powder. The
lyophilized powder was dissolved in a phosphate buffer of pH 7.2, giving a solution with
a weight concentration of 1 mg/ml. In order to facilitate the adhesion of streptavidin-
Rhodamine B conjugates on the sample surfaces, poly-L-lysine was ordered from Sigma-

Aldrich (Cat. No. P8920).

3.4 Setup for fluorescence measurements

All fluorescence measurements were made using a BX-51 upright fluorescence microscope
from Olympus. Two different light sources, a conventional mercury lamp from Olympus
and an EXFO metal halide lamp, were used. The metal halide lamp generally showed a
better performance in terms of intensity stability and also allowed for a uniform illumi-
nation field due to the use of a liquid light guide for the connection to the microscope.
Selection of the appropriate wavelengths for fluorophore excitation and fluorescence de-
tection was realized by the use of fluorescence filters. Details of the fluorescence filters
that we used are presented in Table 3.1 .

The intensity of the incoming light was adjusted by the use of neutral density (ND)
filters which were placed in the optical path. The function of the ND filters was to lower
the light intensity uniformly all over the spectrum. Standard ND filters from Olympus
with transmission values of 6% and 25% were used. Furthermore, when using the EXFO
lamp, the intensity could be adjusted stepwise directly on the lamp, with transmission
values of 100%, 50%, 25% and 12.5%.

Imaging of the fluorophores was realized by the use of three different objectives, all
purchased from Olympus. For low magnifications, a 20X NA0.46 objective was used.
For higher magnifications, a 60X NAQ.90 objective and a 100X NA0.95 objective were
used. All objectives were made for use in dry conditions, i.e. without immersion oil or
water as an optical medium. The 60X and 100X objectives had been manufactured and
especially adapted for use with glass coverslips. All experiments at these magnifications
were therefore performed with a glass coverslip mounted on top of the sample.
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Table 3.1: Properties of the fluorescence filters that were used.

Fluorophore Filter set Excitation Dichroic filter ~ Emission band
band transition
wavelength
Quantum dots 520 nm  32254a filter set 400-440 nm 470 nm 500-540 nm
(Evident Technologies) (Chroma
Technology)
Quantum dots 655 nm  XF305-1 filter set 402.5- 475 nm 645-665 nm

(Qdot Corporation /  (Omega Optical ) 447.5 nm
Molecular Probes)

Rhodamine B 31002 filter set 527.5- 565 nm 582.5-
(Chroma 552.5 nm 627.5 nm
Technology)

In order to capture the fluorescence for digital analysis, an EMCCD (electron-multiplying
CCD) camera from Andor was used. The EMCCD camera is a recent evolution of the
conventional CCD devices. By accomplishing a gain on-chip before the captured signal is
sent to the output amplifier, this technique allows for highly reduced readout noise. Al-
though not necessary for large scale measurements where many fluorophores contribute
to the signal, the EMCCD cameras are valuable for the capture of very weak signals.

Basic analysis of the acquired fluorescent images was performed in the commer-
cial software 1Q from Andor. Further processing of the images was done using mainly
MATLAB from MathWorks. Some image treatment was also performed in the software
MetaMorph and MetaVue from Molecular Devices and in the freeware Imagel.

3.5 Assembly of the fluorophores on a surface

In the evaluation of the two fluorophores for the use as temperature probes, we wanted
to investigate the properties in an environment similar to that of the final application,
i.e. immobilized on the surface of a sample. It should be noted already that this is
different from the classical applications of fluorescent thermometry where the probes are
normally freely dispersed in a solvent or distributed in a polymer matrix. Furthermore,
in a large part of our experiments, we use the probes in a dry environment, which is
different from the normal use of most fluorescent probes.

In the following, various approaches for the immobilization of the fluorophores on
the sample surface will be presented. Basically, two viable methods were found which
worked relatively well both for the Rhodamine B and the nanocrystals. A third approach
making use of electric field forces for the assembly of nanocrystals will also be shortly
mentioned, although not used for our final applications.
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Figure 3.1: a) Principle of the deposition by drying. Upon evaporation of the solvent,
the fluorophore is left on the surfaces of the sample and the coverslip. b) A fluorescent
image showing the result of quantum dot deposition by drying on top of a passivated
40pum-long and 1yum-wide microwire.

3.5.1 Evaporation of solvent

A simple approach for the deposition of fluorescent probes is to simply try to cover the
entire surface with a solvent containing the probe and then let the solvent evaporate.
The typical challenges of this approach are to obtain a uniform distribution of the probes
after evaporation and to equally cover areas with different surface properties. In case a
droplet of the fluorophore solution is simply deposited on the surface, the distribution
of the fluorophore on the surface will be highly non-uniform after drying, typically with
circular patterns of high concentration around a core circle of disproportionately high
concentration.

The best solution found for obtaining a uniform distribution was to mount a glass
coverslip above the sample surface, at a height of about 100 pm, thus creating a capillary
gap in which the fluorophore solvent could be introduced (see Fig. 3.1). The capillary
forces inside the gap, allowed for an efficient distribution of the solution all over the
surface. The approach was investigated both for passivated and non-passivated metal
nanowire samples. On the samples that had been passivated with a SiO, layer, a dense
and highly uniform distribution of the fluorophore could be obtained all over the surface
upon evaporation of the solvent. However, on the non-passivated samples (with bare
metal structures on top of SiOy), evaporation of the solvent typically led to a much
higher density of fluorophores on the SiO; surfaces than on the metal structure. On top
of the metal, almost no fluorophores could be observed.

The density of the deposited fluorophore layers could be varied by changing the
concentration of the fluorophore in the solvent. In the case of the quantum dots, the
best coverage was obtained for dilutions of the original solution of around 1:100. Too
low concentrations (higher dilution of the original solution) led to bad coverage of the
nanowires while too high concentrations (lower dilution of the original solution) led to
aggregations and cluster formations at random places on the surface. Also in the case
of Rhodamine B, various concentrations were investigated. Due to the relatively low
fluorescence strength of Rhodamine B (particularly compared to the quantum dots), we
wanted to use the highest possible concentration in order to maximize the fluorescence
signal. The best result was found for a concentration of around 0.1 mM. Concentrations
of 1 mM and higher gave rise to big cluster formations spread over the surface.
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Figure 3.2: The fluorescent image on the left shows a nanowire on which a cluster of
high Rhodamine B molecular density can be seen. If the higher density is not taken into
account in the thermal characterization by fluorescent thermometry, e.g. by the use of
a specific calibration, significant measurement errors occur. In the graph on the right,
the influence of the Rhodamine B cluster on the thermal characterization of the resistive
heating in the nanowire is clearly visible by an unexpected dip in temperature.

3.5.1.1 Influence of higher concentration and clusters

During the optimization of our fluorescence thermometry, we found that it was important
to avoid the creation of fluorophore clusters and aggregations on the areas to be thermally
characterized. In Fig. 3.2, an example of the influence of cluster formation is shown. In
this case, the drying of Rhodamine B on top of the sample resulted in the creation of a
high-concentration stroke of molecules at the nanowire. As seen in the image, a cluster
of particularly high molecule density is located on the wire.

As we induced resistive heating in the wire and converted the fluorescence changes
to temperature, we found that the temperature at the high-density circle was lower than
at the other parts. The reason for this observed drop in temperature is most likely due
to the higher molecule density which results in a different temperature dependence. The
observed temperature drop is thus a false observation®.

The fact that the molecule density affects the temperature dependence emphasized
the necessity to maintain a good control of the resulting molecule density. Thus, all
samples had to be prepared carefully using the exact same protocol each time in order
to obtain the same fluorophore density as well as a good uniformity. In case we failed to
obtain the appropriate surface coverage on a particular sample, the sample was discarded
and not further investigated.

Unless good uniformity is achieved, the calibration of the Rhodamine B must be
performed for each pixel before performing the temperature measurements. Using a
software such as MATLAB, this approach might indeed be possible to implement, al-
though it would complicate the overall measurement process.

IHowever, there is a possibility that the measured decrease in temperature at the cluster is true. In
this case, the dip in temperature would have to be explained by the possible effect of the cluster on the
local thermal properties or on the resistive heating in that part of the nanowire.
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Figure 3.3: Polylysine adsorbs effectively on the SiO; surface. At neutral pH and below,
the polylysine is positively charged which results in efficient electrostatic binding of the
streptavidin conjugates.

3.5.2 Immobilization by streptavidin and polylysine

In order to enable the confinement of fluorophores in the vicinity of the surface also
in liquid conditions, a special deposition approach was developed. Using the regular
fluorophores did not assure that the probes stayed at the surface upon immersion in
a liquid. Instead, a large part of the molecules were typically re-dissolved when the
sample was immersed in a liquid. The solution to this problem was to electrostatically
bind the fluorophores to the surface. To realize this, a binding protocol based on the
interaction between polylysine and streptavidin-conjugated Rhodamine B or nanocrystals
was employed.

Since the lysine is a primary amine, the polypeptide is positively charged at neutral
pH. This effect can be used for the electrostatic binding of certain molecular species,
e.g. streptavidin (see Fig. 3.3). Regarding the thickness of the polylysine layer, it was
not measured during our study, but has been reported elsewhere to be approximately
15 A after 4 minutes incubation under similar conditions. The typical structure of
the polylysine chains on the surface has been assumed to be randomly stacked on the
surface. [219]

The binding protocol is further explained in Appendix E. After performing the binding
of the streptavidin conjugates, the sample was covered with a glass coverslip under
which plain DI water or a buffer was inserted. To avoid evaporation of the liquid during
experimentation, the sides of the sample-coverslip assembly were encapsulated using a
nail polish solution. Drying of the nail polish was allowed for a few minutes, after which
no evaporation pathway for the encapsulated liquid was left. A schematic of the assembly
is shown in Fig. 3.4.

3.56.3 pDEP assembly of nanocrystals

One of the first assembly methods investigated during the work of this thesis consisted
in the electric field assisted assembly of nanoparticles on top of micro- and nanowires.
The approach was only investigated for quantum dots and presented a possible approach
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Figure 3.4: a) Sample assembly when using the polylysine/streptavidin electrostatic
bond. The purpose of the electrostatic bond is to prevent the re-dissolution of the
fluorescent probes. b) Photograph of an actual sample assembly.
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Figure 3.5: a) The electric forces used for the assembly of our quantum dots on
micro- and nanowires consisted mainly in pDEP forces. In the case of microwires
(width > 1 um), electroosmotic forces were also observed to assist in the assembly
by dragging the particles towards the middle of the wires. b) Quantum dots assembled
on a 100um-long and 4um-wide microwire.

for the deposition of nanoparticles on non-passivated micro- and nanowires. For a more
thorough presentation of the topic, the reader is referred to Appendix F and reference
[220].

The basic principle of the approach is to make use of the polarizability of the nanocrys-
tals. Due to this polarizability, positive dielectrophoretic (pDEP) forces can be used to
direct the nanocrystals in certain directions throughout a non-uniform electric field (see
Fig. 3.5a). A typical result achieved for the assembly of nanocrystals on a microwire is
shown in Fig. 3.5b.

3.6 Photostability

A classical problem of fluorescence microscopy is the existence of photoinduced changes
of the fluorescence from a fluorophore. The most common effect that is observed is
photobleaching, which refers to the gradual decrease of the emitted fluorescence intensity
of a fluorophore under the influence of the excitation light. The photostability of our
two fluorophores was thoroughly investigated in order to understand its influence on
the fluorescence and to allow for compensation of any photoinduced changes of the
fluorescence during the temperature measurements.

In order to investigate the response of our fluorophores to the excitation light, a
number of dummy samples consisting of nickel surfaces (40nm-thick) passivated with
silicon dioxide (100nm-thick) and covered with the specific fluorophore were prepared.
The fluorophores were then continuously excited at different intensities for intervals of
30 minutes. During the excitation period, images were captured once every 15 seconds
using the EMCCD camera. The average fluorescence intensity of each image was then
calculated in the Andor 1Q software and plotted as a function of time. These photosta-
bility curves were acquired for a range of different intensities and for the use of different
microscope objectives. Depending on the numerical aperture and the magnification of
the objectives, different optical power densities were transmitted to the sample surface.

Representative photostability curves for the nanocrystals, in dry as well as in liquid
conditions, are shown in Fig. 3.6. The corresponding curves for Rhodamine B are shown
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Figure 3.6: These graphs show the photostability of our quantum dots over time and under continuous excitation. In a) the photostabilities
for dry conditions are shown and in b) the photostabilities for liquid conditions are shown. The optical power densities which were applied in
each case are indicated in each graph. Each curve is normalized with regard to its initial value. It should be be noted that in terms of absolute
fluorescence intensity values, the higher excitation power densities give a higher fluorescence.
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in Fig. 3.6. In the figures, the optical power density of the excitation light is indicated
in W/cm? in order to enable a comparison between the different fluorophores. The
measurement of the power densities was performed with a Newport 840 Optical power
meter and is further described in Appendix G. The fluorescence intensity values are
normalized to the initial values of each curve. Although not visible in these curves,
it should be kept in mind that the higher the excitation intensity is, the higher the
fluorescence intensity becomes. This is the reason for the higher amount of noise and
fluctuations in the curves taken at low powers.

As can be seen in the photostability curves, the most typical evolution of the fluo-
rescence intensity under excitation is an enhancement in the beginning of the excitation
which fades off until a maximum intensity is passed. Subsequently the intensity starts
to decrease with no return to higher levels. Among the curves we find one exception
to this behavior, namely the curve for Rhodamine B in dry conditions. In this case, the
curve seems to pass through two maxima and one local minimum before entering a final
phase of decrease. The first maximum is only observed in the curve obtained at the
lowest excitation intensity. In all cases, the effect of increasing the excitation intensity
seemed to simply be an acceleration of the movement along the characteristic curve. By
investigating a few dummy samples without nickel underneath the nickel, we could also
establish a dependence on the surface composition. Interestingly, the movement along
the curve was slower on top of the surfaces without nickel underneath. The reason for
this is most probably the higher reflectivity of the surfaces with nickel which leads to
higher effective illumination of the fluorophores.

When comparing the curves for Rhodamine B and quantum dots, it is obvious that
the final photobleaching phase is reached much faster and at lower intensities for Rho-
damine B than for the quantum dots. On the other hand, the quantum dots are in fact
not particularly photostable, considering the existence of both photoenhancement and
photobleaching effects throughout its photostability curve. The main advantage of the
quantum dots is instead that they allow for high intensity excitation without excessive
photobleaching in contrast to the dry Rhodamine B case.

After the discovery that all curves possess one or more local maxima, it is clear that it
would be advantageous to perform all fluorescence measurement at one of these points.
Performing measurements here allows for a maximal signal-to-noise level. Therefore, the
strategy adopted for our fluorescence measurements involved a preliminary step where
continuous excitation of the fluorophore was carried out until reaching the maximum in-
tensity point. In the case of dry Rhodamine B, the second maximum was chosen because
of its longer existence. Once reaching the maximum point, the excitation was stopped.
All measurements were subsequently performed at the highest excitation intensity. By
the use of a computer-controlled optical shutter, the fluorophores were excited only dur-
ing the capture of an image, which allowed for the minimization of any further movement
along the photostability curve. Typically, each captured image required an exposure time
on the order of one second. During the investigations presented in the following, a total
of 10 to 20 images were typically captured for each sample which equaled a movement
of 10 to 20 seconds along the photostability curve. This timeframe did not allow for a
significant photoinduced change of the intensity as we started at a point close to and
before a maximum.
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Figure 3.7: These graphs show the photostability of Rhodamine B over time and under continuous excitation. In a) the photostabilities for
dried Rhodamine B are shown and in b) the photostabilities for Streptavidin-Rhodamine B in liquid conditions (bound to the surface using the
poly-L-lysine electrostatic bond) are shown. The optical power densities which were applied in each case are indicated in each graph. Each curve
is normalized with regard to its initial value. It should be be noted that in terms of absolute fluorescence intensity values, the higher excitation
power densities give a higher fluorescence.



3.7. Temperature dependence and reversibility 77

Rhodamine B in dry conditions at different temperatures
5 1 5 1
S 92 mw cm 2 K 92 mW cm 2
I i
‘B 0.9 ‘w3 0.9
o S
Z Z
5 S
o 0.8 o 0.8
= =
) B
=< 60C =S 95C
U ]
~ 0.7 ‘ ‘ ! ~ 0.7 ‘ ‘ ‘
0 10 20 30 0 10 20 30
Time (min) Time (min)

Figure 3.8: These two graphs show the photostability of Rhodamine B over time and
under continuous excitation at 60°C and 95°C, respectively. The optical power densities
were identical in the two cases. Each curve is normalized with regard to its initial value.

3.6.1 Influence of temperature on the photostability curve

It is interesting to know whether there is an acceleration or a slowdown of the photoin-
duced fluorescence changes as the temperature is increased. Therefore, the influence
of temperature on the photostability was also briefly investigated, although only for dry
Rhodamine B. In the previous curves, the temperature was held at ambient conditions,
i.e. 25°C. In Fig. 3.8, the results of excitation of dry Rhodamine B at 92 mW/cm? at a
temperature of 60°C and 95°C are shown. It can be seen that the second maximum is
flattened when the temperature is held at 60°C and even disappears in the case of 95°C.
Although the reason for this change is not clear, we believe that it might be caused by a
difference in susceptibility to photoinduced modification for the different Rhodamine B
molecule conformations (see Chapter 1). With a change in temperature, the relative
occurrence of the different conformations changes and thereby also the shape of the
photostability curve.

3.7 Temperature dependence and reversibility

As we apply a fluorophore for the measurement of temperature, it is obvious that the
fluorescence must provide a measurable change upon the change of temperature. The
characteristic temperature dependent feature of the fluorescence of our two fluorophores
is a decrease of the fluorescence peak intensity when the temperature is increased. In
order to enable the use of this dependence for high quality temperature measurements,
one of the most important things to do is to carefully characterize its temperature de-
pendence and to accurately describe its behavior. This is best done by simply measuring
the fluorescence intensity at several well-defined temperatures imposed by means of a
conventional device for temperature control, e.g. a hotplate, a hot bath or an oven.
The intensity measurements at different temperatures allows for the establishment of a
calibration curve, which relates the relative intensity changes to temperature. In order
to optimize the characterization of the calibration curve, it is important to perform the
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measurement on a large number of fluorophores and if possible repeat the measurement
several times on independent samples. This will minimize the influence of statistical
fluctuations during the measurements.

3.7.1 Temperature cycles

Before we proceed to the temperature calibration of the fluorophores, it is worthwhile to
take notice of the fact that temperature can have an irreversibly deteriorating effect on
the fluorescence of a fluorophore. In the choice of a fluorophore for thermometry, the
ideal fluorophore presents the same temperature dependence each time it is subjected
to the same temperature changes. Without this thermal stability, the accuracy of the
temperature measurements will become poor and unpredictable and the measurements
may become useless.

3.7.1.1 Experimental approach

In order to determine the thermal stability of a fluorophore, a range of dummy sam-
ples were prepared in the same way as during the photostability investigations. The
fluorophores, which were deposited on top of a dummy sample, were subjected to tem-
perature cycles in different temperature ranges by the use of a microscope heating stage
to globally heat or cool the entire sample. To improve the thermal contact between the
stage and the sample, a thermal grease was applied at the interface.

As for the fluorescence analysis, the sample was allowed to stabilize for 5 minutes
at each temperature before capturing 10 images at an exposure time of 200 ms each.
The average of these images was then used to determine the fluorescence intensity at
that temperature. All measurements performed here were done at a photostable point
as described in the previous section and an objective of 20X magnification was used in
order to include a large amount of fluorophores in the measurements.

Focus drift Since the entire sample was subjected to the temperature changes, ther-
mal expansion or contraction occurred which led to focus drift and small lateral move-
ment of the sample. Thus, the focus always had to be adjusted to some extent before
capturing a new image series. Furthermore, it was useful to find two or three distinc-
tive features in the observed part of the sample in order to allow for re-alignment after
possible lateral displacement.

Evaluation of the measurements If the fluorescence variations between the mini-
mum and the maximum temperatures stayed relatively stable over the course of 10 cy-
cles, we accepted the fluorophore and continued to characterize the calibration curve in
that temperature range. As we will show in the following, the thermal stability of our
fluorophores differed largely both between the fluorophores as well as for the different
temperature ranges.

3.7.1.2 Thermal stability — CdSe/ZnS nanocrystals

In Fig. 3.9, representative graphs for the temperature cycles performed for quantum
dots, both in dry and liquid conditions, are shown. The results of these cycles show
that the thermal behavior of our quantum dots was unpredictable to a large extent,
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Figure 3.9: a) Temperature cycles of dried quantum dots (CdSe/ZnS, emission at
655 nm) in the range 30-60°C. b) Temperature cycles of streptavidin-conjugated quan-
tum dots (CdSe/ZnS, emission at 520 nm) in liquid conditions and bound to the surface.
The range here was 25°C-60°C. None of our quantum dots showed a good thermal sta-
bility in the given ranges.

even for relatively small temperature ranges. Similar to our results, several publications
have mentioned the strong decrease of fluorescence intensity upon increases of the tem-
perature [13,144,152]. However, most of these publications have failed to notice the
irreversibility over thermal cycles which is clearly seen in Fig. 3.9.

In our experiments, for every new cycle, the fluorescence was quenched compared
to the preceding cycle. In other words it seems that a thermally induced bleaching of
the nanocrystals occurred. The reasons behind this are not clearly understood, although
it might be caused by surface trap states as discussed in Chapter 1. To broaden the
understanding of this effect, specific investigations have to be targeted, which are outside
the scope of this thesis.

A few trials on the use of nanocrystals without the polymer coatings (dissolved in
Toluene) and with different sizes were briefly investigated in dry conditions, but with the
same instability of the fluorescence over temperature cycles.

The instability of the quantum dots implies that they are not well suited as fluorescent
temperature probes. Consequently, we chose not to proceed with these probes for the
purpose of fluorescent thermometry.

3.7.1.3 Thermal stability — Rhodamine B

In the case of Rhodamine B, the results of temperature cycling in different temperature
ranges are shown in Fig. 3.10. Results are presented for both dry and liquid conditions.
Compared to the quantum dots, the Rhodamine B allowed for a more stable and repeat-
able response to temperature changes. This was particularly true for Rhodamine B in dry
conditions, where temperature ranges as large as 25-95°C gave a satisfactory repeata-
bility and stability when changing the temperature. When expanding the temperature
range above 100°C, the stability was compromised with large departures from the original
fluorescence values after temperature cycling.

In liquid conditions, the fact that a water solution was encapsulated on top of the
immobilized fluorophore imposed particular conditions which led to a lower viable tem-
perature range in order to maintain stability. The instability at temperatures close to
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Figure 3.10: Temperature cycles of: a) dried Rhodamine B in the range 25-95°C, b) dried Rhodamine B in the range 25-110°C, c) streptavidin-
Rhodamine B in liquid conditions in the range 25-75°C and d) streptavidin-Rhodamine B in liquid conditions in the range 25-85°C. It is clearly
seen that the stability over consecutive cycles is much better for lower temperature ranges. In the case of liquid conditions, the instability is
observed at a lower range.
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Figure 3.11: Calibration curve for dried Rhodamine B. 10 curves were acquired and the
error bars represent the standard error from the mean values.

100°C is most probably due to instabilities of the liquid encapsulation when the water
approaches the boiling point. Typical reasons for the difference between dry and liquid
conditions, except for the different environments, may be the presence of streptavidin
and poly-L-lysine on the surface.

3.7.2 Temperature calibration curve

The result of the temperature cycle experiments led us to focus entirely on Rhodamine B
as a probe for the temperature measurements. To realize the acquisition of a calibration
curve, a range of samples with fluorophores deposited on top were prepared. Each of
these samples was then subjected to one temperature cycle each during which fluores-
cence intensity data was captured at intervals of 5°C. The temperature range targeted
was 25-95°C. At each temperature, the sample was allowed to stabilize for 5 minutes
before capturing 10 images with an exposure time of 200 ms each. The average of these
images was then used to determine the fluorescence intensity at that temperature. All
measurements were made through the 20X magnification objective that was used also
for the temperature cycle experiments.

In Fig. 3.11 and Fig. 3.12 the calibration curves for Rhodamine B in dry and liquid
conditions, respectively, are shown. The most remarkable thing about the calibration
curve in dry conditions is the flat profile over the first 10°C. It should also be noticed
that the calibration curve is less pronounced than the corresponding curve for freely
dispersed Rhodamine B in water, as shown in some articles [39,66]. To allow for a direct
comparison, a calibration curve acquired in classical liquid conditions (Rhodamine B
freely dispersed in water) is shown in Fig. 3.13. The mechanisms behind the difference
will not be specifically addressed in this thesis. The difference may be due to such things
as the higher likelihood for interaction with oxygen in dry conditions, the different polar
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Figure 3.13: Calibration curve for standard Rhodamine B freely dispersed in water
(0.1 mM). [39]
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environment and the fact that the dried Rhodamine B molecules most probably are more
densely packed than in the typical applications of freely dispersed Rhodamine B.

As for the calibration curve taken for the surface-bound streptavidin-Rhodamine B
conjugates in liquid conditions, a slightly stronger temperature dependence was found.
Furthermore, there was no flat curve profile around ambient temperature as for the dry
Rhodamine B. It is seen that the calibration curve of the streptavidin conjugates shows a
better correspondence than dry Rhodamine B to the calibration curve of freely dispersed
Rhodamine B.

3.8 Conclusions

We have in this chapter illustrated the first steps taken to adapt fluorescent thermometry
for surface temperature measurements of high spatial resolution. The main resolution-
improving factor is that of confining the fluorophores in the vicinity of the surfaces to
be characterized. In dry conditions, the fluorophores could be confined to the surface
simply by a deposition and drying process. In liquid conditions, confinement to the
surface was attempted by the use of an electrostatic bond. Assembly of fluorophores by
electrical field forces was also addressed, although not finally used for our subsequent
investigations.

Rhodamine B the best candidate Two potential fluorescent probes, CdSe/ZnS
nanocrystals and Rhodamine B, were investigated in order to evaluate their applicability
in the specific conditions of our approach for fluorescent thermometry (e.g. in dry
conditions or electrostatically bound to the surface). While both of the investigated
probes showed a clear dependence on the temperature, only Rhodamine B presented
a sufficiently stable and repeatable behavior in the experimental conditions used here.
Consequently, Rhodamine B was chosen to be the fluorescent probe in our following
thermal characterizations.

Local intensity maximum In the study of the photostability of Rhodamine B, it was
found that the temporal dependence of the Rhodamine B photobleaching under continu-
ous illumination contains a local maximum. By performing the fluorescent thermometry
at this maximum, the signal can be maximized and the photobleaching more easily con-
trolled. The exploitation of this will be further illustrated in the thermal characterizations
presented in the following chapter.

Dependence on the molecular density A challenge that was encountered for the
Rhodamine B in dry conditions concerned the impact of the molecular density on the tem-
perature dependence. It is concluded that the deposition of the Rhodamine B molecules
on the sample surface has to be carefully performed with the exact same procedure used
each time in order to assure the good uniformity of the molecular density and the similar
average densities on different samples. In case the achievement of uniform molecular
distributions is difficult to obtain, the most efficient way to improve measurement errors
is to perform the calibration of the temperature dependence for each individual pixel
before performing the temperature measurements on each sample. However, such an
approach would imply a significant increase in the complexity of the characterization
process.
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Temperature dependence Calibration curves were acquired for Rhodamine B in
dry and liquid conditions. For dry conditions, it was observed that the temperature
dependence was somewhat less strong than for conventional Rhodamine B solutions
(Rhodamine B freely dispersed in a solvent).For the streptavidin-Rhodamine B conjugates
bound to the surface, the dependence was stronger than for dry conditions but weaker
than for the conventional Rhodamine B solutions.

Alternative probes Further investigations dedicated to finding yet better probes for
applications in surface temperature measurements are certainly possible and a range of
potential fluorophores are mentioned in Chapter 1 and Appendix A. Within this thesis,
the investigations stopped at two fluorophores mainly due to time limits and the com-
plexity involved in the development of deposition methods and finding appropriate optical
equipment (filters etc.) for each fluorophore. Among the most attractive candidates for
further investigations we find various rare-earth doped nanocrystals. Particles of this
kind have already been shown to function well in scanning fluorescent probe applica-
tions [104-106] and could with high probability be adapted for our full-field approach as
well.



CHAPTER 4

LTHERI\/IAL CHARACTERIZATION OF THE NANOWIRE
SYSTEMS

The investigations presented in the previous chapter provided us with the data necessary
to choose an appropriate fluorescent probe. By the use of Rhodamine B in a stable
temperature range (25-95°C) and at photostable conditions, we have an efficient tool
for the thermal characterization of the various nanowire samples presented in Chapter 2.
In the following, the application of Rhodamine B for this purpose will be illustrated.
The description of the experimental procedure and setup will be followed by a thorough
presentation and discussion regarding the obtained results.

In the end of the chapter, in order to further evaluate the reliability of our approach,
we will make comparisons with measurements performed using a scanning thermal mi-
croscopy approach.!

4.1 Experimental approach

An overview of the experimental approach is shown schematically in Fig. 4.1. In the
following sections, the various steps of the temperature measurements will be described
in further detail.

4.1.1 Optical setup

Regarding the fluorescence imaging, a 100X magnification microscope objective was
used. The objective was a dry condition objective, thus avoiding the physical contact
with the sample which is the case for immersion objectives. From a thermal point of
view, this gives a better control of the global thermal state of the sample since no
thermal path (except for the air) is introduced between the sample and the objective.
The 100X magnification combined with a high numerical aperture of 0.95 allowed for
the best possible acquisition of optical data.

The fluorescence was captured using an EMCCD camera from Andor and preliminary
observations on a computer were done using the software IQ, also from Andor. Two

1This SThM approach is based on a scanning fluorescent probe and has been developed by Dr.
Lionel Aigouy at the ESPCI-CNRS in Paris.
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Figure 4.1: a) Resistive heating in a metal micro- or nanowire is used in our case to
achieve locally confined temperature changes. b) Setup for fluorescent thermometry
using an EMCCD camera to capture fluorescent images. ¢) The sample is covered by a
thin, dense and uniform layer of Rhodamine B molecules. Excitation of the molecules as
well as observation of the emitted fluorescence is performed through a high magnification
dry objective. d) Local heating occurs when a current is applied to the sample. Depend-
ing on the local temperature change, the local emitted fluorescence intensity changes.
In the case of Rhodamine B, the intensity decreases when the temperature increases.
e) With precise knowledge of the relation between intensity change and temperature
change, a given change in intensity can be converted to temperature.
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different EMCCD cameras were used during the experiments. For steady-state analysis,
the iXon 897 camera was used and for transient analysis, the iXon 860 camera was used.
The iXon 860 allowed for higher acquisition rates but used a bigger pixel size and smaller
field of capture.

Rhodamine B fluorescence was induced using an EXFO metal halide lamp at max-
imal intensity. A neutral density filter with 6% transmittance, equaling approximately
15 W/cm2 in combination with the 100X objective, was used. In order to filter out the
appropriate excitation and emission wavelengths, a TRITC 31002 filter from Chroma
technologies was used. For the purpose of controlling the exposure times, the illumi-
nation of the sample was controlled with a computer-controlled shutter (Smartshutter)
from Sutter Instruments. Synchronization of the shutter and the camera was possible
using the IQ software.

4.1.2 Global temperature control

During all experiments, the nanowire samples were positioned on top of a peltier-based
microscope temperature stage from Linkam (PE-120).In order to improve the thermal
contact and to minimize movement of the sample during measurements, a high thermal
conductivity grease was applied between the sample and the stage. The grease helped
in keeping the sample steady. For those samples containing suspended membranes,
extra care had to be taken in order not to introduce grease underneath the membranes.
A temperature of 25°C was imposed at the bottom of the sample using the peltier
element. Dissipation of heat was further facilitated by the use of a water flow through
the temperature stage.

4.1.3 Equipment for local resistive nanowire heating

In the experiments targeting temperature measurements in dry conditions, a DC source
from Keithley (2430 1KW pulse SourceMeter) was used in a constant current mode. For
the experiments in liquid conditions, the use of a DC source typically led to electrolysis,
in spite of the passivation layer on top of the nanowires. Therefore, an AC source
from Fluke (PM5150 arbitrary waveform generator) was instead used to induce resistive
heating. The AC power was applied in a constant voltage mode at a frequency of 10
kHz.

Due to the presence of static charge in the power sources, but also in other equipment
such as tweezers, scotch tape and the hands of the operator, special care had to be
taken during the manipulation of the smallest nanowires. Although less sensitive to
static discharge than for example gold nanowires, the 200-nm wide nickel nanowires
were occasionally destroyed when preparing the experiments. To avoid these problems,
plastic gloves were used during all experimentation and special care was taken when
using scotch tape (scotch tape was typically used to keep the connecting cables steady).
Tweezers and other similar objects were discharged to ground before touching the sample.

A possible approach for avoiding destructive static discharge upon connection to
the power source was to use a variable resistance between the source and the sample.
By maximizing the resistance during connection, any static charge was gently passed
through the nanowire. After the connection, the variable resistance could be decreased
to zero.
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4.1.4 Sample preparation

The deposition of Rhodamine B on the actual samples was achieved in the same way as
during the photostability investigations in Chapter 3. In the case of dried Rhodamine B,
the fluorophore solution was deposited on the sample, using a capillary gap, the day before
the temperature measurements. Evaporation was done overnight at room temperature.
Before starting the temperature measurements, the coverslip used during the evaporation
was replaced with a clean coverslip. The use of a coverslip was necessary because of the
specific optical properties of the 100X microscope objective.

In the case of the streptavidin-Rhodamine B conjugates, binding on the sample
surface was performed immediately before the characterizations. A coverslip was sub-
sequently mounted above the sample followed by the introduction of a DI water in the
gap. Evaporation of the liquid was prevented by the use of nail polish encapsulation as
described previously.

During the liquid measurements, we sometimes had a problem to obtain a clear
optical image of the nanowire. This was due to the microscope objective used (100X /
NAOQ.95), which was primarily adapted for measurements in dry conditions. Fortunately,
because of the existence of an adjustment ring on the objective, the optical path in the
objective could be partly adjusted. This helped in improving the image clarity to some
extent. Further improvement of the image required the liquid gap height to be as small
as possible in order to minimize the light path through the liquid. We minimized the
gap height by the use of parafilm cover paper as a spacer.

4.1.5 Acquisition and image treatment
4.1.5.1 Photobleaching

As seen in the previous chapter, the continuous illumination of Rhodamine B leads to
changes in its fluorescence intensity. In the curve relating the intensity with the time
under constant illumination, we found that a local intensity maximum exists. Since
the intensity changes around the maximum occurred relatively slowly and due to the
higher signal at this point, we decided to perform all fluorescence thermometry in its
vicinity. To assure that the local maximum of the intensity was always used, each
experiment was preceded by the steps illustrated in Fig. 4.2, which shows the example
of dry Rhodamine B.

Once the nanowire sample was mounted on the temperature stage and connected
to the power source, an area a small distance away from the targeted nanowire was
located in the acquisition window. After finding a good focus, a photobleaching curve
with a duration of 10 minutes was captured at the experimental excitation intensity
(1.5 W/cm?). This was done in order to determine the exposure time required to reach
the local intensity maximum of the photostability curve.

Once having determined the time required to reach the intensity maximum, the
targeted nanowire was moved to the center of the acquisition window. During the
search for the nanowire, the excitation intensity was kept at a low level in order to avoid
unintended photobleaching. After waiting for the sample to stabilize mechanically at
the new position, the focus was adjusted. Photobleaching of the Rhodamine B at the
nanowire was then performed at the experimental excitation intensity in order to reach
the first intensity maximum. Once this point was reached, the excitation light was cut off
and no further illumination of the sample was done at the experimental intensity level
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Figure 4.2: Before performing the fluorescent thermometry, the Rhodamine B molecules
deposited on the sample to be characterized were shortly investigated regarding their
photostability. (1) Firstly, a photostability curve lasting 10 minutes was captured at an
area a small distance away from the nanowire. With this curve, the time required to
reach the local intensity maximum could be determined. (2) With this knowledge, the
nanowire was subsequently centered in the field of view and illuminated by the excitation
light for the time determined from the photostability curve. After reaching the intensity
maximum, no further excitation was done until the main fluorescence measurement were
performed.
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until the fluorescence measurements were performed. If additional focus adjustments
became necessary, a low excitation intensity was used.

4.1.5.2 Imaging of resistive heating

After reaching the intensity maximum, resistive heating was induced in the nanowire by
the application of a DC current (dry conditions) or an AC voltage (liquid conditions).
As will be further shown in the results section, the local heating of the nanowires led to
decreases in the fluorescence intensity. These decreases could subsequently be converted
to temperature values by the use of the previously established calibration curve.

As the fluorescent thermometry approach was developed, we used different ways
to perform the acquisition process. Here, two approaches will be illustrated. In both
approaches the capture of an image was always preceded by the capture of a background
image. The background image was captured while keeping the optical shutter closed.

1. The first acquisition approach that we employed consisted in taking a number
of images when no resistive heating was applied and subsequently taking a number
of images when the resistive heating was turned on. Each of these two series of
images was then averaged to give us two images, one without resistive heating
and the other with resistive heating. By dividing the latter image with the former
one, an image containing the normalized relative intensities of the heated structure
could be obtained. The normalized intensity values of this image could then be
converted to temperature values by the use of the calibration curve. Typically,
10 images were captured for each image series. To maximize the signal-to-noise
levels, the exposure time of each image was set long enough to make use of the
entire dynamic range of the camera but without saturating any camera pixel.

2. The second acquisition approach that was employed represented a significant
improvement with regard to errors induced by fluctuations of the excitation light
and possible photobleaching. Instead of taking a series of images once for the
off-state and once for the on-state, the resistive heating was repeatedly turned
on and off. Each time that the state was changed, a new image was captured.
Switching the power on and off was performed manually. Once the images had
been captured, each on-state image was divided by the preceding off-state image.
This gave an image series containing the normalized relative intensities of the on-
state. This series was then averaged to give one single normalized intensity image
which was converted to a temperature map by the use of the calibration curve.
Since this second approach implied that a new reference image (resistive heating
off) was captured for every on-state image, fluctuations over time of the excitation
light as well as photobleaching effects were better compensated for. Typically, we
took 15 images for each nanowire state.

With both approaches, the acquisition of more images would evidently lead to a better
accuracy of the resulting temperature maps. The main problem in both cases was the
movement of the nanowire sample during the acquisition. Since we typically captured
images at intervals of around 2-3 seconds, the entire process would take more than a
minute. In some cases, the sample was relatively steady, but mostly, the sample moved
several tens, sometimes hundreds, of nanometers during the acquisition period. This
obviously led to a deterioration of the spatial resolution, which became worse for longer
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acquisition times. In the first approach, the shortening of the acquisition period can
be achieved with relative ease. However, in the second approach, shortening of the
entire acquisition period would require the use of a computer-aided synchronization of
the optical shutter, the camera and the power source.

The image treatment was mainly performed in MATLAB from MathWorks. Typically,
processing of an image in the 1Q software led to incompatibilities with other software. In
order to avoid problems with image formats, image processing was therefore preferably
performed entirely in MATLAB. Possible alternatives to the 1Q software which were used
for some processing were MetaMorph from Molecular Devices and the freeware ImagelJ.

4.1.6 Acquisition of time series for transient analysis

In order to enable a better temporal resolution for the transient analysis of the resistive
heating, a high-speed camera (iXon 860 from Andor) was used. With this camera,
the smallest possible interval between two consecutive images was 2 ms. The actual
acquisition time was 1 ms and the electronic read-out required approximately 1 ms to
be completed. During the acquisition of a time series, 3000 images were captured,
equaling 6 seconds in total. In order to enable the high acquisition rate, no shutter was
used and no background image was captured. Furthermore, the high acquisition rate
required the use of a relatively small field of view in the 1Q software. A rectangular field
covering the location of the nanowire was defined. The average intensity of this field
was then analyzed in order to determine the transient behavior of the average nanowire
temperature. During the 6 seconds of capture, the on/off state of the resistive heating
was changed manually after approximately 2 seconds.

4.2 Results

4.2.1 Dry Conditions
On oxidized silicon substrate

In Fig. 4.3, the results from a measurement on a 20-um long and 200-nm wide nanowire
on an unsuspended pure SiO» layer are shown. The different steps of the characterization
process are illustrated throughout the figure. In this specific case, the second acquisition
approach described above was used. 15 images were captured in total for each state of
the nanowire. In Fig. 4.3b, the averages of each image series are shown for the case
where a current of 2.3 mA was applied. A slight decrease of the intensity on top of the
wire is seen in the on-state image. This decrease is made more obvious by normalizing
the intensities of the on-state image with respect to the off-state image. The normalized
intensities are shown in Fig. 4.3c, obtained by dividing the on-state image with the off-
state image. By applying the calibration curve, the relative intensities of the normalized
image can be converted to temperatures. The result of this is shown in Fig. 4.3d.
Below the intensity and temperature images, linescans along and across the middle of
the nanowire are shown.

The most striking observation that we can make from the resulting temperature map
and linescans is the flat profile of the temperature along the nanowire and the strong
confinement of the temperature change. Regarding the temperature distribution, the
result is in good agreement with those results obtained during the FEM simulations of
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Figure 4.3: Thermal characterization of a nanowire on an unsuspended pure SiO; layer
in air. a) Geometry. b) Fluorescent images taken for the off-state and the on-state
(I =2.3 mA). c) Normalized intensities of the on-state with regard to the off-state. The
images show, from the top to the bottom, a surface map, a linescan along the wire
and a linescan across the wire. d) From the top to the bottom, these images show a
temperature map of the surface, a linescan along the wire and a linescan across the wire.
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Chapter 2. However, by comparing the absolute temperature values, we find that there
is a small discrepancy between the simulated and the experimental values. Although this
might mean that there is an error in the calibration curve, it may also be an indication
of the difficulty in making the appropriate assumptions in the FEM model regarding for
example boundary conditions and heat transfer simplifications.

Another observation that is made is the augmentation of fluorescence fluctuations in
the low temperature range, e.g. around 25-35°C. This should be no surprise if we recall
the shape of the calibration curve for dry conditions. Between 25 and 35°C almost no
change in the Rhodamine B fluorescence occurs which obviously leads to the inability
to distinguish these temperatures. This is a good demonstration of the need to use a
fluorescent probe which possesses a strong dependence on the temperature throughout
the entire investigated temperature range. We can see that small fluctuations in the
intensity image are magnified in the temperature map for this temperature range. At
higher temperatures, the accuracy of the measurement becomes better.

It is also noted that the signal-to-noise levels are higher on top of the nickel areas.
As commented previously, this is due to the higher reflectivity of light on those areas
where nickel is present.

During the application of different current through the nanowire, we proceeded care-
fully, starting at low currents and increasing it step by step. It was noticed that if a
too high current was applied, the heating of the nanowire would be sufficiently strong
to induce thermal bleaching of the Rhodamine B molecules on top of the wire. This
could be seen as the fluorescence did not fully recover when turning off the current. The
thermal bleaching is estimated to have occurred typically in the range of 100-120°C

On suspended membrane

After the application of our fluorescent thermometry approach to verify the strong con-
finement of the temperature changes around a nanowire on silicon, we proceed to il-
lustrate the temperatures of a nanowire on a suspended SiO,/SiNyx membrane. In the
case of this specific suspended membrane, the characteristic size of the membrane was
more than twice the size of the nanowire length, i.e. relatively large. In Fig. 4.4, the
results of the resistive heating in the 20-um long and 500-nm wide nanowire is shown.
The second acquisition approach was used also in this case with a total of 15 images
each for the on- and off states. Already in the fluorescent images of Fig. 4.4b, it is
seen that the temperature changes are more spread out than for the unsuspended mem-
brane. The fluorescence intensity is decreased at considerable distances away from the
wire. By normalizing the intensities of the on-state image and converting to temperature
(Fig. 4.4c and d), the spread of the temperature changes is made yet more obvious. It is
seen that, although there is a local temperature maximum at the nanowire, considerable
temperature changes occurs throughout the entire field of view.

Influence of the membrane composition

As discussed in Chapter 2, the suspended membrane structure required the combination
of silicon nitride and silicon dioxide in order to cancel internal stresses and maintain
membrane stability. In the FEM simulations, we found that on top of silicon, the mem-
brane composition had a certain influence on the temperature distribution around the
nanowire. Experimentally, we could verify the result predicted by the simulations.

In Fig. 4.5, the experimentally obtained temperature distribution around a nanowire
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Figure 4.4: Thermal characterization of a nanowire on a suspended SiO»/SiN, membrane
in air. a) Geometry. b) Fluorescent images taken for the off-state and the on-state
(I =1.3 mA). c) Normalized intensities of the on-state with regard to the off-state. The
images show, from the top to the bottom, a surface map, a linescan along the wire
and a linescan across the wire. d) From the top to the bottom, these images show a
temperature map of the surface, a linescan along the wire and a linescan across the wire.
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Figure 4.5: Thermal characterization of a nanowire on an unsuspended SiO,/SiNy mem-
brane in air. a) Geometry. b) Fluorescent images taken for the off-state and the on-state
(I =1.6 mA). c) Normalized intensities of the on-state with regard to the off-state. The
images show, from the top to the bottom, a surface map, a linescan along the wire
and a linescan across the wire. d) From the top to the bottom, these images show a
temperature map of the surface, a linescan along the wire and a linescan across the wire.
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on top of an unsuspended SiOy/SiNy layer is shown. The result was obtained using the
first acquisition approach described previously. 10 images were captured for the off-state
and subsequently 10 images were captured for the on-state. The averages of these two
image series were then used to calculate the temperature map. Compared to the results
obtained for an identical nanowire on top of a pure SiO, layer, the heat is to some
extent more spread out. Most obviously, the temperature along the wire is seen to have
a more parabolic shape than the very flat profile of the nanowire on top of pure SiO5.
As mentioned already in Chapter 2, the reason for this higher spread of the heat is the
high thermal conductivity of the silicon nitride.

While discussing the results in Fig. 4.5, it is noted that the temperature linescans
possess a seemingly quantized behavior at the low temperatures. The reason for this
was that in this specific case, the image was treated partly in the 1Q software. Since
we failed to make a backup of the original file, only the treated image was left for
further processing. Because of the incompatibility of 1Q-processed 16-bit images with
other software, we had to make a conversion to 8-bit, which led to a certain loss of
information.

4.2.2 Liquid conditions

While much time was spent for the development of the temperature measurements
in dry conditions, the results found in liquid conditions are still at this point quite
preliminary. However, the obtained results are of great interest for further developments
of the technique and will be discussed in the following. As shall be seen, the main problem
encountered to this point is the possible re-dissolution of the streptavidin-Rhodamine B
conjugates in the immersion liquid which seems to lead to measurement errors.

In Fig. 4.6, the temperature measurements done on a 20-um long and 500-nm wide
nanowire immersed in water and located on an unsuspended SiO,/SiN, layer is shown.
The temperature distribution along the wire is relatively flat as expected from the FEM
simulations and the confinement is high. In the case of this measurement only 4 images
were used to create an intensity image. This led to a relatively high noise.

In Fig. 4.7, the heating of a 20-um long and 500-nm wide nanowire on a suspended
membrane is shown. The measurements were performed with the sample surface im-
mersed in water. The spread of the heat is larger than for the unsuspended membrane
as predicted by the FEM simulations. Once again, we note that considerable noise is
present in the measurement. Like in the previous case, only a few images were acquired,
which partly explains the high noise levels.

Discussion on the measurements in liquid conditions

In the case of of the immersed nanowires, it was observed that thermal bleaching of the
Rhodamine B molecules occurred at a relatively low temperature, typically already at 45-
50°C. This is very different from the bleaching temperature found during the temperature
cycles made previously in this chapter. It is also very different from the typical bleaching
temperature observed for the dry Rhodamine B molecules. Our current interpretation
of this is that, in spite of our efforts to bind the streptavidin-Rhodamine B conjugates
at the surface, there is a considerable amount of conjugates which depart from the
surface into the solution during the experiment. Such re-dissolution leads to unwanted
fluorescent signals from the liquid on above the surface. Since the temperature changes
induced by the nanowire are highly localized around the wire, the extra fluorescent
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signals from the solution will correspond to lower temperatures and thereby introduce
measurement errors. Therefore, the thermal bleaching is falsely observed to occur at a
lower temperature than is actually the case.

If the assumption that re-dissolution occurs is correct, improvements of the binding
protocol will help to improve the measurements. The most urgent change that we
propose for further experimentation is the use of a biological buffer instead of the de-
ionized water used so far. Considering the electrostatic nature of the surface binding,
the importance of keeping the pH stable at a certain level is of particular importance.
A different way to improve the situation is to employ a different binding protocol, using
for example an aminosilane to chemically bind the Rhodamine B molecules to the silicon
dioxide surface.

4.2.3 Transient analysis

In the following, the transient analysis of nanowires in dry conditions is presented. In
Fig. 4.8, the transient response of the temperature on a 20-um long and 200-nm wide
nanowire when turning on and off the resistive heating is shown. The nanowire is located
on an unsuspended SiO, membrane. The next figure, Fig. 4.9, shows the case of a 20-
um long and 500-nm wide wire on top of an unsuspended SiO,/SiNy membrane. Finally,
in Fig. 4.10, the response time of a 20-um long and 500-nm wide wire nanowire on top
of a suspended SiOy/SiN, membrane is shown.

The curves in the graphs show the transient evolution of the average fluorescence
intensity on top of the respective nanowire. Due to the direct relation between the
Rhodamine B fluorescence and the temperature, the transient thermal behavior of the
nanowire can be determined directly form the fluorescence, without the need to convert
to temperature first.?

Although the noise in the graphs is considerable, it is indeed possible to verify the fast
response of the temperature changes, with thermal time constants (the time when 67%
of the final value is reached) close to or below one millisecond in all cases. However, the
exact temporal behavior is difficult to determine with this amount of noise. In some of
the graphs, the temperature stabilization seems to take longer than the length of several
frames, i.e. several tens of milliseconds. We conclude that, with the current experimental
data, no big difference can be established between the different configurations. Due to
the noise and the inconsistency between consecutive measurements, final conclusions on
the stabilization times and time constants can not be made.

Possible explanations for the seemingly slower response times, compared to those
found in the FEM simulations, may be the use of an excessively simplified FEM model.
For example, the assumption that convection plays a negligible role might be bad and
the assumption that the peltier-based temperature stage manages to keep the bottom
surface of the sample at a constant temperature may also be incorrect. This means
that larger heat capacities than foreseen are present in the system, which delays the
stabilization time of the system.

The measurements performed here on the temperature stabilization times represent
the first of more thorough measurements to be done in the future. It is clear that the
use of a CCD camera has major limitations in the use for transient analysis. Better

2We assume that the intrinsic changes of the Rhodamine B molecule, which give rise to its temper-
ature dependence, occur much faster than the thermal changes being probed here.
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Temporal response curves for nanowire on oxidized silicon substrate

5 1.75]

1.

O
Z
Relative intensity (a.u.)

1.55

Current (I=2 mA)
turned onatt=0

-500 0 500 1000 1500 2000

Relative intensity (a.u.)

=
Q1
a1

Current (I=2 mA)
turned onatt=0

-1000 -100 -50 200
Time (ms) Time (ms)
5 Temporal response 5 Temporal response
x 10 x 10
” ” ” ” ” 1.7 ” ” ” ” ”
17t : : : ” ” . ” ” ” ” ”
3 N AT T 3 NI
s ” | ; ] & 1.65 ” ” ,
1.657 | ! | | |
2 | & | |
g | a | |
OFF s ” ” , g~ " ! ”
E m A S S | & m m
= ” ” ; ; | =155 | |
= i | Current (I=2 mA) = ” i | Current (I=2 mA)
Ko | ! turned off at t = 0 Ko ! ! turned off at t =0
&~ ” ” ” , , ] P o1st ” ” ” , , ]
-1000  -500 0 500 1000 1500 2000 -100 -50 0 50 100 150 200
Time (ms) Time (ms)

Figure 4.8: Transient response of the fluorescence intensity on a nanowire located on an unsuspended SiO> layer.




101

4.2. Results

“19Ke| XIS /20)1S papuadsnsun ue uo pa1eJ0| SJIMOUBU B UO A1ISUSIUI 9DUSDSRJON[) Yl JO asuodsal Jusisuel] :6'f a4nJi4

(5w owiy (sw) owiy,
00T 0st 00T 09 0 0g- 00T~ 000C 00<T 0001 009 0 00S-  000T-
S N N VY Lz S — <
L 0 =3 38 Jjo pauIny ! | 9’1 m-kh r 0 =13 Je JJo pauin} ! m-kh
(Vwgg=1)wun) | | ! = (Vwgg=1)woun) | | =
” ” ! W ] s 0 ” ” ! s 0
‘ ” ” ” ” ” 2L 5 e —f—— , ” 5
, , , , , =4 , =4
| | | | | 5 | e 110
| | | | | @, i @,
| \ | | | 94T S TR,
, | | | | ® ®
W W W W £ , £
i ” , ” ” ” AL ” 81 =
, W W W W . W , .
asuodsai erodwa], O asuodsai erodway, O
() owr, (sw) owiy,
00T 0sT 001 0s 0 0¢g- 001~ 000T 00<T 0001 009 0 00s-  000T-
| | ” | | A m | | L1
| | | z | | | z
” ” ” ) f ! 2
i ” i 1621 =7 | ” i ’
| | | | & , | | 3
i i | | 5 i i | 5 l
” ” ” 81 B I ” ” ” o NO
| | | T8 - R | 5
I I I @, I I i 2.
” | W m cg1S ‘ : : 2
0 =13 Je uo pauinj | | | \.mw 0 =3 & Uo pauIny \.vu/
(Vvwgz=pwpumn) | | | £ (Vw gz =1) jueim) £
F , , i | | 16’1 r i i
, , , , 0T , , , 0rx
asuodsai erodway, ¢ asuodsai rerodway,

sueIqUIDW “NIS/OIS POPUSASNSUN UO IIMOUeRU J10J S9AIND asuodsai erodwa],




4.2. Results

102

Temporal response curves for nanowire on suspended SiO,/SiN, membrane
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Figure 4.10: Transient response of the fluorescence intensity on a nanowire located on a suspended SiO5/SiNy

layer.
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Figure 4.11: a) Setup and principle of the fluorescent probe SThM. A fluorescent rare-
earth doped particle is attached at the end of an AFM tip. By scanning the particle
over a surface while monitoring the fluorescence changes of the particle, information
on the surface temperatures can be extracted. b) The temperature dependence of the
ytterbium /erbium co-doped fluoride glass particle used as a probe. The fluorescence
contains two peaks, one which is independent of the temperature and another one which
is strongly dependent on the temperature. A FIR protocol is used for the fluorescence
analysis and the temperature determination. [104-106]

temporal resolution may be achieved by the use of a photomultiplying tube instead.
Although this means the sacrifice of spatial resolution, it is an appropriate trade-off to
make since the transient analysis only has to be done at one or a few points to give a
good understanding of the thermal time constants of the system.

Another approach that could be investigated is the thermal measurements by elec-
tronic means. This could, for example, be done by measuring the of the temperature
dependent resistance changes of the nanowire. Another possibility may be the use of
the 3w-method which generally gives very accurate thermal characterizations.

4.3 Preliminary comparisons with fluorescent probe
SThM

For the purpose of further evaluating the reliability of our fluorescent thermometry ap-
proach, two of our nanowire samples were submitted to the ESPCI-CNRS laboratory
in Paris, where a SThM technology based on fluorescence measurements is being de-
veloped3. One of the submitted samples consisted of a 20um-long and 200nm-wide
nanowire and the other was a 80pm-long and 1ym-wide microwire. Both wires were de-
posited on an unsuspended 500nm-thick SiO, layer. Although the SThM measurements
are still on-going, some of the results obtained so far will be presented in this section.
The SThM technique, which was partly described in the review of Chapter 1, consists
in the use of a fluorescent particle glued at the end of an atomic force microscope (AFM)
tip as a nanoscale temperature sensor (see Fig. 4.11a) [104-106]. The fluorescence

3The SThM research of the group is directed by Dr. Lionel Aigouy.
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Figure 4.12: Result of the SThM measurement of the changes in fluorescence intensity
ratio over a microwire sample. The microwire used here was 40 um long and 1 um
wide. The intensity ratios are proportional to the temperature changes. Thus, the map
represents an image of the relative temperature values throughout the surface. The
images in (a) and (b) show the cases where no current and a current of 7 mA (DC) were
applied, respectively.

emitted by the particle is modified by temperature changes. Thus, by collecting the
emitted light during the scan of a sample, a temperature map of its surface can be
acquired. The particle used is an ytterbium/erbium co-doped fluoride glass particle.
The temperature is determined by analyzing the ratio of the two fluorescence peaks
shown in Fig. 4.11b.

In Fig. 4.12, the result of the SThM measurements on the microwire are shown. The
maps show the fluorescence intensity ratios measured throughout the sample surface,
which largely correspond to the relative temperature values. When the resistive heating
is turned on, it is seen how the temperature changes are confined to the microwire and its
immediate vicinity. Similarly, the measurements on the 200nm-wide nanowire (Fig. 4.13)
show a high resemblance to the results obtained with our fluorescent thermometry ap-
proach (Fig. 4.14). A linescan of the SThM fluorescence intensity ratios across the
nanowire show that the temperature change is highly confined to the nanowire and its
nearest surroundings (Fig. 4.13b).

4.4 Conclusions & discussions

We have in this chapter illustrated the final steps taken to adapt fluorescent thermometry
for surface temperature measurements of high spatial resolution. In line with the results
from Chapter 3, Rhodamine B was chosen as a fluorophore for the thermal characteri-
zation of our nanowire systems. The main resolution-improving factor of our approach
consisted in the confinement of the fluorophores in the vicinity of the surfaces to be
characterized. In dry conditions, the Rhodamine B molecules were confined to the sur-
face simply by a deposition and drying process. In liquid conditions, confinement to
the surface was attempted by the use of an electrostatic bond between polylysine and
streptavidin.

The acquisition approach was exclusively based on single intensity measurements,
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Figure 4.13: a) Image of the thermally modulated fluorescence acquired during the
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Figure 4.14: a) Temperature distributions on a 20um-long and 200nm-wide nickel
nanowire (identical to the sample studied by SThM) as measured using our approach
for fluorescent thermometry. The applied current was in this case 2.3 mA. b) Linescan
across the center of the same nanowire.
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by the acquisition of the fluorescence peak of each fluorophore. This introduced pos-
sible sources of uncertainty in the measurements mainly due to photobleaching effects
and fluctuations of the excitation light source. In order to minimize the influence of
these effects, an acquisition process where a reference image was acquired before the
acquisition of each main image was developed. To increase the signal-to-noise levels,
all measurements were done at the local intensity maximum of the photostability curve,
which was found in Chapter 3.

An excellent agreement of the experimental results with the simulations of Chapter 2
could be confirmed regarding the spatial temperature distributions on different sample
configurations. In addition, comparative studies of the spatial temperature distribution
around one of our nanowires using a fluorescent probe SThM supported the obtained
results.

4.4.1 Discussion on the spatial resolution

The fundamental limit to the spatial resolution will obviously be the diffraction limit
of light. However, from a practical point of view, the main challenge that has to be
surmounted in order to assure the best possible spatial resolution is the movement of
the sample during the image series acquisition. During our measurements, submicrom-
eter movements were easily induced in the sample by strain originating for example in
the electrical connection cables. A solution to this problem could be to further develop
the way that the sample is mounted on the microscope stage in order to minimize or
completely cancel the existing strains. Another way could be to perform a digital align-
ment process of the captured images once the entire image series is acquired. However,
such an approach would be tedious and time-consuming unless an automatic alignment
process can be implemented.

Submicrometer resolution Supported by the results achieved in FEM simulations
and with the SThM technique, we believe that the developed fluorescent thermometry
allows for spatial resolutions well below one micrometer. To further quantify the spatial
resolution it will be of value to continue the comparative studies with SThM and to
investigate alternative sample structures with more complex temperature distributions.
Interesting alternative samples could for example consist of closely packed nanowires on
silicon, which might be used to create submicrometer spatial variations of the tempera-
ture.

4.4.2 Discussion on the temperature dependence, range and
resolution

High-performing acquisition process The temperature resolution is determined
partly by the accuracy of the calibration curve (described in Chapter 3) and partly by
the quality of the fluorescence acquisition on the sample to be characterized. As we
have seen in this chapter, the quality of the acquired fluorescence images can be very
high as long as a rigorous acquisition process is used, with averaging over many images.
The further optimization of this should be relatively straightforward with the main issue
being the small movements of the sample over the long acquisition times.
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Improving the calibration While the acquisition process can give high quality images,
the calibration curve is currently assumed to be the main source of inaccuracy in the
temperature resolution of our measurements. During the capture of the calibration
curve, well-defined temperatures have to be imposed on the fluorophores. However, we
do not currently know if the convection of air on top of the sample has a large effect
on the fluorophores. In addition, we do not know how large the temperature gradient
from the temperature stage to the sample surface is. This leads to inaccuracies in the
measurement of the calibration curve. Furthermore, the calibration curve is acquired
over a relatively long time which may lead to considerable fluctuations in the excitation
light source. This inevitably introduces inaccuracies in the calibration.

The use of a closed temperature control chamber for the calibration may be en-
visioned in order to better establish the different temperatures. Such chambers are
provided as microscope stages by various manufacturers, e.g. Linkam, although at a
considerably higher price than the simpler heating stage used in our experiments.

With the current setup, the best way to improve the accuracy of the calibration curve
is to repeat the acquisition of the calibration curve many times and analyze the mean
values. It would also be interesting to try an approach where the fluorophores are cycled
repeatedly between two temperature values in order to determine the relative change of
intensity. By repeating this for a range of temperature pairs, the calibration curve could
be determined. This approach would allow for an easier identification and distinction
of the photobleaching effects, the thermal bleaching effects at certain temperatures and
the reversible fluorescence behavior.

Temperature resolution and range Under optimal conditions and by the averaging
of a large number of images, the temperature resolution in dry conditions was at its best
around 5°C. By the improvement of the calibration of the temperature dependence, this
resolution can be expected to reach at least 1°C . From the point of view of typical bio-
logical and biomolecular essays, a resolution of a few degrees should be largely sufficient.
Considering the suitability of fluorescence measurements in biological applications, this
means that there should be a great interest already in the application of our fluorescent
thermometry in these fields.

The applicable temperature range in the case of Rhodamine B in dry conditions was
35-95°C. The lower limit was imposed by the lack of temperature dependence below
35°C and the upper limit was imposed by thermal bleaching effects.

4.4.3 About liquid conditions

The polylysine bond The measurements performed in liquid conditions to this point
will need further improvement in order to give reliable results. At this point, the results
are mainly interesting in determining the spatial temperature distributions but not in
determining the actual temperature values. It has been seen here that the proposed
binding protocol did not seem to suffice in keeping the fluorophores bound at the surface.
This in turn is suspected to have given rise to measurement errors due to the inclusion
of fluorescence not only from the surface. For future investigations, it will be important
to apply a buffer solution instead of deionized water (which was used so far) in order to
keep the pH under strict control. Considering the electrostatic nature of the polylysine
bond, a fluctuating pH level may have a substantial negative impact on the streptavidin-
Rhodamine B confinement at the surface.
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Alternative binding protocol As an alternative to the polylysine protocol, other
more robust binding protocols should be investigated, e.g. the use of chemical binding
by the silane-biotin-streptavidin bond.

Potential of thermometry in liquid As a final remark regarding the liquid condi-
tions, it is interesting to recall that the calibration curve for the streptavidin-Rhodamine B
conjugates was steeper than the corresponding curve for dried Rhodamine B molecules.
This holds promise for a better temperature resolution in liquid conditions than in air as
soon as the binding of the molecules on the surface can be assured.

4.4.4 The transient thermal analysis

In the end of this chapter, we presented the attempts made to perform transient thermal
analysis of the nanowire systems using fluorescent thermometry. It was seen that con-
siderable noise was present in the temporally resolved fluorescent measurements. This
made it difficult to draw any final conclusions, although thermal time constants close
to or even below one millisecond could be determined. A clear difference between the
different sample configurations, as expected from the FEM simulations of Chapter 2,
could not be verified.

Signal improvements If we consider improvements of the transient measurements in
the immediate future, it should be straightforward to improve the signal-to-noise levels
of the current curves simply by performing repeated acquisitions of the same transient
event a large number of times. By studying the average of a very large number of
curves, the characteristics of the curves will be more easily distinguished. An interesting
approach would be to enhance the current experimental setup with a module allowing
for the synchronization of the applied currents and the camera system. This way, a large
number of curves could be acquired automatically.

Alternative characterization methods Alternative future approaches for the tran-
sient analysis of the nanowire systems may be the use of fluorescence acquisition by
photomultiplying tube or the analysis of the temperature dependent electrical resistance
of the nanowires. Another interesting technique that also could be used to some extent
for transient analysis is the 3w-method.



CHAPTER b

GENERAL CONCLUSIONS & FUTURE DIRECTIONS

We have in this thesis pursued the development of an improved methodology for fluo-
rescent thermometry. Specific focus has been placed on the improvement of the spatial
resolution. The developed technique represents a cost-efficient and simple approach for
the quick thermal characterization of surface structures comprising submicrometer fea-
tures. The current state of the technique allows for high spatial resolution and satisfac-
tory temperature resolution in dry conditions whereas the application in liquid conditions
will need further improvement to obtain reliable characterizations. Due to the general
familiarity with fluorescence measurements in biological labs and the typical availability
of the required equipment, the results are of particular interest for the application in the
thermal characterization of microbiological on-chip devices, e.g. lab-on-a-chip systems.
Further improvements of the technique for liquid conditions will provide a unique tool
for the thermal characterization of nanostructured surfaces immersed in a liquid, e.g.
various microfluidic devices.

The developed thermometry approach was used to experimentally perform thermal
characterization of nanoscale heat sources based on resistive heating in nickel nanowires.
Experimental data from the fluorescent thermometry on these nanowire systems con-
firmed the high spatial confinement of the thermal impact which had been predicted
by the use of FEM (Finite Element Method) simulations. Both simulations and experi-
mental measurements demonstrated clearly the impact of the nanowire environment in
determining the thermal behavior of the system. It can be concluded that the use of
a high thermal conductivity substrate underneath the nanowire is highly beneficial in
terms of confining the thermal impact. Although not clearly confirmed by fluorescent
thermometry, the FEM simulations showed clear indications that high thermal conduc-
tivity substrates are also beneficial in seeking to optimize the thermal time constant of
the system.

5.1 Potential further improvements of fluorescent
thermometry
In the development of our fluorescent thermometry approach, a range of potential im-

provements were identified. Due to time constraints, most of these improvement paths
were not deeply investigated within the current work. Nonetheless, for the purpose of
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future investigations, the possible paths to improvement will be discussed in the follow-
ing.

5.1.1 Alternative fluorescent probes

We have seen that the CdSe/ZnS nanocrystals did not provide sufficient fluorescence
stability for the use as a reliable fluorescent probe. Instead, Rhodamine B was found to
be the most appropriate probe due to the better reversibility when exposed to consecu-
tive temperature cycles. In future applications of our fluorescent thermometry approach
it would be of great interest to continue the investigations on alternative probes. While
Rhodamine B clearly is useful for temperature measurement, other probes with stronger
temperature dependence and larger applicable temperature ranges would naturally pro-
vide measurements of higher quality. Among the most promising alternative candidates
we find the rare-earth doped nanoparticles, e.g. the same kind used in the SThM device
illustrated in Chapter 4. These types of fluorophores are particularly interesting due to
the typical existence of several peaks in their fluorescence spectrum. This in turn gives
potential for an FIR-based acquisition methodology. Other possible candidates are the
Porphyrin and Ruthenium dyes which are briefly described in the extended fluorophore
review in Appendix A.

5.1.2 Alternative acquisition methods

The acquisition approach applied so far for our fluorescence analysis has been based
on single intensity measurements. When using semiconductor nanocrystals and Rho-
damine B, this is the most straightforward approach. However, due to the inherent
weaknesses of the single intensity measurements, e.g. the sensitivity to excitation light
fluctuations and photobleaching, it is of great interest to make use of methods providing
better compensation for these effects. Recalling the review of Chapter 1, four alternative
methods exist: FIR (Fluorescence Intensity Ratio), two-color thermometry, FLIM (Flu-
orescence Lifetime Imaging) and spectral shift thermometry. Among these techniques,
we believe that the FIR approach provide the most realistic alternative in terms of suit-
ability for submicrometer measurements and fast full-field studies. FLIM may also be
interesting, although it requires a more costly and complex setup and is less well suited
for full-field analysis.

In terms of experimental setup, the FIR approach requires the addition of a few extra
components in order to allow for the slightly more complex fluorescence analysis. Since
two fluorescence peaks are to be measured, two acquisition devices must be used (e.g.
two CCD cameras). A beam splitter also has to be inserted in the fluorescence light path
in order to deflect half of the fluorescence towards the second camera. Furthermore, a
total of two emission filters has to be used in order to allow for the isolation of the two
different fluorescence wavelengths. Apart from these extra components, the principles
remain the same. The probe (e.g. a rare-earth based fluorophore) should be calibrated
in order to relate the intensity ratio to the temperature. Deposition of the fluorophores
on the sample surface then allows for the full-field analysis of surface temperatures by
converting local fluorescence ratio changes to temperature via the calibration curve.
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5.1.3 Improvements of the experimental setup

As pointed out in Chapter 4, one of the most critical challenges to the achievement
of high spatial resolution was the non-negligible movement of the samples during the
acquisition of fluorescent image series. This issue should be given specific attention in
future applications, e.g. by examining alternative mountings of the samples on the micro-
scope stage and by developing a computer-aided method to align consecutive fluorescent
images with each other before performing any averaging and temperature conversion.
Alternatively, the use of an automatic microscope XY-stage and a feedback loop to the
acquisition software might be developed in order to allow for real-time compensation of
the movements. However, this would require the use of a very precise XY-stage.

A concrete improvement of the setup could be made by the use of a microscope stage
that allows for automatic focus control, e.g. via a feedback loop between the acquisition
software and the stage. This might decrease the total photobleaching since it would
allow for a faster localization of the optimal focal plane. It would also more effectively
assure that consecutive images are acquired at the same focal plane, particularly during
the calibration process, as the surface of the sample is displaced to a great extent when
changing the global sample temperature.

In the analysis of the local resistive heating on nanowires, the use of a computer-
controlled power source would be valuable. By allowing for the synchronization between
the camera, the optical shutter and the resistive heating, a large amount of consecu-
tive images could be acquired, thus allowing for significantly reduced noise levels. In
combination with automatic focus control and a viable method for the prevention of (or
compensation for) sample movements, images with minimal noise and maximal spatial
resolution could be acquired.

5.1.4 Measurements in liquids

We saw in Chapter 4 that the fluorescence-based temperature measurements in liquid
conditions imposed greater experimental challenges than the measurements in dry con-
ditions. In order to assure a high spatial resolution and the prevention of measurement
errors, the fluorescent probes must be confined to the surface of the sample. Within this
thesis, a preliminary attempt to confine the probes on the surface was done by the use of
electrostatic binding between poly-L-lysine and streptavidin-conjugated Rhodamine B.
In the experiments performed to this point, the proposed binding protocol has not so
far been proved to be capable of holding the Rhodamine B fluorophores bound to the
surface. While the results presented here were achieved in DI water, current essays are
focused on the use of more rigorous pH control by appropriate buffers (pH 3-7) in order
to increase the positive charge of the SiO; surface, which may result in a better electro-
static bond. For future improvements of the fluorescent thermometry approach in liquid
conditions, alternative binding protocols may be investigated, e.g. the use of chemical
bonds such as the silane-biotin-streptavidin bond.

Fluorescence correlation spectroscopy Another potential approach for the charac-
terization of temperature in liquid may be the use of fluorescence correlation spectroscopy
- FCS (see Fig. 5.1). This technique provides high-resolution spatial and temporal anal-
ysis of extremely low concentrated biomolecules in liquid conditions. It can be used to
determine molecular properties such as diffusion constants and reaction rate constants.
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Figure 5.1: Principle of the FCS technique. a), b) The captured signal is determined by
the intensity fluctuations which are related to the movement of fluorophores into and out
of the observed field. c) The fluctuations result in a temporal correlation of the signal
which can be analyzed using the autocorrelation function of the temporal intensity curve.

The technique relies not on quantitative intensity measurements, but rather on fluc-
tuations and deviations from the equilibrium state. In general, all physical parameters
that give rise to fluctuations in the fluorescence signal are accessible by FCS. Since
the fluorescence fluctuations of fluorescent probes generally follow Boltzmann statistics,
the temperature has a significant impact on the fluctuations and can thus potentially
be determined by FCS. An example of a potential molecular thermometer for such an
application is the green fluorescent protein (GFP) [151].

5.1.5 Alternative approaches for the transient analysis

Transient analysis of the nanowire systems was presented in the end of Chapter 4. Due
to the limitation of our CCD camera to an acquisition rate of 500 frames per seconds,
the highest possible temporal resolution was 2 ms. Due to high amounts of noise in the
measurements at this small exposure time, final conclusions on the temporal behavior
could not be made. However, the results did indicate that the final sample temperatures
were not reached at a time below 2 ms since certain temperature stabilization seemed to
proceed for a few tens of milliseconds. On the other hand, the thermal time constants
(defined as the time when the temperature has reached 67% of the final value) are
believed to lie close to or below one millisecond.

In order to improve the transient analysis of our nanowire systems, two approaches
in particular are suggested. On one hand, the fluorescent thermometry could be applied
with the use of a different type of acquisition device that provides a better temporal
analysis, e.g. a photomultiplying tube (PMT). A PMT device would allow for both higher
sensitivity and higher temporal resolution although largely limiting the characterization
to point-by-point analysis. While full-field characterization is of great interest in the
determination of spatial temperature distributions, the study of one or a few well-selected
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points is most likely sufficient for the determination of thermal time constants and
stabilization times of a system. Thus, the use of a PMT tube can most likely be
established as the best path towards well-resolved transient analysis based on fluorescence
thermometry.

In the case of our nanowires, a convenient alternative to the fluorescent analysis would
be to take advantage of the direct relation between the temperature and the resistivity of
the nanowire. By monitoring the change of resistance in the nanowire, the temperature
changes can conveniently be tracked. Electrical measurements typically provide a much
better temporal resolution than that achieved by optical acquisition with for example
a CCD camera. Thus, resistance-based measurements can potentially provide a better
tool than fluorescent thermometry for the transient analysis of our nanowires.

In order to further optimize the quality of the transient analysis, regardless of the
method, it is of value to perform a large number of measurements using identical condi-
tions. Similar to the comments made previously on the amelioration of the experimental
setup, the use of an automated approach with synchronization between equipment would
be useful. The repetition of the same transient event and the measurement of it for a
large number of times would naturally improve the achievable accuracy by the minimiza-
tion of the random noise in the signal.

5.2 Applications of the nanowire heat sources

Several interesting aspects were found regarding the thermal behavior of our nickel
nanowires. The most well confirmed properties, verified both by FEM simulations and
fluorescent thermometry as well as by SThM, were those regarding the spatial distribution
of the temperature changes on and around the nanowires. The most interesting features
were found for those nickel nanowires which were located on top of lightly oxidized silicon
wafers. On these substrates, a highly uniform temperature distribution could be observed
along the length of the wire. Furthermore, the temperature changes were highly confined
with a quick decrease to ambient temperature when moving away from the nanowire.
Regarding the temporal response of the nanowires, FEM simulations suggested that the
thermal constants would lie at very low values, from below one microsecond to a few tens
of microseconds, depending on the sample configuration. Nickel nanowires on lightly
oxidized silicon wafers were indicated to give the fastest response. The experimental
results did not verify the simulated results, although showing quite fast response with
time constants close to or below one millisecond.

The results that we have seen here are of great interest in the development and
integration of new functions in on-chip devices based on fast temperature modulation.
Although not optimal from a power dissipation point of view, the best spatial and
temporal behavior of our nanowire heaters seems to be achieved for the simplest possible
configuration, i.e. for nanowires on top of oxidized silicon. With this configuration, the
spatial confinement is higher which allows for a better and denser integration of many
nanowire heating elements without the problem of excessive cross-talk. Furthermore,
the flat temperature profile along the nanowire is appealing since it simplifies the spatial
control of temperature in potential applications. Fortunately, these features are best
achieved for a configuration which presents no particular fabrication difficulties.



114 5.2. Applications of the nanowire heat sources

T T T T T T T

a) b) 10[}—- ‘ B-lactoglobulin "
b3
=)
350k ‘\\ g
\
o
1w
100 - = \
z K R A -
< 95 \ E =} m
8 = N
e 904 5 = o n
@ 3 250t 3 N\ .
3 85+ 5 h )
@ B u N\
o 80- S L
s 5 o} o, .\ .
L 754 i DD .
2 7 DE‘DE,\
£ 704 150 » .
3 |
s 65- "
hY
60 | N S
5 10 15 20 25 30 35 40 20 30 40 S0 60 70 80 90 100
0 '
Temperature ("C) Temperature °C

Figure 5.2: a) The temperature dependence of the GFP fluorescence intensity. [12] b)
The unfolding and refolding of B-lactoglobulin can be observed through a change of the
intrinsic tryptophan fluorescence. The fluorescence intensity is here plotted versus the
temperature. [7]

5.2.1 Applications in molecular kinetics studies

Concrete examples of applications where the possibility of fast temperature modulation is
likely to have a great impact lie in the efficient on-chip fundamental studies of molecular
kinetics by temperature jumping (conformational changes etc.) and the development of
sensing schemes based on temperature pulse voltammetry [29-31].

Examples of molecular events that are dependent on temperature are the conforma-
tional changes of protein and DNA (folding and unfolding), the activity of molecular
motors and the duplication processes of DNA. As explained in the introduction of the
thesis, fast temperature jumping (T-jumping) can be used as a tool for such studies.
The typical approach is to use complex laser systems to achieve fast T-jumps. By the
use of nanowires, we envision instead the use of T-jumps realized on-chip. By further
optimization of a nanowire system like this and the development of suitable charac-
terization techniques, researchers studying molecular behavior may be equipped with a
revolutionizing tool for the efficient and perhaps automated analysis of molecular events.

In the nearest future, the preliminary task should be to prove the applicability of the
nanowire heating elements in the study of model molecules for which the temperature
dependent kinetics are already known. Since the temporal response of our nanowire
systems have not yet been proved to lie below the millisecond regime, further optimization
of the thermal design may have to be performed in order to adapt the system for
faster response. However, while continuing the optimization of the system and of the
thermometry approach, molecules with relaxation times in the millisecond regime and
higher may be investigated. A protein that is well suited for this purpose is the green
fluorescent protein (GFP) [12]. Other molecules that may be of interest are the protein
Beta-lactoglobulin [7-11] and the molecular motor F1-ATPase [221,222]. GFP and
Beta-lactoglobulin could be observed by means of fluorescence (Fig. 5.2 and Fig. 5.3)
while the rotation of F1-ATPase could be visualized in a conventional optical microscope
by conjugation to a larger object, e.g. a nanoparticle or a nanorod. The thermally



5.2. Applications of the nanowire heat sources 115

Figure 5.3: Conceptual sketch for the study of molecular kinetics using nanowire T-
jumping. The folding behavior of the green fluorescent protein (GFP) could for example
be visualized by means of fluorescence.
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induced unzipping of DNA strings could also be easily studied by fluorescent labeling,
e.g. using the fluorescent dye SYBR Green. Among the molecular motors, microtubules
are another type of molecules which possess a temperature dependent activity and which
might eventually be studied with the nanowire system [223-226].

5.2.2 Localized polymerization and modification of surface
properties

Regarding the highly confined spatial impact of the temperature changes, this will be of
value in the highly localized thermally induced modification of surface properties, e.g.
the creation of binding and recognition sites by the modification of thin polymer layers
such as MIP (Molecularly Imprinted Polymer) [35-37,227] (see Fig. 5.4) and pNIPAAM
[228-231]. This implies that the surface properties of densely packed nanowires can
be differently modified by addressing them individually. This is of interest in creating
complex sensing devices comprising sensing and recognition sites for a multitude of
different molecular species.

Due to the independence of the typical surface modifications on thermal response
times, these applications will be targeted in the immediate future. With the thermal
characterization of our nanowires, particularly in dry conditions, we know what tempera-
tures and what temperature distributions to expect for certain levels of resistive heating.
This will be highly valuable in the development of a process for local surface modification,
e.g. the polymerization of MIP and the hydrophilicity change of pNIPAAM.

5.3 Integration of nanowire heating elements in
lab-on-a-chip systems

If the nanowires are to be used in integrated systems such as lab-on-a-chip systems, it is
of interest to enable precise temperature control without the need to perform fluorescent
thermometry. The best way to achieve this control is most likely to use resistance-based
measurements of the average nanowire temperature, simply by monitoring the nanowire
resistance. Due to the high confinement of the temperature changes to the nanowire
(on silicon substrates), there is no need to perform four-point measurement, since all
temperature-induced changes in the resistivity throughout the electrical circuit will occur
almost entirely at the nanowire.

The main function of the fluorescent thermometry will thus be to perform preliminary
analysis in order to understand the exact temperature distributions and to assist in
the calibration of the resistance measurements. In the final on-chip system, resistance
measurements alone could then be used to monitor the temperature of each individual
nanowire.

An alternative to conventional resistance-based measurements could be the use of
the 3w-method which was briefly described in the review of Chapter 1. The 3w-method
allows for accurate and complete thermal characterizations and is therefore an interesting
candidate. For transient analysis, the 3cw-method can also be used to determine the time
constant of a nanowire system. To resolve very small time constants, a high frequency
should be applied. Consequently, certain lower limits to the transient analysis are imposed
by the frequencies at which the externally applied power can be modulated.
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Figure 5.4. Thermally induced local polymerization of MIP monomers. This technique
holds potential for the efficient creation of molecular recognition sites on nanowires, e.g.
in FET sensing applications.
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5.4 Possible developments of the nanowire struc-
ture

In the current work we made use of simple metal nanowires fabricated by a top-down
approach. While this approach was the appropriate choice for the thermal characteriza-
tions performed in this thesis, the future developments of nanowire-based heating devices
may potentially benefit from a change to semiconductor nanowires and/or a change to
fabrication by a bottom-up technology.

5.4.1 Bottom-up fabrication

The use of bottom-up technologies promises better control of the nanowire structure.
Both PAA [210-213,232] and VLS [233] technologies allow for segmentation of the pro-
duced nanowires which enables the introduction of high-resistivity parts along the wire.
Since high-resistivity segments are expected to heat more than segments with lower
resistivity, bottom-up approaches can be used to engineer nanowires with very specific
temperature distributions which are determined by the combination of segments. An-
other interesting aspect of nanowire segmentation is the possibility to create miniaturized
junctions in thermoelectric applications, e.g. for the precise measurement of temperature
via a nanoscale thermocouple junction.

5.4.2 Local heating and FET sensing combined

The apparent advantage of using semiconductor nanowires is that molecular sensing by
the FET effect [41-45] is enabled. Clearly speaking, one single semiconductor nanowire
could be used both for fast temperature modulation (by resistive heating) and for
molecule sensing (by the FET effect). This allows for the development of very pow-
erful devices for the study of molecular kinetics, as the targeted molecules may be easily
detected and monitored electrically. Among the bottom-up approaches, VLS growth
is the ideal candidate for the fabrication of nanowire sensors with its high control of
the semiconductor structure. Regarding the PAA approach, it is mainly a technique
for the fabrication of metal nanowires and is therefore generally not used for sensing
applications.

A possible approach for the fabrication of silicon nanowires by EBL has been de-
veloped in this thesis and is presented in Appendix C. Improvements of the top-down
approach presented in that appendix could be achieved by further shrinking and smooth-
ing of the silicon nanowires by techniques like lateral TMAH etch [202] and size-reduction
by thermal oxidation [199-201].



APPENDIX A

FLUORESCENT PROBES

A.1 Organic fluorescent dyes

Among the most commonly employed fluorescent dyes used in biological applications we
find the Rhodamine and Fluorescein molecules, which are members of the group referred
to as Xanthene dyes (Fig. A.1) [138,145,157,166]. Another group of fluorophores are
the band-definition dyes which here will be treated after the Xanthene dyes. A range of
less common organic fluorophores will then conclude the part on organic dyes.

A.1.1 Rhodamine B

One of the most commonly applied organic dyes in fluorescent thermometry applications
is the Rhodamine B molecule from the Rhodamine family. It is a dye which absorbs green
light and fluoresces in the red-orange part of the visible spectrum. It is commonly used
as a laser dye for wavelengths near 610 nm [157]. The Rhodamine B molecule shows a
strong dependence on temperature. In the literature, the fluorescence intensity is typically
stated to decrease with increasing temperatures at a rate of 1.2 — 2.5% per °C at room
temperature [67, 154, 155, 157, 158]. The decrease occurs uniformly over the entire
emission spectrum and is strongest in the range of 0 - 100 °C [167]. Other molecules of
the Rhodamine family have also been applied for temperature characterization, although
less frequently [134,137]. Slyadnev et al reported a 5-fold decrease of the fluorescence
intensity of Rhodamine 3B when increasing the temperature from 20 °C to 90 °C [134].

Regarding the mechanism behind the temperature dependence, some papers explain
it simply as being a result of the increased amount of non-radiative relaxation processes.
However, the mechanism can be explained further in detail by considering the different
conformations that the Rhodamine B molecule can take. Depending on the surrounding
media and the environmental parameters, there are three possible conformations (see
Fig. A.2 ). Two of these are strongly emissive, while the third is emissionless due to the
interruption of the conjugate 7r-electron in the chromophore [68]. As the temperature
is increased, the transformation from conformation one and two into the third one is
facilitated to some extent leading to a decrease in the observed fluorescence intensity.
An additional reason for the decrease in intensity is that the Rhodamine B molecule may
decompose at elevated temperatures.

Experimentally, the Rhodamine B fluorescence is commonly induced using either a
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Figure A.1: Molecular structures of the xanthene molecule and the xanthene-based
fluorescent dyes fluorescein and rhodamine B.

mercury lamp with filters transmitting light in the vicinity of the absorption maximum, i.e.
500 - 550 nm [66]. An appropriate laser source can also be used. The most commonly
used laser is the Ar-ion laser with light centered around 514.5 nm [155,168]. The less
employed Nd:YAG laser, with light centered around 532 nm, enables a stronger excitation
as it excites the Rhodamine B molecules closer to the absorption peak [146, 159].

Several approaches for the exploitation of the temperature dependent Rhodamine B
fluorescence have been reported. For applications in microfluidics and microsystems, the
most common method has been the measurement and analysis of the intensity changes
within one spectral band [39,63,66,67,159,167]. This is mainly due to the simplicity
of these measurements which allow for fast temperature mapping using a standard fluo-
rescence microscope and a CCD camera [66]. Typical temperature resolutions reported
for the intensity-based measurements are on the order of 3 °C between 20 °C and 90 °C
without spatial or temporal averaging. Spatial resolutions of down to 1 um have been
reported [39,66]. Slyadnev et al reported a temperature resolution of 0.5 °C using the
alternative Rhodamine dye Rhodamine 3B [134]. Better temperature resolutions have
been achieved for temperature measurements on a bigger scale, with resolutions down
to 0.4 °C [159]. The temporal resolution is typically limited by the acquisition time of
the CCD camera in use, i.e. on the order of a few milliseconds.

Except for the single intensity-based measurements, Rhodamine B has also been suc-
cessfully employed in two-color thermometry applications. The Rhodamine B dye is in
this case generally used as a strongly temperature dependent probe while a second fluo-
rophore, e.g. carboxyfluorescein [165], Rhodamine 110 [157] or Pyrromethene 567 [137],
is used as an internal reference to compensate for instabilities such as the fluctuations
of the excitation light source. The approach requires a slightly more complex setup than
single intensity measurements in that it requires the use of two CCD cameras [157] or
alternatively a 3-CCD color camera [165] in order to separate the different colors of
the two fluorophores. Three-color measurements [156] as well as lifetime measurements
have also been investigated [161].

The use of Rhodamine B for temperature characterizations has been extended to
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Figure A.3: Temperature dependence of the absorption spectrum of fluorescein [154].

several application areas. In the recent past, several papers have been published on
its application for temperature mapping within microfluidic channels [63, 66, 67, 167].
Another interesting application is its use for the evaluation of the temperatures within
resists used for nanoimprint and electron beam lithography. These processes are highly
dependent on the resist staying within a certain temperature range in order to avoid
pattern deformation and to achieve specific critical dimensions [68]. Except for its use
in microscale applications, Rhodamine B has also been successfully applied in problems
such as the characterization of natural convection [146], evaluation of the dynamics of
heated submerged jets [156,168] and the temperature measurements on a monodisperse
droplet stream [155].

Except for its strong temperature dependence, typical advantages of Rhodamine
B lie in its independence of pH (at pH ranges above 6) and its resistance to high
pressures (up to 350 psi) [67,68,154]. Furthermore, its temperature dependence has been
demonstrated in a number of different media, e.g. ethanol [169], biological buffers [63,66]
and polymer [68], making it a versatile temperature probe. On its downsides, Rhodamine
B suffers from relatively strong photobleaching under the influence of the excitation
light [67,146]. Due to the spectral band overlap, its fluorescence has also been shown
to be dependent on the dye concentration [170].

A.1.2 Fluorescein

Fluorescein is a commonly used dye for labeling and tracking species in microbiological
assays [171,172]. Additionally, fluorescein has a strongly pH-dependent fluorescence,
making it a useful probe in applications where pH must be monitored [154]. In the field
of thermometry, fluorescein is useful due to its fluorescence intensity which decreases
as the temperature increases [13,173]. In contrast to the general observation of de-
creased intensity with increased temperature, Coppeta et al has presented results on the
temperature dependence of fluorescein where an increased intensity could be achieved
for increases in temperature [154]. The rate of increase was as high as 2.43% per K.
This observation could be understood by analyzing the temperature dependence of the
absorption spectrum (Fig. A.3 ). At an increased temperature, the absorption band is
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Figure A.4: Molecular structures of the bad definition dyes perylene, BTBP and BOS.

widened. This widening leads to an increased absorption at the flanks of the band. Since
the authors of the article used excitation light centered on the flank of the absorption
band (514 nm), an increase in temperature led to a dramatically increased absorption
which in turn led to a stronger fluorescence intensity. On the other hand, when using
excitation light at a lower wavelength (488 nm), the authors measured a temperature
dependence of —0.16% per K, i.e. a slight decrease of intensity with an increase in
temperature. A typical disadvantage of the fluorescein molecule is that it quickly pho-
tobleaches when exposed to the excitation light. The photobleaching process can be
alleviated by controlling the environment, e.g. the temperature and the presence of
oxygen, both of which influence the photobleaching rate [145].

A.1.3 Band definition dyes

The group of fluorophores here referred to as the band definition dyes comprise com-
pounds such as perylene, benzoxazolyl stilbene (BOS), bis(2,5-tert-butylphenyl)-3,4,9,10-
perylenedicarboximide (BTBP) and 2-(1-naphthyl)-5-phenyloxazole (NPO) (Fig. A.4 ).
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Figure A.5: Emission spectra from the band definition dyes BTBP (left) and NPO
(right) [235].

The name of this class of dyes originates in the existence in their fluorescence spec-
tra of two or more distinct intensity peaks [234]. Fig. A.5 shows the specific cases of
the temperature dependent spectra of BTBP and NPO, clearly illustrating the multiple
peaks of their fluorescence. Due to the presence of these peaks, band definition dyes
are typically well suited for FIR-based fluorescence analysis, as demonstrated in several
publications, e.g. for BTBP [164,234-236] and perylene [236,237]. In the field of fluo-
rescence thermometry, perylene and its derivatives BTBP, BOS and NPO are examples
of band definition dyes that are highly applicable thanks to the temperature dependent
nature of the ratio between the peaks of their fluorescence spectra. A thorough study on
fluorophores suited for thermometry applications was presented by Bai et al mentioning
particularly the usefulness of the band definition dyes BTBP and NPO as well as the dyes
POPOP and BPB, due to their insensitivity to quenching by molecular oxygen, reversible
temperature effects and nearly linear temperature calibration curves [235].

The three dyes perylene, BOS and BTBP are furthermore particularly well suited
for temperature measurements in polymer processing due to their solubility at dopant
levels of concentration in organic polymers and due to the fact that they survive without
degradation at polymer processing temperature up to 300 °C [234,236]. This is useful
for example when monitoring the true temperature of a polymer during injection molding
and extrusion processing [236,237]. Furthermore, the BTBP dye has been specifically
shown to be independent of polarization effects and the mechanical stress induced on it
when applied in polymer processing involving shear flow [236].

The precision of the temperature measurement done with these dyes have been
mentioned in the literature as lying in the range of 2 - 4 °C [164, 235]. Applications
in the microsystems field have yet to be demonstrated. The mechanism behind the
temperature dependence of band definition dyes is generally explained to be of a quantum
mechanical origin with a temperature dependence of the decay from an excited state
back to the ground state [234]. In the case of BTBP, the temperature dependent
changes of the fluorescence spectrum has been explained to be partly due to the thermal
excitation of vibronic states in the electronically excited state, termed fluorescence hot-
band emission, and partly to the solvent index refraction-induced shifts in the fluorescence
maximum [164].
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Figure A.6: Temperature dependence of the emission spectra of the ball shaped fullerene
Ceo [238].

A.1.4 Other thermosensitive organic dyes
A.1.4.1 Fullerenes

Fullerenes are molecules composed entirely of carbon. They can take the shape of a
hollow ball, ellipsoid or tube. In the shape of a tube, they are generally known as carbon
nanotubes (CNT), while the ball shapes sometimes are referred to as buckyballs. In
a publication by Amao et al, the ball shape of fullerene, Cgg, was demonstrated to
possess a temperature dependent fluorescence intensity [238]. The application involved
Ceo molecules dispersed in a 50 um thick PMMA film. The authors established the
fluorescence intensity to change linearly with temperature in the range of 260 to 373 K
(see Fig. A6 ).

A.1.42 DNA

Two different approaches were recently introduced for using DNA as a means to measure
temperature. In an article by Sangmin et al, a FLIM method was presented where
Rhodamine 6G - labeled DNA oligomers were used [239]. The principle for temperature
sensing is based on the fact that the four DNA bases quench fluorescence with variable
efficiency. Thymine (T) is the strongest quencher followed by guanine (G), then cytosine
(C) and finally adenine (A) which does not quench at all. Therefore, the spacing between
a fluorescent dye and a designed sequence of DNA bases is modulated by conformation
changes of a DNA chain, and the ability of dye molecules to fluoresce is also modulated.
At higher temperatures, the faster the conformational changes occur, and the shorter
the fluorescence lifetimes become.

Another approach was presented in a paper by Tashiro et al, where a molecular
thermometer that uses the different 7r-stackings of the double-helical - and Z-DNA
was designed [240]. A fluorescent probe was introduced into B- and Z-DNA and the
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emission monitored. Since the Z-DNA showed a stronger fluorescence than B-DNA and
since the relative amount of the two forms changes with temperature, the fluorescence
intensity could be correlated with temperature. At low temperature, the proportion of
the Z-conformation is high due to its lower entropy while an increase in temperature
increases the proportion of the B-conformation. It was found that the intensity of the
fluorescence linearly correlated with the temperature.

A.1.4.3 Polyfluorene

The fluorescence from a polyfluorene-based conjugated polymer was recently showed to
possess frequency up-conversion fluorescence which intensity depends strongly on the
temperature [241]. The up-conversion effect means that two photons are absorbed and
subsequently gives rise to fluorescence emission at a higher frequency. The authors
described the probe as a potential accurate probe for the measurement of operating
temperatures of organic light-emitting diodes (LEDs).

A.2 Inorganic fluorescent probes

A.2.1 Semiconductor nanocrystals

A highly interesting new class of fluorescent probes is the semiconductor nanocrystals,
also known as quantum dots. Compared to conventional fluorescent dyes, these particles
present particular advantages in terms of their high photostability, exceptional quantum
yield, broad absorption spectra and narrow emission peaks [51,174-176]. While being
investigated for a range of various applications, e.g. biological labeling [174, 177-181]
and semiconductor lasers [182], since 15 - 20 years ago, the application for tempera-
ture measurements is relatively recent. While studies on the temperature dependent
properties of nanocrystals in the low temperature range (0 - 300 K) have been inves-
tigated for a relatively long time, the properties in the physiologically relevant tem-
perature range (0 - 100 °C) has only recently been given specific attention. Over the
past 5 years, an increasing number of papers have addressed this temperature range,
frequently with specific focus on the potential application for non-contact temperature
probing [51,135,144,152].

Because of the high signal yield, often explained by the high electron-hole overlap
which results from the quantum size confinement and which leads to an increased oscil-
lator strength [51], these particles are particularly useful for quantitative measurements
such as fluorescence-based temperature characterization. Furthermore, compared to con-
ventional thermal phosphors, the small size, on the order of 1-10 nm, holds potential for
higher spatial resolution measurements because of greatly reduced light scattering [51].
Many semiconductor nanocrystals have also shown to be more or less insensitive to
oxygen quenching, which makes these probes yet more attractive [144].

Customization of semiconductor nanocrystals can be performed by the introduction
of impurities and by changing the particle diameter. Further changes and improvements
of the performance are often achieved by capping the nanocrystals with semiconductor
materials of different properties, e.g. with a different band-gap. To enable the use
in various environments, e.g. for biological applications, the particle surfaces are fre-
quently functionalized to provide the probes with specific binding sites or other chemical
properties [180].
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Figure A.7: Visualization of the CdSe/ZnS spectra at different temperatures. The spec-
tra show several interesting characteristics which can be found in many semiconductor
nanocrystals. First of all, the absorption band (curve a) is very broad, allowing for a
flexible choice of excitation source. Second, the emission peak is relatively narrow and,
third, the emission intensity is strongly dependent on temperature. The different tem-
peratures of the emission spectra, in the order from b to i, are 280K, 288K, 298K, 308K,
318K, 328K, 338K and 348K. [152]

The most commonly studied semiconductor nanocrystals in temperature sensing ap-
plications are CdSe and ZnS-capped CdSe (CdSe/ZnS) nanocrystals [77,135, 144,152,
183,186]. These nanocrystals have been demonstrated to possess a strongly tempera-
ture dependent fluorescence in the range of 100 - 350 K (see Fig. A.7 ) [144,183,186].
Since the temperature dependence stretches over the physiologically relevant tempera-
ture range, these nanocrystals are particularly interesting for biomedical applications, e.g.
in lab-on-a-chip systems [77,152]. However, there have been indications showing the ir-
reversibility of the temperature dependent behavior of CdSe-based nanocrystals [39,152]

Other nanocrystals of interest are CdTe [51,185] and ZnS/Mn?* [51,187] nanocrys-
tals. CdTe has been shown to have a linear reversible fluorescence intensity changes in
a range of 30 - 60 °C, while for ZnS/Mn?7 reversibility has been achieved in the range
30 - 150 °C [51]. However, the exact dependence of the ZnS/Mn?* nanocrystal fluores-
cence intensity is somewhat unclear. In reference [51], the intensity is stated to decrease
continuously with an increase in temperature from 30 to150 °C. On the other hand, in
reference [187] the intensity is said to increase from room temperature to 90 °C, after
which it starts to decrease until complete quenching at 140 °C. The mechanism behind
the intensity increase is explained in the latter reference as being thermoluminescence
and thermal curing of the particle surface upon heating. The different behaviors may
very well be due to differences in surrounding environmental properties in the two cases.

Like with other fluorophores used for temperature probing, there are various ap-
proaches for the analysis of the temperature dependent fluorescence spectra of nanocrys-
tals. The most common approach until now is single intensity measurements [13, 144,
152]. Another recently demonstrated approach employed the well-known spectral shift
of the emission peak of CdSe/ZnS nanocrystals, with a red-shift of 20 nm over a range
of 200 °C [144,152], in order to determine the temperatures on a microscale heating
strip [135]. FIR techniques are not well suited for semiconductor nanocrystals, as their
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Figure A.8: Temperature dependence of ZnS/Mn?*nanocrystal fluorescence intensity.
The temperature dependence of the fluorescence intensity from semiconductor nanocrys-
tals in general is frequently linear. This is different from bulk semiconductors, which
generally present an exponential decay with increased temperature. The difference may
partly be due to thermoluminescence of the nanocrystals. [51]

spectra commonly only contain one very narrow emission peak.

A.2.1.1 Mechanism behind the temperature dependence of nanocrystals

The nanocrystal photoluminescence dependence on temperature can typically be ob-
served in several ways. While the most dramatic changes with temperature occur in
the intensity of the emission peak, with decreased intensity upon the increase of tem-
perature, changes can also be observed in the emission band width and in the spectral
position of the emission peak. The common observation is a widened emission band and
a red-shifted position of the emission peak for increased temperatures [144].

The mechanisms behind the temperature dependency of nanocrystal photolumines-
cence have been the object of study in several recent publications [183-185]. Due to
the quantum confinement, the thermal behavior of nanocrystals has to be analyzed
with particular consideration of the particle size, the processes of nonradiative relaxation
via phonon coupling, exciton thermal dissociation, energy transfer, carrier trapping and
temperature dependence of the absorption spectra [51]. Commonly, it is also observed
that capping layers and organic ligands positioned at the nanocrystal surface play an
important role in determining the temperature dependent properties [152,184,185].

In a paper by Valerini et al, the temperature dependent properties of CdSe/ZnS
nanocrystals in the range from 45 to 295 K were specifically investigated [183]. They
found the existence of two nonradiative processes, activated in the range 70 - 195 K
and 195 - 295 K, respectively. The first, lower-temperature process is a thermally
activated carrier trapping in surface states, whereas the main nonradiative process at
higher temperatures is thermal escape from the dot assisted by scattering with four LO
(exciton—longitudinal-optical) phonons.

Thermoluminescence A typical observation regarding the emission intensity of semi-
conductor nanocrystals is that it varies linearly with temperature (see Fig. A.8 ). In bulk
materials, however, where the main mechanism is nonradiative relaxation, the corre-
sponding dependence is exponential. A partial explanation for this was given by Wang
et al, saying that nanocrystals emit thermoluminescence originating from the thermally
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Figure A.9: In many protocols for the fabrication of nanocrystals, specific ligands such
as TOPO are used in order to coordinate the synthesis. The ligands subsequently serve
to prevent the aggregation of nanocrystals in its colloidal form. [182]

induced recombination of carriers trapped in surface states. This may give rise to lu-
minescence which partly compensates for the exponential decay of fluorescence due to
nonradiative recombination. [51]

Capping layer and organic ligands Frequently, nanocrystals are built up in a core-
shell structure, with the shell having a stabilizing function on the core semiconductor.
Furthermore, nanocrystals are also commonly capped with a layer of organic ligands,
the role of which normally is to coordinate the crystal composition and size during
synthesis and to prevent aggregation of nanocrystals in the colloidal form (see Fig. A.9
). Concerning the role of the organic ligands in the temperature dependent behavior
of the photoluminescence, Wuister et al presented in two articles the studies of CdTe
[185] and CdSe [184] nanocrystals. In the study of CdTe nanocrystals, the ligand role
was investigated by freezing of the solvent water molecules surrounding the particles.
The presence of specific capping ligands, long-chained thiols in this case, removed the
dependence on temperature while other ligands introduced surface quenching states
which gave the particle a temperature dependent luminescence. In the other article, the
authors stated one important function of the ligand to be the passivation of dangling
lone pairs on the nanocrystal surface. Furthermore, they showed that reconstruction of
the nanocrystal surface is directly affected by a phase transition in the capping ligand and
that, consequently, the ligands can be used as way to gain control over the temperature-
dependent luminescent properties of a nanocrystal.

In an article presented by Liu et al [152], the effects of the capping semiconductor
shell, e.g. the ZnS layer for CdSe/ZnS nanocrystals, were discussed, suggesting that
uncapped cores or cores with relatively thinner shells are more exposed to the environ-
ment. As a consequence, re-population of mobile electrons and holes on the surface is
disturbed when the temperature is increased. This in turn leads to a decrease of the
luminescence.

Thermal irreversibility A few publications have mentioned the fact that some nanocrys-
tals have a temperature dependent behavior which is not reversible [39,51,152]. Mostly,
this concerns the non-recovery of the original luminescence after heating the nanocrys-
tals to a certain temperature (see Fig A.10 ). A possible reason for the irreversible



130 A.2. Inorganic fluorescent probes

1.2x10°
E . L m  Heatup
o 1.0x10°1 O Cool down
%'Sﬂx1oi =
=
3 5 [
£ 6.0x1071 o
2 4 o0’ -
g 40x10°) g .
g 5 e o O " [
- o
§2.0X10 © 0B o g
2 00l ——

40 60 80 100 120 140

Temperature (°C)

Figure A.10: Many semiconductor nanocrystals suffer from irreversibility of thermal
behavior when exposed to thermal cycles. In many cases, the behavior is reversible within
a limited temperature range, but irreversible if the temperature is excessively increased.
This graph shows the case of CdTe nanocrystals being exposed to a temperature cycle
ranging from 40 to 140 C. [51]

thermal response of some nanocrystals may be the thermal curing of surface defects and
the thermal oxidization and decomposition of the organic ligands. This leads in turn to
permanent changes of the hole and electron re-population properties of the nanocrystal.

A.2.1.2 Nanocrystal clusters

An interesting development in the pursuit of nanocrystal-based temperature probes was
recently presented by Biju et al [242], showing the use of clustered CdSe nanocrystals.
The authors used individual CdSe nanocrystals with diameters of 2 - 5 nm which were
used to create aggregates with an average size of 27 nm. The luminescence properties
were investigated over a temperature range of 298 - 353 K. It was found that the lumines-
cence was permanently modified over the first four-five temperature cycles, after which
the temperature dependence became more or less completely reversible (see Fig A.11
). The reason for this effect was explained in terms of the complex interplay between
the nanocrystals of each cluster and the influence of the environment on each cluster.
The authors attributed the initial less reversible luminescence changes to a passivation
effect of the external cluster surface and the subsequent reversible luminescence intensity
to the thermal trapping and de-trapping of electrons in the inner surface states of the
cluster.

A.2.1.3 Nanocrystal blinking

A well-known property of semiconductor nanocrystals is the fluorescence intermittency,
also referred to as blinking [147-150]. This effect is observed as an on-off behavior of the
emitted fluorescence. In single dye molecules, on—off behavior results from intersystem
crossing into the dark triplet state. While being undesired for certain applications, in
particular those involving quantitative measurement of fluorescence intensity, statistical
analysis of the blinking phenomenon may in other applications be useful for the deter-
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Figure A.11: Thermal curing of CdSe clusters. [242]

mination of environmental parameters. Temperature is found among those parameters
affecting the properties of blinking, specifically by affecting number of blinking events in
a given time interval. In an article by Banin et al [147], the blinking properties of single
CdSe/ZnS nanocrystals were investigated. The authors suggested a darkening mecha-
nism that is a combination of Auger photoionization and thermal trapping of charge.
In the on state, single electron-hole pairs are photoexcited and subsequently recombine
radiatively. The off state on the other hand, is explained as originating from ionized
nanocrystals in which the emission is quenched due to trapped charge after simultane-
ous or sequential absorption of two photons. There are possible trap sites on the particle
surface, on the interface between the core and the shell, and in the surrounding matrix.
The rate to turn back on is a thermally activated process because the trapped charge is
stabilized by local dipoles forming a finite barrier for the jump of charge back into the
nanocrystal. Their experimental study revealed on one hand the lengthening of on and
off times when the CdSe core was capped with the ZnS layer and on the other hand a
substantial reduction in the number of on-off cycles as the temperature was decreased
before finally reaching a permanent off state at sufficiently low temperatures.

A.2.2 Rare-Earth based dyes

A well-known group of photoluminescent materials for thermometry applications is that
of rare-earth doped materials. They are commonly known as thermal or thermographic
phosphors [53,153]. The photoluminescence of the thermal phosphors is created as a re-
sult of the photo-optical excitation of rare-earth dopants [153]. Thermal phosphors have
a relatively long history of applications in thermometry, particularly in high-temperature
fiber optic thermometry [55].

In a review by Allison et al, the physical mechanism behind the temperature depen-
dence of the thermal phosphors is discussed [53]. The dependence is partly explained
by reference to the Boltzmann distribution which governs the partitioning of the popu-
lations in the various participating vibrational levels of the ground, excited and emitting
states. In a similar manner, Wade et al discussed the Boltzmann distribution and its
role in the temperature dependent ratio of the population of different excited states
of the rare-earth ions [163]. The temperature dependence has further been explained
to arise from the presence of charge-transfer states in the host ceramic matrix. These
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Figure A.12: The left graph shows the emission spectrum of a Nd3*-doped silica
probe. The presence of two emission bands with different temperature dependencies en-
ables the use of FIR-based measurements. In the right figure, a graph relating the ratio
of the two emission peaks with temperature is shown. [163]

states offer non-radiative de-excitation pathways which become energetically favorable
with increasing temperature, thus leading to thermal quenching of the photoluminescent
emission [153]. In the case of chelated Eu-ions, where resonant coupling between organic
ligands and the rare-earth ions is behind the fluorescence, the decrease in fluorescence
intensity at higher temperatures is generally explained as an increased probability for
coupling of the excited ligand state to non-radiative states [133,188, 189]. Changes in
the non-radiative relaxation mechanisms have also been discussed as being the reason
behind the size-dependent temperature sensitivity of rare-earth doped nanocrystals [190].

Temperature measurements using rare-earth materials are commonly performed by
the FIR [162,163,190] or FLIM [153] approaches, although single intensity measurements
also have been applied [133]. FIR measurements are frequently possible due to the
relatively complex emission spectra, often with the existence of several fluorescent and
phosphorescent emission peaks originating from one or more rare-earth dopant ions [104].
The often temperature dependent interplay between these peaks provides an excellent
tool for temperature determination (see Fig A.12 ).

Typical examples of rare-earth probes used for thermometry applications are various
europium-based compounds, e.g. Eu:TTA [133,188] and europium-(I1l)B-diketonate
[56], and europium-doped particles, e.g. Y203:Eu3* and BaFBr:Eu?* nanoparticles
[61,153]. The europium complexes have demonstrated a high stability and strong tem-
perature dependence in the range of 0 to 70 °C [56, 133] whereas the doped particles
have shown linear and reversible temperature dependent emission peak intensity between
30 and 150 °C (see Fig. A.13) [51].

Other rare-earth based thermal probes use ions such as erbium [162, 190], ter-
bium [191], neodymium [163] and cerium [153]. High temperature measurements up
to 610 °C were specifically demonstrated by Camargo et al using erbium-doped lead
lanthanum zirconate titanate (PLZT) [162]. High-temperature measurements were also
presented recently by Aizawa et al, using terbium-doped silica as a fiber-optic ther-
mometer for temperature ranging from room temperature up to around 900 °C [191].
Another interesting result was presented by Alencar et al in the use of erbium-doped
BaTiO3 nanocrystals, showing an exceptionally high temperature resolution of around
0.005 °C [190] in the range of 50 to 190 °C. This is an order of magnitude better than the
commonly reported resolution of 0.05 °C for rare-earth based thermal phosphors [53,153].
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Figure A.13: Temperature dependence of the europium-doped particle BaFBr:Eu?t. The
left graph shows the spectrum at different temperatures. In the right graph, the intensity
of the emission peak is plotted as a function of the temperature. [51]

Applications of rare-earth doped compounds for temperature measurements have in
the past mainly been seen in the field of fiber optic based remote measurements in
industrial processes and macro-size temperature monitoring [55,56]. Typical advantages
are their robustness and stability in harsh environments with measurement capabilities
ranging from cryogenic temperatures to above 1000 °C [53,55]. Recent developments
have seen increased interest of rare-earths in the field of microsystems characterization
[105, 133] and microbiological studies [188]. In line with the demands for smaller scale
characterization, particular efforts are being invested in the developments of miniaturized
rare-earth doped compounds, typically referred to as rare-earth doped nanoparticles or
nanocrystals [51, 105, 106, 153,190].

A.3 Metallorganic dyes

A.3.1 Ruthenium

The ruthenium complex [Ru(bpy)3]>* shows several advantages for measurement of
temperatures in the range of 20 to 100 °C [160]. Its fluorescence peak is strongly
dependent on the temperature and presents a nearly linear dependence in the range 20 to
60 °C (see Fig A.14) [243]. The large Stokes shift makes the dye suitable for fluorescence
imaging due to the ease in filtering elastically scattered light [160]. Furthermore, it
has been found that the dye has a strong emission following two-photon excitation
at 800 nm, making it suitable for two-photon imaging, with its inherent capability of
resolving structures in three dimensions [160]. The ruthenium complex shows not only a
strong dependence on temperature but also a high sensitivity to oxygen [160,244]. When
measuring temperature, it is therefore generally preferred to cap the dye with an oxygen-
impermeable layer. This has been realized either by encapsulation in thin polymer films,
e.g. poly(acrylonitrile) (PAN), poly(vinylalcohol) (PVA) or poly(methyl methacrylate)
(PMMA) [160, 244], or by incorporation in polymer beads, e.g. PAN beads [244]. Other
applications have been presented without the use of such oxygen barriers, e.g. in a
publication by Filevich et al where temperature distributions in the one-dimensional flow
on a dish for biochemical assays were characterized [243]. The authors reported lower
signal-to-noise levels due to the presence of oxygen, although still being able to make use
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Figure A.14: a) Molecular structure of the ruthenium complex. b) The absorption
spectrum and the fluorescence spectrum of ruthenium at different temperature. c)
Quantum yield of the ruthenium fluorescence versus temperature. [160, 243]

of the linear temperature dependence of the fluorescence and obtaining a temperature
resolution as good as 0.05 °C.

A.3.1.1 Ru(Phen)

A dye related to the [Ru(bpy)s]**complex is [rutheniumtris- 1,10-phenanthroline], re-
ferred to as Ru(phen), which is another highly stable dye which is well suited for thermom-
etry applications. Like [Ru(bpy)s]?™, its fluorescence is strongly affected by temperature
in the range of physiological applications. In a paper by Liebsch et al, Ru(phen) was
established to be capable of measuring temperature with a resolution of 0.05 °C for
single point measurements [245]. To avoid oxygen quenching of the fluorescence, the
dyes was incorporated into matrices of sol-gel glass and PAN before being deposited as
thin films onto different substrates.

A.3.2 Porphyrin

A promising candidate for fluorescent thermometry is the metallorganic dye PtOEP
([2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin platinum(I1)]). PtOEP is a dye that
has been shown to yield highly efficient organic light-emitting diodes (LEDs) and that
recently has been shown to be well suited for FIR based temperature measurements
[61,241]. The molecular structure and the fluorescence spectrum of the molecule are
shown in Fig. A.15. The feature at 540 nm, which is significantly weaker in intensity than
the main emission peak at 650 nm is strongly thermally activated, which make this dye



A.4. Potential probes 135

T
e
4

T
-
Q
[
Transmission

L 10°

Normalized PL Intensity (a.u.)

104

550 600 650
Wavelength (nm)

Figure A.15: Temperature dependence of the PtOEP molecule spectrum. The inset
shows the molecular structure of the PtOEP dye. [241]

particularly useful for FIR applications. In the first demonstration of this dye for temper-
ature measurements, the PtOEP was dispersed in a conjugated polymer and thermally
characterized under vacuum conditions with excitation made with a laser at 380 nm [241].
In another publication, PtOEP was dispersed in polystyrene and spincoated on a surface
to form a 130 nm thick film before being studied under vacuum conditions [61]. Using a
gated detection technique ultra-fast sub-microsecond fluorescence-based thermal imag-
ing of a conducting strip was demonstrated. Due to the FIR nature of the technique, it
is insensitive not only to fluctuations of the excitation light source but also to intrinsic
instabilities such as photobleaching.

A.4 Potential probes

Over the last few years, a couple of conceptually new probes for fluorescent-based tem-
perature measurements have been demonstrated. These probes are based on the use of
multistructural micro- or nanoscale particles specifically engineered to respond to certain
changes in the environment. Although in an early state of development, these kinds of
probes show the potential of modern nanotechnologies increased capabilities to structure
matter on the nanoscale to fulfill specific needs.

The typical approach to engineering these new kinds of probes is to structure particles
with several layers of varying thermal properties. Clear examples of how such engineering
can be performed are shown in two articles referring to a new group of probes called
molecular springs [246,247]. In these papers, theoretical considerations [247] and exper-
imental results [246] are presented on the use of hybrid complexes composed of semi-
conductor and metal nanoparticles. The papers address in particular the case of single
metal particle cores dressed with a number of semiconductor nanocrystals using polymer
linkers for binding (see Fig. A.16 ). Due to field enhancement and energy transfer be-
tween the constituents of the assembly, the fluorescence emission is a complex function
of material and geometrical parameters. As a result, due to the thermal sensitivity of
the expansion or contraction of the polymer linker, which acts as a molecular spring,
the fluorescence emission is changed with changes in temperature. The experimental
results show that the assembly of a gold core and surrounding CdTe nanocrystals bound
with a PEG linker (Au-PEG-CdTe) undergoes a reversible optically measurable structural
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Figure A.16: Metal particle dressed with a number of semiconductor nanocrystals using
polymer linkers for binding. [246]

Figure A.17: Sketch of a collapsed pNIPAAM microgel partly covered with
polyelectrolyte-coated gold nanorods (left image) and SEM image of the real nanorod-
coated microgels. [228]

change as a response to changes in environmental parameters, e.g. temperature changes
in the range 20 to 50 °C [246].

With a slightly different assembly of materials, Karg et al succeeded in fabricating
probes which similarly presents sensitivity to temperature [228]. By assembling gold
nanorods on a core of the thermosensitive polymer poly(N-isopropylacrylamide) (pNI-
PAAM) (see Fig. A.17 ), spectral changes could be observed as a function of tempera-
ture. The reason behind this change lies mainly in the increase of the nanorod density
during the shrinking of the polymer with increased temperature, occurring principally at a
transition temperature between 30 and 35 °C. Full reversibility was found for temperature
changes between 15 and 50 °C.

Similar efforts on the engineering of complex microparticles have resulted in probes
which are sensitive to multiple temperature transitions. Li et al demonstrated the use
of two layers of block co-polymers grafted onto gold nanoparticles, giving rise to a
core-shell structure with two thermosensitive points, 33 and 55 °C, due to swelling or
contraction of the polymers (see Fig. A.18 ) [248]. Similar results were presented by
Chen et al [249] who synthesized core-shell particles entirely of different polymers. Due
to the temperature dependent swelling properties of the polymers different transition
temperature, the assembled particles showed a two-step temperature dependent swelling
behavior.
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Figure A.18: Schematic illustrating the step-wise temperature sensitivity of gold/co-
polymer nanoparticles. [248]
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APPENDIX B

THERMOCHROMIC LIQUID CRYSTALS

Thermochromic liquid crystals (TLCs) can be used as temperature sensors due to their
change of color with temperature. This feature has been employed for full-field mapping
of temperature fields for over three decades [47]. An extensive review of the developments
in the application of TLCs was given by Smith et al [54], where the experimental aspects
of liquid crystals on solid surfaces as well as in fluid suspensions are discussed.

TLCs have found good use both for temperature measurements of liquid volumes
[250, 251] and for surface thermometry [252]. Recent developments towards smaller
scale have also seen efforts to apply TLCs for the thermal characterization of PCR
systems [78,79] and electronic components [253,254], e.g. the detection of hot-spots on
IC circuits [255]. The time response of TLC thermometry varies from a few milliseconds
to several hundred milliseconds depending on the material and form of TLCs, while the
temperature resolution generally is around 1 K [46,47,157,254].

Although TLCs are a non-invasive! and cost-effective method for providing full-field
temperature information, there are some problems in applying them to temperature mea-
surements in microsystems. The size of the commercially available encapsulated TLCs is
typically tens of micrometers, which is impractical for use in micro-sized structures [47],
although some papers have claimed spatial resolutions down to 2 - 3 um using. Further-
more, the coexistence of TLCs with a mixture of fluid, e.g. in PCR systems, may affect
the biological activity of the medium [62)].

1Due to the need for deposition on a sample, however, the technique could be called semi-invasive [46]
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APPENDIX C

MICROFABRICATION PROTOCOLS

C.1 Preparing designs for EBL

All structures that were to be patterned by EBL were designed using the Virtuoso module
of the CADENCE software package. The designs were exported as stream files in the
GDS format. The GDS files were subsequently converted to the BEF format, which is
specific for the Advantest EBL system, and decomposed in the software Bexelwin before
importing the design in the uTile software of the EBL system. All software was accessed
remotely at the eb3 server of VDEC at the University of Tokyo.

In order to avoid problems related to stitching, the design was inspected in Bexelwin
after conversion to the BEF format. In the Bexelwin design viewer, the stitching lines
could be visualized. The interval between the stitching lines was 80 micrometers by
default in the Advantest EBL system. By inspecting the design, it was assured that
no stitching lines coincided with any nanowires. If a stitching line crossed a nanowire,
the original design was modified and a new file conversion was performed. Typically, a
rectangular structure was added on the side (one side only) of the design in order to
shift the relative location of the design with regard to the stitching lines.

During the optimization process of the EBL parameters it was found that exces-
sive exposure occurred of the EBL resist at high doses, due to effects such as electron
back-scattering. This in turn led to excessive removal of the resist during development,
which could be observed by the widening or narrowing of the intended structures (de-
pending on whether a negative or positive type of design was patterned). Since high
doses were effective in minimizing the amount of resist residues after development, we
developed an approach where the dimensions of the structures in the software design
were pre-compensated for the expected widening or narrowing effects. In Table C.1, a
few examples are shown regarding the pre-compensations made when fabricating metal
nanowires by lift-off on oxidized silicon substrates.

C.2 Basic substrates
Regarding the EBL process and nanowire patterning, two main fabrication processes
were developed. On one hand, a recipe for metal nanowire fabrication was developed

and on the other hand the fabrication of silicon nanowires was developed. The basic
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Table C.1: Examples of geometrical pre-compensation in the fabrication of metal
nanowires.

\ Desired nanowire dimensions \ Dimensions in software design \
Length 20 um & Width 200 nm Length 20.5 um & Width 150 nm
Length 10 ym & Width 200 nm Length 10.3 um & Width 130 nm
Length 5 um & Width 200 nm Length 5.2 um & Width 80 nm
Length 20 um & Width 500 nm Length 20.5 um & Width 460 nm

substrates used for metal nanowire fabrication was either a <100>, 3-inch, 381 um thick
silicon wafer or a <100>, 4-inch, 525 um thick silicon wafer. The larger 4-inch wafers
were used for the development of a suspended membrane structure. The doping type
and resistivity of the wafers were in both cases p-type and 10-20 Qcm , respectively.
Since the substrate did not take active part in the final device, the doping level had
no significance other than any possible influence on EBL scattering effects and on the
TMAH etch during membrane fabrication.

For the purpose of silicon nanowire fabrication, four-inch, 525 um thick silicon-on-
insulator (SOI) wafers were used. The SOI wafers contain a buried thin layer of oxide
at a specified depth under the surface. This depth typically ranges from 100 nm to
10 um while the thickness of the oxide typically ranges from 100 nm to 4 um. Since
the crystallinity and the thickness uniformity of the top silicon layer are very high in
commercially available SOI wafers, these substrates are ideal for the fabrication of silicon
nanowires with well-defined thicknesses. Our SOl wafers had a top silicon layer thickness
of 330 nm and a buried oxide thickness of 400 nm. The conductivity of the top layer
was 10-20 Qcm.

C.3 Metal nanowire fabrication

The fabrication process for our metal nanowires was developed with respect to those
results found in the FEM simulations presented in the beginning of Chapter 2. Two main
configurations were developed, one with the nanowires on top of passivated solid silicon
and one with a suspended membrane structure. In the following, a detailed description on
the production of the two configurations will be presented. As shall be seen, the processes
are practically identical until after the lift-off process and the subsequent passivation of
the nanowires. After those steps, the nanowires on solid silicon are already ready for final
mounting on a PCB board, while the nanowires on suspended membranes are further
processed to perform the actual realization of the membranes. Details on the suspended
membrane fabrications are given in the next section.
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C.3.1 Protocol
1. Wafer cleaning

The basic silicon substrate were primarily cleaned in a 1:1 mix of HoSO4 and HyO3 (also
known as a Piranha solution). This process allowed for the efficient removal of possible
contamination on the silicon surface. Before proceeding to the subsequent process step,
the sample was immersed in a buffered HF solution in order to remove the thin oxide
layer which is inevitably created during immersion in the HySO4:H>0O5 solution.

2. Oxidation

1) Oxidation of 3-inch wafers (unsuspended structures)
Wet thermal oxidation was performed at 1100°C for 5 hours using the oxidation
chamber of the MEMS cleanroom of Fujita/Toshiyoshi laboratory at IIS, the Uni-
versity of Tokyo. During temperature ramping up and down, a nitrogen flow was
applied through the chamber, allowing the oxygen gas to enter only during the
6-hour oxidation window.

I1) Oxidation of 4-inch wafers (suspended structures)
Wet thermal oxidation was performed by the clean-room engineers at LAAS-CNRS,
giving a silicon dioxide thickness of 800 nm as measured by ellipsometer.

3. SiN, deposition?

LPCVD (Low Pressure Chemical Vapor Deposition) was performed by the engineers at
LAAS-CNRS in order to render a silicon nitride layer thickness of 600 nm.

4. EBL process

a) Rinse and dehydration
In order to remove possible dust and particles from the surface of the substrates,
rinsing under running water was done. The rinse with water was likely to leave
a thin layer of water molecules on the substrate surface, even after drying with a
nitrogen gun. To assure the removal of all humidity from the surface, the wafers
were placed on a hotplate at 180°C for 5 minutes.

b) Spincoating
An adhesion layer consisting of the primer HMDS was spincoated on the sample
followed by the spincoating of the EBL resist ZEP 520A-7 from Zeon Corporation.
The spin parameters shown in Fig. C.1 were used in both cases.

c) Prebaking
In order to vaporize all remaining solvent in the resist after the coating process, a
prebake was performed on a hotplate at 180°C for 10 minutes.

d) Exposure
The spincoated samples were inserted in the EBL chamber. The appropriate design
files were loaded into the system using the uTile software to define the placement

1Only for 4-inch wafers, i.e. suspended structures.
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Figure C.1: Spincoating parameters for ZEP 520A-7 when patterning metal nanowires.

of the design on the sample and to define which exposure doses to use. For our
optimized process concerning the metal nanowires, a dose of 120 uC/cm? was
applied.

e) Development
The exposed structures were immersed in the development solution ZED-N50
(Zeon Corp.) for 1 minute and 30 seconds. Subsequent rinsing was performed
for 1 minute in the rinsing solution ZMDB (Zeon Corp.). Final rinsing in DI wa-
ter was also performed before drying the samples by the use of a nitrogen gun.
Observation of the developed structures was done under an optical microscope in
order to determine whether the result was satisfactory.

f) Resist removal if necessary
If for any reason the exposure had to be started over on the same sample, the
remover solution ZDMAC (Zeon Corp.) was used to effectively remove all EBL
resist. To allow for an efficient removal process, the solution was heated to 80°C
using a hotplate inside a draft booth.

5. 02 ashing

After the development of the EBL-created patterns, the samples were exposed to an
oxygen plasma for a short time in an RIE chamber (SAMCO RIE-10NR). This was
done in order to minimize the risk of resist residues on the bare substrate areas. The
parameters used for the oxygen plasma process are shown in Table C.2 .

6. Metal evaporation

A thin layer of nickel, approximately 40 nm thick, was deposited on top of the patterned
resist. Special care was taken to assure a good thermal contact between the wafers
and the wafer holder of the evaporation chamber. This was important in order to avoid
heat build-up in the sample during the evaporation process, which might lead to the
deformation of the resist.
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Table C.2: Oj ashing parameters.

O, flow 50 sccm
Pressure 10 Pa
Power 50 W
Time 10 seconds

Table C.3: SiOy sputtering process resulting in layer thickness of ~100 nm.

Background pressure < 10 Torr

Total pressure 2-103 Torr

Gas flows Ar 15 sccm, O5 20 scem
Temperature Room temperature
Power 500 W

Time 25 minutes

7. Lift-off

Lift-off of the evaporated metal was accomplished by soaking the sample in the remover
ZDMAC (Zeon Corp.) at 60°C for 15 minutes. In most cases, this was enough to
complete the lift-off. However, in some cases, the lift-off had to be completed by
immersion in an ultrasonic bath for a few minutes. The length of the immersion in the
ultrasonic bath was determined by visual inspection during the process. A disadvantage
of having to use the ultrasonic bath was the occurrence of permanent re-deposition of
micrometer-size metal pieces on the sample surface. However, due to the unlikelihood
for a metal piece to land on the essential parts of the sample, i.e. the nanowires, this
was generally only a minor problem.

8. Passivation

The metal nanowires were finally passivated by a silicon dioxide layer using a sputtering
process. Sputtering was chosen because of its availability at IS at the University of
Tokyo. An alternative and more regular approach to the deposition of silicon dioxide on
top of metals would be PECVD (Plasma Enhanced Chemical Vapor Deposition). The
parameters used for the sputtering process are shown in Table C.3 .

C.3.2 Resulting metal nanowires

In Fig. C.2 , examples of the obtained results are shown. As mentioned above, the
geometry designed on the computer is not exactly replicated in the patterned resist and
the resulting nanowires. In the images of Fig. C.2, the intended geometries as well as
the resulting geometries are indicated. If the discrepancy between design and fabricated
structures is known, it is possible to achieve certain dimensions by compensating for
those narrowing and broadening effects that will occur during the EBL exposure.
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Intended length: 20 pm Intended length: 20 pm
Resulting length: 19.6 um Resulting length: 19.6 um
Intended width: 50 nm B Intended width: 150 nm
Resulting width: 70-80 nm Resulting width:

SEI  50kV  X5500 1gm WD 44mm 50KV X5500 1gm WD 44mm

Intended length: 10 pm Intended length: 10 pm
Resulting length: 9.7 um Resulting length: 9.7 um
Intended width: 50 nm Intended width: 150 nm
Resulting width: 100-110 nm Resulting width:

SEI 5.0kV  X11,000 1gm WD 4.4mm 50kV  X10000 1im WD 4.4mm

Figure C.2: This figure shows the SEM images of four of our metal nanowires. The re-
sulting nanowire geometries do not perfectly correspond to those defined in the computer
design.
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C.4 Creation of the suspended membranes

As seen in the results of the FEM simulations of Chapter 2, a considerable difference in
thermal behavior is expected for nanowires which are located on different materials. In
order to realize a nanowire located on a suspended membrane as simulated in Chapter 2,
we applied a back-side etching process based on the wet etchants KOH and TMAH. In
order to assure a good stability of the membranes, only the samples with a composite
membrane structure were used for this purpose. The composite membrane structure
consisted of 800 nm silicon dioxide (SiO2) and 600 nm silicon nitride (SiNy) and was
fabricated according to steps number 2 and 3 of the previous section. This specific
membrane structure is the same as that which was used in earlier applications at the
LAAS-CNRS, e.g. for the realization of microthrusters [217]. In the following, the
membrane fabrication process is further detailed.

1. Backside patterning

a) Mask design and fabrication
The etch patterns to be transferred to the etch mask on the backside of the wafers
were designed in the Virtuoso module of the CADENCE package. The design was
transferred to a chromium mask for photolithographic use with a laser pattern
generator from Heidelberg Instruments.

b) Frontside spincoating
Before starting the membrane creation process, a photoresist (51818) was spin-
coated on the front side in order to protect the nanowires. Since the only function
of this resist was to protect the front side, the spin parameters were of little
importance. It was assured that the entire frontside was well covered after the
spincoating process.

c) Baking
The protective resist layer was baked on a hotplate at 90°C for 5 minutes in order
to vaporize the remaining solvent in the resist.

d) Backside spincoating
A photoresist (S1818) was coated on the backside of the wafer using the spin
parameters shown in Fig. C.3 . No adhesion agent was applied.

e) Prebaking
The frontside resist layer was baked on a hotplate at 90°C for 5 minutes in order
to vaporize the remaining solvent in the resist.

f) Backside alignment & UV light exposure
Using a backside aligner (Union aligner), the pattern on the chromium mask was
aligned with the frontside structures followed by UV light exposure (5 seconds with
the Union aligner at I1S, the University of Tokyo).

g) Development
Development of the exposed structures was performed in the developing solution
NMD-3 for 30 seconds. Rinsing was done in de-ionized water.



148 C.4. Creation of the suspended membranes

3000 rpm

500 rpm

2s bs 2s 30s 2s

Figure C.3: Spincoating parameters for the photoresist S1818 during the backside pat-
terning.

h) Postbaking
A final baking process was performed in order to improve the resistance of the
resist. The baking was done on a hotplate at 130°C for 5 minutes.

2. Transferal of pattern to the etch mask

The membrane structure consisting of SiOy /SiNy which had been deposited also on the
backside of the wafers could conveniently be used as an etching mask during the KOH
and TMAH etch. The following processes were performed to transfer the resist patterns
of the previous step to the SiOp /SiNy layer. a) SiNy etching Dry etching in an RIE
(reactive ion etching) chamber from SAMCO (RIE-10NR) was used and a reactive CF4
gas was applied to perform the SiNy etching. b) SiO; etching The SiO, was subsequently
etch using a wet etch approach. The etchant used was buffered HF.

3. TMAH/KOH etch?

a) Preparation of the etchant solution
An especially modified glass beaker was used to contain the TMAH and KOH
etchants. In the case of TMAH etching, the beaker was directly filled with a
commercially available 15% TMAH solution. In the case of KOH etching, KOH
pellets were poured into the beaker followed by the replenishment of water. The
concentration was made to be approximately 30%.

b) Heating of the etchant solution
The beaker was placed on a hot plate. By the use of a feedback loop between
the hot plate and a thermometer inserted in the solution, the temperature of the
solution was increased to and kept at 90°C.

2More details on the TMAH/KOH processes are given in Appendix D
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c) Mounting the sample in the chuck

As explained in Chapter 2, the frontside of the wafer had to be protected by the
use of a Teflon chuck in order to avoid the deterioration of the nanowire structures.
The wafer was mounted in the Teflon chuck, taking special care not to fasten the
screws asymmetrically. Instead of fastening the screws completely one after the
other, all screws were fastened in steps, addressing diametrically opposed screws
after each other. After carefully mounting the wafer, the chuck was inserted into
the hot etchant solution. Due to the depressurization path through the bottom and
the handle of the chuck, thermally induced destructive shocks could be avoided.

d) Etching process

During the entire duration of the etching process, vigorous stirring was performed.
Due to the size of the Teflon chuck, good stirring at the wafer surface could not
be achieved by the regular hot plate stirring function. Instead, the most efficient
method was to use a rotating blade inserted from above. Since the beaker had to
be closed to prevent evaporation of the etching solution, a small hole was drilled in
the lid of the glass beaker through which the rotating blade could be inserted. The
etching process took up to 10 hours with the TMAH etchant and approximately
5 hours and 30 minutes with the KOH etchant. As the end of the process was
getting close, the chuck was taken out of the etchant solution and the progress
of the etching was inspected under an optical microscope without removing the
wafer from the chuck. In the case of KOH, due to the considerable etching rate
also of SiO», it was particularly important to stop the etching as soon as possible
after completing the process in order not to etch into the membrane.3

C.5 Silicon nanowire fabrication

C.5.1 Protocol
1. Doping

In order to avoid the need for high voltages and consequently low currents, when per-
forming resistive heating and sensing with the nanowires, the top silicon layer of the SOI
substrate was doped to a relatively high level. The doping level used was 10*°cm3. In
order to avoid a metallic behavior and unpredictable behavior of the semiconductor be-
havior, doping levels above 10'%cm3 were not considered. The doping was implemented
by ion implantation of boron ions (p-type).

2. Wafer cleaning

The SOl substrate was cleaned in a 1:1 mix of HoSO4 and HyO; (also known as a Piranha
solution). Native oxide and oxide created during the cleaning process were subsequently
removed using a buffered HF solution.

3For future etching of this kind, it could be of interest to try an approach where KOH is used for
removing the larger parts of the silicon followed by etching in TMAH in order to proceed more slowly
the last tens of micrometers and avoid unwanted etching of the membrane
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Figure C.4: Spincoating parameters for ZEP 520A when patterning silicon nanowires.

3. EBL process

a) Rinse and dehydration

In order to remove possible dust and particles from the surface of the substrates,
rinsing under running water was done. The rinse with water was likely to leave
a thin layer of water molecules on the substrate surface, even after drying with a
nitrogen gun. To assure the removal of all humidity from the surface, the wafers
were placed on a hotplate at 180°C for 5 minutes.

b) Spincoating

An adhesion layer consisting of the primer HMDS was spincoated on the sample
followed by the spincoating of the EBL resist ZEP 520A from Zeon Corporation.
This resist was more viscous than the ZEP 520A-7 used for the metal nanowires.
This in turn resulted in a slightly thicker resist layer. The spin parameters shown
in Fig. C.4 were used both for the HMDS and the resist.

c) Prebaking

In order to vaporize all remaining solvent in the resist after the coating process, a
prebake was performed on a hotplate at 180°C for 5 minutes.

d) Exposure

The spincoated samples were inserted in the EBL chamber. The appropriate design
files were loaded into the system using the uTile software to define the placement
of the design on the sample and to define which exposure doses to use. For silicon
nanowire with widths below 200 nm, a dose of 86 yC/ch was and for widths
larger than 200 nm, a dose of 88 ,uC/cm2 was used.

e) Development

The exposed structures were immersed in the development solution ZED-N50
(Zeon Corp.) for 4 minutes and 30 seconds. Subsequent rinsing was performed
for 1 minute in the rinsing solution ZMDB (Zeon Corp.). Final rinsing in DI wa-
ter was also performed before drying the samples by the use of a nitrogen gun.
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Table C.4: Oy ashing parameters.

O, flow 50 sccm
Pressure 10 Pa
Power 50 W
Time 10 seconds

Observation of the developed structures was done under an optical microscope in
order to determine whether the result was satisfactory.

f) Resist removal if necessary
If necessary, the remover solution ZDMAC (Zeon Corp.) was used to effectively
remove all EBL resist. To allow for an efficient removal process, the solution was
heated to 80°C using a hotplate inside a draft booth.

4. 02 ashing

After the development of the EBL-created patterns, the samples were exposed to an
oxygen plasma for a short time in an RIE chamber (SAMCO RIE-10NR). This was
done in order to minimize the risk of resist residues on the bare substrate areas. The
parameters used for the oxygen plasma process are shown in Table C.4 .

5. Dry anisotropic etching

Dry anisotropic silicon etching based on a reactive SF¢ ion plasma assisted by O and
C4Fg gas was used to etch the top silicon layer of the SOl wafer. The process was
performed with a ICP-RIE machine STS (recipe SO/10040 for the machine in the MEMS
cleanroom of Fujita laboratory). By protecting only the covered areas, the EBL resist
assured the transfer of the resist patterns into the silicon layer. The buried SiO; layer
acted as an etch barrier due to its relatively low etching rate. Because of the anisotropic
character of the dry etch, the nanowire cross-section was rectangular. The resulting
structure in the top silicon layer was a central nanowire part with two big connecting
pads, one at each end.

6. Removal of EBL resist

In order to remove the remaining EBL resist, the ZEP remover ZDMAC (Zeon Corp.)
was used. The sample was soaked in the remover at 80°C for 5 minutes. If residues
remained on the sample surface after this process, oxygen ashing was performed for a
minute at high power to assure a clean surface. The ICP-RIE machine was used for this
ashing process.

7. Optional nanowire release

On some samples, the nanowires in the top silicon layer were release-etched by immersion
in a buffered HF solution for a few minutes. This etching process was only suitable for
relatively short nanowires. For nanowires longer than approximately 10 um, permanent
stiction between the nanowire and the underlying silicon structure would easily occur
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Intended length: 4 pm

Resulting length: 4.0-4.1 pm
Intended width: 200 nm

Resulting width: 80-100 nm

I
SEI 15.0kV  X27,000 Tum WD 8.0mm SEL 20.0kV  X25,000 Tum WD 15.2mm
ilted view

Figure C.5: SEM images of a release-etched silicon nanowire. The left image shows a top
view and the right image shows nanowire from a slightly inclined perspective. The length
of the nanowire is 4 um and the width 100 nm. At the edges of the connecting pads, the
underetch by the BHF solution can be seen. The underetched areas are brighter than
the unetched areas.

during the evaporation of the rinsing solution (DI water).* An example of a successfully
release-etched silicon nanowire is shown in Fig. C.5 .

8. Deposition of metal electrodes

In order to facilitate the external connection of the silicon pads by wirebonding, a metal
layer was deposited on top of the pads using a conventional photolithography and lift-off
process (not detailed here). The size of the metal electrodes was such that they reached
very near the ends of the silicon nanowires. This was done in order to allow for a further
increased relative resistance of the nanowire compared to its connection paths. This is
interesting from a thermal point of view, considering that the resistive heating would
become yet more localized this way. The metal of choice was aluminum, which interfaces
well with p-type semiconductors. The important thing to consider was to choose a metal
which would not give rise to a Schottky barrier at the semiconductor-metal interface.
In order to enhance the contact between the aluminum and the silicon, the sample was
additionally cured in an oven at 360°C for 20 minutes.

C.5.2 Comments on the use of silicon nanowires

The two main reasons for discontinuing the use of silicon nanowires within this thesis
were related to the time-demanding doping process needed to reach an appropriate con-
ductivity level and the connection to an external power source. Standard commercial
SOI wafers come with a typical doping level of 10%cm™ (p-type), corresponding to

4This critical length is obviously dependent on the thickness of the buried oxide layer. In the case
of our SOI wafer, this thickness was 400 nm.
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a resistivity of approximately 10-20 Qcm. Using substrates with these relatively high
resistivity values means that relatively high voltages will be needed in order to obtain
resistive heating in the structure and that low current values have to be analyzed when
performing FET-based sensing. To enable the use of lower voltages, doping of the silicon
structure should be made to render it closer to metallic behavior. Good doping values lie
around 10'8-101° cm=3. Above this point the behavior becomes more unpredictable and
less manageable. The practical realization of doping is well established in the microelec-
tronics field. However, in micromachining laboratories, doping is less common and the
introduction of doping means having to prolong the fabrication process. A convenient
alternative would be to buy commercial pre-doped SOI wafer, although such customized
solutions are expensive for a research laboratory. A second inconvenience with the sili-
con nanowires is the general need to deposit a layer of metal on top of the silicon pads
in order to enable wirebonding on the structure and connection to an external power
source. While some wirebonding machines allow for direct bonding of wires onto bare
silicon surfaces, the more common machines are typically limited to bonding on metal
layers.
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APPENDIX D

TMAH/KOH ETCH

In order to realize the removal of bulk silicon underneath the SiO,/SiN, layers, we used
the anisotropic wet etchants KOH (Potassium Hydroxide) and TMAH (Tetramethyl Am-
monium Hydroxide). These etchants attack the silicon with a high selectivity regarding
the crystalline planes of silicon. Due to the higher etch rate of the <100> planes com-
pared to the <111> planes, a pyramidal shape is achieved in the etched substrate. The
inclination of the <111> planes with regard to the <100> plane of the wafer surface
is 54.7deg. The exact etching rates of KOH and TMAH are given in Table D.1 and
Table D.2 . Due to the low etching rate of SiOy, masking is commonly done with this
oxide. An alternative is to use SiNy, which is hardly etched at all by KOH and TMAH.

A drawback of TMAH is the relatively high etch rate of the <111> plane. This
means that unless the process is stopped in time, broadening of the membrane width
may occur. KOH on the other hand has a much lower <111> plane etch rate but
etches SiO2 faster than TMAH. Therefore, when using KOH, special care has to be
taken when the end of the etching process is near in order to ensure that the membrane
is not excessively etched.

In order to allow for etching of the backside of a silicon wafer without affecting
the structures on the front side, the etchant solution must somehow be stopped from
reaching these structures. In the case of wet etchants in general, protection is provided
by covering the surface with a resist or wax. However, the regular resists and waxes
are not able to withstand the attack of TMAH and KOH. Instead, the protection of the
front side requires the use of a specific chuck in which the wafer can be placed before
being immersed in the etchant. This chuck should leave only the backside exposed to
the liquid environment while the front side should be shielded from the entrance of any

Table D.1: Etching rates for a 33% KOH solution at 90°C.

Silicon <100> 2 ym/min
Silicon <111> | ~ 0 ym/min
SiNy < 1 nm/min
Si0g 0.015 um/min
Si <100> / Si02 = 133
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Table D.2: Etching rates for a 15% TMAH solution.

Silicon <100> 1.4 ym/min at 90°C
0.9 ym/min at 80°C
Silicon lateral underetch 0.075 ym/min at
90°C

SiO, 0.001 ym/min at
90°C

Si <100> / SiOp = 1400

liquid.

The development of a protection chuck was performed with the following specifica-
tions in mind. First of all, the chuck should be able to protect the backside from the
TMAH and KOH etchants. Second, the mounting of the wafer should be done in a way
that does not induce excessive mechanical stress in the wafer. Third, since the etching
process is performed at a temperature of 90°C, it is important that pressure changes in
the air enclosed in the cavity at the wafer backside do not lead to the destruction of the
thin membranes as the silicon etching is finished or close to finishing. These considera-
tion led us to develop a chuck made of Teflon as shown schematically in Fig. D.1. The
Teflon resists the etching action of TMAH and KOH solutions at high temperatures. In
addition, it is relatively cheap and easy to process. An alternative material that could
be used is PEEK, which generally provides a better thermal stability and longer lifetime
but which is up to 10 times more expensive than Teflon.

As shown in the schematic of Fig. D.1, the chuck contains circular grooves for the
positioning of O-rings. Two O-rings are positioned on opposite sides of the wafer in order
to assure a soft clamping of the wafer and to prevent the passage of the etchant solution
to the wafer front side. A third O-ring of larger diameter is additionally used to help
preventing the passage of TMAH solution through the sides of the chuck. Six screws
made of PEEK are used to keep the chuck closed. When closing the chuck, the screws
are tightened by addressing diametrically opposed screws at the same time in order to
avoid the introduction of asymmetric mechanical stress in the wafer. An important
design feature is also the existence of an air pathway from the enclosed chamber at the
wafer front side. This pathway is realized by the drilling of a narrow cylindrical hole
reaching from the middle of the chuck towards the connection point of the handle and
then from one end of the handle to the other. The handle is securely attached to the
main part of the chuck using PEEK screws and a small O-ring to avoid leakage. This
way, the enclosed chamber at the front side of the wafer is connected to the atmosphere,
which allows for a continuous stabilization of the temperature-induced pressure changes
in the chamber.

During etching, the chuck was placed in a horizontal position with the wafer surface
to be etched facing upwards. An especially manufactured glass beaker with a lid was
used. The lid of the beaker contained three holes, one allowing for the handle to reach
out to the atmosphere, another one enabling the introduction of a rotary stirring blade
from above and the last one enabling the introduction of an thermometer into the etchant
solution. Stirring of the TMAH solution during etching is of high importance in order
to maintain a uniform etching rate. The approximate etching time for the 525 um thick
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Figure D.1: a) 3D view of the TMAH/KOH chuck with the four main parts separated.
b) 3D view of the TMAH/KOH chuck after assembling the parts. c) Cross-sectional
side-view of the two lower parts of the TMAH/KOH chuck.
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Figure D.2: Geometry of the resulting TMAH holes. The size of the bottom side orifice
can be calculated using a simple geometrical relation between the parameters in the
figure.

wafers used here was 5h 30min for KOH and above 10 hours for TMAH. Due to the
long etching time using TMAH, most samples were prepared using KOH etching. To
avoid etching of the membrane close to the end, the chuck was repeatedly taken out
of the etchant and the progress of the etching process was observed under an optical
microscope while still in the chuck. Approximate measurement of the etch depth was
done using the focal distance measurement function of the optical microscope. For
future fabrication of suspended membranes, an alternative approach is to etch most of
the bulk silicon with a KOH etchant and then change to a TMAH bath for the last
few tens of micrometers. This would keep the total etching time relatively short while
lowering the risk of unintentional membrane etching.

Due to the pyramidal shape of the KOH and TMAH etching profiles, the thickness
of the wafers has to be known in order to calculate how large the unmasked areas of the
backside should be. This principle is illustrated in Fig. D.2. In order to achieve the size
a on the front side, the unmasked length A on the backside can be calculated by the
following formula.

_ 2t
tan(54.7)

In order to actually achieve the predicted size a on the front side, it is important to
align the unmasked areas as well as possible to the crystalline planes wafer. Practically
speaking, this means aligning the square patterns of the mask with the flat edge of the
wafer. In the case of TMAH etching, because of the somewhat higher etch rate of the
<111> plane, the wall inclination will change continuously during the etching time. This
results in a slightly different etching profile. However, the formula above is still accurate
if the etching process is stopped immediately after the etchant reaches the other side.

a=A (D.0.1)
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Place a Parafilm piece on top of the Poly-L-Lysine droplet in
order to distribute the liquid over the surface.
Leave the Poly-L-Lysine for t=5 min, with the Parafilm on top.
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Place a Parafilm piece on top of the Streptavidin - Rhodamine B
droplet in order to distribute the liquid over the surface.
Leave it for t = 15 min, with the Parafilm on top. Place a small
Petri dish above the sample in order to minimize solvent
evaporation. Protect the solution from direct light by covering
the Petri dish with aluminum foil.
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APPENDIX F

PDEP ASSEMBLY OF NANOCRYSTALS

One of the challenges that were faced in this thesis was that of locating the fluorescent
temperature probes at the locations to be characterized, i.e. on top of the nanowires.
One of the investigated approaches for the probe deposition consisted in the assembly
of semiconductor nanocrystals on our micro- and nanowires using electric fields. While
finally not being used for our fluorescent thermometry technique, the results are of
significant general interest and will therefore be presented in this appendix.

The basic mechanism of the electric field assembly relies on those forces that act
on polarizable particle when exposed to a non-uniform AC electrical field. These forces
are generally known as dielectrophoretic (DEP) forces. Over the last decade, the DEP
forces have been exploited in a range of applications, in particular biological ones, e.g.
for the manipulation and positioning of molecular species [256-258]. While the DEP
effect has been the main focus of our studies regarding the electric field assembly, other
electrical effects, in particular AC electroosmosis [259], are likely to play important roles
in the results that we have found.

F.1 Theory behind the DEP effect

The DEP force acts on a polarizable particle in case it is immersed in a medium of a
different polarizability and is exposed to a non-uniform AC electrical field. The time-
averaged DEP force can be approximated in terms of dipole effects as: [257, 260]

(Fpep) = 2ma’enRe[fem] V | Epms|’ (F.1.1)
ef — g*
fem = €>,§p+—2;j';q (the Clausius — Mossotti factor) (F.1.2)

In this formula, E, ;s is the root mean square of the electric field, a the radius of
the particle, ¢, the complex permittivity of the medium and ¢, the complex permittivity
of the particle. Considering this formula, we can see that the DEP force depends on
the particle size, the magnitude of the applied field and the frequency of the applied
field. Depending on the frequency, the so-called Clausius-Mossotti factor, fcag, will
have different signs and thereby the direction of the force will change. In the case that
the factor is positive, as in Fig. F.1, the particle is more polarizable than the surrounding
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Figure F.1: Positive dielectrophoresis - pDEP.

medium and the particle will be attracted towards the maxima of the electrical field, i.e.
towards the left in the figure. This is called positive dielectrophoresis (pDEP) and is the
type of DEP force that has been investigated in this work.

F.2 Application of the pDEP force for nanocrystal
assembly

If we consider the geometry of our micro- and nanowire structures and we imagine the
positioning of a large and flat electrode above the wire structure, it is easy to realize
how a non-uniform electric field can be created between the large electrode and the
small wire. By the application of an AC field between the large electrode and the wire,
maximum electric field strength will be located at the vicinity of the wire. By the use of
an appropriate frequency, polarizable particles dispersed in the medium between the large
electrode and the wire the will be attracted towards the wire. Under the assumption
that the semiconductor nanocrystals are polarizable to some extent, the assembly of the
nanocrystals on our wires can thus be expected.

F.2.1 Experimental approach

As shown in Fig. F.2 , we applied the previously explained principles by the positioning
of an ITO (Indium Tin Oxide) covered glass coverslip above our wires at a distance
determined by a double-sided adhesive tape spacer (thickness~100 ym). The ITO is
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Figure F.2: Sample setup for pDEP assembly of nanocrystals. An ITO-covered glass
coverslip was placed above the wire using an adhesive tape as a spacer. This way, a
non-uniform electrical field could be obtained between the flat ITO electrode and the

wire, with a field maximum in the vicinity of the wire.
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a transparent and electrically conductive oxide. Thus, it could be used as an electrode
while simultaneously allowing for optical observation from above.

The wires that were used for the assembly experiments were non-passivated metal
wires, typically Ti/Au wires or Ni wires with a thickness of 40 nm. The length varied
from 10 to 100 #m and the width from 200 nm to 4 um. The samples were mounted on a
PCB board and wirebonded to allow for external connection. For the use of the smallest
wires (width<<500 nm), variable resistances in the range 0-500 k() were connected in
each end of the wires and turned to their maximum value. This protected the nanowires
from static shock and burnout when connecting them to the AC power source. After
connection, the variable resistances were turned to zero. The AC field was applied using
an Agilent 33220A wave generator with an effective voltage range of 0-10 V peak-to-peak
and a frequency range of 0-20 MHz.

F.2.2 The nanocrystal solution

After having prepared the experimental setup, a quantum dot solution was introduced
into the gap between the ITO slide and the sample surface. The quantum dot solution
consisted of carboxyl functionalized CdSe/ZnS core-shell nanocrystals with emission peak
at 655 nm (from Quantum Dot Corp.). The diameter of these particles was around
10 nm and the particle concentration of the original nanocrystal solution was 8.2 uM.
Regarding the experimental solution, a 25 mM MES buffer of pH 5.0 was used as the
solvent medium and the dilution of the quantum dots was 1:5000 with regard to the
original solution. To facilitate the insertion of the solution in the gap, the hydrophilicity
of the ITO slide was increased by ashing in Oy plasma before mounting.

F.2.3 Observation of the assembly

The electrical field assembly process was observed from the top using a BX-51 fluores-
cence microscope from Olympus with appropriate filter sets. In order to capture and
record fluorescent images on a computer, a Cascade 11:512 CCD camera from Photo-
metrics in combination with MetaMorph software from Molecular Devices Corp. was
used.

F.3 Results & discussions

The results turned out to be somewhat different in the case of microwires and nanowires.
These two cases will therefore be treated separately.

F.3.1 Electrical field assembly on microwires

In the case of microwires, electrical field assembly was successful as can be seen in
Fig. F.3, where a 4 um wide and 100 um long Ti/Au wire was used. Nanocrystals lined
up along the middle of the wires and on the edges of the connecting electrode areas. To
achieve this assembly, a frequency of 100 kHz and a voltage of 10 V peak-to-peak were
applied. As for the voltage, assembly could be seen already at a few volts. Increased
voltage accelerated the assembly process.

The movement of the nanocrystals during the assembly process seemed to have two
components. On one hand, pDEP forces dragged the nanocrystals towards the microwire
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Figure F.3: Fluorescent image showing electrically assembled nanocrystals along the
middle of a 100-um long and 4-um wide wire.

as expected. Secondly, a semicircular movement of the nanocrystals was observed at
the vicinity of the wire, as illustrated in Fig. F.4. This second movement dragged the
nanocrystals to the middle of the wire. We believe that this flow was induced by AC
electroosmotic forces [259] which appeared due to the potential difference between the
microwire area and the surrounding SiO; surface.

In some experiments the resulting assembly looked like in Fig. F.5. This typically
occurred when old nanocrystal solutions were used. As the solutions got older, clustering
of the nanocrystals occurred and the effective particle size thereby increased. During
the assembly, the movement was the same as in the former case. On the other hand,
attachment occurred at the edges of the wire. We believe that nanocrystal clusters were
attracted to the edges in a similar way as the former case. However, due to their size,
they got in contact with the underlying SiO2 onto which they easily adhered. Fewer
particles would therefore continue to the middle of the wire.

F.3.2 Electrical field assembly on nanowires

As for assembly on nanowires, assembly could not be observed for a setup similar to the
one used for microwires. At no available voltage or frequency did assembly occur in the
nanowire case. On the other hand, assembly could be achieved through a slight change
in the electrical connections (See Fig. F.6). In the case of the microwires, one pole of
the AC source was connected to the ITO slide and the other pole to both ends of a
microwire. In the case of nanowires, only one nanowire end was connected to the AC
source. Due to the high resistance that the nanowire represented, different potentials
were thereby obtained at the two ends of the nanowire.

Using this modified connection, assembly was obtained also in the nanowire case.
During the assembly, a slow global movement of the particles from one side of the
nanowire to the other was observed. At the vicinity of the wire, nanocrystals were
attracted relatively fast towards the nanowire as illustrated in Fig. F.7. During this
movement, some nanocrystals attached while others rapidly bounced back off. Assembly
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AC electroosmosis

Figure F.4: As the non-uniform AC field was applied, movement of the nanocrystals
appeared as indicated by the arrows in this figure. Two components could be seen. On
one hand pDEP forces dragged the particles towards the wire. Secondly, a semicircular
flow of nanocrystals was observed at the vicinity of the wires. This is believed to be
caused by AC electroosmosis.

Figure F.5: Fluorescent image showing nanocrystals and nanocrystal clusters which are
mainly assembled along the sides of the 100-pm long and 4-ym wide wire.
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Figure F.6: a) In the case of the microwires, one pole of the AC source was connected
to the ITO slide and the other pole to both ends of a microwire. b) In the case of
nanowires, only one nanowire end was connected to the AC source.

Figure F.7: Fluorescent image showing a 200 nm wide nanowire structure. Due to its
small size it is hardly visible. The arrows indicate the movement of the nanocrystals
during electrical assembly (left). Nanocrystals assembled on top of the nanowire (right).
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in the nanowire case occurred most effectively at a frequency around 5 MHz and at a
voltage around 4 V. Too high applied voltage, typically 5 V or higher, led to burnout of
the nanowire.

The observed movement is still not fully understood. We believe it to be a rather
complex superposition of different forces. The difference in potential on the two sides of
the nanowire seemed to induce an AC electroosmotic flow of particles in the vicinity of
the wire. At the same time, the formerly discussed pDEP forces were most likely altered
due to the new electrical field component that appeared between the two sides of the
nanowire. This probably resulted in the particles being dragged in one direction at the
vicinity of the gap between the connecting electrodes.

F.4 Conclusions

The electrical field assembly of semiconductor nanocrystals on micro- and nanowires pre-
sented a rather complex behavior. The involved phenomena need further investigations
before making final conclusions. At this point, the main assembling force is believed to
be a positive DEP force, while other effects such as AC electroosmosis also seem to be
involved.
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MEASUREMENT OF THE OPTICAL POWER DENSITIES

When performing the photostability tests on the different fluorophores (see Chapter 3),
neutral density (ND) filters were used to alter the transmitted excitation intensity. When
using the EXFO metal halide light source, an additional intensity control was available on
the lamp. Furthermore, the intensity finally reaching the sample surface also depended
on the objective and the excitation filter for the specific fluorophore.

In order to get a quantitative indication of the optical power densities reaching the
sample surface for the various combinations of light source intensity and ND filters,
the transmitted powers were measured under the objective using a Newport 840 optical
power meter!. Optical power densities were subsequently obtained by dividing the total
optical power (which was measured by the power meter) with the illuminated surface
area.

In order to estimate the size of the illuminated surface area for the different micro-
scope objectives being used, strong photobleaching was performed by illuminating the
fluorophore-covered surface for an hour at maximum intensity. By subsequently shifting
to an objective of lower magnification, the formerly illuminated area could be seen as a
dark circular spot. Since the transition between the bleached and the unbleached por-
tions of the surface was not sharp, but rather gradually changing from dark to bright,
the middle of the gray zone was used to estimate the diameter of the bleached spot.
The principle is illustrated in Fig. G.1 . Images were taken with an iXon 897 EMCCD
camera from Andor and analyzed in the IQ software, also from Andor.

Throughout the power density measurements, the transmission values of the atten-
uation devices were determined as shown in Table G.1 . The measured optical power
values and densities for different configurations are shown in Table G.2 . The inaccuracy
of the optical power density values is at least 10% of the given values, due to uncertain-
ties especially in the determination of the illuminated area. It should also be noted that
the lamp intensities change with the aging of the lamps and thus have to be reevaluated
periodically.

1 Corinne Vergnenegre at the LAAS-CNRS assisted in the optical power measurements and her help
is gratefully acknowledged.
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4 Intensity

v

Figure G.1: The diameter d of the photobleached spot was determined by considering
the position of the gray-zone where the intensity was halfway back to its maximum.

Table G.1: Transmission values of optical power with various attenuation devices.

’ \ Given value \ Measured value ‘

ND filter “ND25" 25% 28%

ND filter “ND6” 6% 8%
EXFO Top level 100% 100%
EXFO Top level - 1 50% 51.1%
EXFO Top level - 2 25% 24.2%
EXFO Top level - 3 12% 14.0%

EXFO Bottom level 0% 0%

Liquid light guide inserted to outer notch only - 5%
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Table G.2: Optical power values for different configurations.

Lamp type: EXFO metal halide lamp

Intensity level:  Top level (100%)

ND filters: ND6 & ND 25

Excitation filter: Chroma TRITC 31002 filter (Rhodamine B)

Objective — 20X / NA 0.46 | 60X / NA 0.90 | 100X / NA 0.95
EXFO diameter of
field d 0.91 mm 0.38 mm 0.23 mm
_ 0.65 mm? = 0.11 mm? = 0.042 mm? =
EXFO field area 0.0065 cm? 0.0011 cm? 0.00042 cm?
Total optical power
under objective 0.780 mW 0.340 mW 0.176 mW
Optical power density
(power per unit area) 0.12 W/cm? 0.31 W/cm? 0.42 W/cm?

Lamp type:
Intensity level:
ND filters:

Excitation filter:

EXFO metal halide lamp

Light guide inserted to outer notch (5%)

No ND filters

Chroma TRITC 31002 filter (Rhodamine B)

Objective — 20X / NA 0.46 | 60X / NA 0.90 | 100X / NA 0.95
EXFO diameter of
field d 0.91 mm 0.23 mm
_ 0.65 mm? = 0.042 mm? =
EXFO field area 0.0065 cm? 0.00042 cm?
Total optical power
under objective 2.135 mW 0.437 mW
Optical power density
2 2
(power per unit area) 0.33 W/em 1.0 W/em

Lamp type: Olympus BX-51 mercury lamp
Intensity level: - (only one level available)
ND filters: ND6 & ND 25
Excitation filter:  Chroma TRITC 31002 filter (Rhodamine B)
Objective — 20X / NA 0.46 | 60X / NA 0.90 | 100X / NA 0.95
Mercury lamp diameter
of field, d 0.46 mm
Mercury lamp field area 0.17 mm? =
0.0017 cm?
Total optical power
under objective 1.655 mW
Optical power density
(power per unit area) 0.97 W/em?
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Lamp type: EXFO metal halide lamp
Intensity level:  Top level (100%)
ND filters: ND6 & ND 25
Excitation filter: Chroma Adirondack Green 32254a filter (Evidots 520nm)
Objective — 20X / NA 0.46 | 60X / NA 0.90 | 100X / NA 0.95
EXFO diameter of
field, d 0.91 mm 0.38 mm 0.23 mm
_ 0.65 mm? = 011 mm?= | 0.042 mm? =
EXFO field area 0.0065 cm? 0.0011 cm? 0.00042 cm?
Total optical power
under objective 0.99 mW 0.42 mW 0.20 mW
Optical power density ) ) )
(power per unit area) 0.15 W/cm 0.38 W/cm 0.48 W/cm

Lamp type: EXFO metal halide lamp
Intensity level:  Top level (100%)
ND filters: ND6 & ND 25
Excitation filter:  Chroma ET-GFP (FITC/Cy2)
Objective — 20X / NA 0.46 | 60X / NA 0.90 | 100X / NA 0.95
EXFO diameter of
field, d 0.91 mm 0.38 mm 0.23 mm
_ 0.65 mm? = 0.11mm?= | 0.042 mm? =
EXFO field area 0.0065 cm? 0.0011 cm? 0.00042 cm?
Total optical power
under objective 0.73 mW 0.29 mW 0.15 mW
Optical power density ) ) )
(power per unit area) 0.11 W/cm 0.26 W/cm 0.36 W/cm
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ABSTRACT

This thesis presents the development of an improved fluorescent thermometry approach
for the thermal characterization of Joule-heated submicrometer wires in dry and liquid
conditions. The design parameters of the wire systems are studied by the use of finite
element modeling (FEM) in order to optimize their thermal behavior. A high spatial
confinement of the temperature changes is experimentally demonstrated when using a
nickel submicrometer wire on a silicon substrate as a heat source. The thermal time
constants of the wire systems are shown to lie below one millisecond. The results of this
thesis are of great interest in the development of new tools for the sensing, recognition
and fundamental studies of molecules, (for instance the folding of proteins and DNA)
based on fast temperature modulation.
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