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Abstract

Harvesting environmental energy sources to meet the growing demand of electronic
devices is a key challenge in reducing the environmental footprint of our society. Among
the available sources, heat offers a promising future due to its ubiquitous presence as
a byproduct in industry, transportation and energy-related processes. In this context,
thermoelectric generators stand out as a route to convert heat into electricity, as they are
compact and robust devices (i.e. they have no moving parts and therefore require little to
no maintenance) and possess excellent scalability (i.e. they can be reduced in size without
affecting their efficiency). These properties make thermoelectric generators promising
candidates for powering wearable or sensor devices, particularly those operating in harsh
environments, such as Internet of Things sensor nodes. Nonetheless, the current use of
thermoelectric generators remains significantly limited because most commercial devices
are based on expensive and toxic materials, like bismuth telluride. Therefore, alternative
materials must be explored. Silicon is a prominent choice due to its abundance, non-
toxicity, and excellent integration and miniaturization capabilities. However, the high
thermal conductivity of bulk silicon limits its thermoelectric efficiency. Therefore, to
make silicon viable in thermoelectric applications, this challenge must be addressed. The
objective of this thesis is to investigate the potential of silicon as a thermoelectric material.

Two main approaches were employed for this purpose. The first is nanostructur-
ing silicon in the form of nanowires and nano-patterned thin films. In this case, the
thermoelectric properties of silicon are enhanced by the dimensional constraints of the
structures. Silicon nanowires were grown by IREC collaborators, whereas the patterned
thin films were fully developed within this thesis. The second approach involves using
silicon microbeams. Here, the thermoelectric properties of silicon remain equivalent to
those of bulk, and the objective is to explore whether enhancing thermal management
in a thermoelectric generator can make bulk silicon viable for this application. Various
micro-test devices and micro-thermoelectric generators were fabricated in this thesis using
silicon technology to investigate the structures described above. Moreover, a reliable pro-
cedure to integrate a heat sink onto the micro-thermoelectric generators was developed
to maximize their performance. In the case of nanowires and microbeams, fully packed
micro-thermoelectric generators with heat sink were fabricated and characterized under
conditions that mimic real operational scenarios. Power densities well within the Internet
of Things requirements (i.e. above 10 pW/cm?) were obtained for temperatures above
175°C, while powers in the microwatt range were achieved under moderate hot tempera-
tures (above 100°C). Thermal, electrical and Seebeck measurements employing micro-test
devices were performed to study the thermoelectric properties of the patterned thin films.
These measurements demonstrated more than an 8-fold increase in the thermoelectric fig-
ure of merit compared to bulk silicon. Voltage generation capabilities were investigated
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in micro-thermoelectric generators based on patterned thin films. A 4.4-fold increase in
the harvested thermal gradient was observed compared to the best nanowire-based micro-
thermoelectric generators. These results demonstrated that nano-patterned films offer a
significant improvement both in terms of thermoelectric properties and thermoelectric
generation compared to the first generation of silicon structures (i.e. nanowires).



Resumen

Aprovechar las fuentes de energia medioambientales para satisfacer la creciente de-
manda de los dispositivos electrénicos es un desafio clave para reducir la huella ambiental
de nuestra sociedad. Entre las fuentes disponibles, el calor presenta un futuro promete-
dor debido a su presencia ubicua como subproducto en los procesos relacionados con la
energia, la industria y el transporte. En este contexto, los generadores termoeléctricos
destacan como una posible ruta para convertir calor en electricidad debido a que son
dispositivos compactos y robustos (i.e. no tienen partes méviles y, por lo tanto, necesitan
poco o ninglin mantenimiento) y poseen una escalabilidad excelente (i.e. se pueden re-
ducir en tamafio sin empeorar su eficiencia). Estas propiedades hacen que los generadores
termoeléctricos sean candidatos prometedores para alimentar dispositivos portétiles o sen-
sores, en particular aquellos que operan en entornos adversos, como los nodos de sensores
del llamado Internet de las Cosas. Sin embargo, el uso actual de los generadores ter-
moeléctricos sigue siendo limitado debido a que la mayoria de los dispositivos comerciales
estan basados en materiales costosos y toxicos, como el telururo de bismuto. Es por ello
que se deben explorar materiales alternativos. En este contexto el silicio destaca por su
abundancia, no toxicidad y excelentes capacidades de integracién y miniaturizacion. No
obstante, la alta conductividad térmica del silicio limita sus capacidades termoeléctricas,
por lo que hay que abordar este desafio para hacer al silicio viable en aplicaciones ter-
moeléctricas. El objetivo de esta tesis es por lo tanto investigar el potencial del silicio
como material termoeléctrico.

Para ello se han empleado dos estrategias. La primera es nanoestructurar el silicio
en forma de nanohilos o de capas finas nanoestructuradas. En este caso se mejoran las
propiedades termoeléctricas del silicio gracias a las limitaciones dimensionales de las es-
tructuras. Los nanohilos se han crecido gracias a una colaboracién con el IREC, mientras
que las capas nanoestructuradas se han desarrollado por completo en el marco de esta
tesis. El segundo enfoque consiste en utilizar microestructuras de silicio. Como en este
caso no se mejoran las propiedades termoeléctricas del material, el objetivo de esta es-
trategia es explorar si una mejora considerable en la gestion térmica del generador puede
hacer viable al silicio. Para investigar estas tres estructuras se han fabricado varios dis-
positivos y micro-generadores termoeléctricos usando la tecnologia de silicio. Ademas, se
ha desarrollado también una metodologia para poder integrar un disipador de calor en
los micro-generadores termoeléctricos con el objetivo de maximizar su rendimiento. En
el caso de las microestructuras y los nanohilos de silicio, se han fabricado y caracterizado
micro-generadores termoeléctricos con disipador de calor bajo condiciones que imitan es-
cenarios operativos reales. Se obtuvieron densidades de potencia dentro de los requerim-
ientos del Internet de las Cosas (i.e. superiores a 10 tW/cm?) a temperaturas superiores
a 175°C, mientras que se alcanzaron potencias en el rango de los microvatios a temper-
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aturas mas moderadas (por encima de 100°C). Ademads, se han medido las propiedades
térmicas, eléctricas y el coeficiente de Seebeck de las capas finas nanoestructuradas us-
ando dispositivos de test especificamente disenados. Estas mediciones demostraron un
incremento superior a 8 veces en la figura de mérito termoeléctrica en comparacién con
el silicio sin estructurar. Las capacidades de generacion de voltaje se investigaron en
micro-generadores termoeléctricos basados en capas finas nanoestructuradas. Se observé
un aumento de 4.4 veces en el gradiente térmico que eran capaces de aprovechar en com-
paracién con los mejores generadores basados en nanohilos. Estos resultados demuestran
que las capas finas con nanoestructuras ofrecen una mejora significativa, tanto en las
propiedades termoeléctricas como en la generacion termoeléctrica, en comparacién con la
primera generacién de nanoestructuras de silicio (i.e. los nanohilos).



Scope of the thesis

The objective of this thesis is the investigation of silicon as a thermoelectric mate-
rial. This encompasses not only the characterization of the thermal, electrical and Seebeck
properties of the structures but also their integration into functional micro-thermoelectric
generators. Subsequently, their thermoelectric generation capabilities are also explored.
Three silicon structures were investigated in this thesis: silicon nanowires, silicon mi-
crobeams and nanostructured silicon thin films.

Previous work in the group successfully fabricated micro-thermoelectric generators
with epitaxially grown silicon nanowires and microbeams. Investigation of the nanowire
properties was also performed. Therefore, this thesis aims to build upon the group’s
previous work in this field by optimizing and characterizing different generator layouts to
identify the best design, and by continuing the previous efforts to enhance their power
generation through the integration of a heat sink. For these reasons, most of the work
on material characterization is focused on the nanostructured silicon thin films that were
fully developed within the scope of this work, although Seebeck characterization of the
nanowires was also carried out. In contrast, the characterization of thermoelectric gen-
eration encompasses all three silicon structures. With the exception of thermoelectric
generators based on nanowires and microbeams, the remaining devices in this thesis were
designed or redesigned ad hoc, and were either fabricated or supervised during their fabri-
cation. In the case of nanowires and microbeams, the contribution was limited to specific
steps at the final stages of the fabrication process.

This thesis was developed at the Institute of Microelectronics of Barcelona (IMB-
CNM, CSIC), primarily in the cleanroom facilities and the different electrical characteri-
zation laboratories. The nanowires studied in this work were grown within a collaboration
with the Institute for Energy Research of Catalonia (IREC), while the integration of a
2x2 thermoelectric generator system was done in collaboration with AEInnova, a Spanish
company innovating in autonomous sensors that exploit thermoelectric power genera-
tion. Thermal characterization of the devices was carried out in collaboration with the
Autonomous University of Barcelona (UAB) for the 3w steady state measurements, and
within the framework of an internship at the University of Basel on the laser/bridge and
thermoreflectance cases. The thesis is divided in three parts, each including different
chapters, and is organized as follows:

e Part 1: Background and Methods.

Chapter 1: Introduction. This chapter introduces the main motivation of this
thesis, which relates to the possibility of powering Internet of Things nodes with thermo-
electricity. This is followed by a thorough overview of the principles of thermoelectricity
and a state of the art review of thermoelectric materials, including silicon. Then, thermo-
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electric generators are presented, with a specific review dedicated to micro-thermoelectric
generators. Finally, this chapter concludes with a brief overview of block copolymers, the
materials employed in this thesis to nanostructure silicon thin films.

Chapter 2: Experimental methods. This chapter starts with a brief presenta-
tion of the different micro- and nano-fabrication methods used in this thesis to fabricate
structures and devices. This includes an explanation of their limitations and operat-
ing conditions. The following section describes the structural characterization methods
employed to evaluate materials and devices, followed by the methods related to thermo-
electric characterization. First, the electrical methods are described, including 4-probe
and transmission line, which were used to measure resistivity and contact resistance on
thin films. Second, the thermal methods are described, including 3w steady state, ther-
moreflectance, bridge/laser and temperature coefficient of resistance. Some considerations
of the setups, operational conditions or thermal models are discussed. Finally, the setup
used for thermoelectric characterization is presented, followed by the Seebeck and power
generation use cases.

e Part 2: Micro-thermoelectric generators based on silicon nanowires and
microbeams.

Chapter 3: Characterization of micro-thermoelectric generators. This
chapter focuses on the results of bare micro-thermoelectric generators based on nanowires
and microbeams. To this end, and to better understand the operation of the devices, the
chapter begins with a description of the design and fabrication of the micro-thermoelectric
generators, with particular emphasis on the steps optimized within this thesis. After-
wards, the results of the characterization of the different devices are shown. This includes
the Seebeck and generation capabilities of the different designs before the integration of
the heat sink. The final conclusions from this chapter are presented.

Chapter 4: Heat sink integration in micro-thermoelectric generators. This
chapter starts by describing the methodology for implementing a heat sink in the micro-
thermoelectric generators. Afterwards, simulations predicting the expected improvement
in thermal management are presented. This is accompanied by a description of the ther-
mal model used to understand the behavior of the complete micro-thermoelectric device
at all stages of heat sink integration. Later, the results of the characterization of these
chips with the heat sink are benchmarked. The effect of the heat sink on the nanowires
and microbeams devices is discussed, along with a comparison to other silicon micro-
thermoelectric generators reported in the literature. Further characterization to evaluate
the compatibility of these generators with the Internet of Things needs is described, in-
cluding long term and transient experiments. Finally, a 2x2 generator is presented. This
device integrates four individual micro-thermoelectric generators, demonstrating the scal-
ability of the number of micro-generators within a single device. The final conclusions
from this chapter are presented.

e Part 3: Thermoelectric characterization of silicon thin films nanostruc-
tured with block copolymers.

Chapter 5: Silicon thin films nanostructured with block copolymers. This
chapter focuses on the results of nanostructuring silicon thin films. The first sections
present the optimization of block copolymer self-assembly, blending, and pattern transfer
into silicon films. These show the different routes that were explored to pattern silicon
films using block copolymers. The next section presents the doping process optimized us-
ing the spin on dopant technique, applied to both thin films and bulk samples on chips and
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wafers. Subsequent results of the electrical characterization of bare and nanostructured
films are presented, discussing the effect of patterning on their electrical conductivity.
The final conclusions from this chapter are presented.

Chapter 6: Thermal characterization of nanostructured silicon thin films.
This chapter presents the thermal characterization of nanostructured silicon thin films.
It is divided in three sections, each corresponding to a different characterization method.
In all cases, the device design and fabrication are first described in detail, with partic-
ular emphasis on the challenges that had to be solved to reliably fabricate devices with
suspended nanostructured silicon films. Then, the results are presented and discussed,
and put into perspective with other holey silicon structures and models reported in the
literature. In the thermoreflectance case, the experimental work is still pending at the
time of the submission of this thesis. Thus, this part ends after discussing the thermal
model that was developed to analyze the results from the characterization. The final
conclusions from this chapter are presented.

Chapter 7: Micro-thermoelectric generator based on nanostructured thin
films. This chapter focuses on micro-thermoelectric generators based on nanostructured
silicon films. It starts with the description of its design and fabrication, followed by the
thermoelectric characterization. Due to the high contact resistance of this first genera-
tion of devices, the characterization is limited to voltage generation and Seebeck mea-
surements. These last allow the final calculation of the figure of merit of the patterned
films. All the results are followed by a discussion and benchmarking against the solutions
based on nanowires and microbeams in chapter 3 and other structures in the literature.
The last section presents the work done to optimize the resistance of the silicon-titanium
contact. The final conclusions from this chapter are presented.

Chapter 8: Conclusions. This chapter discusses the achievements of this thesis
and outlines its future perspectives.

Additionally, four appendices are included:

Appendix A: Directed self-assembly of block copolymers. This appendix
presents a brief theoretical overview of the directed self-assembly of block copolymers,
followed by the results obtained within this thesis. This includes the fabrication of guiding
patterns and the directed self-assembly of lamellar block copolymers.

Appendix B: Suspension of membranes using topside KOH etching. This
appendix presents an alternative route to suspend ultra-thin Si membranes using topside
KOH etching that was explored and successfully developed within this thesis.

Appendix C: Adapter piece redesign. This appendix presents the redesign of
the adapter piece aimed at improving the thermal management of micro-thermoelectric
generators with heat sink. First, COMSOL simulations demonstrate the enhancement
that could be achieved with an improved adapter. Then, the first fabrication trials that
were explored with different designs are described.

Appendix D: Ongoing work on nanostructured films. This appendix presents
the ongoing work related to nanostructured films. This includes the thermoreflectance
characterization of membranes and the fabrication of the second generation of micro-
thermoelectric generators with optimized contact resistance.
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Chapter 1

Introduction

1.1 Motivation

Over the past three centuries, the use of energy and electronic devices has grown
exponentially. The Industrial Revolution sparked energy consumption through steam
and coal-powered machinery, while the 20th century saw electricity become widespread.
In recent decades, the proliferation of electronic devices has driven unprecedented energy
demand, with global electricity consumption rising sharply to power data centers, smart
grids, and connected devices, shaping a highly digital and energy-intensive world. In
this context, the Internet of Things stands out as one of the most important emerging
technologies, encompassing a large number of electronic devices and significant energy
consumption, raising concerns about their power supply.

1.1.1 Internet of Things

The concept of the Internet of Things (IoT) alludes to a collective network composed
of embedded sensors that have the ability to communicate between themselves or with
the cloud through an internet connection. These networks have become essential in our
day-to-day lives due to their joint ability of monitoring the environment and sending the
data in real-time, with the consequent enhancement of decision-making processes and the
optimization of autonomous systems. Today, the range of applications of the IoT spans
through several fields, covering the Machine-to-Person, the Autonomous Systems and the
Smart Environment families. shows different examples of the main areas of
application, among which, according to Transforma Insights (1], the fields of Transporta-
tion & Storage, Retail & Wholesale, Electricity, Gas and Steam and government-related
demands were the main ones in terms of recurring revenue in the period 2022-2023, each
individually exceeding the 10,000 million USD threshold.

The number of deployed IoT systems highlights their increasing importance in mod-
ern society. In 2023, the number of interconnected devices added up to 15.9 billion, and
current trends project this figure to exceed 39 billion by the 2030s [2]. The rapid expan-
sion is largely driven by continuous advancements in the fabrication and miniaturization
of Micro-Electro-Mechanical Systems (MEMS), as well as reductions in the power require-
ments of sensors. These developments have enabled the mass production and deployment
of ToT nodes. However, this optimistic trend could decline if the issue of power supply
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Table 1.1: Summary of the main application fields of the IoT, with specific examples for
each case. Adapted from , , .

Application Examples

Remote patient monitoring with wearable sensors
Healthcare and smart medical devices. Hospital asset manage-
ment with enhanced medical equipment tracking.

Precision farming with soil moisture, nutrient level
Food & Agriculture and temperature sensors. Food supply chain tracking
to monitor the conditions of the food.

Fleet management with vehicle and fuel usage track-
Transport ing. Smart traffic systems to provide real-time con-
gestion data.

P B S

Environmental monitoring to assess air quality, noise
Cities levels or pollution. Smart city lighting systems based
on pedestrian or vehicle presence.

Predictive maintenance with incorporated sensors.

Industr Supply chain optimization with inventory tracking.

h Y Enhanced safety for the workers thanks to improved
risk tracking in the facilities.

Wearables Fitness monitoring with sweat, calories, heart-rate

|'_§'\\

sensors. Smart watches.

Real-time inventory management. Personalized mar-
Retail & Wholesale keting. Smart shelves with real-time monitoring of
stock in the shops.

T

Smart temperature and light control in homes based
ﬁ Domotics on occupancy of rooms. Enhanced security systems
with real-time monitoring and alerts.

is not adequately addressed. Batteries remain the primary power source for IoT devices,
but their frequent recharging and disposal pose significant cost and environmental chal-
lenges. This concern is particularly critical in some of the most promising IoT application
areas (namely Industry, Energy and Transportation , ) where sensor networks are
often installed in remote and harsh environments, making regular maintenance imprac-
tical. Thus, alternative energy sources must be explored in order to supply power more
efficiently.

1.1.2 Harvesting environmental sources

Environmental sources offer an alternative that can fulfill both the sustainability and
long-term autonomy requirements of the IoT that batteries fail to address. The constant
miniaturization of sensor and communication systems is shifting the current needs of
commercial devices (> 1 mW) towards lower sub-miliwatt ranges, with minimum powers
of about tens of pW , @] The range between 10 and 100 pW/cm? could then be
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Table 1.2: Summary of the main environmental energy sources, with examples of har-
vesters and their corresponding power generation ranges. Adapted from [4], (7], [§].

Source Harvester Power range

Thermal Thermoelectric 50 w02 @ < 5o
generator

o

Photovoltaic <100 pW /cm? @ indoor
cell <100 mW /cm? @ outdoor

<35pW/cm? @ < 1m/s
<3.5mW/cm? @ < 8.4m/s

Solar

N
g

Wind Micro-turbine

Piezoelectric <4pW/em? @ human-Hz

Mechanical vibration generator <800 pW /cm?® @ machine-kHz

Op B

—~—
=
[

A Ambient radiofrequency RF Antenna < 1pW/cm?

considered a suitable objective for the power supply of low-power sensors. In this context,
MEMS technology offers the possibility of fabricating energy harvesters that are better
suited in size for IoT sensors, while also requiring less maintenance. This reduces long-
term costs and extends device lifespan. When combined with an abundant environmental
source, we have a major candidate to bring the IoT forecasts into reality.
summarizes the main energy sources available and provides some examples of harvesters
and their power ranges.

Among the showcased environmental sources, heat is one of the most prevalent due
to its ubiquitous presence as a byproduct in industrial, transportation and energy-related
processes. A. Firth et al. ﬂgﬂ pointed out that approximately 72% of global energy is lost
during conversion processes, with heat losses accounting for 52% of the total input energy
consumed worldwide. Specific values of waste heat compared to input energy in different
economic areas can be seen in [Figure 1.1h, together with the potential minimum percent-
age of losses to which we should aim from a theoretical perspective ﬂgﬂ, . Therefore, it
is clear that the major contributor to environmental contamination resulting from energy
losses is waste heat. Thus, recovering part of it is mandatory to reduce its environmental

footprint .

Heat loss can be classified into three categories depending on its temperature (T):
high temperature (> 300°C), medium temperature (100-300°C) and low temperature
(< 100°C). As seen in , medium and low temperature waste heat accounts
for about 94.8% of heat lost worldwide. In these ranges, possible recovery mechanisms
include heat pumps, condensing water heaters, and Thermoelectric generation for low
T; and organic Rankine cycle, Kalina cycle, phase change materials, and Thermoelectric

generation for medium T [12], [13].

Considering all of the above, several economic sectors (particularly Transportation,
Industry, Buildings, and Power generation) are experiencing rapid IoT expansion due to
its strong potential for process optimization and cost reduction. At the same time, these
sectors suffer significant energy losses in the form of waste heat, much of it at temperatures
below 300°C. Hence, thermoelectric generators (TEG) stand out as a promising solution
to recover a significant amount of lost heat and convert it to electricity, which could be
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Figure 1.1: a) Comparison of waste heat relative to input energy across different economic
sectors and in the global economy. Light blue areas indicate the theoretical minimum
energy losses achievable in each sector. b) Distribution of waste heat across different
temperature ranges in 2014 [El] Adapted from @,

used to power future IoT nodes in these industries [14], [15].

However, commercial thermoelectric generators are still scarce in these areas. The
most common thermoelectric modules to date are based on Bismuth Telluride (BiyTes)
pellets, which have great thermoelectric properties but fall behind when it comes to
TIoT compatibility. Both Bi and Te are scarce and toxic materials that cannot be mass-
produced to keep up with the growing pace of IoT node deployment . Therefore,
alternative materials should be explored to fabricate thermoelectric generators that could
generate enough power to fulfill the IoT needs and, at the same time, be sustainable
and compatible with mass-production in CMOS-like processes . In this way, the eco-
nomic and environmental costs will be reduced and, even, single platforms with integrated
sensor-TEG devices could potentially be fabricated.

Since A. I. Boukai et al. and A. I. Hochbaum et al. showed in 2008 that nanos-
tructuring silicon can effectively tailor its thermoelectric properties, a new interesting
field has opened for study , . Silicon is a low-cost, nontoxic and abundant ma-
terial that is highly compatible with industrial processes and large-volume production,
while also excelling in miniaturization and integration capabilities. Therefore, if Si can be
nanostructured in such a way that the patterning process is compatible with large-scale
fabrication, it could become a promising solution to power the IoT nodes.

This thesis studies the potential of silicon as a thermoelectric material, thereby en-
compassing the nanostructuration and thermoelectric properties of Si, the exploration of
technologies to integrate these structures into thermoelectric generators, and the study
of their generation capabilities. The introduction chapter provides a detailed overview of
thermoelectric theory, state-of-the art in thermoelectric materials and devices, and the
use of block copolymers for nanostructuring silicon.
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1.2 Thermoelectric effect

Thermoelectricity is a term that refers to the conversion of temperature differences
into electric potentials or vice versa, encompassing the three main effects in this field:
Seebeck, Peltier and Thomson effects.

The origin of thermoelectricity dates back to the year 1821, when Thomas Seebeck
discovered that a magnetic compass needle suffered deflection when placed near a junction
of two materials exposed to different temperatures. However, it was not until 1823 when
Hans Christian @rsted correctly associated the needle deflection as a secondary effect
of a current flowing through the materials. He found that the temperature difference
generates an electrical current, which in turn produces a magnetic field that moves the
needle. Thus, what was initially referred to as thermomagnetic effect was later more
precisely defined as thermoelectric effect. shows a basic thermocouple device.
Here, p- and n-type metal or semiconducting materials are electrically connected in series,
while being thermally in parallel. The open circuit voltage generated is related to the
temperature gradient by means of the Seebeck coefficient of both materials, leading to

quation 1.

AV = (Sp — S4) AT (1.1)

In this formula, the sign of the Seebeck coefficient of each material depends on the
charge carriers that dominate its electric transport. Thus, n-type materials have a neg-
ative Seebeck coefficient while p-type have a positive one. In cases where a single ther-
moelectric material is placed between two temperatures, the equation is simplified to
AV = —SAT, with the S sign following the same principle.

From an atomic point of view, the physical phenomenon that explains the movement
of charge carriers from the hot side to the cold side is diffusion, driven by differences in
kinetic energy. Carriers exposed to higher temperatures possess greater kinetic energy
and move faster than those in colder ones, resulting in a net diffusive movement toward
the cold end. Consequently, a voltage is induced in the material, which drives an electric
current when the material is connected to a load.

Material A
T,
p-type
T, AV
n-type
T,
Material B

Figure 1.2: Scheme of the thermocouple. The electrical junction between material A and
B, n- and p-type respectively, is exposed to a different temperature than the one on the
ends of both materials. As a result, an electric potential proportional to the temperature
gradient is generated across the terminals.
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Later, in 1834, Jean Charles Athanase Peltier discovered the complementary of the
Seebeck effect. He observed that heat could be generated or removed at the junction
of the two materials depending on the direction of the current flowing through them.
governs this effect, relating the amount of heat, @, with the current flow by
means of the Peltier coefficient, II:

Q= (4 —Tip) 1 (1.2)

Lastly, in 1851, William Thomson (Lord Kelvin) predicted and later observed that
reversible heat generation or absorption occurs when an electric current flows through a
single material with a temperature gradient. This means that when charge carriers move
from the hot to the cold side, heat is released. This is known as the positive Thomson
effect. Conversely, when carriers flow from the cold to the hot side, heat is absorbed.
As a result, Thomson effect is present in thermoelectric generators, but it is typically
neglected in practical calculations. This effect follows where generated or
absorbed heat is proportional to the electric current, I, the temperature gradient, AT,
and the Thomson coefficient, K:

Q = KIAT (1.3)

Finally, the three thermoelectric effects are interrelated through the Thomson rela-
tions. The first Thomson relation connects the Thomson coefficient to the temperature
dependence of the Seebeck coefficient. The second relates the Peltier and Seebeck coeffi-
cients, establishing a fundamental link between heat and charge transport in thermoelec-
tric materials:

1.2.1 Thermoelectric efficiency

To properly evaluate thermoelectric materials and devices, it is important to consider
the efficiency of both heat-to-power and power-to-heat conversion mechanisms.
shows the basic schemes of these mechanisms in two basic modules.

First, we need to define the heat transfer occurring on the hot side of the heat-
to-power module. Neglecting the Thomson effect, as it is several orders of magnitude
lower than the rest [20], we can divide the heat transfer into three components: the
Peltier effect (from using the second Thomson relation to relate it to the
Seebeck coefficient), half of the irreversible Joule heating , as only 1/2

of it goes towards the heat source, and the heat transfer through thermal conductivity

(Equation 1.8|).

Q1 =Urpl = SrpTul (1.6)

1
Q2= *§Rint12 (1.7)
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Q! Qul

Figure 1.3: a) Basic scheme of a heat-to-power module, together with the temperature
distribution along the device. b) Basic scheme of a power-to-heat module, together with
the temperature distribution along the device. In both cases, S, H, C and A letters stand
for source, hot, cold and ambient. An n-type material is considered to assign the signs of
the voltage.

A
Q3 = GreATrg = krp fATTE (1.8)

In these equations, Stg, Rint, kre, A, L and ATrg are the Seebeck coeflicient, the
internal resistance, the thermal conductivity, the area and length of the module, and the
temperature difference across the TE, which corresponds to Ty — T¢.

The power generated by this module is given by:

Prp = I’ Rigad (1.9)

We can define the efficiency of the heat-to-power conversion as the amount of power
generated divided by the amount of heat transferred on the hot side:

_ Prg _ Prg
“ 0 %G Qn (1.10)

The power can also be considered from a circuit theory point of view. The TE module
is supposed to be connected to a load, and the optimal transferred power is found to be
when Rjy,qq = Rint. At this point, the power is related to half of the open circuit voltage,
which, at the same time, can be rewritten as a function of the Seebeck coefficient and the
temperature gradient:

Ui

Véo _ StpATip
4Rint B 4Rznt

Premas = (111)

This leads to the recalculation of the efficiency using the maximum power and the
aforementioned heat transfer equations:

_ SteATtE
= 1 , A
4Rint STETHI - iRlntI + kaTTE

(1.12)
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However, this analysis of the TEG efficiency assumes that the optimal conditions cor-
respond to electrical load matching since, under these conditions, the transferred power
is maximized. This assumption is valid only if the external thermal resistances are con-
sidered negligible. Otherwise, it becomes inaccurate because the load resistance value
also affects the thermal management of the TEG through the Peltier and Joule effects,
which can limit the temperature gradient (i.e. the contribution of the load resistance is
not restricted to electrical behavior alone) [21]. When the heat source and sink temper-
atures are fixed and the external thermal resistances cannot be neglected, the maximum
efficiency is obtained when [22]:

RLoad = Rint V 1+ ZTm (113)

as long as AT is below a certain threshold [21]. Under these conditions, the maximum
efficiency corresponds to:

Te\ 1+ ZT, —1
Ty

Here, we see that the overall efficiency depends on ne = (1 — T¢/TwH), the Carnot
efficiency, which is the ideal maximum for any thermodynamic device in the conversion
of heat into power, and nrg, which reflects the influence of irreversible losses in thermo-
electric conversion. In nrg, T, corresponds to the average temperature, (Ty + T¢)/2,
while the Z factor is composed of the Seebeck coefficient, S, the electrical resistance, R,
and the thermal conductance, GG, of the module:

52

7z =
RG

(1.15)

It is clear that this Z factor is of the utmost importance in the design of thermoelectric
generators due to its role in heat-to-power conversion efficiency. Nevertheless, in this
thesis, the simpler load-matching condition is considered the optimal operating state. In
our case, given the ZT,, values of our structures, this assumption introduces errors below

6% compared to the load conditions of [Equation 1.13

Regarding the reverse mechanism, power-to-heat conversion, the efficiency can be
calculated as the amount of heat ejected from the heat source divided by the total power
used in the process of cooling. This factor is known as the Coefficient of performance

(COP):

cop = 9c (1.16)

Prg

The heat flux on the cold side of the module is composed of the same components as in

heat-to-power conversion but with a negative sign on[Equation 1.8] as in this configuration
the heat transfer through thermal conduction goes towards the heat source:

1 A
Qc = SteTcl — 5Rimﬂ - k:ZATTE (1.17)

In terms of energy balance, the amount of power used is:
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Prp = Qu — Qc = SrpATI + Ry I? (1.18)

Therefore, dividing the aforementioned Q¢ by the power used, and after some ma-
nipulations, the maximum Coefficient of performance is:

(1.19)

TC )\/1+ZTm_11H

Tc
Tu-To) it T, +1
Again, we see that the Z parameter stands out as the main contributor to the effi-
ciency of the thermoelectric module. Thus, strategies aimed at enhancing this parameter
must be explored to enable more efficient thermoelectric energy conversion in practical
devices. First, it should be noted that depends on three parameters: the
Seebeck coefficient, which is intrinsic to the material itself, and the thermal and elec-
trical resistances, which depend on both the material and the device geometry. On the
device side, contact and internal resistances need to be optimized, minimizing associated
loss mechanisms by ensuring optimum thermal and electrical interconnections. Once loss
mechanisms are not considered, the Z factor can be reduced to:

COPz(

_s%

. (1.20)

z

This formula, known as the figure of merit of a thermoelectric material, is more
commonly written as z7T', becoming a dimensionless factor to evaluate the thermoelectric
material performance at different temperatures.

1.3 Thermoelectric materials

The assessment of a material’s suitability for thermoelectric applications is funda-
mentally based on the dimensionless figure of merit, 27. Observing it
is evident that both Seebeck coefficient and electrical conductivity should be enhanced
as much as possible, while the thermal conductivity should be reduced. The term S%o,
referred to as the thermoelectric power factor, quantifies a material’s capacity to convert
a temperature gradient into electrical energy. It captures the combined influence of the
Seebeck coefficient and electrical conductivity, where a high power factor indicates efli-
cient voltage generation with minimal resistive losses. Furthermore, reducing the thermal
conductivity results in a larger thermal gradient across the material, thereby increasing
the potential for energy conversion. Consequently, a comprehensive analysis of S, ¢ and
K is essential to understand their interdependence and to maximize the figure of merit
2T,

The electrical conductivity is a material property that quantifies its ability to conduct
electric current. It can be expressed as the charge carrier density multiplied by their
mobility as:

o =e(nue + pun) (1.21)

where e is the electron charge, n and p are the charge carrier concentrations for
electrons and holes, and p. and pj stand for their respective electrical mobilities. In
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semiconductors, the values of n and p are primarily determined by the amount and type
of dopant atoms introduced into the material. Typically, charge transport is dominated
by one of the carriers, simplifying the formula to only one carrier type. Carrier mobility,
on the other hand, is related to how easily charge carriers (holes or electrons) move
through a material when an electric field is applied. This property depends on scattering
mechanisms, carrier concentration, and temperature.

The thermal conductivity is analogous to the electrical one, but its behavior is more
complicated, as now two different contributions arise. The first relates to the propagation
of lattice vibrations, which are described as phonons (quasi-particles representing the
quantized normal modes of atomic vibrations within a crystalline lattice). These phonons
are the primary heat carriers in ordered crystals. The phononic thermal conductivity,
denoted as k4, can be related to the phonon relaxation time, which represents the average
time interval between successive scattering events within the lattice. A shorter relaxation
time corresponds to a higher scattering rate, which in turn leads to reduced thermal
conductivity. Relaxation time can be expressed as [23]:

2
1
Ton =7€ + (M) AM? (1.22)

where 7y is the Griineisen parameter that measures the strength of anharmonicity, €
is the lattice strain, and M and AM are the average atomic mass and the mass difference,
respectively. Thus, both different types of lattice strains and point defects or interstitial
atoms, which are associated to mass differences, will shorten the relaxation time, decreas-
ing rpn. A simplified formula for kp, can also be obtained by considering a thin layer
[24]):

1
Kph = ngv)\ (1.23)

where C, is the specific heat capacity per unit volume, v is the sound velocity in the
material and A is the phonons mean free path. Again, we see that s, does not depend
on electrical properties and is mainly affected by the phonon scattering mechanisms in
the lattice (by means of \), opening different ways to enhance it.

The second contribution to the thermal conductivity, k., is specifically related to
electrical transport, as both holes and electrons can transfer heat. In this case, k. is
directly related to the electrical conductivity of the material via the Wiedemann—Franz
law:

71'2 ]{?B 2
e=— | — T 1.24
. 3(6)0— (1.24)

In metals, dominates as they have quasi-free charge-carrying particles,
whereas in the case of semiconductors the contribution of k. is around 1/3 of the total
thermal conductivity when either the material is at high temperatures or it has high
doping densities [25], [26]. In any case, k. is important as it is directly proportional to
the carrier concentration of the material, imposing an upper limit on the amount of useful
doping to optimize the correlation between electrical and thermal conductivity.

Lastly, the Seebeck coefficient is also composed of two different contributions associ-
ated with electrical, S, and phonon transport, S,;. The electrical one is related to charge
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Figure 1.4: Relation between the main thermoelectric properties behavior with the carrier
concentration on the material. In doted lines, electronic (k.) and phonon (k) thermal
conductivities; in doted-dashed lines, electrical conductivity (o), and Seebeck coefficient
(9); in continuous lines, thermoelectric figure of merit (2T), and power factor (S%0). The
optimal range in terms of 2T is highlighted in light blue. Data taken from [29], [30]

carrier diffusion from the hot to the cold side due to the difference in kinetic energy on
both sides. The second is a consequence of the phonon-carrier interactions and is known
as the phonon-drag effect. In this case, the mechanical vibrations of the lattice, which
travel from the hot to the cold side of the material, interact with the charge carriers and
transfer their momentum to them. This effect is dominant at very low temperatures (<
30K), while it is negligible at higher temperatures [27]. As thermoelectric systems tend
to work in environments above room temperature, the phonon-drag component of the
Seebeck coefficient is usually discarded and only the electrical one is considered. This
component of the coefficient is, for the case of metals or semiconductors with electronic
parabolic bands [28]:

™

3n

_ 8n?kE

o )§ (1+R) (1.25)

m*T (

where R = (6In)s/6InE)y , being As the mean free path of the electrons, which is
the average distance between two successive scatterings. If the scattering mechanisms
are assumed to be independent of the energy, the term (14+ R) = 1 in
Therefore, S, is proportional to m*, the effective mass of the carriers, and inversely
proportional to n?/3, the carrier concentration.

Taking into account the aforementioned equations for the thermal and electrical con-
ductivities and the Seebeck coefficient, a compromise in terms of the carrier concentration
appears (see|Figure 1.4). An increase in carrier concentration enhances electrical conduc-
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tivity but, at the same time, worsens the Seebeck coefficient and increases k.. On the
other hand, low carrier concentrations lead to higher Seebeck values and lower thermal
conductivities, but at the cost of increasing electrical resistance, resulting in lower power
generation. Thus, the TE figure-of-merit shows an optimal carrier density range between
10* and 10%° cm™3. The power factor, instead, has a small shift towards higher car-
rier concentrations, having a peak above 10?° cm™3, as the thermal contribution is not
considered here. These results show that semiconductors are the optimal materials for
thermoelectric applications.

Regarding the temperature dependence of these properties, several effects can be
observed. At higher temperatures, the electronic contribution to the Seebeck coefficient
increases, while the phonon-drag component decreases due to the dominance of phonon-
phonon interactions over phonon-carrier interactions. These phonon-phonon interactions
also reduce the lattice thermal conductivity by increasing the phonon scattering rate.
In general, increasing the temperature enhances the TE performance by increasing both
electrical conductivity (due to a greater number of charge carriers in the semiconduc-
tor) and the Seebeck coefficient, while decreasing the lattice thermal conductivity, which
remains the dominant contribution for n < 102! cm~3. However, there are also limita-
tions at high temperatures. When the charge carrier concentration becomes too high,
carrier scattering begins to dominate, reducing mobility. Additionally, the electronic con-
tribution to thermal conductivity increases, counteracting the benefits of reduced lattice
thermal conductivity. As a result, each material exhibits an optimal temperature range
for maximizing thermoelectric performance.

1.3.1 State of the art of thermoelectric materials

From the discussion in the previous sections, it is evident that 2T serves as the pri-
mary metric for evaluating thermoelectric materials. Traditionally, efforts to improve zT
have driven the search for new materials and the optimization of existing ones. However,
beyond achieving a high 2T, a good thermoelectric material must also be robust enough
to operate under varying environmental and temperature conditions without degradation.
Back in 1947, a first thermoelectric generator made of PbS and ZnSb was successfully
fabricated, with a conversion efficiency of 5% under a AT of 400 K [31]. Later, in 1954,
a cooling device based on BisTesz was also demonstrated [32]. From that point onward,
the exploration of thermoelectric materials accelerated, leading to the discovery of com-
pounds with 27 > 1 across various temperature ranges. As shown in[Figure 1.7] a variety
of materials are now being explored, categorized in different categories depending on their
base composition and structure.

Inorganic thermoelectric materials are the most abundant group and are usually
divided into seven subgroups. Six of them will be briefly presented in this section, while
those based on silicon will be shown in depth in the following section.

Chalcogenides: Chalcogenides are based on the combination of chalcogen elements
(Te, Se, S) with various metals. The most common material among this type is BiyTes,
which possesses intrinsically low thermal conductivity due to its layered crystalline struc-
ture that leads to highly anisotropic properties. In addition, its electrical conductivity can
be easily tailored with Sb and Se to obtain enhanced p- and n-type materials, respectively
[35]. Commercial modules based on BisTes are still the most standard, as they can have
values of 2T above 1 for temperatures around RT. Other notable chalcogenide compounds
include lead-based materials such as PbTe 36|, AgPb,,SbTea, [37], PbTesq; Nage, Sr [38]
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Figure 1.5: Figure of merit (27" of several n- and p-type thermoelectric materials as
a function of temperature. Representative compounds from most common types of
thermoelectrics are shown, including chalcogenides, silicides, skutterudites, Zintl phases,
clathrates, oxides and Heusler alloys. Data extracted from , ,

and NaPbSbTe 7 all of which have large 2T values for temperatures between 600 and
900 K. Additionally, SboTes represents a prominent antimony-based chalcogenide. Tin
selenides, particularly Br- and Na-doped SnSe, have also gained attention for their n-
and p-type thermoelectric behavior, respectively [40], [41]. Among them, Br-doped SnSe
stands out as the highest-performing n-type thermoelectric material, achieving a remark-
able 2T value > 2.6 at T > 700 K.

Skutterudites: Skutterudites are materials based on the TPnj3 structure, where T
stands for a transition metal (i.e. Co, Rh and Ir) and Pn for a pnictogen (elements from
group 15 of the periodic table). This kind of material forms cubic structures with some
empty cubes that can be filled with ions for electrical and thermal tuning. The most
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common type of skutterudites are based on Sb, thanks to their high carrier mobility,
electrical conductivity and Seebeck coefficient. Some high zT" n-type skutterudites include
(SI‘,B&,Yb)CO4Sb121H0,4CO4Sb12 [42] and (3-ZngSbs l43], with Nbg 4sTag 32 Tig.oFeSb [44]
as an efficient p-type. For these materials, the most attractive working temperature ranges
are between 500 and 850 K, where they are among the materials with the best 27" values.

Zintl phases: The term Zintl phases refers to a class of materials composed of
polyanionic frameworks covalently bonded to electropositive cations. These materials
form salt-like crystalline structures and are differentiated from other related compounds
by the presence of electropositive cations that fully transfer their valence electrons to the
polyanionic framework (an essential criterion for classification as Zintl phases). Examples
of Zintl phases that show high 2T values include those that have intrinsically low thermal
conductivity and tunable carrier concentration, such as MgsSby 5Big.49Teg 01 [45] for n-
type TE, and Yb14MnSb;; [46] for p-type. The latter is one of the most promising p-type
materials for very high temperatures (> 1200 K), as it shows a 2T value above 1 and an
exceptional absence of degradation in long-term operation under these conditions [47].

Clathrates: Clathrates are composite materials characterized by a distinct struc-
ture in which atomic or molecular guest species are encapsulated within a rigid host
framework. The host typically forms covalently bonded coordination networks that cre-
ate cage-like structures, which are subsequently occupied by the guest atoms. This wide
range of structures results in anomalous thermal transport properties and a wide range
of electrical behaviors, both of which can be tuned by modifying the guest-host com-
positions. High performance clathrates include variations of tin clathrates (BagGajgSnsg
[48]), like BagGaqs_,Cu,ySnsg [49], an n-type thermoelectric (TE) with 27" > 1 at medium
temperature ranges (500-600 K).

Heusler compounds: Heusler compounds and their more interesting variant (the
Half-Heusler compounds) are composites that follow the X5YZ and XYZ proportions,
respectively. These systems offer a wide range of strategies to enhance thermoelectric
performance through elemental substitution within the crystal structure. This approach
enables effective tuning of both thermal and electrical properties, paving the way for
compounds with 2T > 1 at high temperatures. Furthermore, these compounds also have
excellent mechanical and thermal stability. Representative examples of n- and p-type
Half-Heuslers are ZI’O'25Hf0,25Tio,5NiSn0.998Sbo_oog [50] and Hfo.gTio_QCOSbo_gsno_Q |51|
respectively.

Metal oxides: From a thermoelectric perspective, these materials usually exhibit
low performance due to the high effective mass of their charge carriers and their inherently
high thermal conductivity, which combined result in low 27T values. However, metal oxides
offer exceptional thermal and chemical stability, allowing them to operate at very high
temperatures without degradation of structure or performance. They are also easy to
fabricate and are generally composed of abundant, low-cost metals. For these reasons,
research into metal oxides aims to develop cost-effective thermoelectric materials suitable
for high-temperature applications. Notable examples of metal oxides with high 27T values
include Zng g6 Alg.02Gag.020 [52] and WO3_,. [53] for n-type TE, and Big.g75Bag.125 CuSeO
[54] and Cag 5Tbg 5C040g [55] for p-type TE. As shown in these metal oxides
can achieve 2T values exceeding 1 at temperatures above 800-900 K.

Besides inorganic TE, which comprise the vast majority, TE based on organic ma-
terials are also being explored and are especially applied in flexible devices due to their
inherent soft characteristics [56]. Polymers are usually mixed with other materials like
inorganic structures, graphene or carbon nanotubes. Examples of these subgroups are
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Figure 1.6: Elemental abundance in Earth’s crust (in ppm) for the materials shown in
The dotted line indicates the 10 ppm threshold. Both Bi and Te are among the
scarcest elements, whereas only certain silicide-based thermoelectrics incorporate elements
with abundances exceeding 10 ppm. Data taken from [33]

PEDOT:PSS with NayTeOg nanowires [57], which has a 27" = 0.1 at RT, PEDOT:PSS
with fullerenes [58], yielding zT" values of 0.067 at RT, and p- and n-type single-walled
carbon nanotubes [59], with a 27" around 0.12 at RT.

However, if we take a look at which shows elemental abundance, all the
materials used have concentrations below 10 ppm in the Earth’s crust. This is particularly
critical given the high reliance on TE materials based on Sb, Se and Sn; and even more
so for the most common and still commercially dominant Bi and Te, which are among
the rarest metals on earth. Consequently, the production of a large number of thermo-
electric devices based on these materials seems difficult due to their cost and scarcity,
along with the toxicity and environmental footprint of some of them. Furthermore, the
most common materials and fabrication processes used for their manufacturing are hardly
compatible with standard CMOS mass production of chips, which makes their integra-
tion into MEMS-like structures a difficult task. Considering the significant challenges
in miniaturizing devices based on these materials (an imperative requirement in the IoT
domain), we reach the same conclusion: alternative materials are essential to enable IoT
deployment at the forecasted scale.

1.3.2 Si based thermoelectric materials

Thermoelectrically, silicon performs poorly in its bulk form due to its high thermal
conductivity, which averages around 150 W/m-K. On the other hand, it exhibits an excel-
lent thermoelectric power factor, as both Seebeck coefficient and electrical conductivity
become significantly high after doping. Furthermore, silicon fulfills all the IoT constraints
already mentioned in previous sections: it is abundant (see , inexpensive and
non-toxic; it offers outstanding miniaturization and integration capabilities; and it is in-
herently compatible with the MEMS and CMOS fabrication processes. Consequently,
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silicon is a material with great potential in this field, but strategies to reduce its thermal
conductivity are essential to achieve sufficiently high 27" values. Since an optimal carrier
concentration has already been established (see7 the most promising approach
to decrease Ky, is to enhance phonon scattering. To accomplish this, structuring silicon
emerges as the most appealing strategy, provided that the critical dimensions remain
above the electrons mean free path. In this way, phonon dispersion will occur even for
high-frequency phonons, while electrical transport will experience minimal scattering.

An early example of the reduction of &, in silicon through structuring dates back to
1997 , while complete thermoelectric characterizations validating this approach were
reported by A. I. Boukai et al. and A. I. Hochbaum et al. in 2008 , . Both studies
demonstrated that silicon nanostructures achieve competitive 27" values at room temper-
ature. Since then, extensive research has been conducted, with representative examples
shown in[Figure 1.7] All these strategies rely, in one way or another, on introducing nano-

Porous: Low k
Heavily doped: High o

Figure 1.7: Examples of different nanostructuring strategies to reduce £,,: a) Nanocrystal
bulk Si with grain sizes < 200 nm , b) Nanoporous bulk Si with pore size < 100 nm
[61), ¢) < 50 nm Si thin film [62], d) 240 nm Si thin film with surface roughness [63],
e) Nanopatterned 300 nm poly-Si film [64], f) Rough surface Si nanowires with 20-300
nm of diameter , g) Porous Si nanowires with Si crystal sizes around 4 nm , h)
Superlatticed Si nanowires with diameters of 160 nm , i) Core-shell SiGe nanowires
with diameters between 11 and 23 nm .
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metric dimensions into the material to efficiently scatter phonons, as boundary scattering
dominates at these scales and increases proportionally with the surface-to-volume ratio.
A comprehensive review of state-of-the-art Si and Si-based thermoelectric materials is
presented in including their thermoelectric properties and the corresponding
structuring approaches. In the following, we discuss the advantages and limitations of
these different nanostructuring strategies.

The first category of potential structures includes micro-/nano-polycrystalline silicon,
nano-porous silicon, and dislocated or superlatticed bulk silicon. In these configurations,
phonon scattering is enhanced by grain boundaries, dislocations, or pore walls. However,
a major drawback of polycrystalline or dislocated structures is that these same features
also scatter charge carriers, reducing the material’s power factor. This introduces a trade-
off in grain size optimization to balance the reduction of ,; against the preservation of
electrical conductivity o.

The second approach involves the fabrication of silicon nanowires (NWs), where the
two-dimensional confinement significantly enhances phonon scattering due to the inher-
ently high surface-to-volume ratio of these structures. However, single-crystal Si NWs still
exhibit relatively high p, (> 10 W/m-K) unless their diameter is reduced below 30 nm
[86]. Achieving high zT values in single crystal Si NWs therefore requires extremely small
diameters, which pose substantial fabrication challenges, particularly when producing
large, uniform arrays. Although arrays of Si NWs with larger diameters can be fabricated
using the vapor-liquid-solid (VLS) method, this process typically employs gold as a cat-
alyst, rendering it incompatible with CMOS technology. Further reductions in thermal
conductivity (approaching or even below the amorphous limit) have been explored by
using compounds of Si with other materials or by introducing structural heterogeneity.
Some examples of compounds include SiGe [76], SiC [77] and CrSiy [78], with SiGe be-
ing the most extensively studied due to its significant reduction in %, (which can reach
values below 2W/m-K) and its ease of fabrication using the VLS technique with GeHy
as a precursor. Nonetheless, Ge possesses some environmental concerns, as it is both
toxic and relatively scarce. Moreover, SiGe generally exhibits lower Seebeck coefficient
values compared to Si (see . Regarding structural modifications, these include
tailoring porosity [74] or NWs crystalline lattices [66], in order to minimize their ther-
mal conductivity. However, such modifications typically involve the use of electron beam
lithography (EBL) or focused ion beam (FIB) to individually pattern the NWs, or are
based on vertical-like growth techniques (such as metal-assisted chemical etching -MACE-
[73]). Limitations in integrating these materials at wafer-scale in planar-based TEGs, as
well as the low capability of fabricating large arrays of NWs, arise when using these tech-
niques. Furthermore, some approaches rely on roughening the NWs surface [19], which
introduces challenges in achieving sufficient reproducibility across large arrays.

The third approach involves thin film fabrication, where phonon scattering is less
pronounced than in NWs due to confinement occurring only in one dimension. Conse-
quently, unstructured Si thin films can achieve k), values near 20 W/m-K only when their
thickness is reduced to 17-20 nm [62], [87]. To further reduce x,y, strategies similar to
those used for NWs have been explored, including alloying Si with other materials and
introducing structural modifications. Common compounds for Si thin films include SiGe
alloys [83], and silicides such as MgySi [85] and CrSiy [84]. Except for SiGe alloys, sili-
cides still show zT values ~ 0.01 in thin film form. Efforts to reduce s, in Si aim to
approach the amorphous limit while preserving o. D. Banerjee et al. [79] reported rpp
values around 1 W/m-K in amorphous Si (a-Si), which also exhibits an exceptionally high
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Table 1.3: Comprehensive summary of the different types of Si and Si-based structures
reported in the literature. The color of the row indicates the materials used in each:
white for Si and light-blue for compounds of Si with other materials. NC: nanocrystal,
SC: single crystal, NP: nanoparticle, SL: superlattice, PC: polycrystal, TF: thin film, NW:
nanowire, MACE: metal-assisted chemical etching, VLS: vapor-liquid—solid, d: diameter,
t: thickness, p = period. The last column specifies the reference of each structure.

Structure r g o .

(W/m-K) (S/cm) (nV/K)
NC bulk Si dyp =100nm  10.5 550 120 011 [60
Dislocated bulk Si - 45 180 600  0.045 E
50 % Porous bulk Si dyp = 5 nm - - 1000 - 6_1
Porous bulk Si t = 80 pm 7.6 700 250 025 [70
NP bulk (CrSiz)o.9 B
with (SiGe)o.1 dyp = 2 pm 2.1 925 15 012 |71

inclusions

PC bulk MnSi1 74 dyp =500nm  2.65 445 135 01 |72
Rough SC Si NWs d = 52 nm 1.66 590 240 0.6 E
Porg??\#\vdvlzCE d=20-200 nm  1.68 131.6 382 034 |73
46 % Porous Si NWs  d = 218 nm 2 500 200 031 |74
MACE SC Si NWs  d = 150 nm 1.75 265 7478 03 |75
Sig.9Geg.1 SC NWs d = 65 nm 0.8 850 110 0.2 E
VLS 6-SiC SC NWs  d = 60-100 nm  86.5 225 -1210 0.2 |77
CrSi; NWs d = 150 nm 11 1000 15 006 |78
Ar-doped a-Si TF t = 100 nm 1.5 15.56 -1450 0.64 E
Holey Si TF 1)2215050 r?il 1.73 333 250 04  [80
Holey Si TF It) - ?;%% m 11 700  -107 002 |64
a{)SCiOSgi Elfer‘}’i};s dyp =20nm  0.78 190 220 03 81
Porous Si TF d]tV: izl glfllm 1 55.6 248 01 82
PC Sig.7Geg.3 TF t = 137 nm 1.68 600 160 027 (83
PC C1Siy TF t = 260 nm 2 1250 32 0015 |84
PC Mg,Si TF t = 650 nm 1.6 10 199 001 |85
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Seebeck coefficient of —1.45mV /K. However, Nakamura et al. [81] and Ziouche et al. [82]
demonstrated that values near or even below the amorphous limit can be achieved while
maintaining a reasonably high ¢ by fabricating sub-15 nm porous Si or by incorporating
sub-5 nm SiOs layers at the interfaces of thin films of polycrystalline Si. However, in both
cases, the Seebeck coefficient is far from that of a-Si, while o remains below 200 S/cm.
Other structural modifications include further patterning of the thin films to obtain ho-
ley Si [80], [88]. The first case, which is the most interesting in terms of zT and CMOS
compatibility, leads to a high zT of 0.4 at RT due to a significant thermal conductivity
reduction obtained with the holey pattern, which is achieved by means of block copolymer
driven nanostructuration. However, a more recent publication of a block copolymer-based
holey Si reports a more modest zT of 0.05 due to the decreased electrical conductivity
in the structure [89]. As for other holey films, EBL is generally used to pattern holes
in the structure, which imposes limitations on wafer-scale fabrication or scalability [88],
[90]. Both references report modest values of zT, namely 0.02 and 0.09 at RT.

Throughout this thesis, three different structuring strategies have been studied: Si
microbeams, single-crystal Si nanowires (NWs), and block copolymer driven nanostruc-
tured Si thin films. The first does not significantly enhance the intrinsic thermoelectric
properties of Si. Instead, Si microbeams aim to improve device-level heat management,
thereby optimizing the overall power generation to investigate whether this could enable
the use of bulk Si in thermoelectricity. The last two correspond to structures with phys-
ical confinement (two-dimensional on the NWs and one-dimensional confinement with
further patterning on the films). Therefore, these two aim to improve the thermoelectric
properties of Si.

1.4 Thermoelectric devices

As previously shown in thermoelectric devices have two basic operating
modes: power generation, where they are referred to as thermoelectric generators (TEG),
and refrigeration, where they are referred to as thermoelectric refrigerators (TER). The
device efficiency in both operating modes has been shown in where it is
evident that ZT is the most important parameter for maximizing the efficiency of the
device. In this section, some considerations on the optimization of ZT from the device
point of view will be presented, as its material-based contribution (i.e. the zT) has
been extensively explained in the previous sections. In the following, only TEGs will
be considered, as the objective of this work is to fabricate TEGs based on different Si
structures.

1.4.1 Thermoelectric generators

A TEG is a solid-state device that converts a temperature gradient into electrical
power. Since the maximum conversion efficiency of a TEG is influenced by its ZT value,
and currently these are within the 0.01 - 2 range, the typical n of a TEG tends to be
lower than that of other energy conversion cycles [4]. However, TEGs possess several
advantages from a device point of view because they are compact, robust, have no moving
parts, and can be applied in a wide range of temperatures. These properties make TEGs
especially interesting in waste heat recovery [91] and remote power generation, since the
high autonomy of a TEG favors its application in harsh environments.

In terms of device architecture, a TEG is typically composed of three parts: the
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TE element

TE element

Suspended
membrane

Figure 1.8: Schemes of the typical vertical w-type and planar TEGs. In both cases the n
and p-type TE legs are connected electrically in series and thermally in parallel. In the
planar design the heat flow is engineered to obtain a lateral temperature gradient thanks
to the use of a suspended platform.

TE material (usually in the form of p- and n-type legs), the hot and cold surfaces and
the electrical and thermal contacts. shows the two basic configurations of a
TEG. In the most standard 7-type vertical architecture, the p- and n-type legs of the
TE material are connected electrically in series and thermally in parallel between two
ceramic plates. These serve as the hot and cold surfaces of the TEG. In order to have
good electrical and thermal contacts, interface materials are integrated between the TE
legs and the conducting layer (in gold in to achieve effective soldering and
minimize the contribution of the contact resistances, which significantly affect the ZT of
the device. Due to the dissimilar thermal and electrical properties of the p- and n-type
legs (because they are made of different semiconductor materials), this architecture should
be optimized to maximize the conversion efficiency, following the next relationship :

Ap/Lp _ Tnkin (1.26)
An/Ly,  opkp

where A and L are the cross-sections and the lengths of the p- and n-type TE legs.
Generally, this relationship is not fulfilled due to the greater difficulties of fabricating and
integrating the two legs of different sizes. Nonetheless, this geometry is well optimized in
terms of thermal losses, as it directly contacts the hot surface and is easily encapsulated
with a heat exchanger on the top. Also, there are no parasitic heat losses between the
hot and cold sides, which are always separated by the TE legs. In the case where only
one type of semiconducting TE leg is present (i.e. a single-leg TEG with either p- or
n-type TE legs), it is easier to optimize the geometry of the TE element. However, this
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is at the cost of having heat losses between the hot and cold sides, since the conducting
layer (i.e. the metallic leg) should connect the top side of one TE leg with the lower
side of the following leg, thereby introducing a parasitic heat path along the way. As for
MEMS-based TEGs with a vertical configuration, their performance is generally limited
by the maximum height of the TE element that can be fabricated and by the challenges
of integrating vertical structures within a planar-type wafer-level process flow.

The second configuration corresponds to the planar architecture, where the TE legs
are integrated horizontally in the TEG. In this geometry, the heat flow is engineered
to convert the vertical external temperature gradient into a lateral one in the device.
Generally, this is achieved thanks to the use of suspended areas that serve as the cold
end of the TEG. Thus, the TE legs are integrated between these and the bulk regions,
harvesting the lateral gradient that is created. Some cavity-free examples are also reported
in the literature due to the ease of their fabrication, but this architecture shows limited
thermal management, leading to very low temperature gradients in the TE legs. These
types of planar TEGs are usually seen in Si-based pTEGs that are fabricated using MEMS
technology, as they take advantage of the excellent fabrication and integration capabilities
of Si technology, which is planar in nature. In this work, this architecture was chosen as
the base geometry for all of our designs.

Regardless of the type of architecture used for the fabrication of the TEG, there are
some considerations regarding the final power output of the device. The power generation
depends on both the temperature gradient across the TE legs and the total electrical
resistance of the TEG. The first is maximized by increasing the length and decreasing
the cross-sectional area of the TE legs, while the second is maximized when the TE legs
are wider and shorter. Moreover, the legs can be connected electrically in parallel or in
series, maximizing either the current or voltage generation of the device depending on
the output needs. Thus, besides optimizing the thermal and electrical contacts between
the TE legs and the rest of the device, a proper evaluation of the output requirements
should be done in order to precisely design the electrical connections and TE leg sizes in
each device.

Some examples of bulk TEGs and their use cases include: radioisotope thermo-
electric generators (RTGs) that use plutonium-238 as their radioactive source and TE
materials such as SiGe and PbTe 93], which have been extensively used for space explo-
ration missions; BisTes-based TEGs for waste heat recovery in automotive applications
in companies like BMW, General Motors, FIAT and Chrysler [94]; BizTe3—PbTe hybrid
TEGs for waste heat recovery in the Portland cement industry [95]; a Seiko wristwatch
completely powered by a TEG unit [96]; and many more.

1.4.1.1 p-Thermoelectric generators

As mentioned in the previous section, one of the main limitations of the TEGs appli-
cability is the low conversion efficiency of their modules in comparison with other energy
conversion cycles. This, however, is only true for power generation above a given thresh-
old, as shown in Below these power levels, the efficiency of the current TE
modules starts to become competitive, especially below the Watt range. Thus, one of the
most promising fields for TEG applications is low-power devices with power requirements
that span from nW/cm? to mW /cm?, which are particularly relevant in the context of
the IoT.

In terms of the fabrication of TEGs with such power density generation, reducing
their size becomes essential to maximize their efficiency and cost, for which MEMS tech-
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Figure 1.9: Comparison between the conversion efficiency of current TEGs and conven-
tional energy conversion engines as a function of the power level. The values of efficiency
and power are qualitative, and serve just to visualize the general trend observed with
these kind of devices. Data adapted from [97].

nology stands out as the most promising route to fabricate micro-TEGs (WTEGs). This
includes not only using Si or Si-based TE materials (such as Si alloys or silicides) in
the nTEGs, but also the possibility of integrating a wide range of other TE materials in
MEMS devices, each with different deposition techniques depending on their properties.
Furthermore, the excellent integration capabilities of Si technology enable an increased
number of TE legs per unit area and allow the mass production of n"TEGs at the wafer
scale, eliminating the manually assembled typical w-type modules. All this justifies the
growing interest in the fabrication of p'TEGs [105]. However, a more traditional m-type
architectural approach is still being explored for the fabrication of nTEGs thanks to the
use of additive manufacturing and other deposition techniques, such as electro-deposition
[102], [104]. These generally involve the use of more standard TE materials, like BisTes
or SbyoTes, which raise subsequent sustainability concerns, but they are able to generate
large power densities in the range of even hundreds of pW/cm?. Examples of nTEGs
with different geometries and TE base materials are shown in Among them,
four n"TEGs stand out due to their high power density generation: a MEMS-type pnTEG
with integrated SiGe NWs [98], generating a total of 45.2 W /cm? when exposed to a hot
temperature of 395 K; a m-type vertical n'TEG based on electro-deposited BiTe/CuTe legs
[102], generating a total of 562.5 pW/cm?; a planar-type n'TEG based on 70-pm thick
BiTe films deposited by means of sputtering [99], generating a total of 755.5 tW /cm?
when a AT = 51.2 K is present; and a MEMS-type planar pTEG with an integrated
holey film fabricated with EBL [106], generating a total of > 100 pW/cm?. However, the
first three present clear concerns regarding the sustainability of the device due to the use
of Ge, Bi, and Te, while the last faces limitations when scaling up fabrication to mass
production, owing to the use of EBL for patterning the Si thin films. Therefore, a fully
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Figure 1.10: Examples of nTEGs extracted from the literature. a) MEMS-type nTEG
with integrated SiGe NWs , b) planar-type pTEG based on 70-pm thick BiTe films
deposited by means of sputtering [99], ¢) cavity-free m-type Si-beams based n'TEG [100],
d) MEMS-type planar pnTEG with an integrated holey film fabricated with EBL , e)
m-type vertical n”TEG based on electro-deposited BiTe/CuTe legs , f) planar MEMS-
type pTEG with integrated SiGe thin films and g) m-type vertical nTEG based on
electro-deposited ZnO legs [104].
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sustainable, wafer-compatible and scalable nTEG with enough power density generation
remains to be developed.

1.5 Block copolymers

The following sections provide a brief theoretical overview of block copolymers (BCPs)
and their assembly possibilities, as this material was extensively used in this thesis to
achieve the nanostructuring of thin Si films.

Block copolymers are composed of two, or more, different polymer blocks cova-
lently bonded together that suffer a certain thermodynamic incompatibility between them
(which is quantified by the Flory-Huggins parameter). Because the blocks cannot fully
segregate due to the covalent bond, the BCPs are forced to self-assemble into periodic
micro- or nano-domains in order to minimize their free energy. In such a way, differ-
ent types of patterns (such as lamellas, cylinders or spheres) are formed after the BCPs
are given sufficient chain mobility, typically above their glass transition temperature,
while the system is below the order disorder transition temperature, where they show a
thermally-driven micro-phase separation .

In the cases where the block copolymer is composed of only two linear polymer
units (diblock copolymers), the theoretical phase diagram that represents the possible
organization domains is shown in The three parameters that affect phase
formation are the degree of polymerization, N (which corresponds to the total number of
monomers in the BCP), the Flory-Huggins parameter, x, and the relative volume fraction

Diblock A-b-B
Spheres Spheres

Block A=(a), Block B=(b),
Monomer a > @
Monomera => @

100 . -

Cylinders 80

Cylinders
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Gyroid

0 T T T
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Relative volume fraction - f
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Figure 1.11: Theoretical plot of the different phases that can be created by a diblock
copolymer as a function of x, N and f. Adapted from [107].



Block copolymers 27

between both components, f. The Flory-Huggins parameter is an intrinsic property
of the chemical structure of the monomers in each block, and gives a measure of the
thermodynamic incompatibility between them. Assuming the energy of interaction per
monomer is:

apapp = kTxpaps (1.27)

with p4 and pp being the reduced densities of monomers A and B, which correspond
to the ratio of the local density of each monomer at a point x averaged across the entire
sample, and « being the effective interaction parameter [109]. This interaction parameter
can then be expressed as the sum of all the individual monomer-monomer interactions
(A-A, B-B and A-B):

a=tap—3 (taa +tBB) (1.28)

When the Flory-Huggins parameter () of a diblock copolymer is greater than zero,
it indicates that the A-B interaction energy (t4p) dominates over the combined A-A and
B-B interactions, resulting in an effective repulsion between the two blocks. However,
reducing A-B contacts simultaneously decreases the system’s entropy, which also increases
the free energy. Therefore, a trade-off arises between these two contributions. When x
is small, the entropy term dominates, leading to a disordered state in which the chains
of both blocks tend to mix. In terms of p4 and ppg, this corresponds to ps = f and
pp =1 — f at any point in the system, where f is the relative volume fraction of the two
components. For higher x values, or when the product xy/N exceeds a critical threshold,
the enthalpic contribution (the term) becomes dominant, and different
ordered morphologies can form depending on f and x NV (see[Figure 1.11)). The theoretical
value that marks the frontier between disordered and ordered states is x N = 10.5. If the
XN product is sufficiently high, the distribution of monomers A and B (p4 and pp) will no
longer follow their relative volume fractions, leading to phases where only one monomer
is present. However, semi-ordered states with some monomer mixing will occur if y/V
is near the value of 10.5. Thus, to ensure that strong phase formation appears, block
copolymers with high xN values are required. This can be obtained by selecting BCPs
with intrinsically high values of x or by increasing the degree of polymerization N. The
drawback of the second case is, obviously, that it limits the minimum size of the formed
patterns. It is also important to note that the value of x is inversely proportional to
the temperature [110|, which can affect phase formation when the BCPs are exposed to a
temperature above their glass transition temperature. Whether this effect is important or
not will ultimately depend on the variation of y with temperature, which is characteristic
of each BCP, and on the minimum temperature required to enable chain mobility, which
is inversely proportional to the degree of polymerization, or total molecular weight of the
BCP.

The field of applications of BCPs is vast and includes topics as wide as thermo-
plastic elastomers [111], pharmaceutical applications such as drug delivery and release
and mimicking of biomembranes [112], the fabrication of mesoporous materials [113] and,
specifically related to the scope of this thesis, the use of BCPs for nanometric lithographic
applications in electronics |114]. This later application usually involves the elimination
of one of the blocks to obtain a mask that is used for either etching the layer underneath
or filling the holes by depositing a material [115]. The first approach is the strategy used

in this thesis to nanostructure Si thin films (see [Section 2.1.10)).
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An alternative to free-surface self-assembly of BCPs is directed self-assembly (DSA).
This technique involves guiding the BCP pattern at a given orientation using either
physical or chemical templates. In this thesis, DSA was investigated to obtain aligned
lamellar patterns. However, since these structures have not yet been integrated into a
device for thermoelectric characterization, a brief overview of this topic, along with the

results of the work, is presented in

1.5.1 Blends

One of the possibilities that BCPs can offer for adjusting the periods of the patterns
are blends. A blend is a mixture, typically of two BCPs or of a BCP and a homo-polymer,
that can form an intermediate phase or that can tailor more precisely the size of one of
the blocks in the domain. When mixing two BCPs of the same type, two outcomes
are possible: miscibility and immiscibility, forming either a new individual phase or an
alternation of two separated phases of the two BCPs. The miscibility of a blend generally
depends on two parameters: the ratio between the molecular weights of both BCPs,
apop = Mi/Ms, and the weight fraction of the BCP with a larger monomer chain, fi,
being always f1 + fo = 1. When « is below a certain threshold, complete miscibility
occurs between the BCPs for 0 < f; < 1, meaning that BCPs with relatively similar
size can easily mix to create intermediate patterns. Typically, these apcp (i.e. the
critical values) differ depending on the type of phases that are formed [116], |[117]. Above
these values, miscible domains are formed only for limited ranges of fi: fi,cs > fi1 and
f1 > fi,cr, being fi cs and f1 ¢ the critical small and large values, respectively. Another
characteristic of blends is that f1 cs << 1— f1,cr for both lamellar and cylindrical phases,
even reaching f; cg = 0 for high values of apcp (see [118]. This suggests
that larger BCPs can more easily incorporate shorter ones, whereas shorter BCPs have
greater difficulty in solubilizing larger ones. In some cases, even shorter BCPs can be
completely incorporated into a micro-domain of block A or B, moving away from the
interface [119).

In the case of Polystyrene-Block-Poly(methyl Methacrylate) (PS-b-PMMA, the BCP
used in this thesis), blending two BCPs offers several advantages. The most obvious is ob-
taining intermediate domain periods by blending BCPs with different natural periods. In
some cases, these blended systems can exhibit slightly fewer defects compared to individ-
ual BCPs with similar domain sizes. The calculation of the domain period obtained after
blending is straightforward. It considers only the individual periods of the two BCPs, I}
and 2, and their respective weight fractions, f; and fa:

g = Alg + falf = Al + (1= f1) (1.29)

Individual BCPs also present limitations regarding the film thickness that can be
deposited on a substrate while still forming well-ordered phases. As the molecular weight
increases, the maximum film thickness compatible with the formation of well-ordered
domains that are oriented perpendicular to the substrate tends to decrease. However,
patterns with larger thicknesses (while maintaining the same period) can be obtained
by blending two BCPs with different natural periods, one shorter and one longer [120].
Furthermore, the temperature needed to induce the thermal diffusion of these types of
blends is lower due to the higher mobility of the shorter BCPs, while the individual BCPs
of high molecular weight demand higher temperatures to form the domains. In the spe-
cific application addressed in this thesis, the blending of two compatible cylindrical BCPs
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Figure 1.12: Experimental plot of the miscible and immiscible regions in blends of diblock
copolymers as a function of agcp and fi. For apcp < a¢ a single phase is always present
regardless of the value of f;. When agcp > a¢, the formation of two immiscible phases
depends on the values of fi cg, fi,cr and apcp. If apcp is sufficiently high, a single
phase can only form when f1 > fi cr. In cases where a single phase is formed, schemes a)
and b) show the possible patterns that may emerge within cylindrical domains, depending
on the type of reorganization between BCP; and BCP5y. Adapted from .

with significantly different chain lengths can be very useful. After the nanostructure is
transferred to Si, the formation of different sizes and shapes in the cylindrical phases of
the BCP a and b as examples) can help improve its thermoelectric proper-
ties. As both long range order and neck size will not be regular, scattering of a wider
range of phonons will take place, further hindering thermal conduction through the film.
Furthermore, the highest BCP film thickness that can be deposited with blends facilitates
the subsequent pattern transfer into the Si layer, while also diminishing the temperature
needed to achieve proper self-assembly.

Blends of PS-b-PMMA with either PS or PMMA homo-polymers can also be help-
ful in adjusting period spacing and pattern formation. Typically, the spacing between
micro-domains tends to shrink after thermal treatment, which induces diffusion and re-
organization of the BCPs. Adding a small percentage of homo-polymer in the BCP can
help maintain a constant domain period at different temperatures . In addition, the
introduction of homo-polymers can be used to tailor the diameter of the PMMA cylinders
without increasing the PS neck size between them. In some cases, even a small percentage
of homo-polymer can help correct mismatched BCP blends, promoting the formation of

fully ordered phases [122].
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Chapter 2

Experimental methods

In this chapter, the main processes involved in the fabrication of our n"TEGs and
characterization devices are described. This is followed by an explanation of the structural
characterization methods used to evaluate both the devices and the materials. Finally,
the last section presents the techniques employed to assess the electric, thermal and
thermoelectric properties of the Si-based structures studied in this thesis.

2.1 Micro- and Nano-fabrication

The main strategy behind the fabrication of all devices throughout this work is a
combination of bottom-up (such as NWs growth and deposition of materials on top of
Si wafers) and top-down (such as micro-machining strategies to selectively remove a ma-
terial) techniques in order to obtain planar-type devices using standard Si technology
fabrication processes. The technological processes used are compatible with scalable fab-
rication, even if part of the fabrication in this thesis was completed at chip level to
maximize the experimental outcome.

2.1.1 Photolithography

Photolithography is the foundation of Si micro-fabrication technologies, as defining
multiple layers with different layouts (on both the front and back sides of a wafer) involves
going through several photolithographic processes. Photolithography is based on defining
a given pattern on a photoresist (a photosensitive resist) by means of a mask with the
desired design or a scanning laser. The first is more optimal in terms of time cost,
especially when done at a wafer scale, as it exposes the whole wafer simultaneously. The
second is more suitable at chip level, for few samples. In the laser lithography case, two
resolutions are available at IMB-CNM clean room facilities: 1 and 10 pm, depending on
the laser used (KLOE Dilase 650 i-line). First, the photoresist is spin coated and then it
is exposed to light only in the desired areas (i.e. those where the mask is transparent or
where the laser scans the sample). After exposure to light, the samples are developed in
a solvent bath to remove either the exposed or unexposed regions of the resist, depending
on whether the photoresist is positive or negative. In the positive case, resist bonds are
broken by means of a chemical reaction triggered by light, while in the negative case, light
causes cross-linking of the bonds in the exposed areas. Thus, during the development step,
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Figure 2.1: Schemes of the two photolithography techniques used in this work (i.e. using
a chromium mask and using laser scanning). In the first method, the entire sample is
irradiated simultaneously. In contrast, the laser scanning sequentially scans the pattern
making it inherently slower. After developing the samples, the features on the patterned
photoresist depend on its type (positive or negative) as illustrated in the images.

the areas with broken or non cross-linked bonds are etched away by the solvent. The rest
of the photoresist can be used as a mask. This pattern is typically transferred to the
substrate using etching or deposition processes, followed by the removal of the remaining
photoresist. A basic scheme of the overall process for both approaches described can be
seen in By iterating this photolithography process, the device can be defined
with different layouts in different layers. Mask-based photolithography was used in this
work for all the photolithography steps made at a wafer scale, while laser was employed
for processes at a chip level scale, especially for the fabrication of thermoreflectance
structures.

2.1.2 Thin film deposition

Throughout this thesis, several thin film deposition techniques were used to fabricate
the different devices. These include chemical vapor deposition (CVD) techniques, like
plasma enhanced (PE) and low pressure (LP) CVD, atomic layer deposition (ALD), and
thermal oxidation. The last needs an oxidizing agent in the processing furnace that reacts
with Si to form SiOy. Dry oxidation (i.e. with Oy gas) shows lower oxide growth rate,
high film density and low stress. For these reasons, it was selected in this work to fabricate



Micro- and Nano-fabrication 33

guiding patterns used in the DSA of BCPs.

CVD refers to different types of deposition techniques where a chemical reaction
occurs between the precursor gases, leading to the formation of a thin layer of material
on top of a substrate inside the reaction chamber. The PECVD technique is based
on creating a plasma that ionizes the precursor species, thereby lowering the minimum
temperature at which the chemical reaction can occur. This can be useful as it makes the
CVD process more compatible with materials with lower tolerance to higher processing
temperatures, like metals, as the depositions may be achieved in the 200-400°C range.
In addition, it has a high growth rate and results in good coverage of the substrate even
if a complex structure is underneath. The main disadvantage of PECVD is the high
contamination introduced in the grown film, originated by the presence of impurities
generated by the plasma. LPCVD, on the other hand, demands higher temperatures (>
400-500°C) but is conducted at subatmospheric pressures. This results in high purity and
uniform thin films, but at slow growth rates. Moreover, the higher process temperature
makes it incompatible with substrates with metals. Within the framework of this thesis,
PECVD was used to deposit SiOs films both at wafer and chip scale, SigNy films at
wafer scale only in cases where a metal was already present in the sample and at chip
scale regardless of the materials on the sample due to the absence of available LPCVD
machines that were compatible with chip processing. LPCVD was used for the deposition
of lower-stress SizNy films at a wafer scale before depositing metal layers.

The last CVD technique that was used is ALD. This relies on the sequential introduc-
tion of precursor species into the reaction chamber. A self-limiting mechanism restricts
the maximum thickness deposited per cycle, which is determined by the initial precursor-
substrate interaction. By adjusting the number of cycles, the final film thickness can be
precisely controlled. In this work, ALD was used to deposit thin, conformal HfO5 films
for KOH masking investigations.

2.1.3 Metallization

Metallization refers to the deposition of metallic layers on a substrate. The two
main techniques in this field are sputtering and thermal evaporation. Both are based on
physically driven processes. In sputtering, a target composed of the desired material is
placed inside the reaction chamber and bombarded with argon ions. This bombardment
ejects atoms from the target, which then deposit onto the substrate, forming a thin
metallic layer. The directionality of the deposition is highly dependent on the chamber
conditions, as at higher pressures scattering processes take place (i.e. is less suitable for
lift-off processes). This technique is compatible with metals with high melting points.
Thermal evaporation relies on a heating source to evaporate material from a target. The
vaporized material then condenses and solidifies on a substrate that is maintained at
a temperature below the melting point of the evaporated material. The entire process
takes place in a vacuum chamber, which minimizes scattering and enables directional and
uniform thin films on the substrate. This technique is particularly compatible with lift-off
processes. In the context of this thesis, sputtering was used to deposit Ti/W and Cr/Au
films, while thermal evaporation was employed for the deposition of Cr/Pt and Cr/Au
films.
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2.1.4 Etching

In addition to lift-off, which is typically used with metals, etching is the main process
involved in film patterning using photolithographic resist masks. There are two main
categories of etching processes: dry and wet etching. The first involves using a gas to
remove material from the sample, while the second uses liquid-phase substances. A second
parameter commonly used to characterize the type of process is the isotropy or anisotropy
of the etching. Isotropic etching removes the same amount of material in all directions,
whereas anisotropic etching has a preferential direction in which the etch rate is higher

than in others. A schematic of this can be seen in

Generally, wet etching processes tend to be isotropic due to the nature of their
etching mechanism, since they rely solely on chemical reactions. Isotropic wet etching
processes used in this work include hydrofluoric acid (HF), which attacks SiOo with great
selectivity toward Si; buffered oxide etchant (BOE), a solution composed of HF and a
buffering agent to make the etch rate of SiO, more controlled, stable, and selective with
respect to photoresist; and phosphoric acid at high temperature, which attacks SigNy
with good selectivity towards SiO5. The wet etching mechanism of potassium hydroxide
(KOH) is also chemically driven but, when applied to silicon, it shows strong anisotropy
due to the varying reaction rates across different crystallographic planes. In this case,
the Si atoms of the different crystal planes have different activation energies at which the
reaction mechanism is triggered. More specifically, the (100) and (110) planes have a very
high etching rate compared to the (111) planes, leading to inverted pyramid-like shapes
that appear on wafers with (100) surface orientations (see [Figure 2.2)). This mechanism
was used in this thesis to etch Si with different configurations.

Dry etching processes tend to exhibit greater anisotropy because they are typically
based on the bombardment of the sample surface with ionized atoms. These processes

Dry etching Wet etching
0, plasma HF - BOE - H;PO,
(100)
RIE - DRIE KOH

Figure 2.2: Schemes of the different type of etching profiles obtained through dry and wet
mechanisms, depending on the isotropy of the process. Some example etching processes
used in this work are listed below each profile.
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are collectively referred to as reactive ion etching (RIE), even in cases where the ionized
species do not chemically react with the substrate. In such instances, the etching is
purely by physical sputtering (typically involving inert gases like argon). However, the
anisotropy of these processes must be individually tailored by adjusting the gas flow
and the directionality of the bombardment or by introducing passivating agents into the
chamber, as otherwise the chemically driven reactions could lead to isotropic processes.
A variation of RIE is Deep RIE (DRIE), which is based on the same principle but allows
for very deep etching given the higher power and gas flows used. Both RIE and DRIE
processes were extensively used in this thesis to etch Si, SiOs, HfO5 and SisN, with
different chemistries. More in-depth explanations of these can be found in
and Lastly, a second block of dry etching also involves the use of a plasma,
but this time without coupling it with directional bombardment. In this case, the etching
is governed purely by chemical reactions (i.e. isotropic). The most widely used plasma
etching in this work was Os plasma, which is especially suitable for photoresist stripping
and for cleaning organic residues on samples.

2.1.5 Thermal processing

Thermal processing encompasses any thermal treatment applied to a sample to induce
structural changes or phase transitions in a material. This includes treatments at constant
temperature to force diffusive processes that are activated by temperature, such as BCP
assembly or dopant diffusion; to enhance the quality and homogeneity of a given film, such
as the improvement of SiOy density and purity (i.e. evaporation of organic contamination)
after PECVD deposition; or to perform soft and hard baking of photoresists. Further
explanations of these procedures and the reasons why they were necessary will be provided
in their corresponding sections. In addition to these, rapid thermal annealing (RTA)
involves exposing the sample to very rapid heating (in the range of seconds). These
processes are typically used for dopant activation, to densify deposited films or to change
the film-to-film interface properties. In this work, RTA processing was optimized to
achieve an ohmic contact in metal-Si interfaces.

2.1.6 Doping

The doping process is essential in Si technologies to tailor the electrical conductivity
of Si. In thermoelectric applications, achieving an optimal carrier concentration in Si
is mandatory to ensure efficient thermoelectric generation. Doping is achieved by intro-
ducing impurities into an intrinsic semiconductor material. In the case of silicon, boron
and phosphorus are commonly used to obtain p- and n-type doping, respectively. There
are different strategies to achieve the desired doping level: ion implantation, in situ co-
deposition and doping furnaces being the most common ones. The second involves the
addition of dopants in the structure during the growth process. This method was used to
dope the NWs, as explained in The other two strategies are post-growth
doping processes based on ion bombardment or thermal diffusion using dopant sources.
However, the former is incompatible with nanostructured samples, as it causes severe film
damage that requires post-annealing processes. The latter presents challenges related to
cost-effectiveness and the use of hazardous precursors. An alternative is spin on dopant
(SoD), which combines thin film deposition by means of spinning with a thermal diffusion
process. This approach enables dopant incorporation without damaging the target film,
while also being low-cost, simple, and avoiding the use of hazardous gas sources. This
doping process begins by spin coating the SoD solution onto the sample, followed by ther-
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mal baking to remove the solvent. A subsequent furnace-based diffusion process activates
the dopant movement towards the underlying sample. The SoD typically consists of a
polymeric matrix containing dopant precursors and SiO,. Upon drying, a doped SiOs
layer forms at the interface between the SoD and the silicon film, serving as the dopant
source during the diffusion step. In the frame of this work, in-situ co-deposition was
chosen to dope NWs, SoD to dope < 50 nm thick device layers on SOI wafers, and ion
implantation to dope the 15 pm thick device layer of SOI wafers (i.e. silicon microbeams).

2.1.7 Lift-off and patterning

The combination of the processes described above enables device fabrication, as it
allows the definition of desired layouts across the various layers. The design definition
can be divided into two basic blocks: lift-off and patterning. The first step involves the
deposition of photoresist and the definition of the layout by photolithography, followed
by the deposition of the material of interest. Therefore, the material is deposited on
the substrate only in those areas where no photoresist is present. Finally, the remaining
photoresist is dissolved so that the material is left only on the substrate with the desired
layout. The second method is based on the reverse process. First, the film is deposited
on the substrate, followed by the photolithography patterning of the photoresist. Then,
an etching process is used to eliminate the film from those areas where the photoresist
is exposing the film. With the subsequent elimination of the photoresist, the film is left

Lift-off Patterning

UV light UV light

— B B e ek

Metal film

- _ Si3N4/SiOZ o
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Figure 2.3: Schemes of the lift-off and patterning processes that are the basis for defining
the layout of the different layers. Note that, despite using the same type of photoresist
(positive in this example case), both processes define inverted patterns.
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with the desired layout on the sample. Schemes of these two basic methods are shown
in Iterating these two processes with some additional intermediate steps (i.e.
thermal treatments or doping) a complete device can be fabricated. In this work, the
lift-off process was used to define the metal designs, while patterning was applied in the
definition of the Si, SiO5, HfO2 and SisNy layers.

2.1.8 Nanowire growth

The basis of the growth of Si NWs is the so-called vapor-liquid-solid mechanism (VLS)
using CVD. This technique is based on a 1D bottom-up growth method that is assisted by
a metal catalyst (gold in this work), which is deposited locally by galvanic displacement.
This section will briefly explain the procedure of these two blocks: deposition of gold
catalyst, and growth and integration of the NWs into the devices. Detailed information
on the NWs growth and characterization can be found at [123]. The growth of the NWs
used in this thesis was carried out by IREC at their facilities.

2.1.8.1 Galvanic displacement

The first step of the NWs growth consists of the deposition of the metal catalyst on
the Si walls of the device. Gold is used as the catalyst metal due to several reasons :
it can be selectively placed on desired areas of the TEG, which is critical in our case as
the NWs should only grow in specific regions of the device; it allows Si NWs to grow at
moderate temperatures due to the low Au-Si eutectic point (363°C); Si NWs growth rate
is fast due to the high solubility of Si in the Au-Si alloy; gold is stable under ambient
conditions.

The technique employed for gold seeding is galvanic displacement, which is an elec-
troless metal deposition procedure (i.e. does not need an external current source to be
activated) done in an aqueous environment. This method is based on a spontaneous redox
type reaction that takes place between the Si substrate and the liquid solution, which is
composed of HF, sodium tetrachloroaurate(III) dihydrate (NaAuCly) and deionized water

a) b)
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Figure 2.4: Schemes of: a) galvanic displacement reaction when a Si surface is present,
b) effect of the surfactant and organic liquid addition on the area of reaction.
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(see[Figure 2.4). Thus, the overall process is selective to the substrate, and the metal will
only be deposited in the zones where Si is exposed. During the reaction, solid Si is etched
by HF, forming Si hexafluoride ions (SiFz ) as follows:

. 22— + _
Sl(s) + 6 HF(aq) — SIF6 (aq) + 6 H(aq) +4e

being (s) and (aq) solid and aqueous states, respectively. The other part of the
reaction takes place between the electrons generated in the first reaction and the AuCl,
ions in the solution:

AUCIZ(aq) +4e” — AU(S) + 4 Cl_(aq)

In this way, an Au film is deposited on the Si surface. However, for the growth of
the NWs, nano-particles of Au are needed to work as catalyst seeds. To achieve this, a
surfactant is added to the solution with an organic liquid (dioctyl sulfosuccinate sodium
salt (AOT) and N-heptane in this work, respectively), creating a microemulsion that
mixes both phases. This organic part doesn’t interfere with the aforementioned reactions
but forms micelles with a size related to the AOT/H2O ratio. This size is then related
to the diameters of the gold nano-particles that are deposited on the Si surface. The
reason for this is that the organic liquid fraction in the emulsion is higher than that of
the aqueous phase, which leads to micelles that encapsulate the aqueous solution. As a
result, the reaction only occurs within micelles of a defined diameter.

2.1.8.2 CVD-VLS growth

As it has been mentioned, the NWs growth was done using the VLS method. In
this process, the precursor gases (silane (SiH4) and diborane (BgHg) in our case) are
introduced in the CVD chamber, where the Si substrate decorated with Au nano-particles
is placed. Precursor molecules are adsorbed and decomposed on the Au surface (i.e.
SiHy is decomposed to form solid Si and Hy gas, which is then desorbed), forming an
eutectic alloy with the Au droplets. Once the eutectic alloy becomes supersaturated, the

BH
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Figure 2.5: Scheme of the CVD-VLS process where the NW grows using the gold nano-
droplet as a catalyst. The cylindrical geometry of the NWs in the scheme is used only
for illustrative purposes. The NWs used in this work are hexagonal.
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Table 2.1: Optimized parameters for the growth of Si NWs [124].

Parameter Value
Temperature 630 °C
. Total pressure 330 Pa
Conditions
Growth time 95 min
Total gas flow 1250 sccm
Hy 318 Pa
) SiHy4 3.35 Pa
Partial pressures
HC1 7.5 Pa
BoHg 5.2 - 20.2 mPa
. SiH4:HC1 1.5
Gas ratios
SiH4IB2H6 1100 - 200

excess Si begins to precipitate, initiating the growth of the NW. The BoHg contributes
to the in-situ doping of the Si NW by adding B atoms in its crystal lattice. During
this process, Hy, and HCI gases are also introduced in the chamber acting as carrier gas
and to control Au migration and NW morphology, respectively. A scheme of the overall
growth process can be seen in As the quality, distribution, morphology and
size of the NWs are greatly affected by the CVD conditions during growth, these must
be properly optimized. The NW growth optimization was done by IREC (the optimal
parameters are listed in . It is important to note that NWs have a preferential
growth perpendicular to the (111) surface. Thus, in order to correctly integrate these
horizontally in our devices, the surface orientation of the used SOI wafers was chosen to
be (110). In this way, the vertical walls of the trenches have (111) surface orientation.
Lastly, an additional consideration regarding the NWs must be addressed. Although the
growth direction is expected to follow the most energetically favorable crystallographic
orientation, misorientations can occur, particularly when the Si surface is contaminated
or covered by a native oxide layer. To mitigate this, an HF cleaning step was performed
immediately before the CVD growth process. This minimizes misalignments due to the
incorporation of oxide impurities in Si NWs. The thermoelectric properties of the NWs
used during this thesis were measured in prior works 7 .

2.1.9 PS-b-PMMA

Several BCPs have been applied for lithographic uses throughout the years, such as
Polystyrene-block-Polyisoprene (PS-b-PI), Polystyrene-block-Polybutadiene (PS-b-PB),
Polystyrene-block-Poly (methyl methacrylate) (PS-b-PMMA) and Polystyrene-block-poly
(ethylene oxide) (PS-b-PEO) [110], [126], [127], [128]. The first three have relatively low
x values, while the last is a high x material, especially interesting for the fabrication of
very small features. Anyhow, as explained in [Section 1.3} the objective of this structure in
the thesis is to enhance the zT value of Si. This involves nanostructuring Si to the extent
where phonon scattering increases but not to the point where the electrical conductivity
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Figure 2.6: Scheme of the thermally driven diffusion process of a lamellar BCP. Distinct
PS and PMMA domains are formed and the orientation of these phases is controlled with
the help of a grafted monolayer of a random copolymer called brush layer.

is affected, meaning that the periods of the BCPs patterns should exceed, at least, 20-30
nm to be valid for thermoelectricity. These considerations discard the high x BCPs and
suggest the use of materials with lower y values. Among them, PS-b-PMMA was selected
for the following reasons. PS-b-PMMA is commercially available with precise molecular
weight distributions and is especially interesting because both blocks have similar sur-
face energy and affinity towards air. This facilitates their perpendicular orientation to
the underlying surface, as none of them show preferential facing towards the air. Also,
thanks to the use of a grafted random copolymer (PS-r-PMMA) monolayer between the
surface and the PS-b-PMMA, there is great control of the domain orientation (see
Figure 2.6). The annealing temperatures needed to induce phase separation are low (<
250°C), and the value of x is relatively constant near these values as it only decreases
from 0.043 to 0.038 when going from room temperature to 180°C , . The periods
compatible with ordered phases can reach a lower limit of 22 nm in both lamellar and
cylindrical phases, and above this value BCPs form highly ordered domains. Regarding its
compatibility with etching processes, PMMA can be easily removed and PS cross-linked
without using destructive processes , 7 while also exhibiting great selectivity
towards dry and wet etching processes with Ar and CHF3 , , and acetic
acid [137]. Moreover, PS-b-PMMA is compatible with standard CMOS processes, and its
deposition, annealing, and etching mechanisms can be introduced at a wafer scale in a
CMOS fabrication process flow. This compatibility meets the requirements imposed by
IoT applications for low cost, high-volume production of miniaturized devices.



Micro- and Nano-fabrication 41

2.1.10 Thin film nanostructuring

The nanostructuration process used in this work is based on transferring the nano-
scale pattern formed by the BCPs into thin Si films. This approach requires the initial
deposition and self-assembly of BCP films onto Si substrates with a controlled pattern
orientation that enables the subsequent pattern transfer into the underlying Si layer. For
this to be possible, the pattern must be oriented perpendicular to the substrate, as only
this configuration results in a useful BCP mask for subsequent processing. As has been
mentioned in this is achieved by means of a brush layer to control the
surface affinity of both BCP components towards Si. In both processes, the films are
spin coated using a solution of random copolymers (i.e. brush) or BCPs. This allows
good control of the film thicknesses, which is also essential to achieve the desired pattern
orientation. Moreover, an annealing process under an inert atmosphere is used to trigger
the grafting of the brush and the self-assembly of the BCP. In depth explanations of the

optimization of all these steps are shown in

The next step corresponds to the pattern transfer into the Si film. This process
is divided in two etching steps. First, the PMMA component of the BCP matrix is
eliminated, which was accomplished through both dry and wet etching mechanisms in
this work. This leads to the definition of a PS mask with a given thickness, which can
then be used to etch the underlying Si substrate. This second process was carried out
using RIE. However, precise optimization of the RIE process is needed to ensure complete
anisotropy in the etching. Without such control, the small lateral spacing between the
holes in the PS mask can lead to mask detachment, compromising pattern fidelity. Thus,
the error margin in the etching isotropy that is compatible with the direct pattern transfer

Figure 2.7: Scheme of the nanostructuration of a Si thin film. a) Deposition of the brush
and BCP films on top of the Si substrate. Pattern formation with an annealing process.
b) Etching of the PMMA (inner cylinders in our BCPs) and the brush under these areas.
c) Pattern transfer of the BCP pattern using the PS as a masks with a RIE. d) Elimination
of the remaining PS and brush films with oxygen plasma.
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using BCPs is low and must be correctly assessed. Further explanations of this, as well
as the optimization of the transfer procedure, are shown in Finally, the
remaining PS and brush films are eliminated from the sample using oxygen plasma. A

scheme of this process can be seen in

2.1.11 Encapsulation and wire-bonding

In order to characterize the fabricated devices, electrical access to their metallic layers
is generally needed. Although contacting via metallic probes is also a possibility and was
used circumstantially during this thesis, the large number of pads that the devices have
made encapsulation and wire-bonding more optimal. The encapsulation of the chips was
done using different custom PCBs and conductive pastes depending on the chip design
and the set-up at which the characterization was to be carried out. In some cases, the
PCBs included custom jumpers to bypass broken platforms on the devices during full-
chip characterization. Both highly conductive silver paste and H70 resin (electrically
insulating and thermally conductive) were used for the encapsulation of the chips in
the PCBs. Additionally, a graphite film was placed between the PCB and the chip to
improve the thermal contact in the chips that were encapsulated using the H70 resin. For
the wire-bonding, 25 pm thick aluminum wires were used in all the devices. Encapsulation
and wire-bonding are critical in this thesis to achieve automatic characterization of the
different devices. This includes thermal, electrical and thermoelectric characterization,
and implies using different PCBs for each specific case.

2.2 Structural characterization methods

2.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is based on imaging the electrons emitted from
a sample when it is scanned by a focused electron beam. The interaction of the electron
beam with the sample can lead to backscattered electrons (BSE), emission of secondary
electrons (SE) and x-ray emission. BSE and SE are typically used for image reconstruc-
tion, as they provide information about the atomic number of the material and the surface
topography of the sample, respectively. In this work, SEM was extensively used for the
evaluation of the different samples during their optimization and fabrication steps.

2.2.2 Focused ion beam

Focused Ion Beam (FIB) combines a focused beam of ions with a scanning electron
microscope (SEM), enabling precise milling, imaging, and modification of materials at
the micro- and nanoscale. When the ion beam interacts with the sample, it can either
sputter atoms from the surface or induce material deposition from a precursor gas. In
this work, FIB was used to fabricate TEM lamellas and to etch selected regions of chips.

2.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is based on imaging the transmission of an
electron beam through the sample. It provides information about the crystallinity, lattice
structure and parameters of the material. Since there is a maximum film thickness that
is compatible with TEM imaging, this means that thin lamellas of the sample of interest
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may need to be fabricated. TEM was used in this thesis to analyze the degradation of
the Si NWs after several weeks of working under optimal power generation conditions,
and to obtain precise images of the nanostructuration depth achieved with the pattern
transfer process in different samples.

2.2.4 Ellipsometry

Ellipsometry is an optical technique that provides information on the thickness of a
thin-film sample by analyzing the change in polarization of a light source after reflection
from the film. A model based on Fresnel equations is used to fit the measured data. Since
this model accounts for the optical parameters and thicknesses of the layers present in
the sample, it allows for the calculation of each layer’s thickness if its optical properties
are known. Ellipsometry was employed in this thesis to characterize the BCP and brush
thicknesses obtained with the different spinning conditions used.

2.2.5 Spectroscopic reflectometry

Spectroscopic reflectometry is a technique that provides information of the thickness
of transparent and semi-transparent thin films based on the type of interference that a
light source experiences after undergoing reflection and transmission on the film. By
fitting the intensity versus wavelength data, the film thickness can be obtained. However,
as the number of layers increases in the sample, so does the difficulty of resolving the
multilayer. In this work, spectroscopic reflectometry was extensively used to characterize
film thicknesses during device fabrication and to study the etch rates of RIE and wet
etching on different materials.

2.2.6 Confocal microscope

Confocal microscopy is an optical imaging technique that constructs a 3D image of
a sample by collecting sharp optical sections at different depths using optical sectioning
and point-by-point scanning. However, since this technique is very sensitive in the depth
direction, there are imaging limitations when the sample of interest has very rough sur-
faces. Confocal microscopy was used in this thesis to evaluate the depth and etch rates
during the fabrication of samples, and to characterize the adapter pieces made with 3D
printing and micro-machining techniques.

2.2.7 Glow-discharge optical emission spectroscopy

Glow-discharge optical emission spectroscopy (GDOES) provides an in-depth study
of the presence of atoms in a sample and their relative concentrations by combining surface
ablation using a plasma (i.e. by sputtering) with atomic emission spectrometry [13§]. In
this way, the atoms on the surface of the material are studied by bombarding it with
an Ar plasma and then analyzing the emitted spectral lines of the sputtered material.
As these lines are characteristic of each material and their intensities correspond to their
abundance in the sample, this method allows for a qualitative in-depth analysis of the
presence of each material by sequentially ablating the surface with glow-discharge plasma
bombardment. GDOES was used in this thesis to measure the in-depth profile obtained
after doping SOI samples with SoD.
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2.3 Electrical characterization

This thesis includes different electrical characterization studies that were used to
evaluate the doping processes and the resistivity of the thin Si films. Precise electrical
conductivity characterization of Si NWs has already been performed in previous works
[123], [125]. Si microbeams, on the other hand, are equivalent to bulk Si in terms of
electrical conductivity. Besides this, a study of the doping of bulk Si using SoD was also
conducted.

2.3.1 4-probe method

The most widely used characterization technique to obtain the electrical conductivity
of thin films is the 4-probe method, as it does not require further fabrication steps to
define a metallic layout. A schematic of the set-up used for this characterization is shown
in A current is forced between the outer probes, while the inner probes are
employed to measure the voltage drop. Considering only the contribution of an individual
probe with a given current, the current density (J) at a given point, r, can be written as:

I I
J_Z_27rrt

(2.1)

being t the film thickness. Here, the area is considered to be the side of a cylinder,
since the current is assumed to flow only laterally. Applying Ohm’s law (E = pJ, knowing
E = -dV/dr), we can integrate the equation to obtain:

o pI ’
V-V = 2—m[ln(r ) —In(r)] (2.2)

Since the voltage is being measured between Vs and V3, and there are two current

Probe 1 Probe 2 Probe 3 Probe 4

Il V, V; II

Figure 2.8: Scheme of the 4 probe method. The outer probes are used to force the current
while the inner ones serve to measure the voltage.
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contributions in the system (i.e.: +Iin probe 1 and -Iin probe 4), AV5_3 can be calculated
as the sum of both contributions, each with their corresponding r and r distances to

probes 1 and 4, using

pl pl
AVy_3 = —I[(2In(2D) — 2In(D)] = —In2 2.
Vas = 2[(2in(2D) - 2in(D)] = 2ot (23)

Therefore, the resistivity of the film is calculated with:

™ AV AV

P=15"T t = 4.53236 7 t (2.4)
However, this is only valid if the film is assumed to be semi-infinite (i.e. width and
length of the chip, w and 1, >> D). As this is not the case in reality because the samples
are measured at chip level, a correction factor has to be introduced in as
was shown by L. B. Valdes [139]. In our case, the resistivity was measured in square chips
of 1x1 em? or 0.8x0.8 cm? (w/1 = 1) with a separation distance between probes of 1 or
0.8 mm respectively (w/D = 10). Therefore, a correction factor of 0.9313 was used. It
is also important to note that the measurements of SOI Si films were done on bulk chips
because the electrical conductivity of the underlying BOX layer is negligible compared to

that of doped Si. Thus, suspending the films is not necessary.

2.3.2 Transmission line method

In addition to the electrical conductivity of the thermoelectric element, the overall
electrical resistance of the generator is also affected by the contribution of the contact
between the Si films and the metallic layers. The importance of reducing the overall
resistance of the TEG was already shown in Therefore, this contribution
should be minimized. A standard technique extensively used to measure the resistivity
of a metal-semiconductor contact is the so-called transmission line method (TLM).

This method is based on measuring the electrical resistance between consecutive
metal pads separated by different distances (see . In each measurement, the
total resistance is the sum of the resistance of the film itself, which is proportional to its
length, plus two film-metal contact resistances: Rz (L) = Rpiym (L) + 2R¢. This can be
rewritten as:

L
Rr =2Rc + RSW (2.5)

being Rg the sheet resistance of the film and W its width. Thus, by plotting the
different resistances measured as a function of their lengths, a linear fit is obtained, which
can be used to extrapolate the case L = 0. In that case, the total resistance is the
sum of the two contact resistances. However, the value of contact resistance cannot be
transferred to a pad with a different geometry and, thus, its resistivity must be calculated.
Due to the current crowding effect, this calculation is not straight-forward, as the current
through the contact does not flow homogeneously across the entire pad surface, but tends
to accumulate at its edge. This leads to an effective contact length that is smaller than
the total pad length, which is known as the transfer length, L:

pc
Ly =,/— 2.6
T e (2.6)
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Figure 2.9: Scheme of the transmission line method (TLM) characterization with the
correspondent electrical circuit. The right plot shows a typical result obtained with this
method, where the slope of the linear fit is proportional to the sheet resistance and the
intercept corresponds to twice the contact resistance.

where p¢ is the contact resistivity. Thus, the contact resistance can be calculated as
the ratio between the contact resistivity and the contact area (i.e. W-Lr). Finally, the
contact resistance equals:

pc _ RsLy

RC:LTW_ W

(2.7)

Using this equation, we can obtain Lp with the measured Rg, Rc and W, and later
use L to calculate po of the contact.

2.4 Thermal characterization

Thermal characterization is fundamental for the evaluation of thermoelectric ma-
terials, and it is even more important in the case of silicon to evaluate the effect of
nanostructuring. This thesis has used 3 methods to evaluate the thermal conductivity
of Si thin films (< 50 nm thick): 3w steady state, frequency-domain thermoreflectance
and bridge/laser method. Precise thermal conductivity characterization of Si NWs has
already been conducted in previous works , . Si microbeams, on the other hand,
are equivalent to bulk Si in terms of thermal conductivity. In some of them, it was
necessary to develop the methodology for the characterization of the materials and de-
vices, while in all cases, specific test structures were fabricated. Among other challenges,
this required suspending silicon-only structures, which made the process more costly and
difficult. 3w steady state was carried out with the collaboration of the Autonomous Uni-
versity of Barcelona, while frequency-domain thermoreflectance and bridge/laser method
were performed during a PhD internship in the University of Basel.

2.4.1 3w steady state

The devices fabricated for these measurements were initially designed for 3w charac-
terization. However, this was ultimately not feasible due to limitations of the 3w setup.
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Despite this, the same devices were used for the thermal characterization of films using
a steady state method, which will be referred to as 3w steady state from this point on.
presents a scheme of the device. It consists of a suspended membrane with
a metallic stripe deposited on top and an insulating film between the two layers. In this
configuration, the two voltage probes are placed at a specific distance from the edge of
the membrane to ensure that the heat flow remains perpendicular to the heater in this
region. The heat flow lines curve beyond the voltage probes due to the presence of bulk
Si. For clarity, this bulk region is not shown in the image; however, the membrane is
surrounded by bulk Si on all four sides.

The characterization is based on forcing heat dissipation by means of an electrical cur-
rent that flows through the heater/sensor line. Heat is dissipated through Joule heating,
with power proportional to the square of the current. The chip is placed on a hotplate,
and different current sweeps are applied to the heater while monitoring the resistance
change through the voltage probes (of the same metal stripe). In this configuration, the
conductance of the membrane equals:

P
Gmembrane = 2.8
THeater - THotplate ( )

where P is the Joule heat dissipated on the metal stripe. This model assumes that
the edge of the membrane in contact with the bulk is at the hotplate temperature. In
the measurement, a linear fit of the resistance versus squared current plot allows the
extrapolation of Rg (i.e. the resistance of the heater at a given T goipiate When no current
is applied to the heater - [Equation 2.9), which is then used to calculate the TCR of the

heater (Equation 2.10). By using these two equations:

R=Ro+m-I* (2.9)

V probe

N~

THeater \iﬁ:‘/‘

§ Heat flow /48
—=

\ Thiotplare

Insulating layer

Heater/sensor line

Thin film

Membrane Bulk

Figure 2.10: Scheme of the typical device used for 3w characterization. A central metal
heater in the middle of the membrane imposes a heat flux that is strictly perpendicular
only in the central region of the membrane. The voltage probes, that are used to measure
the change in resistance of the metal line, are placed in this area where heat is being
conducted in a rectangular film with L and w dimensions.
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R= RO . [1 +TCR- (THeater - THotplate)] (210)
Wwe can now write as follows:

R-Ry-TCR
Gmembrane = OT (211)

where m is the slope of the R vs I? curve. This is the formula used in this work
to calculate the conductance of the film with the 3w steady state method. Later, & is
calculated using the dimensions (L- W) of the membrane.

2.4.2 Thermoreflectance

A different approach for measuring the thermal properties of thin films involves using
photothermal phenomena. It is based on the change in the optical properties (i.e. the
reflectivity in this case) of a material as a consequence of its temperature change. A
pump and probe laser setup can be used to heat a sample and subsequently measure its
temperature change by monitoring the variation in the intensity of the reflected probe
beam. The pump laser heats the sample, typically using a transducer material to absorb
the laser light and dissipate the heat on the film of interest, causing a subsequent thermal
expansion of the transducer that is proportional to its temperature. This thermal expan-
sion, by means of the piezo-optic effect, causes a variation in the reflectance properties
of the transducer, leading to a change in the intensity of the reflected probe. As the
transducer temperature depends on the thermal properties of the overall sample (i.e. the
transducer layer and the film or films of interest, together with its geometry), the thermal
conductivity can be obtained by measuring the reflectivity change.

Thermoreflectance characterization can be divided in two main groups: Time-domain
thermoreflectance (TDTR) and Frequency-domain thermoreflectance (FDTR). TDTR is
based on heating a sample with a pulsing pump laser, and then using a probe laser to
measure the change in transducer reflectance over time. This implies having a delay
between both lasers to characterize the device. FDTR, on the other hand, is based on
heating the sample with a given modulation frequency, leading to a modulated change
in the transducer’s reflectivity that is measured while the pump laser is heating the
sample (see . Thus, the heating and characterization steps are simultaneous
in FDTR. In addition, FDTR avoids the use of a pulsed laser system, which is highly
expensive and complex. Since an oscillating heat is imposed on the system, a modulation
of the transducer temperature is consequently observed. However, the important point
here is that the temperature oscillations in the transducer suffer a phase delay with respect
to the modulated heat caused by the diffusivity of the material (i.e. the time needed to
increase its temperature). Thus, a phase lag is observed between both signals (i.e. the
pump laser and the oscillating reflected probe), which depends on the frequency used
and the thermal and geometrical properties of the sample. In this thesis, FDTR was the
method selected for the characterization of thin Si films.

Up to this point, the working principle of FDTR has been explained, but a thermal
model is still needed to relate the measured phase shift to the thermal properties of
the system. The most common thermal model used for FDTR fitting is the quadrupole
method. Parting from the heat equation, and after a Laplace transform, one obtains the
following equation:
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Figure 2.11: Scheme of the Frequency-domain thermoreflectance (FDTR) technique. A
modulated pump laser heats up the sample. Simultaneously, a probe laser (not mod-
ulated), is reflected at the transducer. As the pump imposes an oscillating heat flux,
temperature oscillations are caused in the sample with a given phase lag that is depen-
dent on the thermal properties of the material. These lead to a sinusoidal change in the
reflectivity of the transducer (proportional to the coefficient of thermoreflectivity, C(X)),
with the subsequent modulation of the intensity of the reflected laser, that has the same
phase lag with respect to the pump laser. Ry and AR correspond to the reflectance and
change of reflectance on the transducer.

“v sy (2.12)

where s is the Laplace variable (s = i - w; the real part of s is not considered, as it
would represent exponential growth or decay over time, whereas this system focuses on
the steady-state frequency response), « is the thermal diffusivity (o = /p-C,), 0 is the
temperature in the Laplace space and x is the direction of the heat flux. By solving this
equation and calculating heat flow in the Laplace domain (¢ - using Fourier’s law) we
obtain the general solutions for § and ¢:

0 = C - cosh(Kz) + Cy - sinh(Kx) (2.13)

¢ =—rAK - (Cy - sinh(Kz) + Cy - cosh(Kx)) (2.14)

where C; and Cs are integration constants, K = y/s/a and A is the cross-section of
the film. By using the boundary conditions of 8(x=0) = 6y and ¢(x=0) = ¢q, we can find
the values of the integration constants: C; = 6y and Cy = -¢o/kAK. Substituting now
the input and output boundary conditions (fy and ¢g, and 0,,; and ¢y, respectively),
the relation between them can be written as follows:
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90 _ Mll M12 ) gout (215)
o Ms1 Mo Gout
where M1y, Mis, My; and Mgy correspond to:
M11 = M22 = COSh(KZ)
Mg = ! inh(Kz)
12 = AR sn z
My = KAK - sinh(Kz) (2.16)

Therefore, this matrix characterizes the thermal properties of a material with diffusive
behavior, as it relates the temperature and heat flows on both sides (i.e. input and output)
of the film. However, the complete thermal system that is being measured by the FDTR
is also composed by the transducer (assumed to be thermalized at a uniform temperature
but absorbing heat) and the different thermal contact resistances that may be present.
Thus, it is necessary to define the matrices corresponding to these two cases (i.e. a purely
capacitive mass and a purely resistive barrier, respectively), which can be written as
follows [140]:

1 0 1 R
Capacitive = , Resistive = (2.17)
C-p 1 0 1

With all these matrices, the complete thermal system can be modeled simply by
considering that a multilayer structure is mathematically equivalent to the multiplication
of the matrices of each layer. For example, a system composed by a transducer on top of
a film can be represented as the multiplication of a capacitive, a resistive (i.e. the thermal
contact between the transducer and the film), and a diffusive matrix. This final matrix
represents the overall system and relates the temperature and heat flows on both sides
of the system. Lastly, it has to be considered that the parameter being measured with
FDTR is the phase lag between the pump (i.e. ¢g, the imposed modulated flow) and
the probe (i.e. 6y, the temperature oscillations), which are both measured or imposed
on the transducer. Thus, some assumptions must be made in in order to
solve the system of equations and obtain a solution that relates ¢y and 6y without the
intervention of ¢,,; and 6,,;. One possible assumption used in this work is to consider
that 6,,; = 0, since 0 is mathematically equivalent to Af and it is assumed that the
end of the suspended film sees no change in temperature. See for further
details on the simulations that justify this assumption. With this approximation, and
using [Equation 2.15| we obtain the following relation:

6o M
—_— = 2.18
do Moo (2.18)

where Mjs and Mys are the corresponding elements of the matrix of the overall
thermal system that is being measured. This ratio can be used to fit the measured data
as a function of the imposed frequency to obtain the value of k.
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2.4.3 Bridge method

The bridge method involves evaluating the thermal properties of a material by sus-
pending it between two thermally isolated platforms, which can be heated in a controlled
manner (see . Heating is achieved with two metallic heaters deposited on top
of each platform, creating a thermal gradient across the sample. In this configuration, the
platform is assumed to be thermalized and, thus, the temperatures at each heater and
at the sample-platform contact points are considered to be the same. To measure each
platform’s temperature, the electrical characterization of the heaters has to be performed
using the four point probe technique. However, when using a heater to increase the tem-
perature of a platform, the metal traces on the supporting beams also contribute to the
power dissipated on the platform and must be taken into account. In fact, half of the
dissipated power in the metal traces on the beams flows towards the platform. Therefore,
the total power dissipated in the platform is:

1
PTotal = PMeander + §PB (219)

where Meander corresponds to the metallic serpentine on the platform and B to the
beams (i.e. their metallic lines). Pryiq can then either be written as Py (heater) or
Ps (sensor) depending on the use of each platform. The total dissipated power will flow
through two different routes towards the bulk (which acts as a heat sink): through the
heater beams or through the sample and the sensor beams (as this second route goes
first through the sample and then through the sensor beams). Considering all this, the
following equation can be written:

Bridging sample

Heater/Sensor 2
Bulk Si

Nitride membrane

Heater/Sensor 1

Suspended area

Figure 2.12: Scheme of the bridge device. A membrane of the material of interest bridges
two suspended nitride platforms that are supported by elongated beams. On top of each
platform, a heater is placed to generate a heat flow that propagates toward the other
platform and the bulk through the membrane and the beams, respectively.
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Py + Ps = GB,HATH + GB,SATS (2.20)

where B,H and B,S mean the beams of the heater and sensor platforms, respectively.
This leads to the calculation of the beam conductance as follows (assuming the same
conductance in both beams):

P, P P, P,
GB,S = nt s —Gp = ﬁ (221)
BH ATy + AT #+Als
B,S
Finally, the heat balance also provides the conductance of the sample:
Gp.5sATs = Gsampte(ATy — ATs) = G CGpeTs (2.22)
B,S S = USample H S Sample — U B,S ATH — ATS .

When using this method, the heater current is swept over a range of values, meaning
that ATx/(Pg+Pgs) can be rewritten as dATx /dP, with P denoting the total power
(Pu+Pg) and X referring to either the heater or the sensor. With this new relationship,
we can obtain the conductance values through the derivatives:

_ (dATs  dATH\ "'
GB_< e 5 ) (2.23)
dATs (dATy  dATs\
GSample:GB dP ( P - P ) (224)

However, assuming that both beams in the device have the same conductance cannot
always be true and may lead to errors in the calculation of the conductance of the sample.
To correctly measure the beams conductance, the sample has to be considered completely
symmetric. Then, the explained measurement is conducted in both directions, using first
one platform as the heater and the other as the sensor, and then repeating the procedure
but changing the heater and sensor platforms. In these conditions, and assuming Gsgmpie
is equal in both directions:

(Py + Ps) ) ATg .
GELATy +ATs) AT = ATs

*
GSample = GSample - (

P} + PS ATS
e v AT, — ATS (2.25)
(Gezary +aTg) ATh— AT
where Ggampl . is measured with heat flowing in the opposite direction to that in the

G sample case. The solution to this equation using derivatives is:

Gp_1 _ —ABD+B?D+BCD—BD?+,/BD[AAC(A—B)(C—D)+BD(A—B—C+D)?]
G2 2AD(A—B)

(2.26)
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with A = dTgeater/dP, B =dT sensor/dP, C = dTY ute,/dP* and D =dT%,,,,,,./dP*.
Once this ratio is precisely calculated, it can be introduced in[Equation 2.21] to obtain the
conductance of the sensor-side beams. Later, this is used to calculate the conductance of
the sample using The drawback of this type of measurement is that the
conductance of the sample is not only the conductance of the material of interest, as this
value also includes the thermal contact resistances with the platforms. This means that
the obtained Rgqmpie corresponds to:

RSample = RC’ontact—l + RFz'lm + RContact—Z (227)

Since the thermal contact resistances are unknown, the resistance of the film cannot
be directly obtained using this procedure. Thus, a new type of characterization procedure
is needed to obtain a precise measurement of R g, .

2.4.3.1 Bridge method with laser heating

Coupling the bridge method structure with laser heating can overcome the problem
of the contacts. This procedure is based on heating the sample that bridges the platforms
with a laser and measuring the temperature increase in both platforms. However, in order
to measure R gy, this laser heating must be done in different positions on the membrane
along its length (i.e. x direction). When the laser is pointed at a given x (with x > 0),
part of the absorbed heat in the membrane flows towards the left platform and the other
part towards the right one, leading to the following thermal balance (see for
the equivalent thermal circuit of the system):

ATfeft S L X
TTlaser—S _ pleft  p . 2 2.28
Preyt © i ( )
ATRight ) L—1
ig

where ATPe . is the T gradient between the laser spot and the side sensor, R2/4¢
is the contact resistance on each side, Ry, is the resistance of the film and Pg;q. is the
power dissipated by the laser on each side.

Therefore, by moving the laser in the x direction and measuring AT?¢ — /Pg;4e

on both sides of the sample, the slope of the previous equations is obtained, which is
proportional only to Rpim /L. Thus, the resistance of the film can be measured without
the contribution of the contacts, which can be obtained through the intercept value.
However, some properties of the device should be known before the experiment (i.e. the
conductance of the beams and the TCR of the sensors). The conductance of the beams
is needed to calculate Prigns and Presr (Pgige = ATZM.G4¢), while TCR is needed
to obtain AT on both platforms. These parameters are previously obtained using the
bridge method explained above. The last undetermined parameter is AT74¢ .. To
measure it, the temperature of the sample at the exact spot where the laser is focused
is required. Raman thermometry could be used for this purpose, but very high powers
are needed to resolve the Raman shift with sufficient precision. Interestingly, Po-Ye
Huang et al. [141] have shown that there is another possibility to obtain the value of the
temperature at the laser spot that does not require Raman thermometry, involving only
electrical characterization. It consists of first heating the sample with the laser at a given



54 Chapter 2. Experimental methods

Platform 2

Il
(=]

Platform 1 X

I

Film bridging the platforms

P, Laser
Left Right :
Reontact Rcontact ATnght

Sensor

ATLeft

Sensor

RLefr

Right
Beam R

Beam

Figure 2.13: Image of one of the devices measured in this work with a membrane bridging
the platforms. The laser is focused on the surface of the sample and swept from 0 to L,
being L the gap between platforms. The corresponding thermal circuit of the system is
shown below.

x position and then measuring ATg on each side. Using these values, Prigns and Prey
can be calculated since the only contribution to their AT comes from the heat induced
by the laser. The temperature profile as a function of the membrane position in this state
is shown in [Figure 2.14h. Then, a current is forced in one of the sides, left for example,
to compensate for the laser power that is arriving at this side (Pr.f; in this example
case). After achieving this, the system reaches a second state (see [Figure 2.14p), where
ATgef " = T% ..., since there is no heat flow between these positions due to the heat
compensation provided by the power dissipated in the left heater. Also, the power now
reaching the right sensor is Praser, since it includes both the contribution from P prign:
of the laser and the power dissipated by the left heater, which equals Pr.y; due to flow
compensation. Obviously, in both states, the thermal resistance between the laser spot
and the right sensor is the same, leading to the following equality:

Right * Rightx
Traser — ATS _ TLase'r' — ATS

PRight PLaser

(2.30)

This equation can be used to obtain the value of T ,se in the initial state since the
rest of variables are measured (as T7% = ATgef t*). By doing this at different x posi-

Laser >
tions along the membrane length, Tyaser is obtained, and AT7e o can be calculated
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Figure 2.14: Example plots of the two states needed to calculate T s with only electrical
characterization. a) The sample is heated in a given x position with the laser and two
AT are measured in both sides. b) Pr.y; is compensated by adding power with the left

heater. In this second state Prqser flows towards the right sensor and ATéeft* =T% sser-

for all x. However, it is important to note that the total power dissipated in the heater
is not just Pres. In order to reach the second thermal state (Figure 2.14p), the power
dissipated towards the right platform (i.e. through the sample) must be Pr. ;. However,
part of the heat dissipated in the left heater also flows toward the bulk through its beams.
Therefore, the power that should be dissipated in the left heater must be calculated. Since
the right sensor will detect an increase of Prs; in the second state, and this same Py,

caused a ATgef " that was measured in the first state, we have the following equality:

Rightx Righ Righ Le Le
(AT ATEiO GRight — ATLeIt . glelt

Left
. GB
Right
CT'B

N ATé{ight* N ATé?ight _ ATSLSft (231)

Therefore, the amount of AT caused by the added Pr.f: on the right sensor in

the second state will be ATgef ' if both platforms beams have the same conductance.
Otherwise, the ratio between them will give the AT that should be added to the right
sensor to obtain the second state. Once this AT is known, the amount of power that
should be dissipated by the left heater can be calculated using the following equation:

P]lieft _ (ATé{ight* B ATé?ight) . ( (232)

‘ -1
dAT;“g’“)
dPLeft

For this calculation, the value of dAT gensor/dP obtained previously with the bridge
method is used. Finally, by plotting AT7%¢ /Pg;4e versus the position, Ry, is
obtained. Thus, this method allows for a precise measurement of the R gy, regardless of
the membrane-platform contact. However, a prior bridge characterization of the sample
is required to obtain the parameters needed for the calculations.
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2.4.4 Temperature coefficient of resistance

The Temperature Coefficient of Resistance (TCR) is a parameter that quantifies how
the electrical resistance of a material changes with temperature. In thermal and thermo-
electric measurements, it is necessary to know the TCR of the heaters and thermometers
of the devices in order to properly assess the temperature in the different regions. In prin-
ciple, their TCR values should be the same if they are made from the same metal, but
the characterization results have shown that they can have small differences that should
be taken into account to obtain an accurate evaluation of the temperature. Therefore,
TCR characterization was carried out for each heater and thermometer individually in
this thesis. The TCR relates the change in temperature of a material to the consequent
change in its electrical resistance, and can be written as follows:

R=Ry-[L+TCR- (T —Tp)] (2.33)

where R is the resistance value at a given temperature T, and Ry is the resistance at
a reference temperature Ty. The TCR is positive in metals and heavily doped semicon-
ductors, while it shows a negative value in intrinsic semiconductors. Therefore, metals
show an increase in electrical resistance when their temperature increases.

TCR evaluation of heaters and thermometers on the devices is completed after mount-
ing and wire-bonding the pTEGs onto specifically designed PCBs. The PCBs are compat-

Aperture for

cable connection

Crocodile
connection

SR s

Figure 2.15: Images of the TCR characterization setup. a) General image of the setup
with the cables introduced inside the furnace where the TCR studies were carried out.
b) Chip mounted on a PCB with external connections using crocodiles. A thermocouple
is placed near the PCB. c) Detail of the PCB connection when using pins. Both types of
connections were used in this thesis.
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ible with the required temperature conditions (up to 250°C) and include plated through-
holes along the sides, allowing electrical connection to the n'TEG pads using cables with
pins or crocodile clips, thus avoiding the need for soldering (see . The PCBs
are introduced into a furnace to ensure that they are exposed to a homogeneous tem-
perature throughout the characterization. The oven temperature is monitored with a
type-K thermocouple placed near the PCB. A Keithley® 2700 Multimeter with a 7700
multiplexer expansion card is used during the resistance measurement for each of the
heaters/thermometers using a 4-wire configuration. A custom LabVIEW program is used
for the simultaneous TCR characterization of all the heaters and thermometers of a chip.

2.5 Thermoelectric characterization

The setup used in this thesis is specifically designed to automate the thermoelectric
characterization of the pfTEGs. This includes both the characterization of their Seebeck
coefficient and their performance under different environmental conditions. A general

view of the characterization setup can be seen in

The PCB with the pTEG is mounted on top of a hotplate with the help of screws
and a Thorlabs® piece with micro-metric control in the z axis to ensure good thermal
contact. The temperature control of the hotplate is achieved through a PID controller
(OMRON E5DC), which is connected to the PC and governed by a central LabVIEW
program. The setup allows three main convection configurations: insulation cage (the
device is exposed to natural convection conditions only through the top opening of the
cage, which makes the air temperature above the chip more stable), standard natural
convection (fully exposed to the ambient, without cage), and forced convection (a variable

Hotplate Insulation

Sourcemeters and ¢ T
power source ‘; cage

multimeters

Switches controlled \ Fan power
by Arduino® 2 source

THOR MB2020/M

Figure 2.16: Images of the thermoelectric power characterization setup. a) General view
of the setup with the sourcemeters connected to the PCB by means of miniature reed
relays controlled by an Arduino® board. A 40-pin connector with a ribbon cable is used
to interconnect the relays with the PCB to route the desired platform. The hotplate and
fan power sources are located underneath the PCB. b) Picture of the PCB with the chip
on top of the hotplate. A PMMA cage is used to ensure a stable ambient temperature on
the chip.
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speed fan forces a horizontal airflow close to the chip). The characterization of the
nTEG is performed with two sourcemeters (Keithley 2400 and Keithley 2450) and a
multimeter (Keithley® 2700). This allows for simultaneous monitoring of internal and
external collectors, heaters, and thermometers of the pfTEG. The connection between
the PCB and the sourcemeters/multimeter is established through a 40-pin connector, a
ribbon cable, and a custom board equipped with several miniature reed relays. These
relays are controlled with an Arduino® board via USB commands sent by the central
LabVIEW characterization program. This allows for the sequential selection of the pins
of each platform in a device in order to perform measurements on all platforms within a
single characterization process.

The setup has two operating modes: "test” mode, in which the temperature on both
sides of the TE material is controlled through the hotplate and the heater integrated in
the pTEG, and ”harvesting” mode, in which power generation is evaluated by applying
heat only through the hotplate.

2.5.1 Seebeck coefficient

The test mode is used to evaluate the Seebeck coefficient, which describes the rela-
tionship between the generated voltage (i.e. the Vpo¢) and the temperature gradient:

Voo

S = AT (2.34)

In this case, the devices under test have suspended platforms with integrated heaters

and a thermometer on the silicon bulk. By controlling the chip temperature through the

hotplate (monitored by the integrated thermometer) and imposing a higher temperature

on the platforms through the heaters, the Voo between the collectors can be measured.

As the thermal gradient across the thermoelectric element is controlled, the Seebeck

coefficient, S, can be calculated. The procedure requires that the TCR of the heaters and

thermometers is estimated beforehand (see. Different hotplate temperatures
are forced to obtain S as a function of the temperature.

2.5.2 Thermoelectric power

Proper characterization of pn"TEG’s power generation capabilities requires exposing it
to conditions equivalent to real operating scenarios. This is done through the mentioned
harvesting mode, where heat is applied only through the hotplate. In these conditions,
the bulk part of the pnTEG absorbs heat from the hotplate and achieves a given tempera-
ture gradient on its thermoelectric element. This gradient is achieved thanks to the heat
exchange between a suspended platform (the cold end of the pnTEG) and the environ-
ment. In these measurements, both short circuit current (Is¢) and open circuit voltage
(Voc) are monitored using the Keithley® 2450 sourcemeter. These values correspond
to ideal states where the load resistance is infinite (Vo¢) or zero (Is¢). Since the most
relevant operating point lies between these states (i.e. in load matching conditions, see
7 after measuring Vo and Ig¢, a linear regression is performed using Lab-
VIEW to obtain the power curves of the devices. This is possible because our TE behaves
approximately as a purely resistive element, and each measurement is performed under
stationary conditions (i.e. AT and average T remain approximately constant throughout
the measurement). As a consequence, R;,:, S and x can be considered constant during
characterization, resulting in a linear relationship between current and voltage. Moreover,
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Joule and Peltier contributions (which could introduce non-linearities) are negligible due
to the low currents employed. In this thesis, both natural and forced convection configu-
rations were used to measure the thermoelectric power of the nTEGs. The latter allows
for the study of their harvesting capabilities under enhanced heat exchange conditions
with the environment.
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Micro-thermoelectric
generators based on silicon
nanowires and microbeams
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Chapter 3

Characterization of
micro-thermoelectric
generators

This chapter summarizes the work on the characterization of pfTEGs based on Si
structured in two different forms: arrays of Si microbeams and arrays of Si NWs. Si NWs,
which are 1D nanostructures, show reduced thermal conductivity and higher electrical
resistance compared to bulk Si (as shown in . In contrast, Si microbeams,
which are defined by optical lithography and etching of bulk Si, share the electrical and
thermoelectric properties of bulk Si. Therefore, nTEGs where the TE material is based on
Si NWs may benefit from a higher thermal gradient for enhanced thermoelectric power,
while pTEGs where the TE material is based on Si microbeams may show a higher power
output resulting from their lower electrical resistance.

3.1 Micro-thermoelectric generators design

The basic operating principle of a planar TEG is the conversion of a vertical external
temperature gradient into a lateral one. In our nTEGs, this is achieved by suspend-
ing platforms and integrating TE elements that laterally bridge the gap between these
platforms and the surrounding silicon bulk (see [Figure 3.1). The work presented in this
chapter uses two types of chips: 4X and Parallel (see [Figure 3.2)). The first is designed
for TE characterization purposes and enables a more detailed study of the device per-
formance thanks to the heaters integrated into its platforms. The second is designed to
maximize the generated power per unit area and is particularly suitable for harvesting
studies under real operating conditions.

shows an illustration of the 4X chip for the case of Si NWs, in which
four individual platforms are fabricated with an integrated heater. In the magnified
image of the platform area (see )7 the main parts of the device are shown.
The suspended platform, which is supported by a thin metal/nitride membrane on the
internal collector side, and by Si trenches filled with arrays of NWs on the external
collector side. The four platforms of the device have a different number of trenches
connected in series (1 to 4) bridging the gap between the platforms and the surrounding
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Suspended  Nitride/metal
microplatform  membrane

Figure 3.1: a) 3D illustration of the 4X type pnTEG for Si NWs. It consists of four
suspended platforms with integrated heaters. b) Amplified image of the platform area
of the device. A suspended micro-platform is supported by a metal/nitride membrane
(internal collector). Arrays of NWs fill the Si trenches that bridge the platform with the
surrounding bulk (external collector). ¢) Cross-section of the device showing its working
principle in harvesting conditions, where the bulk part of the chip contacts the hot surface.
A lateral heat flow is created in the NWs and a temperature gradient is present between
the bulk and the suspended platform. In the case of microbeams, the trenches are filled
with arrays of them.

bulk silicon. This allows for the study of the optimal TE length, since there is a trade off
in terms of thermal vs electrical resistance when varying the length of the TE element.
The length and depth of these trenches is 15 pm, meaning that the total length of the
TE leg varies between 15 (platform 1, T1) and 60 pm (platform 4, T4). Regarding the
microbeams based TEGs, the general layout is the same, but the trench configuration
is different. In this case, a different number of microbeams is integrated between the
suspended platform and the external collector for each platform of the 4X chip. Despite
that, the length of the trench is fixed at 15 pm. The number of microbeams (5 pm wide)
are 3, 5, 9 and 17 depending on the platform (T1 to T4, respectively). This variation
in the number of microbeams allows to study the occupancy rate influence (filled width
over the total platform width) on device performance to determine the optimal point
that best balances thermal and electrical resistance. The heat management in this kind
of devices is shown in . Under harvesting conditions (when the chip is placed
on a hot surface and the temperature gradient is established solely through the heat
management of the chip) the bulk part of the device is heated, while the suspended
platform is colder due to its contact with the cooler environment. Thus, a heat flow
from the bulk converges into the platform and creates a lateral temperature gradient in
the TE element integrated between the bulk silicon and the platform. This temperature
gradient is converted into electricity by the TE material and collected by the internal and
external collectors (platform and bulk metal layers, respectively) by means of an inter-
level metal-Si contact through the insulating SigNy film. When the chips are evaluated
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Figure 3.2: Optical images of the: a) 4X and b) Parallel chips used in this work. The
Parallel chips includes 50 of the platforms of the 4X chip in parallel/series electrical
connection.

in test mode, the temperature gradient is imposed by contacting the chip with a heat
source while simultaneously applying a controlled temperature to the platform through
the integrated heater. In this way, different temperature gradients can be obtained at each
hot temperature. To precisely measure the temperature gradient, four thermometers are
also implemented in the silicon bulk near each of the four platforms (see [Figure 3.2)).

The Parallel chip integrates several devices with the same design as those in the 4X
chip, arranged to maximize power generation per unit area. The chip is 7x7 mm? and
its active area is 0.6 mm? (i.e. total area with TE material). Five individual suspended
platforms are connected in parallel to form an elongated one (i.e. the length of a 4X chip
platform is 1 mm, whereas that of the Parallel chip is 5 mm, see and ten
of these elongated platforms are connected in series, resulting in 50 individual platforms
integrated in this device. To enable the characterization of individual elongated platforms,
lateral pads are included on the chip.

3.1.1 Device fabrication

The fabrication of these chips uses a specific type of Silicon-on-Insulator (SOI) wafer
with (110) orientation on the top Si layer. The reason for this orientation is the anisotropic
behavior of Si etching with potassium hydroxide (KOH), which is essential for one of the
fabrication steps, as will be explained later. A SOI wafer consists of a stack of three
layers: a device or top Si layer, an insulating layer (the buried oxide, BOX, in this case),
and a bulk Si substrate. The thicknesses of the SOI layers are 15 pm, 1.5 pm and 500 pm
for the top Si, buried oxide and bulk Si, respectively. The resistivity of the device layer
is 0.003 - 0.005Q-cm. A scheme of the fabrication steps is shown in

The process starts with a cleaning step in a piranha solution bath (H2SO4:H202 =
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Figure 3.3: Scheme of the fabrication process for the 4X and parallel devices for Si NWs.
a) SOI wafer with (110) surface orientation, b) Deposition of 300 nm thick SizN4 by
LPCVD and opening of the metal-Si inter-level contacts with RIE. Later, the SigNy is
used as a mask for doping Si by ion implantation, ¢) Deposition of the metal (Ti/W,
30/200 nm) and patterning with a lift-off. RTA process (700°C during 30s) to achieve
metal-Si ohmic contact, d) Definition of the platforms and the membranes with sequential
SisNy and device Si RIE, e) Deposition of a 3.5 pm thick SiO5 hard mask and opening of
a window to etch bulk Si with deep RIE, f) Wafer dicing and KOH process to eliminate
Si under metal/nitride membranes; g) Galvanic displacement to deposit gold droplets on
the Si walls of the platforms and subsequent CVD growth of the Si NWs by VLS.
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3:1) for 10 minutes to eliminate organic residues, followed by a 10 seconds dip in 5%
HF to etch native SiOs, with 10 min water rinses in between. After, a 300 nm thick
SigNy film is deposited by means of LPCVD on both sides of the wafer. This nitride film
serves three purposes in our devices. The first is to act as an electrical insulation layer
between Si device layer and metal film. The second is to provide mechanical support to
the suspended platform. And the third is to thermally insulate the platform to maximize
the temperature gradient through the TE element. This nitride film is then patterned
with photolithography and RIE to etch parallel rectangles with a width of 5 pm. These
serve as vias for the inter-level connections between the underlying device Si layer and
the subsequent metal layer (see b and c). In order to minimize the electrical
resistance of the device, the exposed silicon is doped using the SigNy layer as a mask. The
doping process is done with ion implantation using Boron at a dose of 5-10'% at/cm? and
an energy of 50 KeV. Afterwards, the metal is patterned by photolithography followed
by sputtering of titanium (Ti) and tungsten (W) layers. Their thicknesses are 30 and 200
nm, respectively. Ti is used as an adhesion layer. A subsequent lift-off process patterns
the metal. Then, a rapid thermal annealing (RTA) at 700°C for 30 s under nitrogen
atmosphere (N32) is used to obtain an ohmic contact between the metal-Si interface.

The next step involves device passivation depositing a 1 pm thick SiOs film by
PECVD (this step is done between and d, but not specifically shown in the
scheme). Later, this oxide film is patterned with two different masks using photolithogra-
phy and etching processes. The first photolithography etches half of the oxide film in the
areas of the device’s pads with hydrofluoric acid (HF) wet etching. The purpose of this
partial etching is to allow the remaining oxide on the pads to be removed later with HF
without fully etching the rest of the passivation oxide on the chip. The second etching
step is used to define the layout of the platforms and trenches. For this, 1 pm SiOs is
etched on two lateral sides of the platforms with RIE. Here, as can be seen in
(amplified scheme), the platforms are not rectangles, but parallelograms. This is done to
have (111) surface orientation in the lateral walls of the Si platform, which later prevents
the platforms from being etched by KOH. On the other two sides, this etching step defines
the (111) trenches where the NWs will be grown, and the notches on the metal/nitride
membrane that supports the platform. In the microbeams device case, they are defined
in this step. The reasons of carving parallel notches in the metal/nitride membrane are
two: 1) reduce the membrane cross-section to diminish its conductance and 2) give access
for the KOH to etch the device Si below this membrane. After this, two sequential RIE
processes etch the SigN, and the device Si (15 pm etching made with deep RIE) where
the 1 pm thick SiOs film is opened. Finally, a 3.5 nm thick SiO, film is deposited by
PECVD in the backside of the wafer and patterned with photolithography and RIE. This
layer is used as a hard mask to etch the bulk Si below the platforms and the membranes
with a deep RIE. At this stage, while the chips are still mechanically robust because the
platforms remain anchored to the bulk, the wafers are diced in 7x7 mm? chips.

Then, KOH etching is performed at chip-scale to release the platforms. Here, we
benefit from the specific orientation of the vertical lateral walls on all sides of the plat-
forms to stop KOH etching, which only occurs through the previously etched notches
in the membranes. To reliably perform this etching, several parameters were optimized.
Initially, the chips were placed inside a custom nylon holder that clamped them, prior to
a KOH bath immersion. However, issues related to the accumulation of air bubbles led
to alternative approaches. This is illustrated in [Figure 3.4h. Perforated teflon holders
were then used to avoid bubble accumulation in the chips. In these holders, the chips
are placed inside the holder without any clamping structure. The optimal KOH etching
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Figure 3.4: Microscope images of the KOH etching process optimization of the device Si
under the membranes. a) Bottom view of the device showing etching problems related to
air bubble formation due to the nylon holder, b) Bottom view results after etching at 70°C
causes sometimes the breaking of the membranes before etching the Si, ¢) Bottom view
with optimal etching conditions to completely eliminate the device Si but maintaining
some buried oxide still present (the translucid film that can be seen over the membranes),
d) Membranes yield depending on the KOH conditions and type of n"TEG, e) Top view
of an etched device without HCI cleaning, f) Same device after the HCI cleaning.

conditions to minimize bubble formation were found to be 50 % of KOH in water with
10 % of TPA (which helps reduce bubbling during the KOH) at 80°C. and ¢
show two examples of etching under these conditions at different temperatures. In the
70°C case, some Si still remains when the nitride/metal membranes are already broken.
In all membranes are alive and Si is completely eliminated. With these con-
ditions, the percentage of membranes alive after KOH is ~ 66% in 4X devices and ~
90 % in Parallel ones (see [Figure 3.4{). The larger length of the Parallel platforms can
withstand some cracks in different zones of the membrane without collapsing. A 50-60
min etching time window was found to be optimal to avoid damage in other areas of
the device. After KOH, the chips are cleaned with hydrochloric acid (HCI) for 10 min.
This serves to eliminate the potassium salts deposited on the device after the KOH (see
and f). At this stage, microbeams-based pn'TEGs are completed.

For the NWs case, galvanic displacement is then used to deposit gold droplets in the
vertical side walls of the trenches and platforms (the rest of the device is still passivated
with Si03). Afterwards, the NWs are grown by VLS as explained in During
all these processes, the Si trenches have been supported by lateral Si beams that prevent
the platforms from collapsing. At the end, these supports are eliminated with focused
ion beam (FIB) etching (see to avoid parasitic heat flow paths through these
beams. Etching them at this point is possible because the trenches and the platform are
held together by the NW arrays.
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A &

Figure 3.5: Tilted and top-view SEM images of a four-trench NWs chip after etching the
supporting beams with FIB. The scale bar is for both images.

3.2 Thermoelectric characterization

This section discusses the thermoelectric characterization and harvesting perfor-
mance of bare pTEGs with Si NWs and microbeams.

3.2.1 Nanowires

3.2.1.1 Test mode

In test mode, the bulk silicon temperature is controlled by placing the chip on a
hotplate, while the platform heater is used to adjust the temperature gradient across the
TE material. Therefore, the Seebeck coefficient can be calculated by fitting Voo versus
temperature gradient at different hotplate temperatures.
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Figure 3.6: a) Heater and thermometer resistance of a platform versus time exposed
to different oven temperatures, b) mean resistance calculated with the stable resistance
values at each oven temperature.
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Since both, the heater and thermometer, need to be calibrated, the first step is the
characterization of their TCR (see [Section 2.4.4). [Figure 3.6 shows a heater and ther-
mometer resistance change of a 4X chip inside an oven at four different oven temperatures.
Once the temperature has reached a steady state at at given oven temperature, we cal-
culate the mean resistance (see , where the values of mean resistance versus
mean oven temperature of these devices are shown). The different resistances for each
component is evident, and a consequence of their different designs. These measurements
resulted in TCR values of 0.00124 and 0.00126 C~' for the heater and thermometer,
respectively.

The Seebeck characterization results can be seen in [Figure 3.7b, where a Seebeck
coefficient increase is observed from ~ 224 1V /K at 50°C to ~ 238 nV/K at 140°C. These
values are in good agreement with previous measurements of the same type of NWs [125]
considering their error bars. However, this discrepancy is also attributed to the Si NW
growth process, which results in NWs with variable diameter and trench occupancy from
chip to chip. Therefore, a good agreement should not be expected.

benchmarks the obtained Seebeck coefficient values against literature val-
ues. d indicates the diameter of the NWs. However, no significant change of Seebeck is
expected for d > 20-30 nm [19]. Taking into account the average doping of our NWs, ~
3-10' cm™3, they are in good agreement with the data plotted. The Seebeck coefficient
values are similar to those measured by Boukai |18], whose doping is equal, and are in good
agreement with those of Sadhu with a doping of 5:10'9 cm™ [143]. The NWs with higher
doping concentration have lower Seebeck coefficient, which is expected since the Seebeck
coefficient is inversely proportional to the doping level. The only NWs with lower doping
are those of Sadhu at 2:10'® ¢m™3 [143], which also have a larger Seebeck coefficient.
Regarding the Seebeck coefficient increase with temperature, it is equivalent to those ob-
served by Boukai and Sadhu (2:10'? em™3), while Sadhu (5-10!? cm~3) shows a steeper
increase with temperature. This can be associated with the fact that the phonon-drag
effect is more suppressed in highly doped NWs [145], which, at the same time, leads to
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Figure 3.7: a) Open circuit voltage (Voc) versus temperature gradient at the NWs for
different hotplate temperatures (50 to 140°C), b) Seebeck coefficient calculated with the
data from a) as a function of the hotplate temperature.
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Figure 3.8: Comparison of the Seebeck coeflicient of this work for NWs with examples of
NWs from the literature [18], [142], [143], [144].

a steeper increase in the overall Seebeck value with temperature (the phonon-drag effect
generally compensates the increase of carrier component (S,) of the Seebeck coefficient).

3.2.1.2 Harvesting mode

As explained in the harvesting mode is equivalent to real working con-
ditions of a TEG. Therefore, these measurements show the reliability of the n"TEGs de-
veloped in this thesis to work in a real scenario.

The first set of studies evaluated the influence of the TE element length on device
performance. The objective is to determine the optimal length, considering the trade-off
between thermal and electrical resistance in terms of power generation. shows
optical images of the different devices on the 4X chip, illustrating that each platform has
a different number of trenches (all of the same length), which results in different TE total
lengths on each platform.

The thermoelectric characterization results can be seen in for each plat-
form and temperature. The measured voltage and current show a proportional increase
with the hotplate temperature. In the measured power, this relation is quadratic as it in-
volves the increase in both voltage and current. This is expected because higher hotplate
temperatures lead to higher temperature gradients in the TE elements, thus increasing
the voltage generation. Moreover, the Seebeck coefficient increase with temperature, fur-
ther enhances the voltage generation. By increasing the number of trenches, the amount
of voltage generated always increases.

This can be better seen in|[Figure 3.11] where the open circuit voltage (Voc), internal
resistance (R;,¢) and maximum power (P,,q.), are plotted as a function of hotplate tem-
perature for the four platform designs. The behavior of the voltage is expected because
longer TE elements imply a higher thermal resistance, and thus a higher temperature
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Figure 3.9: Optical images of the four different platforms of the 4X device (T1 to T4),
where the number of trenches increases from one to four, resulting in a total TE length
of 15 pm to 60 pm (4x15 pm) from T1 to T4, respectively. The scale bar is the same in
all images.
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Figure 3.10: Voltage and power vs current measured in a 4X chip on each of the four
platforms for different hotplate temperatures. The voltage shows a uniform increase with
the number of trenches, but the current has a maximum value for the three trenches

platform.
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gradient. However, the internal resistance of the device is also affected by the TE length,
leading to a maximum short circuit current (Is¢) at a given length. This is clearly observ-
able in where Is¢ increases from one to three trenches but then decreases in
the fourth platform. In terms of maximum power, the same compromise arises as P4z,
which is attained when R+ = Ryoea (and thus depends on Ry, ), shows a similar trend.
This is seen in where the three- and four-trench platforms exhibit similar
(and maximum) P,,,, generation through the entire temperature range. Based on these
results, Parallel-type devices with four trenches were selected for the remainder of the
characterization. It is also worth noting that the increase in Voc with the number of
trenches suggests that the heat flow through the NW array is not negligible. A saturation
in voltage would be expected once the temperature gradient becomes dominated by heat
conduction through the nitride/metal membrane. In such a case, further increasing the
TE length would not significantly enhance the temperature gradient. This indicates that
thermal leakage through the membrane side is not the dominant heat loss mechanism.
Thus, the uni-leg type n'TEG does not degrade the device’s heat management to the
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Figure 3.11: Representative plots of the: a) open circuit voltage, b) internal resistance
and ¢) maximum power for the different platform designs as a function of the hotplate
temperature. The trends in the open circuit voltage and maximum power are clearly
visible, with equivalent power generation for the three and four trench platforms.
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extent that the TE element contribution is negligible.

In Parallel chips the power is expected to increase compared to the 4X devices,
reaching an enhancement in voltage and current of ~ 10 and ~ 5 times, respectively
(Parallel pTEGs have 5 4X platforms in parallel, and 10 of these connected in series).
However, since the survival rate of the membranes is low after the KOH fabrication
step, the number of membranes that can be connected in series is usually lower than ten.
Nonetheless, as it has been explained in[Section 2.1.17] the use of jumpers to bypass broken
or too resistive platforms is used to connect the maximum number of properly performing
platforms. shows the thermoelectric characterization of a parallel chip with
four trenches. This device has seven working platforms. The values show an increase
factor of ~ 7.5 and ~ 6.5 compared to the 4X device in Vo and Ig¢, respectively. Given
the variability in the average NWs diameter and in the NW trench occupancy across
different growths, the obtained values are considered to be close to the expected values
of 7 and 5. In terms of power generation, the increase is ~ 45 times, with a maximum
power of ~ 100 nW when exposed to a hotplate temperature of 250°C.

presents a comparison of the maximum power generation of this same
device as a function of how many platforms are connected in series. In this case: one single
platform (1x pTCs), 4 platforms (4x nTCs) and 7 platforms (7x nTCs). As expected,
Isc remains approximately constant no matter how many platforms are measured, while
Voc increases. Thus, the increase in maximum power generation is linearly proportional
to the number of platforms connected in series. A more comprehensive comparison of
Voc, Pmaz and Ry, for this device as a function of the number of platforms can be
seen in together with a plot of the sustained temperature gradient in the
TE element at different hotplate temperatures. The linear fittings shown for Voo and
Pinae confirm the expected scalability of these parameters with the number of platforms
connected in series. In the R;,; case, a similar trend is observed although the change
with temperature is less pronounced (every individual platforms shows a slight increase
of R;,: with temperature). In any case, the fact that the overall R;,; of the device
increases with the temperature is in agreement with the properties of the NWs [125],
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Figure 3.12: a) Voltage and power versus current in a Parallel device with seven platforms
connected in series at different hotplate temperatures. b) Comparison of voltage and
power of a Parallel device depending on the number of platforms connected in series at
250°C.
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Figure 3.13: Comparison of a) open circuit voltage, b) maximum power and c) internal
resistance of the Parallel device at different hotplate temperatures as a function of the
number of platforms in series. d) Plot of the sustained temperature gradient in the TE
element at different hotplate temperatures (calculated using the Seebeck coefficient and

Voc).

since their electrical conductivity decreases when increasing the temperature. A suitable
method to evaluate the thermal management of a TEG is to visualize the ratio between
the temperature gradient sustained at the TEG and the external temperature gradient,
which can be defined as thermal gradient fraction, fy:

ATeact

fth == (31)

being ATrg and AT, the thermal gradient in TE element and available externally
(between hotplate temperature and ambient temperature), respectively. Observing the
results shown in [Figure 3.13(, an average ATy of ~ 2.6°C is sustained in each NW array
when exposed to 250°C, meaning that f;, = 0.012 considering an ambient temperature
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of 30°C (note that this ATrg is calculated from the Seebeck coefficient and Voo at
each temperature, and thus is not a direct measurement). Evidently, a thermal gradient
fraction of ~ 1% is low for a TEG to be applied in a real scenario, as the maximum
power does not meet the low-power IoT devices requirements. However, this ratio is
expected for a bare chip due to the small footprint of the suspended platforms. Since
these are cooled by natural convection, and the thermal resistance to air is proportional
to the platform size, a smaller footprint hinders effective cooling of the platforms. To
evaluate the harvesting performance under a higher cooling condition, measurements
were performed using a CPU fan to force a lateral air flow of 1.3 m/s on the top of the
chip. This way, the heat exchange with the environment is enhanced due to the forced
convection (FCV) condition.

The results of this study can be seen in[Figure 3.14] As before, a linear proportionality
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Figure 3.14: Comparisons of: a) open circuit voltage and b) maximum power of the
Parallel device at different temperatures as a function of the number of platforms in series
with a forced convection of 1.3 m/s, ¢) Thermoelectric characterization of the device with
all the platforms connected in series, d) Sustained temperature gradient in the TE element
at different hotplate temperatures compared to natural convection.
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can be observed in both plots. In terms of voltage, we observe a ~ 4 times increase
compared to the Voo generation in free convection and an outstanding ~ 15 times increase
in P,,q:. These results are a consequence of the enhanced heat exchange between the
platforms and the environment, which translates into an increase in the temperature
gradient attained at the TE element at each hotplate temperature. By comparing this
result with the free convection case (see ), we observe a ~ 4 times increase in
terms of thermal gradient, which perfectly matches the increase observed in Voc. This
means that, under these conditions, the device shows a f;;, of 0.045 when exposed to 250°C
(assuming an external ambient temperature of 30°C). Furthermore, P4, at 250°C is now
~ 1.6 pW, which corresponds to a maximum power density of ~ 7.5 pm/cm?. The area
used to calculate the power density does not consider the outer pads regions, as they were
designed only for characterization purposes (i.e. an area of 5.5x5.5 mm? is considered).
This result is already close to the range of power density needs of IoT devices at the
micro-energy range, and indicates that the optimization of the heat exchange with the
environment is the strategy to make these TEGs viable for IoT. The clearest route to do
this is to integrate a heat sink in contact with the platforms to maximize heat dissipation
to the environment.

3.2.2 Microbeams

In the same working conditions and without further improvement of the heat ex-
change, the devices with microbeams are expected to show lower power generation be-
cause their thermal conductivity is higher than that of the Si NWs. Therefore, they
will have smaller thermal gradients than NWs under the same conditions. As concluded
from the experiment reported in the temperature gradient seen by the TE
element largely depends on its conductance (NWs in that case), as heat flowing through
the metal/nitride membrane is not dominant, since increasing the number of trenches
always results in an increase of open circuit voltage. In this case, the TE element is
even more conductive and, thus, it will have a major contribution to heat flow in the
device. This was confirmed when evaluating the thermal conductance of the devices (see
[Figure 3.15)). The results show a linear relationship between the temperature gradient
and the power dissipated in the heater for the four platforms. Platforms with a higher
number of microbeams consistently show lower temperature gradients. This is expected
since the higher the number of microbeams, the higher the total conductance of the TE
element. A linear fitting of the conductance values measured in the four platforms was
performed (see[Figure 3.15¢) to determine the conductance of a single beam (slope of the
curve) and the overall conductance of the metal/nitride membrane (extrapolated value
at zero microbeams). The values obtained from this study were 92.36 and 295.7 pW/K
for each beam and for the membrane conductance, respectively. This indicates that plat-
forms with five or more microbeams exhibit higher thermal conductance on the TE side
and are therefore more influenced by it in achieving the temperature gradient.

All these considerations point towards reducing the number of microbeams to opti-
mize the power generation of these devices. The results of the thermoelectric character-
ization in harvesting mode of a 4X chip with microbeams can be seen in It
is clear that an increasing number of microbeams in the platform affects negatively on
both voltage and current generation, and therefore P,,,,. At the same time, a higher
number of microbeams decreases the internal resistance of the device, but this is not
enough to compensate for the large thermal conductance which implies small thermal
gradients across the microbeams. Another comparison of the power generation of plat-



78 Chapter 3. Characterization of p-TEGs

b)
® 3 beams
704 e 5beams
® 9beams

=)
S
L

17 beams

Temperature gradient - AT (°C)
2 8 & 2

5
L

C) Dissipated power - P (mW)

G (UW/K) =92 36N, +295.7

Conductance - G (mW/K)
o
O
1

Giean = 92.36 tW/K

an

Gipemrane = 295.7 WW/K

T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19

Number of beams - N

Figure 3.15: a) Optical images of the platforms with microbeams (white circles). The
scale bar is the same in all images. b) Thermal gradient measured between the platform
and the bulk as a function of the power dissipated by the heater. c¢) Conductance vs

number of microbeams to obtain the conductance of the membrane and the individual
beam.

forms with microbeams is shown in As already mentioned, the design with
fewer microbeams is the best performing as an energy harvester in these conditions (i.e.
bare nTEG in harvesting mode under natural convection). However, when comparing
these results with those obtained with NWs,; different observations can be highlighted.
Comparing Voo and Ppp,q, of the best n"TEGs based on Si NWs and Si microbeams (~
650 1V and ~ 2.2 nW with NWs, ~ 260 pV and ~ 1 nW with microbeams) shows that
the main advantage of devices with microbeams is their low internal electrical resistance.
The pTEG with three microbeams harvests a temperature gradient ~ 2.5 times smaller
than that of the NWs, while its maximum power is ~ 2.2 lower (i.e. 12% lower than the
thermal gradient ratio).

However, it is important to note that this smaller power ratio is heavily impacted
by the design of the TE elements being compared. As seen above, in a device with
3 microbeams, the TE element and the membrane have similar thermal conductances.
In contrast, in NWs-based n"TEGs the overall heat management is more influenced by
the membrane, as its conductance is higher than that of the NW arrays. Therefore,
in a TEG with a bi-leg type of design (i.e. with n- and p-type TE material on both
sides of the platform), a bigger difference in performance should be observed because
of their large difference in thermal conductivity. In any case, it was demonstrated that
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Figure 3.16: Plots of the thermoelectric generation in harvesting mode of three platforms
with different number of microbeams. The higher value of open circuit voltage and short
circuit current obtained in the 3 microbeams platform proves that reducing the number
of microbeams generates more power.
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Figure 3.17: Comparison of the thermoelectric generation of three platforms with different
number of microbeams at 250°C. An optimal occupancy is found at 1.5 % (3 microbeams),
where the maximum power is clearly higher.
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enhancing heat exchange between the platforms and the environment is essential to make
Si-based nTEGs viable for IoT applications, as their high thermal resistance towards the
environment limits performance regardless of the Si structure type.

3.3 Chapter conclusions

This chapter presented the work related to Si NWs and microbeams based pTEGs.
On the NWs side, the optimal TE length for power generation was found to be 60 pm
and a Seebeck coefficient of 223 pV/K was obtained at RT. In the microbeams case, the
optimal geometry was found to be with a limited number of microbeams (1.5% occupancy
rate in the trench). Among the explored n"TEG designs, the high integration density of
the Parallel n"TEG, along with the consequent increase in power generation, highlight the
strong potential of Si technology to maximize the performance of n"TEGs. Nonetheless, the
limitations of such n"TEGs (i.e. their low thermal gradient fractions and power densities)
make them incompatible with IoT applications unless heat exchange between platforms
and the environment is properly optimized.



Chapter 4

Heat sink integration in
micro-thermoelectric
generators

This chapter presents the development of a methodology to integrate a heat sink
onto the micro-structured silicon devices described in the previous chapter, aimed at
maximizing the thermal gradient across the TE material and improving the performance
of the pTEGs. Afterwards, the characterization and benchmarking of pTEGs with an
integrated heat sink is shown. Finally, the process of integrating a 2x2 array of pfTEGs
into a single TEG is also presented, along with its power generation results.

4.1 Heat sink integration

The results in the previous chapter showed the limitations of Si pTEGs to create
significant thermal gradients across the TE element, and also showed that the thermal
gradient would improve if the thermal resistance of the platform to the environment
decreases. The first part of this section discusses the method to integrate a heat sink that
contacts the n'TEGs at the suspended platforms, enhancing the contact area between
the platforms and the environment. The second part is devoted to COMSOL simulations
investigating the effect of this integration and considerations regarding its thermal model.

4.1.1 Integration procedure

The nTEGs have a planar design, which means that the suspended platforms and the
bulk regions of the upper face have the same height. Also, the platforms are suspended
and, thus, fragile. Therefore, the solution should be able to contact the platforms locally
while minimizing the contact with the rest of the chip in order to minimize parasitic
heat flow paths. For this reason and due to the fragility of the suspended platforms, the
heat sink cannot be directly placed on top of the pTEGs, as is usually done with vertical
m-type TEGs.

To overcome this challenge, a Si adapter was microfabricated to serve as an inter-
mediate piece in the integration process (see [Figure 4.1] for a scheme of the integration

81
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a) b) Bare pnTEG ¢) Integration process
oS of the adapter

Heat sink

Adapter
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I

Figure 4.1: a) Scheme of the complete integration process of the heat sink into the pnTEG.
b) Images of the bare nTEG wire-bonded in the PCB, the bottom side of the Si adapter
with the ten central and four corner pillars, and the final nTEG with the integrated heat
sink on top. ¢) Images of the adapter placement process taken by the lateral camera and
the top microscope. If the alignment is correct the corner pillars of the adapter coincide
precisely with the corners of the nTEG.

process). The purpose of this piece is to distribute the weight of the heat sink more
homogeneously in the pTEG by taking advantage of its four corner pillars, which are
supported on the silicon bulk of the device. Also, since the platforms and the corners of
the chip are at the same height, the platforms should never bend or break if the adapter
does not bend under the pressure of the heat sink, which is not expected since the area
of the heat sink is bigger than that of the adapter. Thus, a uniform weight distribution
should take place on the adapter, preventing it from bending. At the same time, the
area of the corner pillars is minimized to minimize parasitic heat flow paths. These Si
adapters are fabricated by micro-machining using Si wafers with a thickness of 500 pm.
First, a 3.5 pm thick SiO; is deposited by PECVD on the backside of the wafer. Then, a
photolithography process followed by a RIE defines the layout of the adapter. In the case
of the adapter for the Parallel pTEG, the layout consists of ten 0.1x5 mm? rectangles in
the central area of the chip, corresponding to the ten suspended platforms of the pTEGs,
and four 0.4x0.4 mm? squares at the corners (the corner pillars of the adapter). During
this step, SiOs is only left over the rectangles and the squares. After, a deep RIE is
performed to etch ~ 300 pm of the bulk Si using the previously defined SiOs layout as a
hard mask. Lastly, the wafer is diced to obtain the final 7x7 mm? Si adapters.

The alignment of the adapter with the pnTEG and its gentle placement on top of the
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Figure 4.2: Image of the pick and place setup used for heat sink integration. The lateral
cameras and the microscope serve to monitor the chip-adapter alignment. The placement
of the adapter is controlled by a vacuum tweezer. Micro-metric control of the positioning
is available in all axis.

platforms are critical for the proper integration of the heat dissipator. To facilitate this,
we developed a custom pick and place setup (see . Once encapsulated on its
PCB, the chip is placed on a Thorlabs piece with XYZ movement and rotation control in
the XY plane. The main structure of the setup is made of two PMMA plates with through
holes, where the Thorlabs piece is screwed in. The upper PMMA plate has a 19x17 cm?
square hole to fit it. The Thorlabs piece can be adjusted to match or stay below the
upper PMMA plate. A second Thorlabs component (screwed to the upper PMMA plate)
holds a vacuum tweezer that positions the adapter during the integration process. This
component allows the z-axis control of the silicon adapter. Using a top microscope and
two side cameras (screwed to the upper PMMA plate), a complete three-axis view of the
chip is obtained, allowing visualization of the rotation and position of the pTEG and
the adapter. All the micro-manipulators are compatible with micro-metric control and
the cameras and the microscope are simultaneously monitored by means of a LabVIEW
program.

In order to ensure good thermal contact between the platforms and the adapter,
a thermal paste is used in the process. The thermal paste also provides mechanical
robustness to the stack and prevents any displacement of the adapter throughout the
experimental work. The integration process of the Si adapter consists of two phases:
thermal paste application and adapter placement on the pTEG. Since the paste should
only be applied to the pillars of the adapter (i.e. both at the central and corner pillars), a
thin layer of paste is first spread on a PMMA surface. The desired thickness of the paste
is achieved using a Proceq ZUA 2000 Universal Applicator. The adapter is then stamped
into the paste and slowly lifted. The adapter is handled at the pick and place setup with
the vacuum tweezer to control the procedure. Two thermal pastes were evaluated: a RS
PRO Silicone Thermal Grease (RS stock number 707-4733 - Thermal paste 1-), with a
thermal conductivity of 1.8 W/m-K, and a second RS PRO Silicone Thermal Grease (RS
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a)  Thermal paste 1 Thermal paste 2 b) Thermal paste 1

||IIl|IIIIlI”I " IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|I|IIIIIIIIIIIIIIIIIIIIIIIIlIIIlIIIlIIIIIIIIIIIIIIIIIlI|III|IIIIlIl}IIIIIIIIIIIIIHf

X S

|IIIIIIIIIII |”IIIIIIIII_IIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIlIIIIIIIIIIIIIIIIIII|||||||||!|l|||IIIIIIIlIlIlIIIIIIIIIIIII|IIUIIIIIIIIIIIIIIIIIIIIIIIIII|||IIIIIIIIIIf
|IIIIIIIIIIII|” IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIInIIIII|IIIIIIIlIIIIIIIIIIIII|I|I||l|l|l|IIIIIIIIIIIIIIIIIIIIIlIIIIIIIlIIII|||||||||IIIIIIIIIlIlIIIIIIIIIIIIIIIIIIl
W
I Il IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIIIIHIIIIIIIIIII||||IlIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllIIlIlIIIIIIIIIIIIIIIIIIIIIl

IIIIIIIII| | I |II T
I | | 00000000
T 00000000 00000000

b [ I 0000

IHHlIIIIIIIIIIIIIIIIIIIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIlIlIIIIIIIHIIﬂIIHIlII[

2 mm

Figure 4.3: Images of the optimized adapter integration with both thermal pastes. a)
Footprint of the different thermal pastes on the chip after the stamping and removal of
the adapter. Thermal paste 1 shows a more homogeneous and continuous shape on all
the platforms, while Thermal paste 2 has inhomogeneity issues forming big bubbles and
discontinuities. b) (left) Images of the footprint on the complete chip after the integration
and (right) the thermal paste texture image taken with the top microscope. The higher
texture roughness of Thermal paste 2 makes the integration more difficult.

stock number 193-8247 - Thermal paste 2-), with a thermal conductivity of 2 W/m-K. In
both cases, a study of the optimal paste thickness and stamping conditions was conducted.
Both pastes have different optimal application parameters due to their distinct texture and
viscosity. shows a collage of optical images of the platforms after integrating
the adapter and later removing it to evaluate the thermal paste footprint, together with
images of the adapter being stamped in both pastes. In the Thermal paste 1 case, its lower
viscosity and texture roughness result in a more homogeneous distribution in the adapter
and the chip, where the footprint is uniform along the platforms (see ) For a
successful integration to be optimal, the thermal paste was maintained at a thickness of 40
pm and the stamping process was carried out with minimal pressure, and pulling up the
piece after seeing that all pillars had contacted the thermal paste. Other approaches, like
thicker paste films or applying slightly higher stamping pressures, resulted in excessive
amounts of thermal paste transfer causing it to spread beyond the boundaries of the
platforms. This would obviously decrease the efficiency of the nTEG due to the presence
of paste in the TE trenches, diminishing the maximum temperature gradient. During the
optimization, it was also observed that a thicker volume of thermal paste was transferred
onto the corner pillars than onto the central ones. However, due to the low viscosity of the
thermal paste, the adapter was finally simply placed on the chip with the vacuum tweezer
without applying any pressure. In this way, gravity helped the adapter to naturally adjust
the pressure on the corner pillars, allowing the paste to spread there and ensure proper
contact with the central platforms.

Optimizing the integration with Thermal paste 2 was more challenging due to its
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higher viscosity and rough texture. Since a uniform paste transfer to the adapter was
more difficult, the thermal paste thickness was increased to 80 pm and a minimal pressure
was applied during the stamping until all the pillars would be partially covered. Using
thinner films or applying lower pressures led to very small footprints of paste on the chips.
In the final integration on the chip, the weight of the adapter alone was insufficient to
compensate the height difference between the thermal paste on the corner pillars and
the central ones. Therefore, a controlled pressure was applied with the z-axis control
of the vacuum tweezer to force a good contact with the platforms. Reaching a proper
contact with the platforms was found to be strongly dependent on the viscosity and
texture roughness (i.e. on the size of the filler particle). After a certain pressure, the
paste would no longer compress and overflow at the edges of the corner pillars, leading to
a misalignment between the adapter and the pTEG chip. Despite a proper contact of the
adapter with all platforms can be achieved using this second paste, it is at the expense of
a reduced yield across different chips. At this stage, the thermoelectric characterization
of the pnTEG also serves to cure the paste and ensure complete adhesion between the chip
and the adapter.

The final integration step is the placement of the heat sink on top of the adapter.
9x9x4 mm? aluminum heat sinks were used in the experiments with individual pTEGs
(see [Figure 4.1b). To ensure proper adhesion to the adapter, the heat sink is stamped
onto a 40 pm thick thermal paste before placing it on top of the adapter. In this case,
the procedure is carried out manually. The internal resistance of the pTEG is monitored
during the placement of the heat sink to detect any potential damage to the device. Again,
thermoelectric characterization of the chip serves to cure the adapter-heat sink paste.

4.1.2 Simulations and thermal model

Simulations of nTEGs were done using a finite element model (FEM) analysis in
COMSOL, the results of which are shown in[Figure 4.4 The boundary conditions applied
set the temperature at the bottom of the chip (equivalent to the hotplate temperature in
our setup) to be 500 K. In the cases where the adapter and heat sink were integrated with
the n'TEG, contact resistances between 15 and 60 kW /m?-K were considered between the
RTEGs and the adapter columns, and between the adapter and the heat sink. A convective
regime with a heat exchange coefficient h = 10 W/m? K was imposed on the upper surface
(the pnTEG top surface in the bare case and the heat sink surfaces in the integrated case)
to mimic a free convection regime under ambient conditions [146].

These simulations result in a Voo of 4.8 and 37 mV for the bare y"TEG and the inte-
grated device, respectively. This implies that the TE elements hold a sustained gradient of
1.6 and 12.3°C (which correspond to f;, 0.8 and 6.15 %). Even though simulation results
do not match experimental data, a reasonably similar value of 1.2 % is
obtained for the bare n'TEG. The most interesting result from these simulations though,
is the f;;, improvement by a factor of ~ 7.7 in harvest mode after the heat sink integra-
tion, which is in good agreement with the result obtained experimentally, as it will be
shown in the following section. Therefore, this thermal model helps us understand and
improve heat management in our devices. A simplified equivalent thermal circuit of the
device across the different integration steps helps us visualize the heat flow in our devices.
provides both a scheme and an equivalent thermal circuit of the nTEG during
the different integration steps.

The thermal model assumes a constant temperature profile in the bulk regions of
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a) Bare n\TEG b) Adapter & heat sink
AT (K) AT (K)

Figure 4.4: COMSOL simulations results for the pyTEG without (left) and with (right)
heat sink. Temperature maps and open circuit voltage are shown to compare the power
generation capabilities of both configurations. The thermal gradient increases by a factor
of ~ 7.7 with a heat sink
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Figure 4.5: Schemes of the heat flow in the: a) Bare chip, b) Chip with Si adapter and c)
Chip with Si adapter and heat sink. The equivalent thermal circuits (right) of the devices
in the different integration steps.

the device, both in the Si bulk part of the chip and in the aluminum heat sink, because
their thermal conductivity is significantly higher than the thermal contacts between the
different interfaces. In the bare pTEG there are four different resistances: the thermal
resistance between hotplate and bulk Si, Ry p_ puik, the thermal resistances associated
with the heat exchange between the upper side of the bulk and the platforms with the
environment under free convection conditions, Ry,— puir and Ry— piat form, and the thermal
resistance of the platform (i.e. R,7c, which corresponds to the parallel resistance of the
TE element and the membrane).

After integrating the adapter, the resistances between the chip and the ambient are
replaced by the contacts between these parts and the pillars of the adapter (Rpuik— piliar
and R, 7c— piitar). Note that the contribution from the corner pillars is parasitic, since it is
creating a new path to heat up the platform. Finally, the exchange with the environment
takes place only through the adapter surface (R‘,jdap *¢"). The contribution from convective
heat taking place between the chip and the adapter is assumed to be low due to the large
gap between both surfaces (350 pm) and the small temperature difference between them.
Furthermore, this contribution was not considered during the COMSOL simulations in

good agreement with experimental data.

Lastly, adding the heat sink in the model implies the addition of a new contact re-
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sistance between the adapter and the heat sink (Radapter—rs).Moreover, the resistance
associated with heat exchange with the environment (RZ9) decreases with the incorpo-
ration of the heat sink, due to the larger contact area with the environment. Taking all
of this into account, the temperature gradient at the TE material (T guix - TPiatform) as
compared to the maximum available temperature difference (T p - T a4) can be written
as:

_ TBulk - TPlatform o RuTC’ i QHTC'
ftn = = (4.1)
Trp — Tair Rror - Qror

For the case with heat sink, this can be rewritten after some manipulation as:

HS _ Ry, ) R,rc
th =
R\ 4+ Rup—puk + Radapter—ts + RIS Rurc + Rurc—pitlar

(4.2)

where R is the equivalent resistance of the parallel part of the thermal circuit shown
in This term thus accounts for both the cooling of the platforms by means of
the heat flowing through the adapter pillars and also the parasitic heating that is coming
from the bulk through the corner pillars:

Ry = I . i (4.3)

Rpuk—Pitiar  Burc—pPillar + Rurc

With this model, we can now interpret the results obtained in the previous simu-
lations. If we assume that the parasitic heat contribution is negligible (high resistance
between the bulk and the pillar), R)| becomes a series resistance of the platforms and the
platform-pillar contact contributions. In this configuration the model can be simplified
to:

HS _ Ryrc
th H
R/,LTC + Rp,TCfPillar + RHPfBulk + RAdapteerS + Rh S

(4.4)

Here, by integrating the heat sink the Rf S component is significantly reduced due
to the large increase in contact area with the environment but, at the same time, two
series resistances are added in the process associated to the adapter and the heat sink
contacts. Thus, this integration only improves the heat management of the device if the
decrease in RhH S is higher than the additional resistances introduced with Rurc—pittar
and Radapter—HS-

In the opposite case, if the contribution of the parasitic heat is considered to be high
(RBuik—pPitiar — 0), the platforms temperature is similar to the bulk temperature, fi,
tends to 0, and the n'TEG performance is completely degraded. Interestingly, COMSOL
simulations show that the voltage generation of the device is degraded after integration of
the heat sink when no contact resistance between the adapter and the chip is considered,
which is in good agreement with the thermal model.

The real device performance is somewhere between these two ideal configurations,
with some parasitic contribution that also provides heating to the platforms. Nonetheless,
as it will be shown in the following section, both simulations and measurements show an
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increase in the voltage generation. Therefore, there is a non-negligible contact resistance
between the bulk and the corner pillars, which implies that the fully integrated device
performs better than the bare case. Moreover, the decrease in R,IL{ 9 obtained with the heat
sink integration compensates the added contributions of R, rc—piiiar and Ragapter—Hs-

Besides considering fgls after the heat sink integration, the improvement in fy;, rel-

ative to the initial value (i.e. fH5/fBare  as defined in [Equation 4.4) should also be

evaluated:
s _ Rurc + Rup—puk + RE™™ (4.5)
tﬁare RuTC + RuTC’—Pillar + RHP—Bulk: + RAdapte’r—HS’ + RhHS

To simplify, we can consider external contact resistances (R,rc—pittar, REP—Bulk
and Radapter—rs) << Rurc and Ry, so this equation can be written as:

HS B
fth _ Rurc + Ry

4.6
t%are RHTC' + R}?S ( )

From this equation it is clear that a device with higher R,7¢, which is the parallel
sum of the contributions of R7g and Rsembrane, will have a lower fgLS / fgfre. Considering
the extreme case where R,rc — 0, then 5 /fBar¢ tends to RP2¢ /RIS, On the other
hand, if R, rc >> RES, 15 /fBare tends to 1. Obviously, the real system is between
these extreme cases. |Figure 4.6p shows ff5/fBare versus R,rc and RES for a fixed
REare while the f49 /597 versus R, rc curves for different RZ7¢ /RIS ratios are shown
in [Figure 4.6p. This reveals that the pTEGs with lower R,r¢ are more sensitive to
any reduction in R (i.e. an increase in RP%¢/RHS). Therefore, nTEGs based on
microbeams are expected to exhibit a greater f;;, enhancement as a result of the heat sink
integration.

6
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Figure 4.6: a) {25 /fBare versus R, rc and RH 9| as defined in [Equation 4.6, b) {5 /fBare
versus R,r¢ curves for different RP¢ /RIS ratios.
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Moreover, further enhancement of the heat exchange with the environment can be
achieved under forced convection conditions. The thermal resistance towards the ambient
of a surface under forced convention can be described as:

1

RForced _
h
A- hForced

(4.7)

where A is the area of the surface exchanging heat with the environment and hgyyceq
is the heat transfer coefficient under forced convection conditions. Since hrorceqd > hpree, &
reduction of Ry, is obtained. As a consequence, the denominator in[Equation 4.4]decreases,
thereby improving f;,. However, a saturation is expected in both cases (i.e. decrease of Ry,
with a heat sink or with forced convection) if the values of R, become negligible compared
to the rest of thermal resistances. This effect is expected to be more pronounced when
both contributions are considered together. Furthermore, reducing Rj, through forced
convection on the heat sink case is expected to have a smaller effect on f;;, because the
contribution of Ry, in the denominator in is smaller (i.e. due to the added
Ryurc—pPittar and Radapter—ms on this configuration). On the contrary, the effect of Ry,
reduction on fi, in the bare case is more significant, since the denominator includes only
R,rc and Ryp—_pwi in addition to Ry,.

4.2 Thermoelectric characterization with heat sink

This section summarizes the thermoelectric characterization of pTEGs with NWs
and microbeams for Parallel-type chips after integrating the adapter and heat sink. Since
test mode configuration of the chips is not particularly relevant for devices with a heat
sink, all the results shown hereafter correspond to harvesting mode, in which the pTEGs
performance is evaluated under real working conditions.

4.2.1 Nanowires

Since complete pTEGs thermoelectric characterization was done in all stages of the
heat sink integration, a comparison of the performance improvement can be shown. The
first interesting result is the performance improvement with the two thermal pastes. Voo
of several chips where the heat sink was optimally integrated are shown in [Figure 4.7 The
average increase factors in Vo¢ are 8.96 + 2.97 and 13.53 4+ 3.51 for Thermal paste 1 and
2, respectively. These results indicate that Thermal paste 2 further improves the thermal
gradient of the nTEGs. Since thermal conductivities of both thermal pastes are similar
(1.8 vs 2 W/m-K), this behavior could be explained taking into account the paste texture.
Thermal paste 2 exhibits very high roughness, with large filler particles in the paste (i.e.
resulting in a low overall contact area with the opposing surface). This is expected to
increase the thermal contact resistance between the bulk and platforms of the pTEG
and the adapter pillars (i.e. R, rc—pitiar and Rpuik—pier). However, since a higher
thermal gradient is achieved in the n'TEG, the trade-off is favorable, and the decrease in
RBuik—pillar becomes more relevant for reducing the parasitic heating of the platforms.
In the case of Thermal paste 1, all heat sink integrations were successful, whereas Thermal
paste 2 showed more inconsistency in the adapter-platform contact. In some instances,
this resulted in very small paste footprints on the platforms, leading to higher contact
resistances and a reduced thermal gradient. Therefore, although the potential increase
in Voc is higher with Thermal paste 2, its lower consistency in the integration of the
heat sink makes it unsuitable. From this point onward, the characterization results will
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Figure 4.7: Voltage increase factors obtained in different chips after adapter and heat
sink integration for both thermal pastes. In average, Thermal paste 2 leads to a higher
increase. However, due to the inconsistency of the integrations with this paste, Thermal
paste 1 was designated as the optimal to ensure a reliable and reproducible integration.

correspond to chips with integrated heat sinks using the more reliable and reproducible
Thermal paste 1.

[Figure 4.8 shows the measurements of voltage and power versus current curves for the
bare chip, the chip with adapter and the chip with heat sink, together with a comparison of
these at 250°C in[Figure 4.8d. It can be seen that at 250°C the initial Voo of 4.5 mV of the
bare chip is increased to 11.2 mV after the placement of the adapter. Further improvement
is obtained once the heat sink is integrated, reaching a value of 34 mV. Thus, the increase
factors in this chip are ~ 2.5 and ~ 7.5 for the adapter and heat sink, respectively.
This last value is in great agreement with the factor obtained in the simulations (~
7.7). The generated power increases from 100 nW to 5.5 ptW and no change is observed
in the internal resistance of the device after the integration. Again, the considerable
improvement in the generation of the pnTEGs after the heat sink integration, demonstrates
that the effect of the increased area compensates the added contact resistances with the
adapter and the heat sink.

Similarly to the bare pTEGs case, imposing a forced convection (v = 1.3 m/s) hor-
izontally on top of the devices (i.e. parallel to the top surface of the device) increases
the heat exchange with the environment. As a consequence, the open circuit voltage also
shows a significant improvement. A chip with integrated heat sink under free and forced
convection is compared in In this case, Vo under forced convection reaches
108 mV when exposed to 250°C, which leads to P4, = 58 pW. Interestingly, in this
configuration, the pTEG generates more than 10 pW at temperatures as low as 150°C.

In the case where there is forced convection, hpy,ceq increases depending on the ve-
locity of the air and Rﬁ oreed i subsequently decreased. As a consequence, fy, is enhanced
and so is Voo. The impact depends on whether or not a heat sink is integrated (see
Table 4.1). In the bare chip case, Voo shows a ~ 3.9 increase, while this value is ~
3.1 in the pnTEG with heat sink. The effect of Ry on the denominator of
differs between the bare chip and heat sink cases. In the latter, two additional resistances
(i.e. Rurc—pittar and Ragapter—ms) further limit the contribution of the decrease in Ry,
as predicted in Therefore, these results are in good agreement with the
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Figure 4.9: Voltage and power vs current in a parallel chip under free and forced convec-
tion. Comparing both cases, an increase of ~ 3.1 and ~ 10.5 is observed in open circuit
voltage and maximum power, respectively, leading to a maximum power of 58 pW.
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Table 4.1: Performance of a n"TEG at the different stages of heat sink integration at
250°C. Free convection means under still air conditions inside a cage with walls. In
forced convection conditions a fan was used to impose an air flow of 1.3 m/s above the
chip.

Intggratmn Copyec— Increase Pmu;r Increase
step tion ) /)
Bare chip Free 2.5 4.5 - 0.1 -
Bare chip Forced 9.8 17.6 3.9 1.54 15.4
Adapter Free 6.3 11.3 2.5 0.61 6.1
Heat sink Free 19.1 34.1 7.6 5.48 54.8
Heat sink Forced 59.8 106.5 23.7 57.7 577
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Figure 4.10: V¢ versus air flow velocity at different hotplate temperatures. Saturation
is observed at every temperature even if the air flow is increased, indicating that limiting
contact resistances come into place once the RhM iwed contribution starts to become negli-
gible.

thermal model.

A second convection study was performed to evaluate the effect of air flow velocity
on the open circuit voltage of a device with heat sink, the results of which are plotted in
A rapid increase of V¢ is observed initially, followed by a saturation when
air velocity becomes higher than 1 m/s. Since no saturation is expected in the heat trans-
fer coefficient (hporced) at these air velocities , , the observed saturation must
be associated to the pnTEG-heat sink assembly. As explained in this type
of saturation is expected when the contributions of the heat sink and forced convection
occur simultaneously. In that case, RE°7*d hecomes negligible in the denominator of fy,
compared to the other contact resistances in the system (Rfo’"ced << Ry + Rup-Buk
+ Radapter—HS - See . In this situation, further improvement of the heat
transfer does not translate into a noticeable change in the temperature drop in the TE



94 Chapter 4. p-TEGs with integrated heat sink

element. Thus, to improve device performance under these conditions, the remaining
contact resistances must be evaluated, with particular attention to the parasitic heating
contribution of the adapter’s corner pillars, which could be the dominant resistance in
this configuration.

A comprehensive comparison of Vo¢, sustained temperature gradient and P,,., on
a pTEG across the different heat sink integration stages, under both convection regimes
at different hotplate temperatures is shown in Interestingly, Voc of the
pTEG with heat sink under natural convection is higher than that of the bare n"TEG
under forced convection (1.3 m/s). This indicates that the integration of the heat sink
provides better thermal cooling than an increased air flow parallel to the chip surface. In
this case, the resulting fy;, is 8.7% at 250°C (considering ambient temperature at 30°C),
which is a significant improvement over the cases without heat sink. In terms of power
generation, it is worth mentioning that power densities in the range of IoT needs (> 10
1W/cm?) are fulfilled in the fully integrated device for temperatures above 75°C under
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Figure 4.11: Comparisons of: a) open circuit voltage, b) sustained temperature gradient
and ¢) maximum power and maximum power density as a function of the hotplate tem-
perature across the different heat sink integration stages under free and forced convection
conditions. The area dyed in blue in ¢) indicates the power density region in which the
low-power IoT devices can operate in.
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Figure 4.12: Maximum power versus sustained temperature gradient in the n"TEG during
all the heat sink integration stages and under free and forced convection conditions.

forced convection conditions and, most importantly, for temperatures above 175°C under
free convection conditions.

Last, it is worth mentioning that the procedure used to integrate the heat sink on
the pTEGs is robust and reliable as it does not compromise the intrinsic properties of the
devices. This can be inferred from where P, of the pnTEG at the three
different heat sink integration stages under both free and forced convection conditions is
plotted against the corresponding sustained temperature gradient. As P, is expressed
as:

S2AT?
Pmaz = Tt (48)

the overlapping of the different stages and convection conditions indicate that neither
Seebeck coefficient nor internal electrical resistance of the n"TEG are affected. Since the
heat sink integration could potentially damage the suspended platforms (through bending
or breaking), the internal resistance might increase if such damage occurs. These results
confirm the reliability of the integration process.

4.2.2 Microbeams

In microbeams case, full thermoelectric characterization was also completed for the
different stages of the heat sink integration. The comparison of Vo¢, Pyar and sustained
temperature gradient of two platforms with different number of microbeams (3 and 5)
versus hotplate temperature are shown in Key observations can be extracted
from these results. First, the platform with 3 microbeams achieves better performance
in terms of Voo and P,,,, before and after heat sink integration. However, Voo of
bare platforms with 3 microbeams is 1.85 times higher than that of the 5 microbeams
platform, whereas this value is reduced to 1.16 after the heat sink integration. In terms of
power, this reduction is higher as the ratio changes from 2.97 to only 1.12 with the heat
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Figure 4.13: Comparisons of: a) open circuit voltage, b) maximum power and c) sustained
temperature gradient versus hotplate temperature across the different stages of the heat
sink integration.

sink. All these observations are consistent with the predictions of the thermal model in
[Section 4.1.2] (see |Figure 4.6p). Since Rrg for the 3 microbeams platform is 1.66 times
higher than the 5 microbeams one, the improvement obtained after the integration of the
heat sink in this platform is expected to be lower.

The V¢ increase for microbeam devices with adapter and heat sink with respect to
the bare configuration are shown in Improvements of 6.17 & 1.76 and 17.39
+ 3.90 are obtained for the adapter and the heat sink cases, respectively. Thermal Paste
1 was used on all these chips. The same behavior (i.e. a larger increase in the devices
with lower thermal resistance on the TE element) is observed when comparing microbeam

devices with NW devices presented in [Section 4.2.1| (i.e. 8.96 £ 2.97 after the heat sink

integration). This means that the Vo increase for microbeam devices is ~ 1.94 times
higher than that of the NWs.

Taking all of this into account, we can compare the thermoelectric generation of the
best parallel devices with NWs and microbeams before and after heat sink integration.
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Figure 4.14: Improvement of Voo of pTEG with 3 and 5 microbeams throughout the
integration of the heat sink: (left/light blue) upon the integration of the adapter on the
platforms, (right/dark blue) upon the integration of the heat sink on the adapter.

These measurements are shown in As shown in there is no
effect on the internal resistance due to heat sink integration, which is also seen here in
both NWs and microbeams, showing the microbeams a much lower R;,;. As for Voc,
the NWs generate ~ 3.66 times the Voo of the microbeams in the bare n"TEG, but this
is reduced to ~ 2.11 times once the heat sink is integrated. Finally, the plots of P,
show higher power generation in the microbeams nTEG, which is ~ 1.08 times that of the
NWs. Here, a change of trend is observed as a consequence of the higher enhancement
of Voo on the microbeams, together with their quantitatively lower internal resistance,
leading to a more optimal power generation.

Several conclusions are extracted from these results. First, it is evident that the
device with the highest Voo generation will correspond to the material with the lowest
thermal conductivity regardless of the device’s thermal management. Only in the ideal
case where contact resistances are neglected and parasitic heat contributions are absent,
will the sustained temperature gradient remain unaffected by the thermal conductivity of
the TE material. Second, devices based on TE materials with higher thermal conductiv-
ity show a greater enhancement in terms of temperature drop across the TE element (i.e.
in f;,, as predicted in . Lastly, the power factor has a more direct and sig-
nificant impact on P,,4, than zT if an optimized thermal management is assured within
the device. This implies that the strategy for making high power TE devices based on
Si should point at developing robust micro-structures with high power factors and small
internal resistances, while also maximizing the power output density by increasing the
TE active area per chip. However, this holds true only where a heat sink integration
or any other type of thermal management solution allows operation without relying en-
tirely on the zT properties of the TE material (i.e. on its thermal conductivity). When
thermal management is not possible, nanostructuring Si to enhance zT remains the main
path to increase its thermoelectric capabilities. In summary, both structures, NWs and
microbeams, have niche applications and the selection of one or the other will ultimately
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Figure 4.15: Comparisons of R, Voo and P4, of two Parallel p'TEGs with NWs and
microbeams versus number of platforms connected in series before (left) and after (right)
heat sink integration. Since internal resistance is not changing after heat sink integration,
the lower difference observed in V¢ leads to a higher P,,., in the microbeams device.
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depend on the specific operating conditions and the device design possibilities that are
available in each context.

Finally, some comparisons with TEGs based on Si structures reported in the literature
can be done to assess the capabilities and challenges of the devices. shows the
maximum power density vs sustained temperature gradient of this work devices compared
to others extracted from the literature. Since the measurements in this plot are basically
related to a higher power at a given temperature gradient indicates either
lower electrical resistance in the device, higher Seebeck coefficient in the TE element, or
both. This is the reason why the microbeams based n"TEG has higher maximum power
density compared to the NWs one. The rest of n"TEGs, namely Yanisawa [106] and Hu
[100], show even higher P, /A due to their higher cross-section area of the TE Si. The
figure used to compare nTEGs performance is the specific power generation capacity:

Pmaa:

Y= A AT? (4.9)

However, this is an ideal case, where the temperature gradient in the TE material
is set externally to evaluate the performance of nTEGs, which is similar to the test
mode explained earlier. As already explained, this does not evaluate performance under
real application scenarios. To properly evaluate a n'TEG in a real scenario fy, must be
included, defining the specific harvesting power generation:

P’ITL(IZE Pmam

_ 2 _
PHarvest = A- AT%E fth A AT%mt

(4.10)

With this equation, the n'TEG real performance is evaluated, as it takes into account
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Figure 4.16: Comparison of P,q./A versus AT of this work pTEGs (NWs and mi-
crobeams) with the current state-of-the-art of nTEGs based on Si [100], [101], [106],
[148], [149]. For a given temperature gradient, an increase in power output reflects either
lower internal resistance, higher Seebeck coefficient, or both.
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Table 4.2: Comparison of the specific power generation capacity and the specific harvest-
ing power generation capacity of different pfTEGs reported in the literature and this work
PTEGs with heat sink. * Indicates that @ garvest Was calculated assuming a generous fyp,
= 1%, which is a rather optimistic assumption on cavity-free p\TEGs. T Indicates that f;),
was reported as ATrg/AT gorpiate— s, and not calculated using AT gy (i.e. fyy, is being
overestimated).

Zhan Tomita Hu Yanisawa Oolﬁ Our work
[148)  [149)  [100] [106] KTWZ beams
(pw/fm2K2) 0.11 0.19 29 1.31 0.09 0.39
(ngvlj‘g;zs;(z) 0.01%* 0.02* 2.9*% 133.75F 0.73 2.01

the n'TEG capability to capture the available external temperature gradient. The values of
both figures are given in In terms of ¢, the n"TEG of Hu et al. is the best
due to the high density of Si microbeams integrated in the device, which significantly
decreases its overall electrical resistance. However, these devices, similarly to those of
Tomita et al. and Zhan et al. , are fabricated without cavities, meaning that
they exhibit significant thermal leakage and parasitic heat flow paths. The authors (Hu
and Tomita) mention that the maximum fy, reached is 2 and 10% in test mode conditions,
i.e. when forcing the temperature gradient in the cold and hot side of the pnTEG. Thus,
their performance in harvesting conditions will be limited. @garvest Of these devices
was calculated assuming a generous fy, = 1%, which is a rather optimistic assumption.
Yanisawa et al. provide enough data in the corresponding research article to extract
fir,. Their nTEG excels with a value of 133.75 nW /cm?K?2. However, it is important to
note that the f;;, measured by Yanisawa et al. does not account for the total external
temperature gradient (AT g,¢), but rather for the gradient between the hot source and
the heat sink (i.e. ATgopiate—Hs), thus overestimating f;;,. This work pTEGs based
on microbeams and NWs (under natural convection) are the second best devices among
those tested under real working conditions. The high capacity of Yanisawa’s nTEGs
is a consequence of their large f;;, under natural convection, which is achieved because
their devices allow the integration of large heat dissipation elements (i.e. heat sinks) and
a high density of TE elements per chip. Considering these results, the most suitable
approach to further optimize the power generation capacity of the n"TEGs developed in
this thesis is the redesign of the adapter that interfaces the device and the heat sink
to minimize parasitic heat flow paths. In this improved configuration, microbeam-based
RTEGs with higher integration density would be significantly more competitive and could
be comparable to the current state of the art.

4.3 Long term characterization

The significance of the long-term autonomy of the power supply in IoT was explained
in the introductory chapter. Therefore, for a TEG to be considered as an energy source
of an IoT system, a meaningful operational time should be fulfilled.
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4.3.1 Nanowires

To study the long-time operation of generators for periods of 1000 hours, measure-
ments were performed on NWs-based pTEG. As the objective of this study was to test
the TEG in optimal working conditions (i.e. in maximum power generation) on harvest-
ing mode, a dedicated LabVIEW program was built. The software measured Voc and
Isc every minute and calculated the load matching conditions to be applied until the
next measurement. This implies sinking a current equal to Ig¢/2, which is equivalent to
having a load resistance equal to the internal device resistance (Rinternai = Rioad)- In this
way, the nTEG is always set at maximum power output, which is the expected working
condition of a TEG if used as an IoT power supply. The ambient temperature was also
monitored throughout the experiment with the same LabVIEW program by means of a
thermocouple placed just above the device.

Figure 4.17| shows the P4, generation of a NWs-based n'TEG during one week at
150 and another week at 250°C. It is evident that the TEG is sensitive to the ambient
conditions as P,,4, shows oscillations that correspond ambient temperature changes in
day and night cycles. When ambient is colder, a larger temperature gradient is reached
in the pTEG and a higher power output is measured.

The power generation throughout the 1000 h test (see ) shows a stable
power output for hotplate temperatures below 150°C,; while slight increase or decrease is
observed at temperatures above 200°C. shows Voo measurements for the
same period of time. Its trend matches that of the generated power for each hotplate
temperature below or equal 200°C. In the 250°C case, instead, the voltage shows a con-
stant increase, while the power has a slight decrease. In order to evaluate the level of
degradation of the device, the power is normalized dividing by the temperature gradient
squared. Since there were no dedicated thermometers on the platforms to measure the
temperatures, the temperature gradient was calculated from the open circuit voltages
shown in and the Seebeck coefficient values previously measured on these

NWs (see [Figure 3.7)).
plots the normalized P,,,, and the internal resistance of the TEG
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Figure 4.17: Maximum power and ambient temperature of a NWs-based Parallel-type
BTEG measured continuously during 168 h at hotplate temperatures of 150 and 250°C.
P.naz shows oscillations that correspond ambient temperature changes in day and night
cycles.
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Figure 4.19: Normalized maximum power (P,,q,/AT?) and internal resistance measured
in a NWs-based TEG during 1000 h of continuous operation at different hotplate temper-
atures. A clear degradation of the normalized maximum power at 250°C is observed as
a consequence of an 18% increase in the internal resistance. At lower temperatures, the
power stays constant with time. The degradation at 250°C is permanent and irreversible
but stops once the TEG is brought back to lower temperatures.
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throughout the 1000 h measurement. When the hotplate temperature reaches 250°C,
the resistance of the device suffers an 18 % increase which is a clear indication of degra-
dation. At hotplate temperatures below 250°C, the power remains constant during all the
period. Interestingly, the degradation observed at 250°C is permanent and irreversible
but the degradation mechanism stops once the device is brought back to a lower temper-
ature. Then, the TEG was still performing with uniform but lower power generation at
each hotplate temperature. In this sense, the normalized power measured at the same
temperatures (150 and 200°C) before and after the degradation of the device have a gap
of 2.2 and 2.8 y;nW/K?2, respectively, which correspond to the degradation in normalized
power measured at 250°C (2.7 pnW/K?). The hotplate temperature dependence of the
normalized power can be attributed to the electrical resistance and Seebeck coefficient
change of the Si NWs with temperature, which explain the normalized power increase.

Taking into account these results and the previously shown voltage generation
ure 4.18p), it can be concluded that a degradation of the internal resistance and an
increase of the voltage generation take place when the hotplate reaches 250°C. This in-
crease partially compensates for the resistance degradation and results in a near constant
maximum power generation with time at 250°C.

4.3.1.1 Degradation study

To further study the reason behind the device degradation at this temperature, the
heat sink and the adapter were removed from the nTEG. This resulted in the platforms
breaking, as they were adhered to the adapter. This also demonstrated that there is no
degradation of the platform-adapter attachment after 1000 h of operation. Once the NWs
were exposed, a lamella of the cross-section of a degraded NW was fabricated. Another

50 nm o 50 nm

e

Degraded NW Silicon Ka Oxygen Ka

Figure 4.20: STEM images and Si and O distribution of the cross-section for (top) as
grown Si NW and (bottom) a NW exposed during 168 h to 250°C.
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Figure 4.21: Thickness of the oxides in the as-grown Si NW and in the degraded NW. In
dotted lines are plotted the Gaussian curves that fit the thickness measurements.

lamella of the section of a non-degraded NW was fabricated for comparison purposes.
confronts STEM images for both NWs, together with EDS elemental abun-
dance characterization. The STEM images show hexagonal NWs with a diameter around
135-140 nm with a thin layer of oxide. In the degraded NW, a thickening of this oxide is
visible but difficult to measure due to the image low contrast. However, the EDS results
show the presence of oxide clearly defined on the NWs surface, where both oxygen and
silicon overlap. Line scans across the surface of the NWs were collected to evaluate their
thicknesses (see [Figure 4.21). Even considering an error of 2-3 nm because the EDS signal
sees additional excitations of the secondary electrons in the interaction volume [150], the
measured thickness of both layers obtained is ~ 4.5 and ~ 12 nm for the as-grown and the
degraded NW, respectively. This leads to a ~ 7-8 nm increase of the oxide. The reduction
of cross-sectional conductive area can be approximated considering an hexagon with an
initial diameter of 135-140 nm (the size of the degraded NW). This resulting value is ~
23-24 %, which is in great correspondence with the 18 % increase of the TEG internal
resistance measured after the long-term studies. These results are also in agreement with
the findings of A. Pap et al. |151], who observed an acceleration of the oxidation of Si at
temperatures above 200°C when exposed for more than 5-10 h.

4.3.2 Microbeams

Regarding the TEGs based on microbeams, no noticeable degradation is expected
even for temperatures above 200°C due to their large cross-sectional area. An enhanced
native oxidation of the surface will have a negligible contribution to the total cross-
sectional area of the beam (~ 8 nm of oxide vs the 5x15 pm? of the microbeams). A ~
5% lateral degradation of the microbeams would imply ~ 63 years of continuous operation
at 250°C. The Deal-Grove parabolic law at large times (i.e. x(t)? = k,-t, being x the oxide
thickness, t the time and k, the parabolic constant) was used for this calculation [152].
k, was approximated considering that at 168 h the oxide thickness was 12 nm. To further
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Figure 4.22: Normalized maximum power (P,,q./AT?) and internal resistance measured
in a microbeams-based TEG for 120 h of continuous operation at 250°C.

demonstrate that the degradation observed is a consequence of the NWs oxidation and
not with the device degradation, a microbeams-based TEG was exposed to 250°C for 120
h. The results can be seen in It is clear that no degradation is taking place
in this case, where even a ~ 2 % decrease in the internal resistance is observed.

These results prove that Si NWs-based pn'TEGs are capable of generating power den-
sities higher than 10 pW/cm? in long-term operation conditions with operation tempera-
tures at or below 200°C. Therefore, they meet the requirements to serve as power sources
for low-power IoT sensors. When operated at higher temperatures (i.e. at 250°C), their
performance degrades due to native oxide growth on the NWs surface. Microbeams-based
RTEGs can be operated at 250°C because native oxide growth has a negligible effect. As
mentioned above, the oxidation rate on the microbeams would lead to ~ 5% degradation
of their internal resistance after 63 years of continuous operation at 250°C. This reflects
that microbeams-based devices are most suited as power sources in the IoT domain when
operated at temperatures above 200°C, as they will exhibit both higher power generation
and long term stability.

4.4 Transient measurements

Most studies on pTEGs performance are in stationary conditions, assuming the device
is thermalized. However, when the n"TEG contacts a hot surface, there is a transient where
the temperature gradient seen by the thermoelectric component of the pTEG is higher
than the stationary one. This transient power generation peak ultimately depends on
the overall thermal mass and heat flow paths of the device and is especially suitable for
powering electronic devices that require a cold start voltage to operate. In this way, this
type of devices can be turned on thanks to the transient and then operated by means of
standard power generation in stationary conditions. To perform these studies, voltage,
current, and power generation were monitored while hotplate temperature cycles were
applied to observe the device thermalization.
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4.4.1 Nanowires

shows three consecutive Voo transients in response to hotplate cycles
between 200 and 30°C, with great reproducibility. When heating the device, the voltage
peaks to 94 mV which is ~ 3.6 times higher than the steady state. Assuming an average
Seebeck value of 250 nV/K (corresponding to an average temperature of 100°C in the
NWs), the estimated temperature gradient is 62°C at the peak. This gradient then
decreases to reach the thermalization value, which is around 11°C. A lower voltage peak
appears when the hotplate is cooled down. In this case, a negative voltage is observed,
indicating that the cooling rate of the bulk part of the device is higher than that of the
platforms (caused by the higher thermal mass of the heat sink and the high R,7r¢). A
detailed view of the heating and cooling peaks can be seen in In the heating
case, the TEG is generating ~ 2.3 times the stationary voltage for more than a minute
and reaches the steady state 6 min later. In the cooling case, the thermalization takes
longer because there is no active cooling and the TEG is operating in reverse mode (i.e.
V < 0, the temperature is colder in the bulk than in the platform) for more than 5 min.

The maximum power generation observed is equivalent to that of the Voo but with
an even higher increase factor. Three consecutive cycles are shown in Here,
the maximum power peak is ~ 37 pW (P,u42/A ~ 176 nW/cm?), which is ~ 13 times
higher than the steady state value. Two main approaches can be considered to harvest the
transient response in pTEGs: either the heat source exhibits variations over time, which
could occur in a real working scenario, or the n"TEG is coupled to an oscillating mechanism
that intermittently contacts the heat source at a defined frequency. In both cases, an
average power above the stationary would be generated in the pTEG. In the second case,
however, the oscillation frequency must be accurately determined considering the peak
duration, while ensuring an appropriate trade-off between P,,,, enhancement and the
power required to activate the intermittent contact mechanism. As for the thermalization
of the TE element, P,,,, measured in long term experiments is attained around 6 min
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Figure 4.23: Vo¢ transients for three cycles measured during the heating and cooling at
200 and 30°C. The voltage peaks at 3.6 times the steady state output and reaches > 90
mV. The bottom plot shows the hotplate temperature during the cycles.
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Figure 4.24: Detailed view of open circuit voltage peaks after heating and cooling. During
the heating, the voltage is above 60 mV for ~ 60 s. At the peak, the voltage reaches 94
mV. During cooling, the output voltage becomes negative due to the lower cooling rate
of the platforms.
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Figure 4.25: Example of three maximum power transients while heating and cooling the
TEG at 200 and 30°C. The maximum power peak is > 37 pW which is 13 times higher
than in the steady state (~ 2.8 pW).
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after the hotplate reaches its target temperature in the transient measurements (i.e. the
nTEG reaches a steady state after ~ 6 min).

The most straightforward and easier application for the transient behavior of n"TEGs
is turning on power management devices that have a cold-start voltage, as mentioned
above. A comparison between Vo of a NWs-based nTEG at 200°C and the requirements
of some state-of-the-art DC-DC boosters (Lim, Ramadass and Bose , , ) is
discussed in The comparison shows that the transient voltage of the pTEG
complies with the requirements of all three DC-DC boosters considered. pTEGs based
on microbeams may also be compatible with boosters operating them at 250°C. At this
temperature, a 20 mV steady state voltage can be obtained. The transient characteristics
in free and forced convection (see show similar thermal dynamics duration
but different peak behavior. On the one hand, the voltage peak in free convection is ~ 3.44
times higher than the steady state value, while in forced convection is only ~ 1.17 times
higher. During the transient, the bulk part of the pTEG is rapidly heated up, but the heat
sink needs a longer time to reach its steady state (~ 6 min). Under free convection, the
platform reaches a higher steady-state temperature, causing a larger temperature change
during thermalization and a marked voltage drop after the peak (during thermalization
the cold-side temperature increases). Under forced convection, the platform exhibits a
smaller temperature variation. Consequently, the voltage drop following the peak is less
pronounced.
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Figure 4.26: Comparison of ten Vo transients overlapped at 200°C versus voltage ranges
needed by state of the art DC-DC boosters with cold-start voltage. Measurements shown
correspond to natural convection (black) and forced convection (gray). The red shaded
region corresponds to the minimum voltage needed by three DC-DC boosters found in the
literature: Lim, Bose and Ramadass , , ; the blue shaded area represents
the cold-start voltage range needed to turn them on. The right axis indicates the external
temperature gradient (i.e. difference between hotplate and ambient). The red curve shows
the evolution of AT g, during the transients.
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4.5 2x2 Thermoelectric generator

Scaling up the number of pn"TEGs per device can lead to two potential improvements.
The most obvious one is the higher voltage (or current) obtained by simply adding pTEGs
in series (or in parallel) to reach the power demands of a given application. The second,
and most interesting, is the possibility of enhancing the thermal management of the device
by integrating a larger heat sink to potentially increase the power generation of each one
of the individual pTEGs. This section introduces and addresses the challenges towards
such integration.

4.5.1 Device design

The device fabricated for this scaled-up proof-of-concept is composed of four individ-
ual n'TEGs. Microbeams-based n"TEGs were selected for their superior power generation
capabilities, their potential for enhanced performance through improved thermal manage-
ment, and their mechanical robustness. A PCB was specifically designed to allocate four
PTEGs in a 2x2 array layout (see [Figure 4.27). Wire bonding was performed such that
the final device is equivalent to a chip with 20 platforms connected in series, each having
double the width of individual n"TEGs. The PCB also has dedicated solder jumpers on
the sides to bypass any broken or malfunctioning platform (each jumper would bypass 4
pTC, as indicated in [Figure 4.27)). Regarding the internal and external collectors of the
chips, ones are bonded directly to the PCB while the others are wire bonded connecting
the chips.

The encapsulation of the PCB with four pTEGs is designed as shown in
The PCB is mounted and screwed onto an aluminum base that is later placed on the heat
source. This metallic piece is used to minimize the thermal resistance between the PCB
and the heat source. Since the heat sink can not be supported by the adapters without
compromising the integrity of the platforms, a spacer was used to provide mechanical

I+/V+ full TEG

Wire-bonds

— Solder jumpers

Individual pTEG

I-/V- full TEG

Figure 4.27: Layout of the 2x2 array of Parallel chips hosting microbeams-based pTEGs
in the PCB. The final device is equivalent to a chip with 20 platforms connected in series
that have double the width compared to individual pTEGs.
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Figure 4.28: Scheme of the 2x2 integration design. The PCB is mounted on an aluminum
base and two PEEK spacers serve to support the aluminum heat sink. The height of the
spacers is designed to allow the heat sink to be screwed in place without exerting pressure
on the Si adapters integrated into the four pTEGs.

Multistack of graphite films and thermal paste
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B —— /

PCB LTEGs Adapters

Figure 4.29: Scheme of the multi stack structure that has been used to ensure a good
thermal contact between the Si adapters and the heat sink. Kapton tape is used to avoid
thermal paste spreading onto the nTEGs.

support. This component provides mechanical rigidity, thermal isolation, and stability
during the heat sink integration, similar to the role of the corner pillars in the Si adapter.
Polyether ether ketone (PEEK), a polymeric material with low thermal conductivity (0.25
W/m-K) that can withstand temperatures up to 340°C, was chosen as the spacer material.
Finally, a black coated aluminum heat sink with an aluminum base is mounted on top of
the PEEK spacers and screwed to ensure good thermal contact.

The most critical step of the integration process is the contact between the heat sink
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and the Si adapters on the n"TEGs. The PEEK spacers were fabricated with sufficient
height to leave a safety gap between the adapters and the heat sink, which has to be filled
with some material to achieve a good thermal contact. The main challenge is that the
four pTEGs are pasted and bonded to the same PCB and may result in uneven height and
tilting of the adapters. This imposes the use of some material with flexibility to conform
to these differences. As thermal paste alone on the adapters could overflow and short
circuit the wire bonds, it was decided to include a Kapton film between the adapter and
the heat sink to ensure electrical isolation and protection of the wire-bonds. A multilayer
stack consisting of alternating layers of thermal paste and graphite foils was assembled
(see [Figure 4.29). The graphite foils provide high in-plane thermal conductivity and
mechanical flexibility, while the thermal paste ensures conformal contact between layers,
reducing interfacial thermal resistance. This layered configuration improves overall heat
spreading and accommodates surface irregularities during assembly.

4.5.2 Integration process

shows the pnTEGs wire bonded to the PCB and with the adapters. The
picture on the left shows that part of the platforms on the pTEGs were already broken at
this stage. The integration of the Si adapters was completed as described in[Section 4.1.1]
The picture on the right suggests that the height of the four adapters is uneven. This is
a consequence of the chips packaging on the PCB which results in an uncontrolled final
height. Besides, a Pt100 is also welded to the PCB to measure the PCB temperature
next to the pTEGs.

During the heat sink integration, Voo was constantly monitored (with a hotplate
temperature of 100°C) to detect when a thermal contact was established between the
adapters and the heat sink. At this point, a first thermoelectric characterization was
carried out. Afterwards, the heat sink was screwed to the aluminum base to ensure better
contact and mechanical stability of the ensemble. This integration process validated the
scaling of the number of pTEGs and the integration of larger heat sinks on the pTEGs
fragile platforms. No significant change in the f"TEGs internal resistance was detected
throughout the integration steps, indicating that the TE elements were not damaged
during the process.

Figure 4.30: Pictures of the 2x2 array of pnTEGs after the wire bonding in the PCB (a),
and after the integration of the adapters and welding of the Pt100 (b).
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V-

Figure 4.31: Picture of the setup used to characterize the integrated device with the heat
sink. The device is placed on top of a hotplate and a fan next to it with the air flow
direction parallel to the heat sink fins.

4.5.3 Thermoelectric characterization

The setup used to characterize this 2x2 pnTEGs device can be seen in
The device is placed above a custom-made hotplate while voltage, current and power are
monitored. A fan is positioned with the air flow direction parallel to the fins of the heat
sink to evaluate the performance under both free and forced convection conditions. A
comparison of the device P,,,, and Voc at different heat sink integration stages as a
function of the hotplate temperature is shown in These include the bare
PTEGs, the pnTEGs with Si adapters and the final integrated device before and after
screwing the heat sink (the final stage -screwed heat sink- is indicated with the + sign).

The increase factor observed in Voo due to the heat sink integration is ~ 20.5
(i.e. VEBST/VEae) which is ~ 1.2 times higher than the average increase factor of
the microbeams-based pTEGs with the individual heat sink (see with 3 mi-
crobeams). This is due to the reduction (i.e. decrease) of the thermal resistance of the
heat sink to ambient, R7% in which results in a thermal gradient increase
at the TE elements. The importance of the thermal contact between the adapters and
the heat sink can be seen by comparing Voo and P4, before and after screwing the
heat sink with or without + sign). Interestingly, the same performance in
terms of Voo and P,,4. is observed for screwed heat sink under free convection and the
unscrewed one under forced convection. This implies that the heat sink-adapter thermal
contact enhancement is equivalent to forcing an air flow (1.3 m/s). This result highlights
the importance of having good thermal contacts between the different components of the
device.

The measurements reported so far correspond to different hotplate temperatures.
The thermal contact between the hotplate and the bottom aluminum block was done
without any thermal paste, therefore a high thermal resistance was expected. This im-
plies that the PCB temperature differs from the hotplate temperature, specially in forced
convection conditions and high hotplate temperatures. A deviation of up to 30°C was
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Figure 4.32: Comparisons of a) the maximum power and b) the open circuit voltage of the
device at different heat sink integration stages as a function of the hotplate temperature
and convection conditions (Nat and For correspond to natural and forced convection,
respectively). The + sign in the legend indicates that the heat sink was screwed, while
no + sign means the heat sink is only placed on top of the TEG.

measured at a hotplate temperature of 200°C under natural convection. An additional
performance characterization using the Pt100 temperature is shown in Note
that the forced convection case, does not have a 200°C curve because that would im-
ply setting the hotplate temperature above 250°C which could damage the PCB. When
comparing Vo for both cases (free and forced convection) we see an increase of ~ 1.7
at 150°C, which is lower than the ~ 3.1 value obtained for the individual pTEGs (see

Table 4.1)). The decrease is caused by the saturation effect shown in |Section 4.1.2] Be-
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Figure 4.33: Voltage and power versus current measured on the 2x2 TEG based on
Parallel n"TEGs with microbeams under free and forced convection. An increase of ~ 1.7
is observed in the open circuit voltage, leading to a maximum power of 6.2 pW at 150°C.
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yond a given value of Rf oreed jtg contribution on fy, becomes negligible compared to
the other limiting contact resistances. As it was mentioned before for this device, the
parasitic heating and the heat sink-adapter thermal contacts are worse than those of the
individual nTEGs, justifying a lower increase of V¢ under forced convection.

Overall, the results of this section demonstrate that it is possible to scale up the
number of pTEGs per device and to use a larger heat sink, thereby further enhancing
the power generation of each individual pf"TEG. The main challenge relies on reliably
integrating and contacting a large heat sink with a chip that features fragile suspended
platforms. Further investigation is needed to develop a more effective contacting method.
Nevertheless, the use of a multi-layer stack composed of thermal paste and graphite films
proved sufficient to fabricate a functional device, which exhibited a greater increase in
the temperature gradient compared to the device with a single heat sink.

4.6 Chapter conclusions

The limitations of bare Si-based n"TEGs led to developing a reliable integration proce-
dure with a custom pick and place system that uses a Si adapter piece as an intermediate
step. This implementation led to 9 and 17-fold improvement in the thermal gradient for
NWs and microbeams-based pTEGs, respectively.

The characterization of the n"TEGs demonstrated that the microbeams-based nTEGs
have a higher increase in power generation after heat sink integration, finally surpassing
the values of NWs-based nTEGs. Thus, it was proven that, as long as the heat manage-
ment is properly optimized on the overall pTEG, the TE material with lower electrical
resistance shows higher power generation. This implies that, given an appropriate nTEG
design, the most suitable TE material is the one with the highest power factor, rather than
the one with the best zT. Lastly, power density values above 10 pW /cm? were achieved on
the Parallel devices with heat sink for hot temperatures above 175°C under natural con-
vection and above 75°C when a forced convection equivalent to a natural breeze (i.e. 1.3
m/s) is present. These values are within the range of low-power IoT sensor requirements.
Further characterization of the long term stability of the NWs and microbeams-based
RLTEGs demonstrated that there is no degradation in the NWs for temperatures up to
200°C under continuous operation for more than a month. In the microbeams case, no
degradation is observed in the temperature range studied (i.e. from 50 to 250°C). STEM
studies proved that the NWs degradation was caused by an enhanced oxidation at tem-
peratures beyond 200°C. The results of the transient measurements on the pTEGs showed
that possible applications of these generators could be expanded to power devices with
high cold-start voltages.

Finally, a TEG integrating 4 pTEGs on the same device with a large heat sink was
shown. This required a new approach for the integration of the heat sink to accommodate
the uneven heights of the different components. These results demonstrate the possibility
of scaling up the number of pTEGs per device. The integration also enables an increase
in the efficiency of each individual pn”TEG by implementing larger heat sinks for improved
thermal management.
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Chapter 5

Silicon thin films
nanostructured with block
copolymers

This chapter summarizes the results related to the topic of nanostructuring Si thin
films using block copolymers. The first section is devoted to describe in detail the pro-
cedures for depositing and controlling the morphology of the BCP. The second section
describes the process of transferring BCP patterns into silicon thin films. Finally, the use
of spin on dopant for doping Si films is presented, followed by the electrical characteriza-
tion of the doped and nanostructured thin films.

5.1 Block copolymer self-assembly

Self-assembly of block copolymers on free surface (without the use of guiding patterns
to orient the BCPs) was conducted using silicon as a substrate. In this configuration,
the orientation of the patterns is controlled with a random copolymer, called the brush
layer, used to ensure that the surface affinity of both blocks of the BCP towards the
substrate is similar. If this is properly done, a vertical orientation takes place. All
block copolymers used in this thesis were supplied by a French company called Arkema
S.A. whose trade name is Nanostrength®EO. Some of the BCPs were already supplied
dissolved in Propylene glycol methyl ether acetate (PGMEA), while others were in powder
form. These were later dissolved with different weight concentrations to deposit thin films
of BCPs by means of spin-coating. The properties of these random and block copolymers

are shown in [Table 5.1]

Before spinning the random copolymer, the chips were cleaned in acetone and IPA
and later introduced in a PVA TePla machine to perform an oxygen plasma treatment
that both eliminates organic residues and activates the Si surface. Afterwards, the random
copolymer was spin-coated on the samples at 2000 rpm during 30s. During this thesis,
three different brush layers were used: NL1, or R70, with a weight fraction of both
components of 69.2% PS - ~ 30.8% PMMA; NL2, or R60, with a weight fraction of both
components of 58.8% PS - ~ 41.2% PMMA; and NL18, or R75, with a weight fraction
of both components of 74% PS - ~ 26% PMMA. All three were dissolved in PGMEA

117
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Table 5.1: Properties of the brush layers and block copolymers used in this thesis.

Period le r weight S ; PMMA weight

(nm) 5 /mol) ; )

Brush NL1 - 9.9 69.2 30.8
Brush NL2 - 7.9 58.8 41.2
Brush NL18 - 8.4 74 26
Lamellar 22 42.3 42.8 57.2
Lamellar 24 44.4 40.3 59.7
Lamellar 31 68.8 43.6 56.4
Lamellar 37 79 50 50

Cylindrical 35 60.8 69.08 30.92
Cylindrical 80 219.6 70.4 29.6

200 nm 100 nm
|

Figure 5.1: Example SEM images of BCPs self-assembled in free surface: a) Lamellar BCP
with period = 37 nm (L37), b) L24, ¢) L22, d) miss-oriented cylindrical BCP with period
= 35nm (C35), e) C35 and f) amplified C35. d) and e) show the different orientations that
are obtained depending on the thickness of the BCP film (50 and 30 nm, respectively). A
C35 BCP with a thickness > 40 nm has mixed vertical and horizontal cylinder orientation
while for thicknesses below 35 nm the alignment is always vertical.
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with a weight fraction of 1.5%. The first two were used for BCPs with small periods and
the later was used for blends of cylindrical BCPs with larger periods (see .
NL1 was used to orient the PMMA cylinders vertically, and NL2 was used to form the
lamellar patterns perpendicularly to the substrate. After spinning the random copolymer,
the samples were introduced in a tube furnace with nitrogen ambient and annealed during
5 min at 230°C. Thanks to this annealing and the previous activation of the Si surface, a
very thin (=~ 8 nm) film of the random copolymer is grafted to the substrate, forming the
brush layer. To eliminate the remaining non-grafted random copolymer, the chips were
cleaned in a PGMEA bath with ultrasounds for 1 min. Later, the BCP was spin-coated
above the brush. Finally, a second annealing was performed in the furnace at 230°C
during 10 min. As this temperature is above the glass transition temperature of both
blocks (PMMA = 108°C [156], PS ~ 100°C [157]), thermally-driven diffusion is activated
and the BCP pattern is formed.

The results of the free surface self-assembly are shown in[Figure 5.1} As the objective
of this work is the nanostructuration of Si using the BCP pattern as a mask, the thickness
of the film is of utmost importance and should be as large as possible. The deposited
thickness as a function of the spinning velocity is shown in To obtain these
values, a first sample was prepared with only the brush layer grafted onto Si and was
used as the reference in the ellipsometry measurements performed with a Horiba Jobin
Ivon/AutoSE Ellipsometer. Later, eight samples with four different spinning velocities
and a weight fraction of 2% wt in PGMEA were measured. The relationship between
BCP thickness (tpcp) and spinning velocity (ws) should be: tpop = k-w;?, where k
is a given constant that depends on the material properties and b is a value between
0.5 and 0.66, depending on the evaporation rate of the solvent [158], [159]. As can be
seen, the data fits the curve perfectly with b = 0.5, meaning that the evaporation rate
of these samples is wgl/ ?. For dissolutions with lower weight fraction, the thickness
was calculated using the above data and assuming a linear relationship between the BCP
weight fraction in PGMEA and the film thickness (this is only true if the weight fraction
is < 2% |158|, which is the case in this work).

In the case of the lamellar BCPs, a thickness > 50 nm is compatible with perfectly
perpendicular patterns regardless of the periods. Therefore, the optimal spinning condi-
tions were found to be 2000 rpm during 30s using a 2% wt dissolution of BCP in PGMEA.
The cylinders, however, have orientation problems when the film is too thick.
shows three SEM images of cylindrical patterns. has a BCP thickness of 50
nm and has one of 30 nm. It is clear that the left has a high misorientation of
the cylinders in some areas, where the lying down cylinders resemble the fingerprint-like
pattern of the lamellas. With the brush used in this work (R70) the functional thickness
range to have perpendicular cylinders was found to be < 35 nm. The optimal conditions
used for the self-assembly of these BCPs were 1500 rpm during 30s using a 1% wt disso-
lution of BCP in PGMEA. If a thicker film is required, replacing this brush with another
that has a higher PS content could help widen the functional thickness window [160].
However, a thickness of 35 nm was later found to be suitable for patterning 50 nm-thick
films. Regarding the C80 BCP, even using the R75 brush layer it is difficult to obtain
a correctly aligned pattern due to its high molecular weight. Also, this period is not
interesting enough for thermoelectric purposes due to the large neck size between holes
(= 40 nm), which is almost equivalent to the thickness of the Si films used in this work.
For these reasons, this BCP was only used in blends to obtain intermediate cylindrical
periods.
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Figure 5.2: Thickness of the deposited BCP versus spinning velocity. The values of
thickness of the 2% wt BCPs dissolved in PGMEA were measured in a Horiba Jobin
Ivon/AutoSE Ellipsometer. The two curves correspond to tgop = k-w;b with b = 0.5
and 0.66.

5.1.1 Block copolymer blends

The strategy of blending BCPs was used in this work to obtain patterns with more
optimal sizes in terms of zT enhancement. Decreasing the period of the pattern leads
to a higher scattering rate of phonons but also to a possible increase in the scattering of
electrons. Therefore, the Si neck (width of Si between holes) should be maintained to be
larger than the mean free path of electrons (~ 13.5 nm for hot electrons in a Boron doped
Si [161]). This is not especially important in the case of free surface lamellar patterns as
they don’t have continuity from side to side and complete pattern transfer onto the Si
layer cannot be done. In the cylindrical ones, instead, the PS matrix is continuous and
complete etching of the Si layer can be achieved. This means that patterning Si using
BCPs with periods < 40 nm (neck sizes < 20 nm) could highly degrade the electrical
conductivity of the Si film. For these reasons, lamellar patterns with periods between
22 and 37 nm were assembled, while blends of cylindrical BCPs were explored to obtain
periods above 40 nm.

The results of the blending of lamellar BCPs can be seen in For these
BCPs the blending procedure is simple and only involves mixing solutions of different
BCPs following [Equation 1.29] The exact fraction of each BCP used for the blends,
together with the expected and measured periods are indicated in In all cases,
the experimental period agrees with the calculated one when the standard deviation is
taken into account. The measurements of the periods were done with a custom Python
program that used 2D Fourier transforms to analyze the SEM images of the different
BCPs. The great homogeneity observed in the SEM images and the absence of miscibility
problems are expected in these blends due to their similar periods (apocp < 1.68). Also,
the same brush layer (NL2 - R60) was used in all cases.
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Figure 5.3: SEM images of self-assembled BCP from Arkema and intermediate blends
(denoted as BL).

Table 5.2: Theoretical and experimental periods and diameters of several lamellar and

cylindrical BCPs used in this thesis.

Block copolymer

L37
L31 (50%) -
L24 (31%) -
L31
L22 (60%) -
1.24
.22
C35
PS (10%) -
PS (15%) -
C35 (90%) -
C35 (75%) -
C35 (50%) -

C35 (85

L37 (50%)
L37 (69%)

L37 (40%)

C35 (90%)

C380 (10%)
C80 (25%)
C80 (50%)

Theor. pe
(11111)

37
34
32.97
31
28
24
22
35

39.5
46.25
57.5

Exp. period
(nm)

36.51 £ 1.91
33.19 £ 1.91
31.57 £ 1.66
31.31 £ 2.19
27.78 £ 1.86
22.82 £ 0.78
22.14 £ 1.43
34.64 £ 1.28
37.48 £+ 1.62
40.28 £+ 1.39
40.75 £ 1.93
45.98 £ 1.46
58.02 + 4.71

Exp. diameter

(nm)

14.26 + 1.29
16.44 £+ 2.18
16.55 £ 1.12
18.71 £ 1.55
21.22 £ 1.46
25.36 £ 3.49
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On the other hand, the blends of cylindrical BCPs are more problematic because
they involve higher agcp (~ 2.3) or BCP-homopolymer mixtures. The first set of blends
studied were BCP-homopolymer mixtures. The purpose of these blends is to mix the
PS homopolymer with the cylindrical BCP in order to enlarge the neck size between the
PMMA cylinders without altering their diameters. This should subsequently translate
into a larger neck size in Si, which is essential for the C35 BCP, as its neck size is below
20 nm after self-assembly. However, some problems arise when introducing more quantity
of one of the polymers in the blends, as the original ~ 7 to 3 proportion between PS and
PMMA is altered. As explained in BCP pattern formation depends on the
volume fraction of both polymers. In these types of BCP-homopolymer blends the volume
fraction is shifted to the right in which could lead the system to be in the
frontier between cylindrical and spherical phases. This idea is used in some contexts to
improve the pattern formation in under-optimized BCPs, but adding PS in an already
optimized BCP like C35 could introduce more drawbacks than advantages. The results of
two blends with different amounts of PS (10 and 15 % in weight fraction) and C35 BCP

can be seen in

In the case of 10% PS, a pattern with a predominant cylindrical phase is observed.
However, some areas (dark gray in show no holes in the surface of the BCP
film. This could either indicate the formation of a spherical phase or orientation issues
in the cylinders. Also, the cylindrical domains show misalignment, thus not looking
completely vertical as in the pristine C35 BCP. Regarding the period, an increase of ~
3 nm was measured in these samples, while the diameter is ~ 2 nm bigger than that of

Figure 5.4: SEM images of two different PS-C35 homopolymer-BCP blends: a) PS(10%)-
C35(90%) and b) PS(15%)-C35(85%). As the PS weight fraction increases so does the
period of the pattern. This also introduces orientation defects in the sample.
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C35. This indicates that the period grows at a higher rate. However, it is important to
note that the measurement of the diameter had higher error, since the apparent diameter
of a tilted cylinder appears larger than that of a vertical one when observed from the
top view. Regarding the blend with 15% PS, a similar trend is observed. The sample is
divided in two alternating regions that occupy ~ 50% of the area each. Similarly to the
10% PS case, the dark gray regions show an absence of vertical alignment. In the well
oriented areas the pattern has also some misalignment. As for the period and diameter
size, the period is growing at a higher rate. In this sample, a period of ~ 40 nm was
measured, while the diameter is ~ 16 nm. This means that the diameter only grows ~
2 nm, whereas the period increases by ~ 6 nm compared to pristine C35. These two
blends demonstrate that, by adding PS, the period of the mixture can be tailored while
maintaining a relatively stable diameter. However, the expected miss-orientation and
phase inconsistencies appear at the same time, making these kind of blends difficult to be
applied for Si nanostructuration if done with a BCP that already has proper morphology
(i.e. with pristine BCPs that form perfectly oriented cylinders).

The second type of blends were BCP-BCP mixtures combining C80 and C35, which
have significantly different diameters (agcp > 2). This is aggravated by the fact that the
miscibility of two BCPs significantly depends on the volume fraction of the larger one,
which in this case was always below 50 %, as we aimed to avoid periods bigger than 60 nm.
Three blends with different BCP weight fractions were studied (10%-90%, 25%-75% and

200 nm

Figure 5.5: SEM images of three different C80-C35 BCP-BCP blends: a) NL1 and
C80(10%)-C35(90%), b) NL1 and C80(25%)-C35(75%), ¢) and d) NL18 and C80(25%)-
C35(75%), e) and f) NL18 and C80(50%)-C35(50%). As the C80 weight fraction increases
so do the period and the diameter of the pattern. Also, higher variability of the diameter
is observed as the C80 weight fraction increases.
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50%-50% of C80 and C35, respectively), the results of which can be seen in m
Nonetheless, complete miscibility of both BCPs is observed even when only 10% of C80 is
introduced in the mixture. Regarding pattern orientation, the 10-90 pattern is uniformly
vertical across the sample using the same C35 brush layer (NL1). In the case of 25-75,
some misalignment of the cylinders is observed, which was later corrected changing the
brush layer to NL18. With this brush, the pattern orientation becomes perfect across the
sample. In the 50-50 blend, even if NL18 is used, some miss-orientations can appear due
to the higher proportion of C80. Therefore, it is more challenging to form a completely
vertical pattern because the thermally driven diffusion of the C80 molecules is slower.
Despite this, the vast majority of the sample is well aligned with this blend. Moreover, a
clear trend is observed on the diameter size and uniformity. As the fraction of the C80
BCP increases, both the diameter and pattern irregularities increase. The 10-90 shows a
hexagonal pattern with constant pore diameter. The 25-75 shows greater dispersion in the
pore diameter and a slight distortion from the hexagonal arrangement, whereas the 50-50
blend further accentuates this distortion. In this last, pore shape ranges from circular to
elliptical, as expected from the difference of the length of both BCPs (see .
All three periods and diameters measured match perfectly the calculated ones, and higher
standard deviations are observed for the 50-50 case (see . For the self-assembly
of these blends, the furnace temperature was 230°C, the same as that used for the C35.
These results demonstrate that blends offer a more energy-efficient way to obtain larger
periods by having one low-weight BCP that can drive the pattern formation due to its
high mobility under lower temperatures. Obviously, there is a disadvantage regarding the
pattern and diameter inhomogeneities with these type of blends but, in the scope of this
work, this variability might be beneficial for a more enhanced phonon scattering.

Among the presented BCPs, L28, L37, C35(25%)-C80(75%) and C35(50%)-C80(50%)
were the most extensively used for thermoelectric study, with special attention to the
C35(50%)-C80(50%) BCP. This last is the most appealing since it allows complete pattern
transfer into Si while forecasting good thermal scattering enhancement and low electrical
conductivity degradation (neck size between 20-30 nm). Nonetheless, optimization of the
pattern transfer was also done for the rest of BCPs.

5.2 Pattern transfer on Silicon

The most critical step in the nanostructuring of the Si film is transferring the BCP
pattern into it. Typically, PMMA is selectively removed to leave a PS mask that can
later be used to etch the underlying Si layer. This is the procedure that was followed in
this work.

5.2.1 PMMA etching

Two routes are available to selectively etch PMMA without completely removing
PS: dry and wet etching. The first involves a RIE, but the combination of gases must be
carefully optimized to obtain enough etching selectivity. Examples of these are: oxygen
[162], Co-Ar [163], Oo/CHF3 [164], Ar [165] and Ar/O2 |166]. The availability of gases
in our clean room offered oxygen, Ar and the combination of both as possible candidates.
Since the etching selectivity towards pure oxygen is low in these polymers [167], Ar
was selected as the main etchant for PMMA. However, enough oxygen presence in the
samples is needed during the etching process to ensure a constant etching rate as the
depth increases. Otherwise, the etching velocity of the Ar bombardment may diminish,
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Table 5.3: Optimized parameters for the PMMA etching in an ICP type RIE machine
(Alcatel AMS-110 DE).

T (C) P (Pa) Ar (scem) O2 (sccm) RF chamber (W) RF chuck (W)
20 1.3 200 10 200 5

losing some of the selectivity with PS. For this reason, a small fraction of oxygen gas
was also introduced in the recipe, with the aim of obtaining a constant in-depth etching
rate of PMMA. The selectivity of this etching arises from the fact that the primary
parameter affecting the etch rate of an organic material under ion bombardment is the
carbon content of its molecules . Since PS has more carbon content, this justifies its
higher resistance towards this etching. Also, the presence of an aromatic ring in the PS
increases its hardness [169].

The optimal etching parameters for L37 are listed in A 20:1 ratio between
Ar and O; ensures a constant etching rate of PMMA. Given the high selectivity between
the two blocks, the chuck power (i.e. the RF used to force the directionality of the ion
bombardment towards the sample) can be kept low, as there is no need for a highly
anisotropic etching during this step. The results of PMMA etching with this recipe can
be seen in Accurate measurements of the remaining PMMA and PS thickness

War22A

100 nm

100 nm 100 nm

Figure 5.6: Tilted cross-section SEM images of the Ar/Os RIE of 137 BCP samples: a)
41s of RIE, b) 51s of RIE, ¢) 57s of RIE and d) 1min 11s of RIE. Above 51 s of attack the
PMMA has completely been etched but the brush elimination is difficult to characterize.
The initial thickness of the sample is 50 nm.
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as a function of the etching time, conducted with cross-section SEM images, are plotted
in and b. The etching of PMMA with this recipe is consistent over time and
has an etching rate of ~ 0.95 nm/s. PS also shows a constant etching rate, with a value
of ~ 0.42 nm/s. These lead to a selectivity of ~ 2.3. Since this value is high, PMMA can
be completely etched with a RIE > 51 s while leaving > 25 nm of PS to be used later as
the mask for the Si pattern transfer (if the initial BCP thickness is ~ 50 nm). However,
the sidewall profile of the PS lamellas after etching is not perfectly vertical.

The etching of the brush layer, instead, is more difficult to characterize. Since its
thickness is ~ 8-9 nm, changes in the nanometer scale are difficult to measure using SEM
images. An approximate etching rate was calculated by plotting the brush thickness
against time once PMMA was completely removed (see ) Taking into account
the significant errors assumed in these measurements, an etching rate of ~ 0.32 + 0.08
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Figure 5.7: Plots of the measured remaining a) PMMA, b) PS and ¢) brush thickness as
a function of the attack time with the Ar/Oy RIE. The linear fits indicate a constant ~
~ 0.95 nm/s, 0.42 nm/s and ~ 0.32 nm/s etching rate, respectively. The measurement
of the brush layer made with the SEM is complicated, meaning that this etching rate is
only a broad approximation due to the high error in the characterized thicknesses.
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nm/s was obtained. This is in good agreement with the ~ 0.42 nm/s etching rate found for
the PS. During this step, the exposed PMMA should be rapidly removed, so the measured
etch rate mainly reflects PS etching in the brush. In principle, complete elimination of the
brush would be the desired outcome to ensure the pattern transfer onto the underlying
Si. However, increasing etching times to fully eliminate the brush will lead to PS etching
on the BCP, diminishing the PS mask thickness by ~ 8-9 nm. This could complicate
the Si etching step (PS would have t < 20 nm). For these reasons, a 55 s attack was
designated as the optimal time, leaving ~ 80% of the brush. The higher Si-PS etching
selectivity, that will be discussed in the next section, also justifies performing most of the
brush removal during the Si etching step.

After optimizing the RIE parameters for L37, these were transferred to the rest of
BCPs. However, when going towards BCPs with smaller periods, the etching velocity
diminishes. This kind of behavior is expected and well known in etching processes, where
the size and density of the features affect the etching rates (i.e. microloading effect )
The remaining BCPs were all compatible with this RIE recipe, although the process times
were adjusted in each case according to the pattern size. In the case of C35, the results
of the etching are shown in PMMA is completely eliminated, leaving ~ 13
nm of PS mask. The challenge with this type of dry etching in cylindrical BCPs is that
the BCP film is already thin prior to etching. Since the etching selectivity is ~ 2.3, PS
is always reduced in the process, thinning even more the final mask. From the point
of view of the thickness of the deposited BCP, there is no adjustment that can be done
to increase this value while maintaining correct orientation of the cylinders, as shown in
Thus, the dry route was discarded for cylindrical BCPs and alternative wet
etching routes were explored.

The main wet routes to etcch PMMA in PS-b-PMMA involve dissolving PMMA in
acetic acid or isopropanol (IPA). However, because PMMA is covalently bonded to PS,
prior exposure of the BCP to ultraviolet (UV) light, e-beam, X-ray, or proton-beam
irradiation is required to break these bonds and degrade the PMMA, thereby facilitating
its solubility , , , . UV exposure was selected in this work because it
allows the simultaneous irradiation of the entire chip or wafer, thereby reducing processing
time. This process is governed by PMMA degradation caused by chain scission of its

100 nm

Figure 5.8: SEM images of the Ar/Os RIE of C35 BCP samples with 20 nm of film
thickness. PMMA is completely removed with a 36 s RIE attack but a thin ~ 13 nm PS
mask is left after the process.
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covalent bonds due to UV irradiation at a specific wavelength . This, at the same
time, hardens the PS chains by means of cross-linking, further reducing its solubility in
organic solvents. However, STEM studies have shown that etching PMMA completely
using a wet route is impossible, since some polymer remains in the walls of the PS ,
either embedded in the PS matrix or adding a small roughness to the wall profile. Since
this effect is almost negligible due to the small amount of remaining PMMA, which will
also be rapidly etched by the Si RIE, this route predicts good removal of PMMA while
leaving the PS mask untouched.

Figure 5.9] shows the results of wet etching optimization. While the duration of
the etching in acetic acid is not critical, the time of exposure to UV light is of utmost
importance and requires a precise duration to avoid the degradation of the BCP. In our
case, an EPROMSs Spectroline-3300A with 18.5 mW /cm? irradiation intensity and \ =
254 nm was used. For the calculations of the dose needed to achieve PMMA degradation,
the results reported by A. Gharbi et al. were used, together with the PMMA light
absorption data to adjust the dose to the employed A . Then, a range of exposure
times was tested. From the trend observed in the SEM images of where the
UV exposure time is reduced from 5 min 30 s to 3 min 50 s, it is evident that overexposure
can damage the BCP. As the exposure time is reduced, the pattern becomes more defined,
and at 3 min 50 s no damage is observed on the sample. Simultaneously, this exposure

100 nm 100 nm

Figure 5.9: SEM images of the PMMA wet etching route of C35 BCPs: a) 5min 30s UV
- 8min acetic acid (AA), b) 4min 15s UV - 8min acetic acid (AA), ¢) 4min 3s UV - 8min
acetic acid (AA), d) and e) 3min 50s UV - 8min acetic acid (AA), f) 3min 50s UV -
8min IPA. The optimal exposure time is 3 min 50 s using a A = 254 nm UV light with
an irradiation intensity of 18.5 mW /cm?. Acetic acid completely dissolves PMMA while
IPA is not capable. After this process the PS remains untouched.
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ensures complete degradation of the PMMA and its subsequent dissolution in acetic acid.
If the exposure is further reduced, PMMA is not completely etched. As a second route,
PMMA dissolution was tested in IPA under the same exposure conditions. In this case,
PMMA is not etched (see , where the low contrast indicates that the PMMA
has not been removed). These results demonstrate a wet etching procedure to eliminate
PMMA without affecting the PS using A = 254 nm UV light. At this stage, the PMMA is
etched, but the brush layer remains beneath the pattern. For this purpose, a subsequent
7 s etching step using the Ar/Oy RIE recipe was performed to partially etch the brush
layer, which was later completely removed during the Si RIE process.

Regarding the application of the wet etching procedure to the lamellas, surface ten-
sion during the subsequent drying step caused their collapse, even when their aspect ratio
was reduced to thicknesses of approximately 30 nm. Since this kind of PS mask thickness
can be obtained with RIE using an initial BCP of 50 nm, dry etching remains the optimal
procedure to obtain defect-free > 25 nm thick PS masks with lamellar BCPs.

5.2.2 Silicon etching

The final step of the pattern transfer process consists of using the PS mask to etch
the underlying Si film. The possibilities in this topic are wide, as there are a lot of well
known dry [176], [177] and wet |178] etching routes for Si in the micro-scale. On the
side of dry routes, there are several possibilities, with the Bosch process being the most
standard technique in the field of micro-machining [179]. However, this mechanism is well
established for micro-scale etching but faces significant problems at the nanoscale due to
the scalloping effect. For these reasons, the so-called mixed Bosch process is the most
appealing, as it shows better compatibility with nano-structures [180], [181]. The etching
chemistry is based on two different gases that act as passivating (C4Fg) and etching
(SFg) species. In this process, instead of pulsing both gases in sequential steps, both are
introduced simultaneously, resulting in simultaneous passivation and etching. For this
process to be reliable, an optimal ratio between the two species, together with a precise
chuck and plasma power, must be obtained to ensure that the passivating molecules do
not block the Si etching. On the other hand, etching rates higher than passivation rates
could lead to isotropic behavior. Finally, another limitation of the pattern transfer should
be noted. Usually, intermediate fabrication steps are added to successfully transfer the
pattern into Si films [80], [89]. In our case, the pattern transfer into Si is performed directly
using the PS mask, without intermediate steps. This simplifies the overall procedure but
narrows the window of optimal etching conditions, as the selectivity between Si and PS
is limited.

The optimization of the pattern transfer onto Si films using the mixed Bosch pro-
cess is shown in [Figure 5.10] The initial conditions were: chamber power of 1200 W,
same gas flow of both passivating and etching species, and chuck power of 10 W. The
chamber power was selected to avoid the ionization of an excessive number of passivat-
ing species, since there is a power threshold beyond which their increase may hinder Si
etching |182]. The chuck power was initially kept low to minimize PS etching rate during
the bombardment. With these parameters the profile of the attack is highly isotropic and
limited to depths < 30 nm. Beyond these depths, the PS layer peels off due to the under-
etching of the underlying Si. Increasing only the chuck power kept the isotropy nearly
unchanged, whereas increasing the amount of passivating species resulted in a lower etch
rate. Therefore, the optimization required simultaneous adjustment of both parameters
by increasing the C4Fg flow and the chuck power. The results of show that a
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Figure 5.10: Optimization of the mixed Bosch process RIE to obtain a completely
anisotropic attack. By increasing the amount of passivating gas (C4Fg) in the cham-
ber and, at the same time, elevating the chuck power to force higher directionality a
perfect vertical wall can be obtained.

Table 5.4: Optimized parameters for Si etching in an ICP type RIE (Alcatel AMS-110
DE).

T (C) P (Pa) SFg (sccm) CyuFg (scem) RF chamber (W) RF chuck (W)
20 2 30 50 1200 30

perfectly vertical wall profile was obtained using a 3 to 5 ratio of the gas flows (SFg and
C4Fg, respectively) and a chuck power of 30 W. The remaining parameters are the same
as those in the first recipe. The complete etching conditions can be seen in [Table 5.4

This optimization was performed using the L.37 BCP. Then, the pattern transfer
of SOI samples was studied with the same BCPs, the results of which are shown in
As expected, longer RIE durations result in greater etched depths and larger
hole diameters. Plots of the Si etched depth and remaining PS thickness as a function of
the etching time are shown in and b. In the case of the Si depth, the fitting
shows a first ~ 7 s interval during which no etching occurs. This initial stage corresponds
to both the first 2-3 s required for chamber power stabilization and to the time needed
to remove the remaining ~ 6 nm of brush layer still present in the sample (~ 2-3 nm of
brush were previously etched during PMMA removal). After, the etching rate is constant
with a value of ~ 4.3 nm/s. Regarding the PS mask, the results show a constant etch



Pattern transfer on Silicon 131

100 nm S1-BOX interface

Figure 5.11: SEM images of SOI samples with lamellar BCPs etched with the mixed
Bosch process as a function of the etching time: a) 10s of RIE, b) and ¢) 12s of RIE
without and with the PS mask on top, d) 14s of RIE, e) 16s of RIE, f) 18s of RIE. The
~ 25 nm thick PS masks withstand the Si RIE, enabling the complete etching of a 50 nm
thick Si film.

rate of ~ 0.82 nm/s. These values lead to a Si-to-PS selectivity of ~ 5.3. It’s because of
this high selectivity that it’s more efficient to end the brush etching in this step.

Besides this, a decrease in neck size is observed with increasing etching time. This
can be attributed to the fact that the PS mask does not have a perfectly vertical profile,
as shown in the previous section, leading to a gradual widening of the PS features as
the thinner regions are etched by RIE. Minor lateral etching of Si could also account
for this behavior. However, the widening of the holes eventually reaches a limit. The
measurements of the Si neck size with time in L37 patterns are shown in [Figure 5.12k.
The minimal neck size is ~ 18 nm, and this value is reached after ~ 7 s of Si attack. As
from this point on the neck reaches a saturation, this is the final neck size achievable with
L37. Further etching will maintain the neck as long as PS is not completely eliminated.

Regarding cylindrical BCPs, the same optimized procedure was used for pattern
transfer to study its compatibility. SEM images showing examples of the obtained etchings
can be seen in |[Figure 5.13| [Figure 5.13f, d, e and f are the optimal time conditions to
achieve etching > 50 nm while preserving the PS mask and maintaining a reasonable
neck size in the two most relevant cylindrical blends (C35(75%)-C80(25%) and C35(50%)-
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Figure 5.12: Plots of: a) Si etched depth, b) remaining PS and, ¢) Si neck size versus RIE
time with the mixed Bosch RIE in L37 BCPs. The linear fits indicate ~ 4.3 nm/s and
~ 0.82 nm/s etching rates, respectively. The first ~ 7 s of RIE correspond to the time
needed to etch the remaining brush layer on the sample. As for the neck size, saturation is
reached > 7 s of Si attack, giving a final neck of ~ 18 nm when complete pattern transfer
is done.

C80(50%)). Similarly to what was observed in the PMMA elimination by dry etching,
cylindrical patterns have a lower etch rate compared to lamellar ones due to the smaller
size of the holes. Furthermore, as the period of the cylindrical BCP is smaller, the
etching time should be increased to obtain the same depth results. The etched depths
measured on the C35(50%)-C80(50%) BCP as a function of the RIE duration are shown
in [Figure 5.14h. Again, the fitting indicates an initial time range during which Si is not
attacked, corresponding to the elimination of the remaining brush. However, this time is
~ 2-3 s shorter than that of L37. The 7s Ar/Os RIE performed on the cylindrical samples
after the PMMA wet removal with UV/AA is the reason behind this difference (i.e. the
brush layer is further etched prior to the Si RIE). As for the Si etching rate, the velocity
is ~ 20 % slower compared to that of L37 (~ 3.4 nm/s). Taking into account that the PS
mask is etched at the same velocity, the selectivity in these patterns is smaller (~ 4.3). The
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Figure 5.13: SEM images of the pattern transfer of cylindrical BCPs into Si: a) C35,
18s of RIE, b) C35(90%)-C80(10%), 19s of RIE, ¢) C35(75%)-C80(25%), 19s of RIE,
d) C35(75%)-C80(25%), 21s of RIE, e) C35(50%)-C80(50%), 20s of RIE, f) C35(50%)-
C80(50%), 22s of RIE. In C35(75%)-C80(25%) and C35(50%)-C80(50%) BCPs, the neck
sizes are compatible with low electrical conductivity degradation. Due to neck size limita-
tions, all BCPs with periods < 45 nm were discarded for the nanostructuring of Si films.
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Figure 5.14: Plot of the: a) measured etched depth and, b) hole diameter, as a function
of the attack time with the mixed Bosch RIE in cylindrical C35(50%)-C80(50%) BCPs.
The linear fit indicates a ~ 3.4 nm/s etching rate. The first ~ 4 s that show no attack
in the Si film correspond to the time needed to etch the brush layer remaining on the
sample. Saturation in the hole size is obtained around 30 nm.
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saturation of the hole diameter reaches a value of ~ 30 nm in these C35(50%)-C80(50%)
BCPs, which is obtained after etching Si for more than ~ 16-18 s (see [Figure 5.14b).

and b serve to illustrate the depth limitations of the pattern transfer
observed on C35 and C35(90%)-C80(10%) BCPs. C35 is limited to ~ 45 nm in depth
because hole widening eventually disrupts the film continuity when RIE durations exceed
19 s. A 45 nm depth, however, is not compatible with thermoelectric applications due
to its < 10 nm Si neck size, which will highly degrade the electrical properties of the
film. The blends with C80 allow > 50 nm etching but only two of them have neck size
parameters in the desired range. The C35(90%)-C80(10%) BCP shows the same neck size
problems observed on C35. Thus, C35(75%)-C80(25%) and C35(50%)-C80(50%) BCPs
were selected as the optimal geometries for the nanostructuring of 50 nm thick Si films.
Neck size problems only appear on C35(75%)-C80(25%) after etching more than 55 nm
of Si, while C35(50%)-C80(50%) shows good neck sizes even after > 65 nm of etching.

Example SEM images of the pattern transfer for the optimal BCPs used in ther-
moelectric applications are shown in in 50-nm and 17-nm SOI thick films.
Free-surface lamellar patterns are only partially transferred in the SOI layer to maintain
electrical continuity across the film. Cylindrical patterns, on the other hand, allow both
partial and complete etching of the Si film. Interestingly, the u-shaped etch profile ob-
served during the RIE ends once the buried oxide layer is reached, achieving perfectly
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Figure 5.15: Tilted and cross-section SEM images of the pattern transfer of the optimal
BCPs in the final 50 nm thick SOI samples: a) 50-nm SOI with partial etching using
C35(75%)-C80(25%), b) 50-nm SOI with complete etching using C35(75%)-C80(25%),
c¢) 50-nm SOI with partial etching using L37, d) 50-nm SOI with partial etching using
C35(50%)-C80(50%), e) 50-nm SOI with complete etching using C35(50%)-C80(50%), f)
17-nm SOI with complete etching using C35(50%)-C80(50%). Perfectly vertical profile is
obtained in the complete pattern transfer.
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vertical walls in the holes. The SEM images of the C35(75%)-C80(25%) in
show the appearance of the remaining PS mask on top of the Si film after the RIE. The
mask withstands the full pattern transfer procedure, indicating that the thicknesses used
during all the fabrication steps are adequate. The final step involves removing the PS
mask, leaving only the nanostructured Si film. This was done by means of an oxygen
plasma with the following parameters: 600 sccm of Oy and 600 W of chamber power for
5 min.

5.3 Doping of silicon thin films with Spin on dopant

As explained in[Section 2.1.6] SoD offers the possibility of performing a non-destructive
and low-cost doping of ultra-thin films. Throughout this work, the boron-doping SoD by
Honeywell was used (ACCUSPIN®B-40). This product consists of a Borosilicate-based
organic polymer that forms a boron-doped SiOs layer on the sample surface after drying.
This SoD is front-end CMOS compatible.

Before spinning the SoD, the samples were cleaned in a piranha solution bath (H3SO4
: HyO2 = 3:1) for 10 minutes to eliminate organic residues, followed by a 10 minute water
rinse. After, a 10 second dip in 5% HF, followed by another 10 minute water rinse, was
done to etch the SiO5 native layer. The processing in a clean room environment ensured
low humidity for good film quality. When the relative humidity exceeds 50%, the SoD
layer shows haziness and leads to non-uniform doping profiles on the samples . The
samples were spin-coated at 4000 rpm for 30 seconds. Then, the SoD was cured on a
hotplate at 200°C for 180 s to eliminate the volatile solvent. In this case, a single curing
step was enough to evaporate the solvent without cracking the SoD, while other SoDs
may require multi-step curing to avoid this [184]. The annealing of the SoD was carried
out at temperatures between 850 and 950°C in an inert atmosphere. The samples were
loaded into the oven at 600°C and subsequently heated to the target plateau temperature
at a rate of 5°C/min. After annealing, the samples were cooled down from the process
temperature. Typically, when doping such thin Si layers, short rapid thermal annealing
(RTA) treatments are sufficient to ensure dopant diffusion to depths greater than 50
nm. However, the doping profile with these RTAs tends to be far from uniform in these
nanometric depths , . In our case, dopant diffusion should be confined to the
Si layer of the SOI sample, as both the buried oxide and the SiO5 layer formed by the
SoD at the interface act as diffusion barriers. Thus, the plateau duration was extended

a) After SOD b) After I HF  ¢)After O, + HF

20 mm
| |

Figure 5.16: Pictures of 1x1 cm? chips throughout the SoD cleaning process to dope 50
nm thick Si films. a) After extracting the chip from the annealing furnace, b) after initial
cleaning with HF, c) after Oy plasma treatment and the later HF cleaning.
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to ensure high uniformity of the doping in the thin Si film.

Theoretically, the residue remaining in the sample after the annealing step should
only be composed of a SiOy thin film, which should be completely etched with 5% HF.
However, repeated HF dips proved insufficient to completely clean the sample, as an insu-
lating layer remained. Considering that the SoD is composed of borosilicate intertwined
with a polymeric matrix, cleaning processes for organic materials were also explored. The
optimal cleaning sequence was found to consist of a 1 minute 5% HF dip, followed by a
2 minute water rinse and a subsequent 20 minute exposure to an oxygen plasma. The
optimal values of oxygen plasma were 600 sccm of Og and 1000 W of chamber power
for 20 min. With this step, any polymer remaining on the sample after the diffusion
step was completely removed. Finally, a 2 minute 5% HF dip followed by a 2 minute
water rinse eliminated the remaining SiO; layer (see [Figure 5.16). To confirm that the
sample is clean, complete hydrophobicity was to be observed after the final water rinse.
If hydrophobicity was not observed, further dips in 5% HF followed by water rinsing were
performed until hydrophobicity was achieved.

The doping objective was set to achieve carrier concentrations between 10! and
1029 em™3. Annealing was conducted at temperatures in the range of 850-950°C, and
the samples were subsequently evaluated. Resistivity was determined from 4-probe char-
acterization as described in The resistivity and doping density are shown
in The resistivity of the film shows a linear trend that is inversely pro-
portional to the annealing temperature, and boron densities fall within the 10'° to 102°
cm 3 range. Based on these results, the 850°C and 900°C anneals were chosen for further
optimization, and four new batches of nine chips each were processed: three of them were
annealed at 900°C, and the fourth at 850°C (see [Figure 5.18). The nine chips of each
batch were spin coated on the same day and annealed simultaneously in the furnace. The
plot demonstrates high reproducibility within batches and lower reproducibility between
different batches. Nevertheless, the differentiation between the two annealing tempera-
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Figure 5.17: Resistivity and doping concentration obtained with SoD versus annealing
temperatures. The doping values are calculated assuming no change in the carriers mo-
bility.
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Figure 5.18: Comparison of doping densities of 50 nm thick Si films in different batches
of chips doped with SoD at 900°C and 850°C.

tures is clear and, when annealing at 900°C, doping levels appropriate for thermoelectric
applications are ensured (i.e. from 6-10'% to 1.3:10%° cm™3).

The GDOES profile of boron and oxygen in 17 and 50 nm thick SOI chips doped with
SoD at 900°C is shown in [Figure 5.19] The presence of boron is clear in both Si and BOX,
indicating that dopant atoms were able to diffuse deeply into the underlying oxide. Two
possibilities could justify this behavior: GDOES eliminates the layers sequentially, but
leftover atoms from the previously etched layers may remain on the surface, thus appearing
in the spectra of the underlying layers. However, considering that long annealing times
were used in these samples, and that the oxide only blocks boron diffusion when the boron
concentration is higher than 101 cm™3 within the oxide [186], some diffusion of dopants
into the BOX is expected. Both observations agree with the fact that boron presence
decreases in the BOX with depth, while bulk Si contains no boron. As for the homogeneity
of the depth profile in the top Si, both samples show good uniformity, with a slightly higher
quantity of boron near the interface with the BOX. This is expected for concentrations
above 10" cm™2 where the oxide acts as a stopping layer, accumulating dopants in its
interface. These results demonstrate that longer annealing times help homogenize the
in-depth profile of the doping and are compatible with thin Si SOI samples.

Further characterization was performed to study the homogeneity of the doping at
the wafer scale. In this frame, 100 mm SOI wafers with 50 nm thick Si device layers were
doped under the same spinning and annealing conditions, and 4-probe characterization
was later performed at 50 points homogeneously distributed within the wafers. The
mappings are reproduced in Average resistivities of 1.46-1072 £ 1.67-10~*
Q-cm and 1.41-1073 4 7.14-107% Q-cm were obtained in two wafers, proving that the SoD
procedure leads to reliable and homogeneous doping at a wafer scale. Furthermore, the
doping values are well within the resistivity range obtained at a chip scale across different
batches, demonstrating the reproducibility of the process when scaling to wafer-scale. All
the results fall within the optimal range for thermoelectric applications.

Besides, the doping of N-type intrinsic wafers by SoD was evaluated to assess its
value for other technologies. In this case, the annealing was set at 1100°C. The profile
of Boron at the center of the wafer and at the outer ring is reproduced in
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Figure 5.19: Plot of the relative intensity of silicon, oxygen and boron obtained by GDOES
from 17 and 50 nm thick Si films doped by means of SoD at 900°C. Boron reference curve
is plotted to better calibrate the boron presence in the samples.
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Figure 5.20: 4-probe maps of the resistivity of 50-nm thick SOI films doped with SoD at
900°C over a 4 inch wafer. Resistivities of 1.46-1072 £ 1.67-10~* Q-cm and 1.41-1073 £
7.14-107% Q-cm are obtained on the wafer in a) and b), respectively.
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Figure 5.21: Carrier density and resistivity of an intrinsic N-type bulk Si wafer doped by
SoD at 1100°C. 4 pm is the maximum depth where doping is above the intrinsic value.

A carrier density between 3-10'? and 10%2° cm™3 of boron atoms was obtained at the
surface, depending on the spot, with the center of the wafer showing the highest doping.
The profile of the doping shows a decrease with depth until it reaches 4 nym, where the
intrinsic doping level is found. Interestingly, as there is no diffusion stopper near the
surface (i.e. no BOX), the carrier density is similar to that obtained in the thin films at
lower temperatures. These values and profiles demonstrate that SoD is also compatible
with the doping of bulk Si.

5.3.1 Electrical characterization of nanostructured silicon thin
films

After optimizing the doping of thin films, the approach to combine doping and nano-
patterning was considered. The decision was made to complete the doping first and then
the nanostructuration, because otherwise inhomogeneities in the doping could arise. The
doping followed the procedure explained in After, the BCP self-assembly
and PMMA etching procedures were completed as in The final etching of
Si showed no significant variation with respect to the pattern transfer on the non-doped
films, as it was only necessary to adjust the etching time by adding one second.
shows two tilted cross-section SEM images of a doped and an un-doped Si film after the
same nanostructuring process. The walls of the holes show the same verticality, and
the diameters are similar in size. No difficulties were encountered in completely etching
through the film.

Further 4-probe characterization of the film resistance was performed on the sam-
ples after BCP etching to compare these values with those from the bare films. The
resistivity of the nanostructured films is expected to be higher for two reasons: the first
is the decrease in the cross-sectional area after patterning the holes. The second is the
possible increase in electron scattering that may occur because of the greater dimensional
confinement of these structures. Thus, the resistance of the nanostructured film (Rpcp)
can be related to the bare film (R) as follows:
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Figure 5.22: SEM images of a non-doped and a doped 50 nm thick Si film with the same
cylindrical nanostructuration with a period of ~ 57 nm.
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Figure 5.23: Examples of the transfer of the nanostructured patterns into a COMSOL
model. The image-to-curve tool achieves a precise reconstruction of the pattern in COM-
SOL to later obtain accurate values of the geometrical factor of the thin films.

L L
Rpop = PBCPZFG = FBCPPZFG = FpcprlcR (5.1)

being ppcp the intrinsic resistivity of the nanostructured film, L and A the length and
cross-sectional area of the film, and Fgcp and Fg the scattering and geometric factors,
respectively. This last parameter, Fg, is only related to the volume of the final nanos-
tructured film; therefore, it can be precisely obtained through COMSOL simulations.
Top-view SEM images of the nanostructured samples were used to build the volumet-
ric films in COMSOL using the image-to-curve tool, which allows for the conversion of
changes in color in the images into curves by conveniently adjusting the parameters of a
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Gaussian filter. shows the precision of this pattern transfer into COMSOL
in two exemplary geometries. The geometric factor can be calculated by simulating the
resistance of the film with and without the holes, while maintaining the resistivity value
constant in both cases, and then calculating the ratio. The resistivity values are those
measured from each bare film using the 4-probe method. An error of + 4 nm in the
etched depth was assumed when calculating the geometric factor of the nano-patterned
films. This way, the resistivity of the nanostructured film is expressed as:

Rpcp 1
R Fg

pBop = pFpop = (5.2)

The results of these measurements and subsequent calculations for the cylindrical
BCP with a period of 57 nm are shown in An increase in the intrinsic
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Figure 5.24: Resistance increase factors and intrinsic electrical conductivity of cylindrical
C35(50%)-C80(50%) BCPs versus etched depth. For depths < 25 nm the underlying
continuous film dominates the electrical flow and the increase on intrinsic resistivity of
the film is low (< 1.2). Once this etching is surpassed, the holey pattern dominates and
further increases it by ~ 1.7 in the completely etched film. The final values of intrinsic
electrical conductivity versus etched depth calculated with the scattering factor (Fpop)
are shown in the lower plot.
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resistivity of the film (i.e. ppcp) of 10-20% is observed when the etching depth is below 25
nm. In this case, the enhancement of electron scattering is shallow because only decoration
of the film is present, and boundary scattering does not dominate electrical conduction.
On the other side, once the etching goes beyond this depth, boundary scattering of the
holey pattern becomes more dominant, and the intrinsic resistivity increases by up to 74%.
With these factors, and starting from the electrical conductivity achieved with the SoD
on the bare Si films (~ 900 S/cm), a final intrinsic conductivity of ~ 520 S/cm is obtained
in the holey Si films with through holes. In this nanostructured pattern, the dimensions
of the neck size increase with depth, reaching an average value of ~ 27 nm when there is
complete etching of the Si film. In Si thin films, an increase in resistivity can be observed
once the thickness is under 30 nm, and it is especially noticeable for thicknesses below
20 nm [187]. Considering that the lateral size confinement of the holey films in this work
is around 20-30 nm, an increase in resistivity is also expected. This behavior was also
observed previously in similar holey patterns |[101]. Nonetheless, this increase corresponds
to the intrinsic resistivity, so it is only accurate from a material perspective. The increase
in the overall resistance of the film is greater, as it also takes into account the geometric
factor. For this type of nanostructuration and complete etching, the effective electrical
conductivity of the film is ~ 400 S/cm.

Table 5.5: Increment of resistance, geometric factor and scattering factor of Si thin film
decorated with lamellar patterns.

Block copolymer Etched depth (nm) Rpecp/R Fe Fpep
L37 10 + 4 1.30 1.14 1.14

L37 21 +4 1.60 1.40 1.14

In the case of lamellar patterning, the etched depth is always lower than 25 nm,
meaning that a continuous film with t > 25 nm is always present. In this configuration,
the increase in intrinsic resistivity is around 1.1 in all the studied samples
This is in agreement with the increase factor observed in the cylindrical patterns with
equivalent etching depths, proving again that the underlying continuous film dominates
the electrical transport if > 25 nm. Patterning to higher depths was discarded due to the
significant degradation of conductivity expected.

5.4 Chapter conclusions

This chapter presented the work related to nanostructured Si thin films. The self-
assembly of PS-b-PMMA BCPs was optimized using cylindrical and lamellar BCPs, either
with their original morphology or through blending. Subsequently, these patterns were
transferred into Si films using both wet and dry etching techniques, demonstrating that
PS-b-PMMA nanometric patterns can be directly transferred (without any intermediate
layer) into 50 nm thick Si films with complete anisotropy and reproducibility. A reliable
procedure for doping thin Si films with SoD was developed at both chip and wafer scales.
Moreover, the doped films were fully compatible with the previously optimized pattern
transfer process. The doping resulted in an optimal dopant density in the 10!?-102°
ecm~? range, with good homogeneity across the wafers. Subsequent characterization of
the nanostructured films showed that the intrinsic electrical resistivity of a film with a

cylindrical holey pattern with a period of 57 nm suffers a 1.74-fold increase, reaching a
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final opcp of 520 S/cm. On the other hand, the lamellar patterning had a negligible
effect on the intrinsic electrical resistivity when the etched depth was below 25 nm, which
is the only patterning compatible with thermoelectric applications.
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Chapter 6

Thermal characterization of
nanostructured silicon thin
films

This chapter presents the results of the thermal characterization of nanostructured
silicon thin films with a 57-nm cylindrical pattern. This characterization was done using
three different techniques: 3w steady state, FDTR and bridge/laser. 3w steady state was
done in collaboration with UAB, while the other two were developed in the scope of an
internship at the University of Basel in Switzerland. 3w steady state and bridge/laser were
used to measure the thermal conductivity of Si thin films with different etching depths,
while FDTR characterization is still ongoing (see for the initial tests).

6.1 3w steady state

6.1.1 3w device design

As explained in 3w steady state characterization involves the use of a
central metallic stripe on top of a suspended membrane to measure the in-plane thermal
conductivity of the thin film. The device fabricated for these measurements features a 3
x 0.2 mm membrane, with two metallic stripes (each 5 pm in width) placed on top of it,
one in the center (heater/sensor for the 3w steady state) and another at the edge (sensor)
to have the possibility of measuring the temperature of the bulk. The voltage probes of
the central stripe are placed 500 pm from the membranes edge (see in order
to measure the voltage with a homogeneous temperature profile. As shown in
simulation plots, the lateral temperature profile is homogeneous in the central 2 mm of the
membrane followed by a large thermal gradient in the close to the edges. This simulation
result was used to place the probes 500 pum inside the membrane. Regarding the cross
temperature profile, a linear decay is observed in the simulations in all the sections within
the voltage probes. Therefore, with this membrane size and probe placement a rectangular
area with homogeneous lateral temperature and linear cross profile is obtained.

145
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Figure 6.1: COMSOL simulations of the 3w device design. a) Scheme of the typical 3w
chip, b) COMSOL simulations of the 3 mm x 200 pm membrane defined in the middle
of the chip with two metallic stripes. The voltage probes of the central heater are placed
500 pm inside the membrane to measure a constant temperature profile. c¢) Lateral
temperature profile. d) Cross temperature profile.

6.1.2 3w device fabrication

The fabrication of the device started with a SOI wafer with the following thicknesses:
50 nm, 400 nm and 725 pm for the top Si, BOX and bulk Si, respectively. The latter value
corresponds to the nominal thickness, as a more accurate measurement was not possible
(nominal thickness is 725 pm + 15 pm). A variation of approximately 15 pm was therefore
considered (as reported in the manufacturer’s certificate of analysis for the wafers). It is
worth mentioning that the backside of the wafer was unpolished, a detail that proved to
be relevant during the KOH etching step. A scheme of the fabrication steps is summarized
in The process started with a cleaning in piranha (HySO4:H209 = 3:1) for 10
minutes to eliminate organic residues followed by a 10 seconds dip in 5% HF to etch any
native SiOy layer, with 10 min water rinses between each step. Then, SiO, films were
deposited by PECVD on both sides of the wafer, 100 nm on the top and 200 nm on the
bottom. Followed by a 300 nm thick low-stress SigN,4 layer deposited by LPCVD on both
sides.

Bilayers were used on both sides for specific functional reasons. On the top side,
SigNy serves as an electrical insulator between the subsequently deposited metal stripes
and the Si film. Meanwhile, SiO, serves as a sacrificial layer to etch the SigN, without
damaging the device Si. On the bottom side, it is used as a mask for the KOH etching.
In this case, the addition of the SiOg layer helps compensating stress on the bottom
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side. Otherwise, some peeling off of the nitride due to stress during the KOH could
lead to undesired openings on the bulk Si. While optimizing each fabrication step, it
was found that annealing the PECVD-deposited SiOs at 850°C for 30 min in Ny was
crucial to densify the layer and promote conformal coverage on the rough backside of the
wafer, resolving previously observed pinholes and defects during membrane patterning.
The membranes exhibited defect-free morphology after this annealing, with dimensions
consistent with the mask designs.

After bilayer deposition, rectangles on the backside were patterned by photolithog-
raphy and RIE of the SisN4 and SiO films to define the window for the subsequent

2
) + 300 nm Si;N,

=100 nm SiO,
*50 nm Si
> 400 nm BOX

b+ Bulk Si
“++ 200 nm Si0,
------ £+ 300 nm Si;N,

3) Photolithography + Si;N, and SiO, RIE

Photol]thgéaphy +
Metal /cv’apomtmn + Lift off
i 50nmCr
-+ 60 nm Pt
10 nm Cr

5) KOH Si bulk etching

3 mm x 200-100 pm
P membrane

Cr used as mask
in the RIE

.
5-10 um thick Si
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Exposed Si TOP

Figure 6.2: Scheme of the main fabrication steps of the 3w chip. 1) SOI wafer with 50
nm, 400 nm and 725 pm thick layers of top Si, buried oxide and bulk Si, respectively.
2) PECVD deposition of SiOs on top (100 nm) and bottom (200 nm) of the wafer. In
the optimized process, these depositions are followed by a 30 min annealing at 850°C.
After that, a 300 nm thick low-stress SigNy is deposited by LPCVD on both sides. 3)
Photolithography and RIE to define and open a window on the backside. 4) Photolithog-
raphy, evaporation of a multilayer of Cr/Pt/Cr (10/60/30 nm) and lift-off. 5) KOH of
the bulk Si, leaving 5-10 pm of bulk Si below the BOX as a pre-membrane. 6) SizNy
elimination with a RIE using the Cr as a hard mask followed by a BOE attack to remove
the exposed SiOs film.
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KOH. Then, another photolithography process is used to define the metal layout, which
is later evaporated on the sample. A trilayer of metal is deposited, composed of: 10
nm of chromium (Cr), 60 nm of platinum (Pt) and 30 nm of Cr. The first Cr layer is
used for adhesion purposes of the Pt metal, which is the main metal of the heater. The
top Cr film serves as a hard mask for the posterior RIE of the nitride. The subsequent
lift-off eliminates the photoresist and the undesired metal. Next, the bulk Si is etched
by means of KOH from the backside. Here, the SigNy serves as a mask for the KOH.
The etch is stopped when 5-10 pm of bulk Si remains beneath the membrane, ensuring a
sufficient mechanical robustness to withstand the subsequent processes required for BCP
self-assembly and pattern transfer. Next, on the top side, a RIE removes the SizNy4 us-
ing the metal trilayer as a mask. Here, the 100 nm thick SiOy acts as a RIE stopper
of the SisNy etching. Without the SiOs layer, any over-etching of the SizNy (which is
necessary due to non-uniform RIE across the wafer) would risk etching and degrading the
underlying thin Si layer. The RIE is followed by a wet etching of the remaining exposed
SiOy in BOE to expose the thin Si layer, which is selective to Si. At this point, the
wafer was diced into 6x6 mm? chips to maximize the effectiveness of the experimental
efforts and the available resources. Representative images of the fabrications are shown
in The optical image shows the final layout of the 3w chip. The cross-section
and tilted SEM images show regions around the metallic stripes where the thin Si was
exposed. The images confirm the protective role of the SiOs film as a sacrificial layer for
the underlying Si film.

The Si film nanostructuration was completed as described in with some
remarks. To address film inhomogeneities arising from the small chip size, the spin-
coating speed was increased from 1500 rpm to 2000 rpm, and a reduced amount of the
BCP-PGMEA solution was applied via drop-casting. This resulted in a reduction of the
BCP thickness by ~ 3 nm, without compromising a complete pattern transfer. Lastly,

100 nm Metal 200 nm

TOP Si

/
100 nm SiO,

7
=00 300 nm Si;N,

Figure 6.3: Optical and SEM images of the 3w device after wafer-scale fabrication. The
cross-section and tilted SEM images show details of the areas around the metallic stripes,
where the layers present in the top side of the device are shown.
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since the membrane thickness prevented the use of ultrasonic cleaning to remove the
brush residues, a different procedure was developed. The process involved drop-casting
a large volume of PGMEA onto the chips, followed by spinning at 2000 rpm for 30 s to
remove the non-grafted residues. The rest of parameters were equivalent to those of the
procedure on a free-surface.

Representative images of the pattern transfer on the 3w devices can be seen in
These images show how the brush is grafted onto the vertical walls of the device,
and how the subsequent BCP deposition also forms cylindrical phases there. Away from
the walls, the Si patterning is equivalent to that on free-surface and complete etching was
achieved. Also, the hole profile and neck size were measured to be equivalent to those of
the free-surface. A larger amount of BCP accumulated close to the vertical walls. This
resulted in orientation discontinuities of the cylinders within the depth of the BCP film
and hindered the pattern transfer to the underlying Si in regions extending up to ~ 400-
500 nm around the vertical walls of the metal stripe. The non-patterned area compared
to the accurately nanostructured area was negligible in the 3w membranes.

Heater :
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Cr/ P[/CI' . —p

Nanostructured ST
& 125384
~50nm top Si

200 nm 200 nm Si0,
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1310):¢

5-pm thick Si pre-membrz

Figure 6.4: SEM images of the 3w chip after wet etching of the PMMA cylinders and
subsequent pattern transfer into Si using the PS mask; a) after wet etching of PMMA
cylinders and, b) after the pattern transfer into Si using the PS mask. ¢) Tilted cross-
sections of the same area showing the complete etching of the Si film integrated in this
device. The magnification image highlights the ~ 400-500 nm wide region close to the
metal stripe where the pattern transfer is hindered.
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The final and most critical step of the 3w device fabrication was the membrane
release. As it has been explained previously, at this point the chip had a 5-10 pm thick
silicon pre-membrane for mechanical robustness. Since this bottom silicon can no longer
be etched in a KOH bath without affecting the 50 nm-thick nanostructured Si on the top
side, a new procedure was developed for backside KOH etching preserving the top side.
Different experimental setups and procedures were explored to confine the KOH etching
to a specific area on the backside. A first approach based on KOH at room temperature
was discarded due to its slow etch rate, which was difficult to control and led to the
formation of dry layers of potassium salts that hindered further etching of Si.

Another approach was based on mounting the 3w chip between custom Teflon and
PMMA pieces with an O-ring to confine the KOH droplet. Unfortunately, this was also
discarded because the mechanical pressure required for proper sealing broke the device
once the membrane was released (see [Figure 6.5h). The next approach was successful and
involved the use of hydrophobic adhesives to confine the KOH solution. The compatibility
of vinyl and pressure sensitive adhesive (PSA) with KOH etching at 80°C for more than 1
h was validated for both materials. PSA was finally chosen for its better adherence to the
backside of the chips. The procedure involved taping the backside of the chip with PSA
and then placing the stack upside-down on a custom PMMA piece designed to prevent
the membrane from contacting any other surface. This whole structure was placed on a
hotplate at 90°C next to a beaker with 40% KOH in water. Finally, ~ 50 ml of KOH
were drop-casted with a micro-pipette inside the PSA hole. The average duration of the
KOH etching in these conditions varied from 2 to 4 h depending on the remaining bulk Si
thickness (5 to 10 pm). During this process, the chip was rinsed in water and IPA every
30-40 min. After each cleaning, the chip was placed back on the PMMA, and another
~ 50 ml droplet of KOH was casted to continue the etching. The reason for performing
this multi-step etching was that the potassium salts formed as byproducts of the KOH
reaction impeded further etching. When complete membrane transparency was observed,
the chip underwent a final cleaning step in water with ~ 10-20% IPA. TPA was used to
decrease surface tension and prevented mechanical damage to the membranes.

PMMA top holder

3w chip

Hole

a) ; b)

4

Teflon back holder

Vinyl adhesive PMMA adapter piece PSA adhesive PMMA adapter piece
4 screws
O-ring

Figure 6.5: Schemes of the three main routes used to control the KOH droplet and perform
the etching at temperatures > RT. a) Schematic of the PMMA and Teflon pieces to seal
the chip with an o-ring and four screws. b) Assembly with hydrophobic vinyl adhesive to
confine the droplet. ¢) Assembly with hydrophobic PSA adhesive to confine the droplet.
The latter proved to be the most reliable to control the droplet.
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After suspending several membranes with only Si and BOX, the compressive stress of
the oxide caused extreme deformation on the membrane, normally leading to membrane
rupture or cracks formation (see. Therefore, the final optimization was focused
on minimizing the suspended membranes stress by adding an additional SizN4 thin film
(the tensile stress of PECVD SizNy helps compensate for the compressive stress of SiOs).
SigNy layers of different thickness were deposited on top of different chips (See.
The thicknesses ranged from 180 to 300 nm. The results showed that increasing the
thickness of the SizN4 resulted in a smaller membrane deformation, up to the point
(300 nm thick case) where a flat membrane was observed. However, 3w steady state
characterization of these devices measures the entire stack of layers (i.e. BOX, thin Si,
and SigNy). Therefore, a 180 nm thick SisNy film was selected to ensure that changes in
k of the Si thin film after nanostructuring could be detected. The addition of the SigNy
layer required reordering some process steps and introducing new ones at chip level. In
particular, after the nanostructuration of the Si film, a 180 nm thick SizN, film was
deposited by PECVD on top of the chip. Since the SizN,4 coated the entire surface, it
became necessary to add processing steps to remove it from the contact pads. Then, KOH
was completed following the previously described PSA procedure. Once the membrane
was fully released, the PSA adhesive was removed. Finally, the chip was wire-bonded
onto a custom PCB to carry out the 3w steady state measurements.

In summary, this section defines a process to fabricate functional devices integrating
thin layers of nanostructured Si based on the transfer of BCP patterns. This required the
optimization of several process steps, including BCP patterning, backside KOH etching
and stress compensation (see [Figure 6.7]for the final nanostructured 3w membrane). Even
though some chips could be fabricated and measured, as will be shown in the next section,

Figure 6.6: Optical images of three suspended membranes with different PECVD SizgNy
stress compensation. Left images were taken with top illumination, the right ones were
taken with bottom illumination. The thicker the SigNy, the better the stress compensa-
tion.
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Figure 6.7: Optical images of a suspended membrane with SizN4 support and nanostruc-
tured Si. The top images were taken with top illumination, while the bottom ones were
taken with bottom illumination. The membranes are larger than the original design due
to the appearance of pinholes in the bottom mask during the KOH etching process.

further improvements were explored. For example, it was found that an annealing after
the PECVD deposition of SiOs was key to eliminate pinholes and defects in the backside
mask to define the membranes. After this annealing, the membranes were defect-free and
dimensions matching the mask designs. Despite that, these improved chips were not used
in the 3w steady state results shown below, but this improvement was later used in the
pTEG fabrication.

6.1.3 3w steady state characterization

To carry out the 3w steady state measurements using the methodology in
the chips were mounted on custom PCBs using silver paste to ensure good
thermal contact, which is key in these measurements. In brief, the chip was externally
heated using a hotplate (280 - 305 K) while the central metallic stripe served as a heater
inducing a heat flux via joule heating. All this was done in vacuum. The heater was also
used as a sensor to measure the resistance change as a function of the applied current,
which was converted to a temperature through the previously calibrated TCR. To obtain
the TCR, R (the resistance at zero current in the heater) at each hotplate temperature
was determined by linear fitting of the resistance versus applied power and subsequent
extrapolation to zero current. Then, the TCR of the metallic stripe can be obtained after
a linear fitting to the Ry vs temperature data (see. As it can be seen, in the
measured temperature range the linear fit has a good agreement. was used
to calculate the thermal conductance of the film.

The results are shown in for all the C57 samples measured as a function
of the hotplate temperatures. A clear trend is observed on the conductance versus etched
depth curves. Deeper etching reduces the membrane’s thermal conductance. Since SigNy
and BOX layers are uniform across the chips, the observed change in thermal conductance
is attributed solely to the nanostructuration of the Silayer. This is expected to be mainly a
consequence of enhanced phonon scattering due to the nanostructuring of Si. As it turned
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Figure 6.8: Pt heater resistance (Rg) versus hotplate temperature in the 3w steady state
measurements. A TCR of 0.00529 is obtained for the device shown.

not possible to suspend a membrane made of SigN4 and BOX (i.e. without the thin Si
film, due to membrane breakage caused by stress), the conductivity of a bare Si thin film
obtained from the bridge method characterization, which is discussed in was
used here as a reference to obtain a value for kginz—_Box. To do so, the thickness of
SigN4 and BOX on each chip is needed, and using:

L-tg;
GEe = 2. kB 2 5 Gine—pox = Gror — GEM™ —

1
Wmean
o Wmean o C"'TOT : Wmean Bare 1
ksiNz—BOoXx = GsiNz—BOX = ( — Kg "¢ tg)
2L -tsiNz—BOX 2L tsiNz—BOX

(6.1)

being L the distance between the voltage probes, and W,,cqn the average width of
one membrane half (i.e. half the width of the overall membrane, see . The
factor two in the equation accounts for the fact that heat travels through both sides
of the membrane in parallel. Using a similar procedure, the thermal conductivity of a
nanostructured Si film can be written as:

rg U= (% — KSiNz—BOX 'tSiszBOX)i (6.2)
lsi

where L and tg; are constant across the samples (2 mm and 50 nm, respectively)
and W,,cqn was measured from the optical image on each membrane. tgin._pox was
measured using a reference chip during the SisN, deposition (ts;n. was subsequently
measured on the reference chip with spectroscopic reflectometry). Since divergences of
less than 3 nm were found between the SizN4 thickness in the reference chip and that
of the paired 3w devices, SiOs and SigNy layers were considered uniform across these
samples. Therefore, kg;nz—Box from the reference sample was also used in the calcu-

lations of every kECF. Furthermore, thickness variations < 3 nm in the 180 nm thick
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Figure 6.9: a) Thermal conductance of the differently etched C57 samples versus hotplate
temperature. The conductance diminishes by increasing the depth of the pattern. b)
Calculated thermal conductivity of the nanostructured Si films. The values used for the

50 nm thick bare film were measured with the bridge/laser method (see [Section 6.3.3)).
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Figure 6.10: Silicon thermal conductivity at RT of the Si film as a function of the etched
depth. A linear trend is observed, reaching a minimum value of ~ 9.93 W/m-K (~ 46
nm etching).
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SigNy film have a negligible impact on their thermal conductivity (such deviations are
estimated to introduce an error of ~ 1% in the SisN, & [188]). An uncertainty of 3 nm
for tsinz—pBox, 2 pm for Wyeqn and 1 W/m-K for kg{”e were considered. The k of the
partially etched silicon films obtained this way as a function of the hotplate temperature
are shown in |[Figure 6.9 [Figure 6.10|shows the thermal conductivity at RT as a function
of the etched depth. Errors of x of the nanostructured Si thin films were calculated by
error propagation. The thermal conductivity decreases linearly with the etching depth,
reaching a value of kK = 9.93 W/m-K for an etching depth of ~ 46 nm (one order of
magnitude lower than the initial k). For further details on k as a function of the etched

depth see [Section 6.3.3] where 3w steady state and bridge/laser results are discussed.

6.2 Thermoreflectance

As explained in thermoreflectance characterization involves the use of
a metallic transducer on top of the material of interest. To properly evaluate the in-plane
thermal conductivity of the Si film, the device must have a suspended membrane. The
design developed in this thesis consists of a rectangular suspended membrane featuring a
circular Au transducer positioned at the center of this membrane. This section describes
the fabrication of the thermoreflectance device, beginning with the development of the
techniques to suspend 50 nm thick Si films. The second part of this section introduces
the model developed to interpret the experimental results obtained from the fabricated
devices. Last, describes the status of the membranes characterization.

6.2.1 Membrane release

The large uncertainty in the bulk silicon thickness of the SOI wafers used in this
thesis (nominal thickness is 725 pm =+ 15 pm) hindered the suspension of the membranes
through backside KOH Si etching, as it would result in too large membranes or even no
membranes at all (with KOH etching, the membrane size depends on the thickness of bulk
Si). Therefore, alternative routes to suspend the membranes by etching the underlying
BOX or the bulk Si from the topside were explored. Etching only the BOX is complex
due to the thin BOX gap (400 nm). With such thin gaps, capillary forces may lead
to membrane collapse (this effect is known as release stiction). Etching the underlying
bulk silicon from the top, requires the protection of the top Si layer during the process.
In this work, three different routes were explored to suspend the top Si through BOX
etching: wet etching using BOE, BOE using a SizN4 capping layer on the Si film, and
HF vapors. In addition, two routes were investigated to etch the bulk Si beneath the
membrane based on using SisN, and HfO> as protection layers. These latter ones are

presented in

Membranes with widths and lengths ranging from 5 to 20 pm and 12.5 to 60 pm,
respectively, were fabricated by laser photolithography followed by RIE of Si. Subse-
quent etchings of the BOX either in BOE or in 50% HF vapors were used for membrane
suspension. The laser lithography processes were completed in a Kloe Dilase 650 Laser
Writer and two different laser spots were used to ensure good membrane definition in the
minimum working time: 1 pm for lengths < 15 pm, and 10 um for > 17.5 pm.

In the first case, BOX etching must be followed by a critical point drying (done in a
Tousimis CPD) to prevent membrane collapse caused by surface tension forces during the
drying process. The sample transfer between both processes is critical to avoid membrane
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Figure 6.11: SEM and optical images of membrane release in SOI samples with the
BOE approach. a) Suspended 50 nm thick Si films with lengths < 20 pm by BOE.
The membrane deflection increases with their length. The optical image shows the color
change due to membrane deflection (the dark green areas are supported by the BOX).
b) Collapsed membranes with lengths > 20 pm done with BOE. ¢) Collapsed membranes
with lengths > 20 ym and a 100 nm thick SizN4 as mechanical support. A 30 min etching
in BOE damages the SigN, significantly.

collapse. To accomplish that, teflon holders were used to keep the sample wet during the
transfer. shows the results obtained with this procedure. Membranes with
lengths below 20 pm could be successfully suspended. However, membranes with lengths
above 20 pm collapsed. From the images, it also evident that the membranes exhibit
some deflection downwards indicating that their stress is not tensile enough the keep
them straight once released. The addition of a SigNy layer on top of the membranes was
expected to introduce tensile stress, helping to maintain the membrane flat and possibly
enabling the release of longer than 20 pm membranes [Figure 6.11¢. The fabrication of
these samples was similar to the process explained above but adding a 100 nm thick SigNy
deposited on top of Si. However, the results showed that SigNy was significantly damaged
after a 40 min exposure to BOE. Even though SigN4-SiOy selectivity is high, SigNy is
slowly attacked by HF , . Thus, the long etching times needed to complete the
process precluded the use of this solution.

The second approach to prevent membrane collapse involved the use of HF vapors.
As no liquid is involved in the process, the CPD process can be avoided in this case. The
chips were placed on a teflon basket with holes and placed above 50% HF solution at
RT. All membranes released with this process collapsed. This could be justified by the
fact that water is a byproduct of the SiO2-HF etching reaction , which can condense
under the membrane during release. Furthermore, some damage was observed in the
membranes even though HF etching near RT is selective to silicon , .

The results using BOE and CPD validated a procedure to fabricate ultra-thin Si
membranes by patterning the SOI chips from the topside. An alternative route based on

topside KOH etching was also developed (see [Appendix B).
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6.2.2 Thermoreflectance device fabrication

The thermoreflectance device consists of a rectangular suspended membrane with a
gold disk at its center (see [Figure 6.12)). On the sides, a gold frame marks the membrane
limits. The gold disk serves as a transducer to absorb the heat from the pump laser and as
a reflective material to ensure a large signal of the reflected probe laser. Some membranes
were designed without the central gold disk to be later used for bridge measurements (see
. Since the membrane is suspended, all the heat dissipated by the transducer
flows through the Si film. The gold frame serves to thermalize the ends of the membrane.

The device fabrication was divided in 4 main steps: substrate cleaning, metal pat-
terning, nanostructuration of Si and membrane release (see [Figure 6.12). The metal was
patterned before nanostructuring Si to ensure the flatness of the metal transducer and
to simplify the thermal model (i.e. the underlying Si is not nanostructured and can be
considered to behave as a capacitive element). The fabrication was carried out at the chip
level to maximize the throughput of experimental resources. The chips cleaning was done
with acetone followed by IPA and later with oxygen plasma. Then, the gold disk and
frame were defined with laser lithography. Four different membrane lengths (frame gap

1) Laser photolithography + Metal evaporation 2) BCP nanostructuration of top Si
3) Laser photolithography + Si RIE 4) BOX etching with BOE + CPD

<

Final cross-section

Figure 6.12: Scheme of the fabrication process of the thermoreflectance device. 1) Laser
photolithography followed by metal evaporation and lift-off to the define the metalhc
layout (gold disk and frame for thermalization). 2) Nanostructuration of Si. 3) Laser
photolithography and RIE to define the membranes (5 pm wide and 12.5, 15, 17.5 or 20
nm long). 4) Etching of the BOX by BOE followed by critical point drying to suspend the
membranes. The final cross-section of the device shows the under-etching profile below
the frames.
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distance) were defined: 12.5, 15, 17.5 and 20 nm. The patterning of the central 5.5 pm in
diameter disks had to be optimized to compensate for the laser overshoot and to achieve
perfectly circular shapes. After optimization, accurate and circular disk with diameters
of ~ 5.5 nm were achieved. Next, a bilayer of 10 nm of Cr and 60 nm of Au was deposited
by evaporation. The Cr layer is used as an adhesion layer and the gold film is used as
a transducer in the thermoreflectance measurements. A final metal pattern was defined
through a lift-off process. Later, the Si film was nanostructured following the procedures
in [Section 5.1 and [Section 5.2] Since the structure is not yet suspended and the chip
dimensions are 1x1 cm?, no adjustments to the spin coating of the BCP were required.
After that, a second laser lithography followed by a RIE was used to define the patterned
Si membranes (see 3). Lastly, they were released by removing the BOX in
BOE. Rinsing in water with IPA and critical point drying (CPD) were crucial to prevent
the membranes from collapsing. As seen in the cross-section scheme of the final device
bottom), some under-etching below the gold frame was present and later
taken into account in the thermal model of the devices.

Representative SEM images of 15 pm long membranes with different etching depths
are shown in This fabrication procedure successfully fabricated nanostruc-
tured Si with 57 nm cylindrical period for every membrane length. The fabrication using
other BCP configurations (C46, C35 and L37) was not successful due to the low mechan-
ical robustness of the membranes. In both cylindrical cases, the membranes became too

0 nm of etching

200 nm
—

16s RIE = 40-42 nm of etchi

14s RIE ~ 32 nm of etching AT i ' N 20s RIE =~ 50 nm of etching

Figure 6.13: SEM images of the final 15 pm long membranes with gold transducer and
frame and different etched depths. The through holes do not compromise the mechanical
robustness on the C57 BCP.



Thermoreflectance 159

porous and they would collapse. This also happened with L37 for etching depths beyond
10 nm (out of 50 nm). Therefore, characterization results were only possible on the C57
patterned set of membranes.

6.2.3 Simulations and thermal model

The thermoreflectance thermal model was defined in COMSOL and exposed to mod-
ulated heat with the laser pump. Exploiting the symmetry of the system, the model
was simplified to a quarter of the membrane, as shown in Therefore, the
boundary conditions for symmetry boundaries are set to zero heat flux. The model also
includes a part of the bulk Si below the metal frame to evaluate its contribution on the
overall response of the transducer. It also includes the ~ 3 pm of the suspended thin
Si/metal frame. The model discards convective effects because the measurements are to
be in vacuum. The bulk side temperature is set to ambient temperature (Tqmp), as are
the initial conditions.

COMSOL simulations used the frequency domain package, as thermoreflectance is
based on FDTR, whereas the time domain package was used specifically to study the
time response of the system. The time response are more computationally demanding
but have they allow to obtain its cut-off frequency, which can be calculated as the inverse
of 7 (the time at which the temperature reaches 2/3 of its thermalized value). Exciting
the system at frequencies above the cut-off frequency results in lower amplitudes of the
reflected signal. In terms of phase shift between pump and probe, the frequency region
where the phase exhibits its steepest change is centered around this cut-off value (i.e.
region with greatest phase sensitivity). Thus, obtaining a precise approximation to this
value is key to learn the range of frequencies that are most suitable for the thermore-
flectance measurement. The transient results on a 5 x 15 pm? membrane with a thermal
conductivity of 3 W/m-K are shown in The right plot shows the device
temperature map for different times. An exponential fitting gives a cut-off frequency of

I :
i L Bulk beneath the
Distributed heat flux: ¢pump (%, ¥) + dprove (%, ¥) ; / metal frame
Bulkk: T=T,,
Symmetry: = 0 :
\E\N Suspended
: metal frame
Initial conditions: - Symmetry: Q = 0
T=Tom |

Elsewhere: vacuum* (perfect insulation): 0=0
*Near-Field radiation effects with substrate ignored

Figure 6.14: Scheme of the boundary conditions applied to the thermoreflectance system
in COMSOL model. The geometry is limited to a quarter of the membrane for symmetry
reasons.
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Figure 6.15: Mean transducer temperature versus time of a 5 x 15 pm? membrane with a
thermal conductivity of 3 W/m-K. The exponential fitting gives a 7= 26 ns which results
in a cut-off frequency of 6.1 kHz.

~ 6.1 kHz. This value corresponds to the specific geometry and « used in the model.
While different geometries and k values will yield different cut-off frequencies, it serves
to define the frequency range to carry out measurements. In this case, the 1 to 100 kHz
range should cover the range where most of the phase shift will occur.

The frequency domain simulations, on the other hand, allow the evaluation of how
various parameters influence the phase shift observed across different frequencies. Fur-
thermore, they also serve to validate the thermal model used to fit the phase shift curves
(i-e. to finally obtain the thermal conductivity of the film). As explained in
the quadrupole method was used to develop the system thermal model. Due to the dif-
ficulty parameterizing certain system components (such as the bulk substrate and the
suspended part of the gold frame), the model was simplified to include only the contri-
butions from the gold transducer, the underlying bare Si, the thermal contact resistance
between them, and the Si membrane. This simplification is particularly justified for fully
etched films, where time-domain simulations indicate that ~ 96 % of the total temper-
ature gradient across the membrane, implying that the model introduces an estimated
fitting error of only ~ 4 %. Also, both gold and the underlying Si are assumed to be
thermalized at a uniform temperature and introduced in the thermal model as capacitors
only, implying that heat storage dominates over heat conduction. Finally, the membrane
is considered to be diffusive, with both resistive and capacitive components. All this leads
to the following system matrix that relates the temperature, 6y, and heat flux, ¢, at the
transducer with the temperature, 0,,:, and heat flux, ¢y, at the bulk:

Gold disk Disk-Si interface Underlying Si Membrane

o 1 0 1 R¢ 1 0| |Dun D12 Oout
¢0 Cl .S 1 0 1 CQ .S 1 D21 D22 ¢out
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Mll M12 ) eout

= (6.3)
Moy Mao Pout
being the diffusive matrix:
tanh (K(s)L)
D Drz = ! KAK(s) (6.4)
Do1 Do KAK (s) - tanh (K (s)L) 1

In these equations s corresponds to the Laplace variable, s =i - w, Cy and Cs to the
capacitance of gold and bare Si, R¢ to the contact resistance and L and A are the length
and cross-section area of the membrane.
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Figure 6.16: Phase shift versus frequency obtained with COMSOL simulations compared
to the thermal model curve. Phase shift versus frequency plot: a) COMSOL simulations
and the thermal model comparison for different x values. As k increases there is a larger
divergence between both curves (inset: frequency error between simulation and model
for @ = -45°); b) comparison for different contact resistances and x = 3 W/m-K; ¢)
comparison for different values of contact resistance and x = 40 W/m-K; and d) film
porosity influence.
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To solve these equations, some assumptions were made regarding the bulk side of
the system. According to COMSOL simulation results, the bulk part of the chip attains
less than 10% of the overall thermal gradient in samples with high thermal conductivity.
Thus, a constant temperature is assumed (6,,; = 0) on the bulk side of the membrane:

tanh (K (s)L)
070 - Nis - 7%314[((8) (1 + Rccgs) + Re (6 5)
T Ny, tanh (K (s)L '
o N2z m(01S+C2S+RCCICQS2) + RcCis+1

The frequency domain simulations compared with the fitting model are shown in
[Figure 6.16] [Figure 6.16p reflects the higher divergence between the simulated phase shift
and the thermal model fitting as the thermal conductivity of the membrane increases.
This is a consequence of neglecting the bulk contribution in the model, which introduces
an error that becomes increasingly significant as the membrane thermal conductivity
increases. When the thermal conductivity of the film is 3 W/m-K a perfect match is
found between the thermal model and COMSOL simulated phase shift results. Thus,
the simplified model yields larger x errors for shallow surface decoration or bare samples
(which have higher thermal conductivities). To address the limitations of the simplified
model, a combined fitting approach can be employed: an initial estimate of the thermal
conductivity (k) can be obtained with the simplified model, which is then refined through
COMSOL simulations incorporating the full geometry and bulk contributions.

Another important parameter for calculating x is the contact resistance between the
transducer and the film, Re. and c) show the influence of contact resistance
on the phase shift response as a function of frequency for different membrane thermal
conductivities. For lower x membranes, the phase shift changes occur for Rg > 2-1074
K-m?/W whereas, for higher x membranes, significant changes already occur for R¢ >
2.107% K-m?/W. Beyond 1-10° Hz, the phase shift peak shifts towards higher frequencies
as R¢ decreases. Nonetheless, as long as Re < 2:107* K-m?/W (or R¢ < 2:107° K-m?/W
for higher k¥ membranes), the frequency range to explore is not affected by Re. Finally,
plot d) evidences that the phase shift is slightly influenced by the film porosity. The
membrane characterization results with thermoreflectance are detailed in [Section D .1l

6.3 Bridge method

The third thermal characterization technique used in this thesis is the bridge method
explained in This work was carried out in the scope of an internship in the
Department Physik of the University of Basel.

6.3.1 Bridge method devices and membrane transfer

The device used to characterize the nanostructured Si films is based on a device
developed by the University of Basel, consisting of two suspended nitride membranes
supported by elongated nitride beams, each incorporating an integrated platinum heater
(Figure 6.17)). The original gap between the platforms (< 3 pm) can be enlarged with
FIB etching to define gaps in the 5 and 10 pm range. Devices with large gaps were used
to measure membranes with high conductivity (i.e. with shallow nanostructuration) to
ensure a higher contribution of the membrane conductance to the overall thermal system.

The membranes without the central gold transducers described in [Section 6.2.2| were



Bridge method 163

Figure 6.17: Optical images of two bridge devices with nanostructured Si membranes
deposited on top. The narrow metal meander on the platforms are designed to exhibit
higher resistance in these regions, thereby dissipating most of the heat there.

Rod holder with angle control
Optical microscope - i . Glass rod with nm tip
Coarse micro- o
manipulators Narishige
PC-100 puller

Sample
Sample holder ~ Coarse micro-

manipulators

Figure 6.18: Images of the setup used for membrane transfer. The membranes are cut
and deposited using two glass nanometric tips controlled with micro-manipulators. The
process is monitored with an optical microscope at 100X amplification.

used in these devices. These membranes were transferred onto the bridge devices using an
optical microscope and two Narishige micro-manipulators (see . The process
begins with the glass tips preparation. A glass rod was placed in a Narishige PC-100
puller, where it was heated by a coiled heater while being pulled downward by gravity,
forming narrow nanoscale tips at the fracture point. These two fine tips are then intro-
duced in the rod holder of the micro-manipulators, subsequently adjusting their angle.
The first step in transferring the membranes consisted of detaching them from the chip
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by pressing with the tips on both sides at the point where the membranes connect to the
non-suspended regions. During this process, the second tip was placed beneath the cen-
ter of the membrane to prevent it from adhering to the substrate after one side was cut.
Interestingly, the mechanical properties of the membranes showed significant differences
depending on the depth of the holey pattern. Non nanostructured samples exhibited
high rigidity and tore immediately from the non-suspended part following the cut on one
side. In contrast, the fully nanostructured membranes required tearing from both sides
using the tips and demonstrated high flexibility withstanding 180° bending (i.e. complete
folding) without any fractures. Partially etched samples exhibited this same behavior,
with higher flexibility for deeper etchings. The second step of the transfer was deposit-
ing the membranes on the platforms . The membranes were attached to
the platforms via electrostatic forces. Perpendicular alignment was challenging due to
electrostatic forces with the tips. However, this misalignment could be later taken into
account in the simulations. To ensure a good thermal contact, membranes were pushed
down with the tips against the platforms until fringe patterns of the nitride underneath
were clearly visible on the membrane. Finally, the chips were glued and wire bonded to
a custom PCB.

6.3.2 Bridge method characterization

The bridge method characterization, explained in [Section 2.4.3] measures Ggampic
and G¢  of both sides of the chip using [Equation 2.24] and [Equation 2.23| For this
purpose, the PCB hosting the chip with the devices under test is introduced in a vac-
uum chamber with temperature control from 20 to 350 K, and connected to a Keithley
Sourcemeter. Before starting the characterization, the PCB is stabilized at a given tem-
perature. First, the left platform is used as a heater and powers between 0.1 and 3.5
W are dissipated while the resistance of both platforms is monitored. With this data
dRyeater/dP and dRgensor/dP are obtained at each temperature. Then, a linear fit of the
heater resistance vs temperature is done to calculate Rg (the resistance at a specific tem-
perature when no current is applied). Finally, dRpgeater/dP, dRgensor/dP and dRo/dT
are used to calculate Gggmpie and G%igfm. In this procedure, having an accurate dRg/dT
fit is of the utmost importance, as it is shown in If a linear relation between
resistance and temperature is assumed, a constant dRg/dT is found. However, platinum
resistance is not linear for < 100 K and dR/dT was calculated to accurately define the

relation.

To evaluate the importance of dRy/dT calculation, shows the conduc-
tance values obtained with |[Equation 2.24] and |[Equation 2.23| using the linear Ry vs T plot
and the analytical derivative (polynomial fit). It is clear that errors in dRg/dT lead to
significant changes in the conductance values obtained. After the correction, the curve
of this representative sample (50 nm thick Si film with complete etching) follows the
expected trend for a Si structure with minimum features smaller than 25 nm (|86], in
this case the minimum features correspond to the Si neck sizes). It is worth mentioning
the significant difference between the left-to-right and right-to-left sample conductance
observed in the uncorrected results. Again, using the corrected dRg/dT for both plat-
forms removes this discrepancy and both measurements (left-to-right and right-to-left)
converge.

As it was mentioned before, membrane perpendicular alignment with respect to the
platforms was not possible. To evaluate the angle influence on the measured sample
thermal conductivity, a COMSOL model was used to calculate the specific conductance
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Figure 6.19: (Top) Representative plots of heater resistance as a function of temperature,
showing minor nonlinearities. (Bottom) dRg/dT calculations for data shown in top plots.
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Figure 6.20: Plots of the calculated beam and sample conductance versus temperature on
a 50 nm thick Si membrane with complete etching. Using a linear fit to calculate dRg/dT
results in significant deviations in the temperature dependence of the conductance.
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corrections for each angle (see. These simulations determined that the impact
was strongly dependent on the dimensions of the membrane. As expected, the narrower
and longer the membrane, the stronger the impact of the rotation in the conductance.
On the other hand, the wider and shorter the membrane the smaller the variation of
the conductance even for tiltings > 45°. Therefore, the conductance of each sample was
measured and subsequently corrected using simulation results.

Lastly, the sample conductivity is calculated from the measured conductance values
and the membrane geometry. The thermal conductivities from the 50 nm thick Si sam-
ples with different degree of nanostructuration (i.e. different etched depths), from bare to
completely etched Si, are shown in At this point, it needs to be highlighted
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Figure 6.21: COMSOL simulation results of the temperature profile of a membrane with
different rotations.
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Figure 6.22: Thermal conductivity versus temperature for different etched samples from
bare 50 nm thick films (t5/t = 0) to fully etched (t,/t = 1) with the 57 nm cylindrical
pattern. Note that the t;/t = 0.70 sample should have a lower x than t,/t = 0.63, but
the trend is inverted in the plot. The different contact resistances in these samples are
expected to be responsible for this behavior.
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that these thermal conductivities also include thermal contact resistance contributions
on both sides of the platforms. This implies that the film thermal conductivity is being
underestimated. This is expected to be more significant in samples with higher thermal
conductivity, where the relative contribution of the contact resistances is higher. How-
ever, the results of fully etched film also had a significant x change across the thermal
range. The first measurement at RT yielded a conductivity of k = 1.1 W/m-K, while
after exposing the device to the full temperature range (20 to 350 K) the measurement
evolved until reaching and stabilizing to k = 2.5 W/m-K at RT. This thermal conduc-
tivity evolution is attributed to a reduction of the thermal contact resistance induced by
the exposition to the full temperature range. This also demonstrates that low x films can
also be highly underestimated. The laser heating method developed (see next section),
allows eliminating the thermal contact resistance from the sample thermal conductivity.

6.3.3 Bridge method with laser heating characterization

As explained in[Section 2.4.3.T] coupling laser heating of the sample at different posi-
tions along the length of the sample with the bridge device features the ability to measure

the film’s thermal conductivity without the thermal contact resistance. The setup used
for these measurements was the same as in the previous section, as the vacuum chamber
includes a small glass window that allows the laser beam to pass through. The characteri-
zation was done at RT and the laser movement across the membrane was automated with
a python program. [Figure 6.23] shows some example optical images of the laser beam
on a measured sample. The measurement starts with manually positioning the laser
beam over one of the membrane-platform contacts. After that, the program automati-
cally moves the laser beam through the sample with a specified step until reaching the
opposite membrane-platform contact. This procedure was used to set the focus positions
at the beginning and end of the membrane to ensure that the laser beam was aligned
with the center of the membrane. For each measurement, the laser heated up the sample
with different powers while ATs were monitored on the right and left platforms through
its integrated temperature sensors (heaters). Subsequently, it is possible to calculate the
power flowing towards each heater. Therefore, in a next step, we can dissipate that exact

Figure 6.23: Sequence of optical images showing the laser heating at different positions
along a 50 nm-thick Si membrane. In this particular case, the scan covered 10 pm with
0.5 pm steps. The different elements of the device are highlighted on the images.



168 Chapter 6. Thermal characterization of nanostructured films

6 6 _
Left platform . X Right platform
5] 51 ¢ x,
L] XS
4] 4 4]
“ t 2
N— N—
% > 2
=5 39 o %ﬂ§ 31
po 25
= o =
< <

S}
1
S}
1

—
1
—

1

0 T T T T T T T 0 T T T - -
00 02 04 06 08 10 12 14 1.6 00 02 04 06 08 10 12 14 16
Preq (BW) Prignt (MW)
Figure 6.24: ATEZ‘@ZP g versus laser power observed at each platform (left and right) as

a function of the laser power on each side (Pg;q4e). The inset shows the corresponding x
positions on the membrane.

amount of heat on each heater, one after the other, to compensate the heat flow produced
by the laser beam on each platform. After doing this independently on each heater, the
system reached the second steady state (see where T} .., Was measured and
Traser of the first thermal state was calculated. In the experiment, this compensation
step was done on each side (i.e. compensating first P%ZJ;ZT and then PE‘Z@ZD, to check
whether the same T 4. was obtained regardless of the platform used for power compen-
sation. Once this process was completed, the python control moved the laser spot to the

next measurement position along the sample and restarted the characterization cycle.

ATZide < as a function of laser power (Pg;qe) on the different x positions are shown
in The measurements were performed using different laser powers and for
each laser beam position along the sample. Using this method, the value is obtained
from the slope of a linear regression based on five points, rather than from the ratio
ATEZd:eT_ 5/Psidge calculated from single measurements. This reduces the error in the
AT?e o /Pgiqe value. Next, the obtained values are plotted as a function of the x
position along the membrane to find the slope of the curve (seefor two samples
which correspond to a half- and a completely-etched sample). When the laser heats the
left side of the membrane, the left sensor measures a higher temperature increase, while
the right sensor measures a smaller one. As the laser beam moves along x, this pattern
changes until the right sensor measures higher temperatures than the left one, resulting
in an X profile that intersects at a specific position. When the laser beam approaches
the platform’s edge, the sample’s absorbance « changes (up to 10%) because part of the
heat is dissipated on the platform itself, and not on the membrane. These outliers are not
considered in the slope calculation because can not be applied. Both slopes
are equivalent to Rpjim /L (where L is the length of the membrane, see
and, thus, these values were used to calculate the resistance of the film. Note that both
slopes (left and right) are equivalent, with their difference consistently remaining below
0.5%. This is expected because the film is symmetric and isotropic. The point where
both profiles cross indicates the position where thermal resistances towards each side are
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Figure 6.25: AT*EZC?EP </Pside as a function of the laser beam position on the membrane
for two different samples (half etched -top- and completely etched -bottom-). The X-like
profile, showing equivalent slopes in both sides (left-to-right and right-to-left characteri-

zations), demonstrates the isotropy of the film thermal conductivity.

equivalent. As this does not correspond to the membrane’s center, it indicates that contact
thermal resistances are different on each side. Actually, the thermal contact resistances
for each side can be determined by extrapolating the total resistance measured with the
bridge method (i.e. Rpridge = Réeft + Rritm + Rg’ght)7 as shown inM In this
case, however, Ro values are slightly overestimated because the measurements were not
carried out over the film—platform contact, since the strong absorbance variations would
affect the results, as explained above.

After obtaining precise film thermal resistance values at 300 K, the thermal conduc-
tivity measured with the bridge method can be corrected across the entire temperature
range, assuming that the contact resistances remain relatively constant with temperature
once stabilized. This is done with the following calculation:

1 1 1 1 1 1

= S Bridge—300K  ~Laser—300K
G GFilm

Sample

— =
G Fitm

(6.6)

Bridge
G riage GContacts

GContacts Sample
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Bridge—300K - .
where Gg g:ngf . and Gf,‘;f;r 300K are the thermal conductances measured with

the bridge and laser methods at 300 K, respectively (i.e. Sample refers to a measurement
of the entire system, including contact resistances, whereas Film refers to a result cor-
responding solely to the film itself). After obtaining Geontacts, GFitm can be calculated

for each temperature using the Gg;;fglee values (shown in . The corrected
results of films with different etching depths are shown in |[Figure 6.26] The corrections
reached factors of up to 3 in some films, indicating the significant contribution of the
contact resistances. Furthermore, no clear trend was observed between the correction
factor and the etched depth of the film. Twin samples of each membrane (i.e. the mem-
brane closest to the one transferred onto the bridge devices) were used to extract lamellas
and imaged by Scanning Transmission Electron Microscopy (STEM) to precisely measure
their average depths, thicknesses, diameters and hole densities (see . As the
average thickness of the films ranged between 40 and 45 nm, the hole depth vs Si thick-
ness ratio (tz/t) parameter was defined to compare the results throughout the different
samples. reveals two clear trends in terms of the thermal conductivity ver-
sus tg/t. First, the thermal conductivity diminishes as the tg/t ratio increases, which
is expected, as a higher ty/t ratio indicates that the nanometric holey pattern has a
greater influence in the overall heat conduction, resulting in a greater phonon transport
suppression through boundary scattering. The second trend is associated with the tem-
perature dependence of the thermal conductivity curve. In this case, a clear dome-like
curve is observed for the reference film (tz/t = 0), while this behavior is less pronounced
as tg /t increases. This behavior is in good agreement with previous observations found
both in NWs and holey films with different periods [80], [86]. The different behaviors
observed for varying ty/t ratios in the films are due to the different contributions of
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Figure 6.26: Thermal conductivity versus temperature for 50 nm thick films with different
etching depths (from not etched t;/t=0, to fully etched, t,/t=1). All films are nanos-
tructured with 57 nm pitch cylindrical patterns. Thermal conductivity measurements
correspond to the corrected bridge method, removing the thermal contact resistance ob-
tained with the laser heating method.
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Figure 6.27: STEM images of two 50 nm thick Si films nanostructured with a 57 nm pitch
cylindrical pattern. The left films (a) is completely etched (tz/t = 0.99), whereas the
film on the right (b) was partially patterned (tz/t = 0.70). These STEM images were
used to measure the average diameters, depths and hole densities of the different films
for further calculations. The carbon protection layer clearly fills the through holes of the
pattern on the film on the left (a).

phonon boundary scattering and phonon-phonon scattering for each case. For tg/t =
0, boundary scattering is minimized and therefore, the initial increase of k follows the
temperature dependence of the specific heat (x T3), while the decrease observed above
200 K is attributed to the greater contribution of phonon-phonon scattering at these tem-
peratures. As for the initial increase of k with temperature, it is also evident that the
slope decreases when increasing ty/t. This may be related to the fact that a smaller
nanostructure reduces the phonon group velocities , or that at lower dimensionalities
phonon boundary scattering becomes frequency-dependent [194]. However, the under-
lying mechanism of this effect is still not well understood. On the other hand, as tg/t
increases, boundary scattering increasingly dominates heat transport, eventually reaching
a point where the phonon-phonon scattering becomes negligible, and almost no decrease
with temperature is observed beyond 200 K.

summarizes the results of films thermal characterization at 300 K, which
correspond to the measurements obtained with the laser method. The x vs thickness
without holes plot reveals a linear relationship. In the x vs ty/t ratio plot, we observe
the same relationship but with an inverted slope. & for the bare film and for the fully
etched film were calculated to be 46.45 4 2.20 and 5.14 + 0.47 W/m-K, respectively. This
demonstrates a 9-fold decrease in the thermal conductivity achieved through nanostruc-
turation. The k value for the bare film is in good agreement with previous simulations and
measurements in the literature [195], with reported values around 40-45 W/m-K for films
with similar Si thickness. For the holey film case, a k value of 2.03 W/m-K was reported
by Tang et al. after nanostructuring a Si film with a 55 nm pitch hexagonal pattern
with complete etching. However, the article lacks precise characterization of the contact
resistance and & could have been underestimated, as discussed in Thermal
conductivity may also be compared, in terms of film porosity, with the aforementioned
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article, which reports a value of 35%. Assuming a hexagonal distribution of holes, the
film porosity can be calculated using the following formula:

mV/3d?
o= 67 (6.7)
where d and p are the diameter and period of holes (from center to center), respec-
tively. As the films with through holes have a pitch of ~ 58 nm and an average hole
diameter of ~ 30 nm (the BCP pattern originally has ~ 25 nm - see - but
the pattern transfer process enlarges it by 5 nm), the calculated porosity for these films
is ~ 24%. The difference in porosity could partially explain the  differences compared
to those of Tang et al.. On the other hand, Lim et al. [89] reported values between 4
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Figure 6.28: Plots of: a) x vs thickness without holes, b) k vs tg/t ratio, ¢) Phonon
scattering increase factor, F,p, vs tg/t ratio (the fitted curve is plotted to visualize the
trend) and, d) comparison of the x vs etched depth obtained with the 3w and laser
techniques. All the results were obtained at room temperature (300 K). A linear decrease
of K as ty/t increases is observed, along with an increase of the Fp,.
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and 7 W/m-K for holey Si films with hexagonal patterns and neck sizes between 24 and
30 nm, which are in good agreement with those obtained in this work (average neck sizes
of ~ 27 nm). Furthermore, Monte Carlo simulations by Hao et al. [196] reported that a
45-50 nm thick holey film with a square-like pattern and a porosity of 25% should have
& KHoley/KBare ratio ~ 0.11 - 0.12. The Kpoley/KBare ratio of the films obtained in this
work is 0.11, indicating good agreement, even though the hole pattern is not a square
array but a hexagonal array.

Another important aspect to evaluate is the effect of nanostructuring on phonon
scattering. Similarly to what was explained in there are two contributions
involved in the reduction of k: the geometric factor, F, and the phonon scattering factor,
Fpn. In this case, the geometric factor of the films was calculated based on the STEM
characterization. A maximum Fg ~ 1.297 was calculated for the completely etched holey
film, in good agreement with the maximum Fg ~ 1.290 that was obtained from the
COMSOL simulations on the electrical conductivity . Using the equivalent
of [Equation 5.1} the phonon scattering factor can be calculated as a function of the tz /t
ratio (see[Figure 6.28c, where the fit serves as a guide to the eye). It becomes clear that
increasing the tg /t ratio further increases phonon scattering, reaching a maximum of F,
at ~ 7.5. Therefore, once the geometrical factor is excluded, this means that the intrinsic
thermal conductivity of the fully etched holey Si film is ~ 6.2 W/m-K. Lastly, the x for
a 50 nm thick film can be scaled using tg /t ratios, allowing comparison with the values
obtained from the 3w steady state method. As shown in [Figure 6.28(, good agreement
is observed between both methods, demonstrating the reliability of both characterization
techniques and the obtained results.

6.4 Chapter conclusions

Nanostructured films with 57 nm pitch cylindrical patterns were successfully inte-
grated onto three different devices/structures, each requiring specific fabrication strate-
gies. 3w steady state and bridge/laser routes led to successful thermal conductivity mea-
surements that demonstrated a 9-fold decrease of k after patterning it with a 57 nm
pitch cylindrical geometry. The measured  of the fully etched film was 5.14 W/m-K at
RT. Regarding the 50 nm thick bare Si film, the measured x was 46.45 W/m-K at room
temperature. A linear decrease in k was observed with increasing etching depth. After
excluding the geometrical factor and considering only the phononic contribution, this de-
crease becomes even more pronounced with the etched depth. Moreover, a thermal model
capable of fitting the phase-shift measurements obtained with FDTR was also developed.
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Chapter 7

Micro-thermoelectric generator
based on nanostructured thin
films

This chapter presents the fabrication of pfTEGs based on 50 nm thick bare and
nanostructured silicon thin films with a 57 nm pitch cylindrical pattern. Afterwards,
thermoelectric characterization of the films (including open circuit voltage, Seebeck coef-
ficient, and figure of merit) is presented and benchmarked against the nTEGs based on
nanowires developed in this work, as well as other Si structures reported in the literature.
Lastly, the optimization of the Ti-Si contact for thin films is presented.

7.1 Device design

The design of the thermoelectric generator with nanostructured Si films is based on
the layout of the 4X type TEGs that integrate Si NWs or microbeams. The TE element
of every design within this first generation of pTEGs is 15 pm long and 1 mm wide.
The membranes of these devices include a metal serpentine that serves as a heater or
thermometer, allowing operation in test and harvesting modes.

Different designs of the membrane supporting the platform, as well as ancillary ele-
ments for the TE material, were included to assess the robustness of the suspended areas
. The membranes were designed in three configurations: a continuous SizgNy
membrane, a piano-like etched membrane, and no supporting membrane. The latter de-
sign relies solely on the inner platform itself to enhance mechanical robustness by reducing
the suspended area, at the expense of decreased heat management efficiency. In terms of
ancillary elements on the TE side of the platforms, different SizN, supports were included
to evaluate robustness. The devices feature 0, 3, 9, or 17 ancillary supports with widths
of 5 ym or 10 pm. Reducing the number or size of ancillary elements lowers the thermal
conductance of the TE element but increases the fragility of the platform.

175
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Figure 7.1: Example layouts of n"TEGs to evaluate the mechanical robustness as a function
of the supporting structures. a) Piano-like membrane with three 5 pm wide ancillary
beams at the TE side. b) Continuous nitride membrane with no ancillary beams at the
TE side. ¢) Piano-like membrane with seventeen 10 pm wide ancillary beams at the TE
side. d) No supporting membrane and nine 5 pm wide ancillary beams at the TE area.
From this point on, designs a) and d) are used to refer to the chip types (i.e. Type A and
Type D, respectively).

7.1.1 Device fabrication

The fabrication started with SOI wafers from the same batch used in the previous
cases. The thicknesses of the top Si, buried oxide and bulk Si were 50 nm, 400 nm and 725
pm, respectively. A scheme of the fabrication steps is shown in The process
started with a piranha solution bath (H2SO4:H302 = 3:1) for 10 minutes to eliminate
organic residues, followed by a 10 second dip in 5% HF to etch any SiOs native layer.
Then, the wafers were doped following the procedure explained in The SoD
solution is deposited on the device side of the wafer with a velocity of 4000 rpm for 60
s and cured on a hotplate at 200°C for 180 s. Dopant diffusion was induced by thermal
annealing at 900°C for 15 min, and the residues were removed after a sequence of HF
etching, O plasma and HF etching as shown in[Section 5.3 Then, a photolithography and
RIE of the Si layer defined the suspended platforms, the TE element and the collectors
(Figure 7.2b). Next, a bilayer of SiO, and Si3N, was deposited on both sides of the
wafer (Figure 7.2c). SiOy was deposited by PECVD on the top (100 nm) and backside
(200 nm). SizNy was deposited by LPCVD, with a thickness of 300 nm. Annealing at
850°C for 30 min after the SiO2 depositions was essential to remove any possible organic
residues from the SiO9 film. Moreover, this helped to ensure better coverage of the rough
wafer backside and guaranteed proper patterning later in the process. After, the metal-Si
inter-level contacts were patterned by photolithography and RIE of the 300 nm thick
SisNy and BOE of the SiOs (Figure 7.2d). Here, SiOs acted as a sacrificial layer that
protected the thin Si film during the SigNy RIE. Next, the metal layout was defined using
a third photolithography step, followed by the sputtering of 30 nm of Ti and 200 nm of W
and subsequent lift-off ) Ti acted as an adhesion layer, and W was selected
as the main metal for its capability to withstand high current densities without melting.
Following earlier work by the research group, an RTA at 700°C for 30 s in vacuum was
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Figure 7.2: Scheme of the wafer-level fabrication steps for f”TEGs based on nanostructured
Si thin films. a) Doping of top Si by SoD. b) Photolithography and RIE to define the
layout of the device Si. ¢) PECVD and LPCVD deposition of SiOy and SizNy layers.
Annealing at 850°C for 30 min performed between the deposition of the oxides and the
nitride. d) Photolithography and RIE of Si3sN, and BOE of SiO5 to define the metal-Si
inter-level contacts. e) Photolithography, sputtering of 30 nm of Ti and 200 nm of W
followed by lift-off to define the metal layout. f) Backside window opening followed by
KOH to etch bulk Si. A 5 pm thick Si pre-membrane is left. g) Photolithography and
RIE of SisN4 and BOE of SiOs to expose the top Si in the TE areas. This step also
defines the ancillary elements.
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completed to improve the doped Si contact with Ti . However, these conditions were
later proven to be suboptimal for 50 nm thick Si layers due to the presence of voids and
cracks in the interface (see . The optimized annealing conditions were later
found to be 450°C for 1 h in ultra-high vacuum. Wafer backside openings were patterned
using a fourth photolithography step, followed by RIE of the SisN, and SiOs layers to
define the membranes. The bulk Si was then etched in KOH until a thin (~ 5 pm)
pre-membrane remained beneath the platforms ), which provided mechanical
robustness during the following steps. The last wafer-level processing steps exposed the
TE areas and defined the ancillary elements with a fifth photolithography, followed by
RIE of SisNy and BOE of SiOs, which were completed as described above (Figure 7.2k).
At this stage, the wafer was diced into 7x7 mm? chips.

The two remaining process steps were completed at chip level. The first step in-
volved the nanostructuration of the exposed 50 nm thick Si layer (i.e. the TE elements),
which included the coating and annealing of the BCP, followed by pattern transfer via
wet etching and RIE. These steps were analogous to those described for the 3w chips
. SEM imaging after nanostructuration of the TE material
confirmed that the Si thin film patterning was equivalent to that of free-surface samples
in earlier trials. SEM images also showed that, as in the case of the 3w chips, there was a
rim of approximately 400-500 nm around the oxide/nitride frame where no pattern was
transferred. Overall, more than 80% of the total area of the trench was nanostructured.
The pattern transfer procedure was considered successful in nanostructuring thin Si films
within trenches as narrow as 15 pm.

The final step was the release of the platforms, which was equivalent to what was
explained in The etching of the 5 pm thick bulk Si pre-membrane was
completed by micropipetting KOH solution onto the backside of the chip, which was pro-
tected with a PSA film. The chips were rinsed in DI water and IPA. In this case, the
membranes withstood the water cleaning without adding IPA to reduce surface tension.
The fabrication finished with the mechanical removal of the PSA adhesive. Optical im-
ages of four fully fabricated platforms are shown in [Figure 7.4 The supporting membrane
shown corresponds to a piano layout with a varying number of 5 pm wide ancillary sup-
ports for each membrane. The deformation observed in the top-illuminated images is a

200 nm

Figure 7.3: SEM images of the Si nanostructuring within the pnTEGs. The 400-500 nm
rim around the SiO2/SigNy frame shows no nanostructuration due to the thicker BCP
thickness in these areas.
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consequence of the BOX compressive stress not being fully compensated by the SigNy.
The comparison of the different devices suggests a non-significant impact of adding addi-
tional ancillary elements to decrease the mechanical stress on the membranes. Therefore,
the optimal layout in terms of thermoelectric performance (piano-like design and only 3
ancillary supports) is fully compatible with the overall fabrication process of the pnTEGs.

With these results, a procedure to fabricate a n"TEG integrating nanostructured Si
thin films has been demonstrated. The methods developed for the 3w devices (including
BCP spin coating, pattern transfer, and KOH etching of the 5 ym thick Si membrane at
chip level) were validated on the pnTEGs. The resulting fabricated devices have mechan-
ically robust membranes. However, subsequent characterization of the nTEGs revealed
unexpected and disruptive alterations at the Ti—-doped Si interface resulting from the
RTA process intended to improve contact resistance. The experimental work carried out
to optimize the annealing conditions and improve contact resistance is discussed in

ion 7.5l The high contact resistance of the first batch of pfTEGs hindered their use as
power generators, but Voo could be evaluated. A second batch of pTEGs with optimized
Ti-Si contact resistance, which is currently under fabrication (see7 will enable

the evaluation of the potential of n"TEGs based on nanostructured Si.

3 supports 5 supports

—

A

17 supports

:

200 pm
I

Figure 7.4: Optical images of a fully fabricated pnTEG with nanostructured TE regions and
suspended platforms. The devices shown correspond to those with piano-like supporting
membranes and 5 pm wide ancillary SizNy supports (3, 5, 9 or 17). The left side of each
membrane shows the optical image with bottom illumination. The optical images with
top illumination (right side) reveal the mechanical stress in the membranes.
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7.2 Open circuit voltage characterization

The pTEGs Voc was evaluated under real operation conditions (i.e. in harvesting
mode), as described in The non-optimized contact resistance between the
TE element and the metal in the first batch of devices has no impact on Vo characteris-
tics and, therefore, the evaluation of the nTEGs was meaningful. Voo generation versus
hotplate temperature of a p"TEG with piano-like supporting membrane, 50 nm thick bare
Si films as TE elements and three 5 pm wide ancillary supports is shown in
It can be seen that as the heat exchange with the surrounding air increases (from closed
cage to forced convection), the measured V¢ rises accordingly. The standard deviation
of Voe at each hotplate temperature also behaves in the same way (i.e. Vo¢ is noisier
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Figure 7.5: Voo versus time and hotplate temperature on a pTEG with bare 50 nm
thick Si under different convection regimes. a) evolution of Voo with time at different
hotplate temperatures and distinct convection regimes. b) Average Voo versus applied
hotplate temperature on distinct convection regimes. ¢) Voo over time for a hotplate
temperature of 250°C at increasing voltages on the fan (air flow velocity from 0 to 1.4
m/s). d) Average Voo generation with time for a hotplate temperature of 250°C at
increasing forced convection speeds.
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Figure 7.6: Average Vo¢ generation versus hotplate temperature of a pnTEG with 57-nm
pitch nanostructured Si film exposed to: still air with a walled cage, still air with a closed
cage and forced convection (1.3 m/s).

as heat exchange with the surroundings increases). In this case, a maximum Voc of
0.67 mV is obtained at 250°C when the nTEG is exposed to still air (i.e. real working
conditions - cage without cap -), reaching a Voo of 2.52 mV with a ~ 1.3 m/s air flow.
In this sense, c¢) and d) evidence how an increase in the air flow velocity leads
to a linear increase of V¢ in the measured range, which is expected in this configuration
(i.e. for the air flow velocities considered).

Voc under analogous environmental conditions and hotplate temperatures of a n"TEG
where the 50 nm Si film had been nanostructured with a 57 nm pitch nano-pattern is
shown in In this case, the pnTEG generated a maximum Voo of 0.82 mV
when the hotplate was set to 250°C under natural convection. The V¢ raised to 2.6
mV when an air flow of ~ 1.3 m/s was forced over the pn"TEG. These results demonstrate
that n"TEGs with nanostructured films generate higher Voo (i.e. they achieve a larger
temperature gradient across the TE element) compared to those based on bare Si films.

compares the Voo generated by three different pTEGs at various hot-
plate temperatures, with the pnTEGs enclosed in the cage to minimize thermal fluctuations
and achieve the highest precision in the electrical measurements. The pTEGs are named
according to the nomenclature of The results show that nanostructuring sig-
nificantly enhances the thermal performance of the n"TEGs. Even with the less favorable
layout (Type D, without the supporting membrane that helps establish the thermal gradi-
ent), the nTEG with patterned films outperforms the Type A device with bare Si films in
Voc. On average, over the entire temperature range, type A pnTEG with nanostructured
Si (chip 1) exhibited ~ 1.99 times the Vo of the type A nTEG with bare Si (chip 3).

The high R¢c made it necessary to estimate the power performance of the first-
generation devices. To do so, the measured Voo ratio was considered (i.e. between
chip 1 and 3), while the electrical resistivity for both films was based on the resistivities
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Figure 7.7: Vo generation as a function of hotplate temperature and the nano-patterning
of the thin Si film compared with the NW-based n'TEGs presented in this thesis. a)
Average Voc as a function of hotplate temperature of three nTEGs (see in the
closed cage configuration. b) Average Vo as a function of hotplate temperature of four
nTEGs: two with TE thin films, two with Si NWs (with one -T1- and four -T4- trenches
in series, and equivalent design to Type A of thin films) under natural convection.

Table 7.1: Different yTEG designs compared in

Chip Layout design Membrane Ancillary supports TE element
1 Type A Piano-like SigNy,  Three 5 pym-wide Holey Si
2 Type D No membrane Three 5 pm-wide Holey Si
3 Type A Piano-like SigNy  Three 5 pm-wide Bare Si
4 Type A T4 Piano-like SigNy4 No supports Si NWs
5 Type A T1 Piano-like SigNy No supports Si NWs

measured with SoD . Since the nanostructured film resistivity is ~ 2.25 times
higher than that of the bare film, the average P,,,, over the entire temperature range
is expected to be 1.76 times higher for nanostructured pTEGs with the same layout and
without heat sink. In a bi-leg design (i.e. with n- and p-type nanostructured Si on both
sides of the suspended platform), this increase is expected to be even more pronounced.
Whether this trend persists after heat sink integration remains to be investigated.

The Voc of the pTEGs based on Si thin films was compared to those of the NWs-
based 4X-type devices in [chapter 3| [Figure 7.7b shows that both thin film-based nTEGs
generate higher Voo than the NW-based ones when the membrane design and trench
length are equivalent (i.e. single-trench -T1- devices). This improvement cannot be
attributed solely to the thermal conductivity of the films, because the thermal gradi-
ent depends on the overall conductance of the TE element. Since the NW array has a
considerably larger cross-section than the Si thin films, and despite the higher thermal
conductivity (k) of the bare film compared to the Si NWs (46.45 W/m-K vs. ~ 17.4
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W/m-K, respectively), the thermal gradient is larger in the thin Si film-based nTEGs.

Even when comparing the Vo of thin film—based pTEGs with that of NWs-based
pTEGs containing four trenches in series (i.e. a four times longer TE element), the
measurements remain higher or comparable for the nanostructured and bare cases, re-
spectively. Considering that the Si thin films exhibit a lower Seebeck coefficient than the
Si NWs (see , the thermal gradient of the films is consequently larger. When
the Si thin film is nanostructured with a cylindrical pattern of period = 57 nm, the cor-
responding nTEG generates a Voo ~ 3.8 and 1.4 times higher than those of the 1T-NWs
and 4T-NWs pTEGs, respectively. Taking into account the corresponding Seebeck coef-
ficients (see [Section 3.2.1.1) and [Section 7.3|), the thermal gradient in the nanostructured
film—based pnTEG is ~ 4.4 and 1.6 times larger.

7.3 Seebeck coefficient characterization

Although the contact resistance between the TE element and the metal in the first
batch of devices (non-optimized) limits the full device operation, it still permits Voo
characterization and Seebeck coefficient evaluation in these pTEGs. However, consid-
ering that the damaged Ti-Si interface could affect thermal contact resistance (making
the evaluation of the actual thermal gradient on the TE element more difficult), the re-
sults obtained for the Seebeck coeflicient are still preliminary. Further characterization
of n'TEGs will be performed after the second batch of fabrication is finished. The char-
acterization procedure was equivalent to that in First, the TCR of the
heaters and thermometers of the different platforms was characterized inside a furnace.
After that, the chips were assembled on the setup explained in The hot-
plate temperature was set to 30°C, and the heater was used to increase the platform
temperature, thereby creating a controlled thermal gradient. shows the results
on a nanostructured n"TEG. Examples of heating cycles to study the reproducibility of
the Seebeck are shown in Good repeatability is observed after several cycles.
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Figure 7.8: Seebeck characterization of the fully etched holey Si films with a period of
57 nm. The thermal gradient is measured with the heater and the thermometer at each
platform.
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Figure 7.9: Seebeck coefficient measurement repeatability for fully etched holey Si films
with a period of 57 nm on two different pTEGs.
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Figure 7.10: Comparison of Seebeck coefficient versus temperature obtained for the nanos-
tructured TE films, measured and COMSOL-corrected, and from the Si NWs in this thesis
against literature values. The plot includes Seebeck coefficient values measured on the
pTEGs and those calculated after correcting the thermal gradient with COMSOL simu-
lations. In NWs, d corresponds to the diameter, and in holey films, p corresponds to the
period. Data extracted from [18], [80], [89], [101], [142], [143], [144]

After several measurements of the nanostructured films on different pTEGs, an average
value of 166.14 + 13.83 pV/K was obtained around RT.

However, this value was calculated under the assumption that the temperature gradi-
ent measured between the heater and the thermometer is the same as that experienced by
the TE films. COMSOL simulations were conducted to verify the validity of this assump-
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tion. To replicate the boundary conditions observed in the experiments, the temperature
measured on the heater was applied to the central area of the suspended platforms in
COMSOL. The temperature measured by the thermometer was applied to the top side of
the bulk. The results of these simulations showed that the temperature gradient at the
TE films was smaller than that measured with the thermometer and the heater. This is
especially important on the heater side, as a significant portion of the temperature drop
occurs across the platform before reaching the TE film (this effect becomes more pro-
nounced when Grg/Gpiatform is larger). Thus, Seebeck coefficient measurements were
later corrected according to COMSOL simulations. For the RT case, the corrected value
is 215.17 nV/K. The final Seebeck values at different temperatures (both directly mea-
sured and corrected) are shown in and compared with literature values for
NWs and holey thin films. Since no COMSOL correction was applied in the NWs case
[125], the comparison with the NWs from this work is done only with the uncorrected
Seebeck values. Under these conditions, NWs exhibit higher Seebeck values across all
temperatures, as expected due to their lower doping. On the other hand, Seebeck varia-
tions with temperature show a steeper increase in the case of holey films. Again, this can
be explained by the fact that higher doping further suppresses the phonon-drag effect,
resulting in a steeper increase in the Seebeck coefficient with temperature [145]. Regard-
ing holey Si thin films, those reported by Tang et al. |[80] and Lim et al. [89], which have
similar patterning but lower doping, exhibit higher Seebeck values, even when compared
to COMSOL-corrected results. In contrast, the films reported by Yanagisawa et al. [88]
exhibit a lower Seebeck coefficient, which is expected due to their higher doping level.
Thus, the Seebeck coefficient is in good agreement with the values and trends reported
for other Si structures.

7.4 Figure of merit

To complete the thermal, electrical, and Seebeck results presented in the previous
sections, the effect of nanostructuring on the figure of merit of 50 nm thick Si thin films
can be quantified. presents the values of zT as a function of etched depth on
the 57-nm pitch cylindrical patterning for the directly measured zT and the COMSOL-
corrected values. The zT value is calculated using the Seebeck coefficient measured with
the fully nanostructured samples for all cases, as no change is expected for patterned
samples [89]. It’s clear that the optimal case in terms of zT enhancement is the fully
patterned sample. Furthermore, there is no linear relationship between zT and pattern
depth. Depths below 30 nm show little to no increase in zT, whereas it is significantly
enhanced for deeper etchings. The patterning effects on electrical and thermal transport
explain this behavior. The zT values of the fully etched holey film in this work are 0.08 +
0.01 and 0.14 £ 0.01 for the directly measured and COMSOL-corrected cases, respectively.
These values are significantly higher than the zT of the NWs in this work (maximum zT
of 0.04). Moreover, these values are lower than the state-of-the-art zT values reported
in the literature for holey thin films or nanowires (0.4 for holey Si [80], 0.6 for rough Si
nanowires [19], and 0.31 for porous Si nanowires |74]), primarily due to the higher thermal
conductivity of the patterned films presented in this thesis compared to those reported.
However, it is important to note that neither of these studies properly measured thermal
contact resistance in their structures, as they only performed bridge-like measurements
and assumed the contact resistances to be negligible. As explained in even
for films with very low thermal conductivity, significant corrections might be necessary to
measure the film x. Furthermore, other studies on holey Si films with similar neck sizes
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Figure 7.11: Figure of merit for the 57 nm pitch patterned Si thin films as a function
of etched depth at room temperature. The plot shows the zT values calculated with
the measured Seebeck values and zT calculated after the COMSOL-corrected thermal
gradients. The lines are guides to the eye to illustrate the trend.

report more modest zT values (0.05 [89], 0.02 [64] and 0.09 [90]). In comparison with
these studies, nano-patterned films developed in this thesis outperform most of them in
terms of zT. Moreover, it should also be highlighted that the procedure to pattern the TE
material can be performed at wafer-scale and is CMOS compatible. Compared to other
BCP-based approaches [80], [89], the films developed in this work are the only ones that
avoid intermediate fabrication steps and enable direct pattern transfer.

7.5 Ti-Si contact resistance

As explained in the main limitation of the first batch of nTEGs was the
poor Si—Ti contact resistance resulting from a 700°C RTA process, which had been used
in earlier pTEGs on SOI wafers with a Si device layer of 15 nm thick [197].
shows three SEM images of the Si-Ti contact: before annealing, after RTA at 700°C and
after the optimized annealing at 450°C. The increase in contact resistance after the RTA
at 700°C is primarily attributed to Si acting as the dominant diffusion species in the
Si—Ti reaction, which can lead to void formation in the film due to the rapid diffusion
of Si into Ti [198]. This diffusion has a greater impact on thinner Si films, as it can
completely degrade them and, thus, Si diffusion must be properly controlled to avoid
film degradation. The Si—Ti reaction is a well known process that proceeds through
different stages depending on the reaction temperature. More importantly, there exists
a temperature range in which silicidation can be avoided while still allowing intermixing
within the Si-Ti phase (between 300 and 450°C [199]). According to the literature, the
contact resistivity reaches a minimum when annealing between 450 and 500°C [200].
However, the reported values are for either bulk or thick Si films. Therefore, this process
was validated for 50 nm thick Si films.
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Figure 7.12: SEM images of the as-grown Si-Ti interface, after RTA at 700°C and after
annealing at 450°C. It is evident that the RTA at such high temperature damages com-
pletely the film, while at 450°C the film remains intact.

In order to study whether this could be applied to ultra-thin Si films, TLM structures
were fabricated at chip scale. First, the thin Si layer was patterned by laser photolithog-
raphy followed by RIE. Second, the metal pads were defined by laser photolithography
and sputtering of 30 nm of Ti and 200 nm of W, followed by lift-off (see [Figure 7.13h).
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Figure 7.13: Scheme of the TLM chip and I-V and R vs distance curves. a) Scheme of
the TLM chip. L indicates the distance between metal pads. The line is 300 pm wide. b)
I-V curves obtained at different metal pad distances on 50 nm thick and 300 pm wide Si
lines with 30 nm Ti and 200 nm W contacts. The results correspond to a non-annealed
sample. c¢) Resistance versus metal pad length on the Si lines.
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The samples were dipped in BOE immediately before the sputtering process to remove
any native oxide. and c¢ show the I-V and R vs distance curves obtained
for non annealed samples. The linearity of the I-V curves demonstrates that the Si—Ti
contact is ohmic, which can be attributed to the high doping level of the Si films.

The contact resistivity and sheet resistance before and after different thermal treat-
ments are reflected in The annealing processes were conducted at temper-
atures up to 500°C under high vacuum. An average contact resistivity of 7.98-107° =+
1.96-107° -cm? was calculated from the characterization of the as-grown samples. Since
the transfer length is ~ 4% of the total contact width in the TLM measurements, Ly in
a pnTEG can be calculated (i.e. Ly ~ 0.4 pm). Therefore, a contact resistance of roughly
19.95 Q) is estimated on each side of the TE film, resulting in a total contact resistance
of 40 Q. The resistances of the TE films are ~ 8.5 Q and 4.9 € for the holey and bare
films with the geometry of the pTEG, respectively. This implies that the total electrical
resistance is dominated by the contacts.

After an hour of annealing at 450°C, the contact resistivity improved to 5.63-1076 +
1.87-10~% Q-cm?, which corresponds to an enhancement of one order of magnitude. Using
the same transfer length, this would correspond to a contact resistance of ~ 1.4 €2 on each
side of the TE film. Therefore, the electrical contact contribution accounts for less than
33% of the total electrical resistance in the bare film case and less than 25% in the holey
film device. Deviations lower than 3% in Si films Rg when comparing measurements

before and after annealing indicate that there was no degradation following annealing at
450°C.

In summary, it has been demonstrated that the Si-Ti contacts can be optimized
without damaging the interface or the thin Si film. It is also important to note that this
contact exhibits fully ohmic behavior. The annealing conditions and the results obtained
are in general agreement with the literature for Si samples with equivalent doping (2-10%°
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Figure 7.14: Si-Ti contact resistivity and Si sheet resistance for different thermal treat-
ments. All thermal treatments were done under high vacuum conditions.
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Figure 7.15: Comparison of Si-Ti contact resistivity of this work with those by Zaima et
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cm ™3 p-type doping on bulk Si - see [Figure 7.15)) [201]. The second batch of ptTEGs with
optimized annealing conditions is currently under fabrication.

7.6 Chapter conclusions

pTEGs with bare and patterned films were fabricated with different designs, and the
optimal design proved to be mechanically robust. To the best of the author’s knowledge,
this is the first thermoelectric generator based on holey silicon fabricated using block
copolymer nano-patterning. Ve and Seebeck coefficient characterization were evalu-
ated with the first generation of pnTEGs. The thermal management of the holey Si-based
BTEGs resulted in a thermal gradient 1.99 times higher than that of the bare Si thin
films-based nTEGs, and 4.4 times higher than that of the NWs-based pTEGs with equiv-
alent design. Regarding the Seebeck coefficient, a value of 166 nV/K was found at RT,
leading to a zT of 0.08 at RT. When the Seebeck coefficient was corrected using COM-
SOL simulations to evaluate the temperature gradient more accurately, zT increased to
0.14. These values are higher than those of most holey Si films reported in the literature.
The main limitation of the first generation of n"TEGs was the high contact resistance at
the Si-Ti interface. This issue was experimentally addressed through a 450°C annealing
process, which reduced the contact resistivity by approximately one order of magnitude,
yielding a final value of 7.98-107° Q-cm?. The second generation of nTEGs is currently

under fabrication (see [Section D.2)).
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Chapter 8

Conclusions

This thesis was devoted to the study of silicon as a thermoelectric material and inves-
tigated three silicon structures: microbeams, nanowires, and nano-patterned thin films.
Building upon the group’s previous work, the first two structures were examined from
a thermoelectric generator perspective, focusing on their power generation capabilities.
The last structure was entirely developed within the scope of this thesis, encompassing
its optimization and characterization from both material and thermoelectric generation
standpoints, along with ad hoc designs and fabrication of all devices in these studies. The
following sections summarize the specific conclusions drawn from the results of each part.

Micro-thermoelectric generators based on silicon
nanowires and microbeams

NTEGs integrating Si NWs and microbeams were investigated to determine the opti-
mal thermoelectric configuration for each structure and to evaluate the Seebeck coefficient
of the NWs. A reliable procedure for integrating a heat sink into these pTEGs was de-
veloped, followed by a detailed characterization of the resulting enhancement in power
generation. In addition, long-term and transient measurements were performed to assess
the autonomy and behavior of the pn"TEGs at different temperatures. Finally, a 2x2 TEG
was fabricated and characterized, demonstrating the scalability of n"TEG integration per
device. The following paragraphs summarize the main achievements within each of these
topics:

e Bare nTEGs with Si NWs and microbeams. In the case of the NW-based
devices, the optimal thermoelectric length for power generation was found to be
75 nm, and a Seebeck coeflicient of 205 nV/K was obtained at room temperature.
This value is in good agreement with those reported in the literature for similar
doping levels. In the case of the microbeam structures, the optimal geometry was
determined to involve a limited number of microbeams due to their high thermal
conductance. The high integration density achieved in the Parallel-type nTEG,
along with the corresponding increase in output power, demonstrated the strong
potential of silicon technology to maximize power generation per unit area. However,
the power output of these pn'TEGs remained limited due to the low efficiency of their
heat exchange with the environment.

191
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e Heat sink integration. The integration of a heat sink in the nTEGs was achieved
by using an intermediate Si adapter piece, which provided thermal contact exclu-
sively at the platforms and corners, and distributed the weight of the heat sink.
In order to achieve a proper placement of the adapter, a custom pick and place
setup was used. The integration was optimized by exploring different procedures
and thermal pastes, ultimately achieving a reliable and reproducible integration
procedure.

e NTEGs with heat sink. The heat sink implementation led to 9- and 17-fold
thermal gradient improvements on NWs and microbeams-based nTEGs, respec-
tively. The characterization of the pfTEGs demonstrated that the microbeams-based
BTEGs had a higher increase in power generation due to the heat sink, ultimately
surpassing the values of NWs-based devices. Voc and P4, of these nTEGs at
250°C were 34 mV and 5.5 pW (NWs), and 20 mV and 8.2 pW (microbeams).
Thus, it was proven that, as long as the heat management is properly optimized in
the overall pnTEG, the TE material with the lowest electrical resistance will result
in the highest power generation. This implies that, given a proper n'TEG design,
the most convenient TE material is that with the highest power factor and not nec-
essarily the one with the best zT. Lastly, power density values above 10 pW /cm?
were achieved on the pnTEGs with heat sink for hot temperatures above 175°C under
natural convection and above 75°C when the equivalent of a natural breeze (i.e. 1.3
m/s) was present in the environment.

e Long term and transient studies. The long term studies demonstrated no degra-
dation of the NWs up to 200°C. Beyond this temperature, enhanced native oxida-
tion, which was observed by TEM, resulted in an increase in the internal resistance of
BTEG. In contrast, the microbeam structures showed no signs of degradation within
the investigated temperature range (50 to 250°C). The transient measurements of
BTEGs revealed voltage peaks up to three times higher than the steady-state Voo
and, therefore, highlighted their potential for powering devices that require a cold-
start voltage.

e 2x2 thermoelectric generator. A thermoelectric generator integrating four
PTEGs on a single PCB and sharing a common heat sink was successfully vali-
dated. This required a novel approach for the integration of the heat sink based on
a multi-stack structure. The results demonstrate the feasibility of scaling up the
number of pTEGs per device. Furthermore, this integration strategy enables im-
proved efficiency of each individual n"TEG by allowing the use of larger heat sinks for
enhanced thermal management. With this configuration, the power density of each
individual pn'TEG increased by up to 1.44 times compared to the microbeams-based
PTEGs with individual heat sinks.

The results in this chapter demonstrate that individual 7x7 mm? pTEGs based on
either Si microbeams or nanowires, when properly designed and integrated with a heat
sink, can achieve power density values well within the range required for low-power IoT
sensors. Moreover, these f"TEGs exhibit compatibility with long-term operation across
different temperatures (up to 200°C for NW-based nTEGs and beyond this limit for
microbeams based ones). These results, therefore, meet the key requirements for IoT
applications. Finally, the demonstrated scalability in the number of pyTEGs per generator
indicates that the final power and voltage output can be tailored to the specific needs of
a given application by adjusting the number of integrated pTEGs.
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Thermoelectric characterization of silicon thin films
nanostructured with block copolymers

Self-assembly of PS-b-PMMA was optimized using cylindrical and lamellar BCPs
either with their original morphology or through blending different BCPs. Afterwards,
these patterns were transferred into Si films using wet and dry etching procedures. The
doping level that is required for the films to be compatible with thermoelectric applica-
tions was achieved using the spin-on dopant technique. Ad hoc devices were fabricated
to evaluate the thermal properties of the patterned films. Finally, nTEGs with nanos-
tructured films were fabricated and characterized. The following paragraphs summarize
the main achievements within each of these topics:

e Self-assembly of PS-b-PMMA block copolymers. Self-assembly of pristine
BCPs on silicon substrates was successfully achieved using lamellar and cylindrical
BCPs with controlled pattern orientation. In the case of cylindrical BCPs, blending
was optimized to obtain periodicities with neck sizes above 20 nm. To this end,
pairs of pristine BCPs combined with different brush layers were employed.

e Pattern transfer onto silicon. PMMA etching was optimized using both dry and
wet routes: Ar/Os plasma for lamellar BCPs and brush layers, and UV light followed
by acetic acid for cylindrical BCPs. Subsequently, pattern transfer onto silicon was
performed using the PS block of the BCP as an etching mask. Etching depths
exceeding 50 nm were achieved for both lamellar and cylindrical thermoelectric-
compatible patterns, with complete anisotropy and high reproducibility using the
mixed Bosch RIE process.

e Doping of silicon thin films. The spin-on dopant technique was used to success-
fully dope silicon thin films at both chip and wafer level with good homogeneity.
The doped films were fully compatible with the previously optimized patterning
procedure. Bulk doping at wafer-scale was also demonstrated. The intrinsic elec-
trical resistivity of a 50 nm thick film had ¢ of ~ 900 S/cm. When these films were
fully nanostructured with a 57 nm pitch cylindrical holey pattern, a final o of ~ 520
S/cm (i.e. a 1.74-fold increase in resistivity) was measured. On the other hand, the
lamellar pattern had a negligible effect on the intrinsic electrical resistivity when
the etched depth was below 25 nm, which is the only patterning compatible with
thermoelectric applications.

e Thermal characterization of nanostructured thin films. The nanostructured
films were integrated into three different devices for the thermal characterization of
the cylindrical films. Each device required a specific fabrication strategy. Thermal
conductivity measurements using the 3w and bridge/laser techniques demonstrated
that & of the starting 50 nm thick film at room temperature was 46.45 W/m-K.
Regarding the fully nano-patterned film with a 57 nm pitch cylindrical geometry,
K was 46.45 W/m-K at room temperature. This corresponds to a 9-fold reduction
in k after nano-patterning. A linear decrease in the overall x was observed with in-
creasing etching depth. When only the contribution of the silicon film is considered
(i.e. when excluding the geometric factor), this decrease becomes even more pro-
nounced. In the case of the FDTR method, a thermal model to fit the phase-shift
measurements was developed. The experimental characterization is still ongoing

(see Bection D).

e Thermoelectric generator based on nanostructured thin films. pTEGs
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based on bare and patterned films were successfully fabricated. Voo generation
and Seebeck coefficient characterization were carried out with the first generation
of n"TEGs. The thermal management of the holey Si pTEGs was 1.99 times better
than that of bare Si nTEGs, and 4.4 times better than that of the equivalent NWs-
based pTEGs. A Seebeck coefficient of 166 pV /K was found at room temperature,
and a zT of 0.08 was calculated. When the Seebeck coefficient was corrected by
simulations in COMSOL to more accurately evaluate the temperature gradient,
the Seebeck became 215 pV/K and zT increased to 0.14. These values are higher
than those of the majority of holey Si films reported in the literature. Moreover,
they achieve these zT values in a wafer-scale and, in-principle, CMOS-compatible
patterning procedure with direct BCP pattern transfer (i.e. without intermediate
fabrication steps). The main limitation of the first generation of pTEGs, namely
the high Si—Ti contact resistance, was addressed, and an optimized value of 7.98
x 1075 Q-cm? was achieved after optimizing the annealing process at 450°C. The
second generation of n"TEGs is currently under fabrication (see [Section D.2)).

The results in this chapter demonstrate that the PS-b-PMMA pattern can be directly
transferred onto 50 nm thick silicon films without intermediate layers or additional fab-
rication processes. Moreover, these patterned films can be integrated into a CMOS- and
wafer-compatible device fabrication process to selectively nanostructure silicon films in
specific regions. The figure of merit of these structures is higher than that of most of the
holey Si films in the literature. As a consequence, the thermal management of the nTEGs
is significantly improved. This results in a 3.8-fold increase in voltage generation compared
to the equivalent nanowires-based pTEGs, potentially yielding a significant enhancement
in power density due to the low electrical and contact resistances in these n"TEGs. There-
fore, these results demonstrate that patterned films offer a significant improvement both
in terms of thermoelectric properties and thermoelectric generation compared to the first
generation of silicon nanowire structures. To the best of the author’s knowledge, this is
the first thermoelectric generator based on holey silicon fabricated using block copolymer
nano-patterning.



Scientific contribution

Journal Articles

e J. M. Sojo-Gordillo*, D. Estrada-Wiese*, A. Rodriguez-Iglesias*, C. Duque-Sierra,
M. Fernandez-Regulez, 1. Martin-Fernandez, M. Salleras, L. Fonseca, A. Morata,
A. Tarancén. *Equal contribution as first author. Durable Dense Packed All-
Silicon Micro-Thermoelectric Generator for IoT Applications, Advanced
Functional Materials, 35(22), 2419639, 2025.

e R. Aragonés, R. Malet, J. Oliver, A. Prim, D. Mascarell, M. Salleras, L. Fonseca,
A. Rodriguez-Iglesias, A. Tarancén, A. Morata, F. Baiutti, C. Ferrer, Milliwatt
p-TEG-Powered Vibration Monitoring System for Industrial Predictive
Maintenance Applications, Information, 15(9), 545, 2024.

e A. Rodriguez-Iglesias™, J. M. Sojo-Gordillo*, M. Fernandez-Regulez, 1. Martin-
Fernandez, 1. Zardo, L. Fonseca, M. Salleras, et al., *Equal contribution as first
author. 3-probe thermal characterization of holey silicon thin films., In
preparation (from results of Chapter 6), 2025.

e A. Rodriguez-Iglesias, M. Fernandez-Regulez, I. Martin-Fernandez, L. Fonseca, M.
Salleras, et al., Micro-thermoelectric generator based on holey silicon thin
films., In preparation (from results of Chapter 7), 2026.

Conference proceedings

e A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez- Reg-
ulez, I. Martin-Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander, M.
Salleras, L. Fonseca, Power Enhanced All-Si based Micro-Thermoelectric
Generators by Heat Sink Integration, in: Smart Systems Integration (SSI),
IEEE, 2023.

195



196

Chapter 8. Conclusions

Conference contributions

A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez- Reg-
ulez, I. Martin- Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander, M.
Salleras, L. Fonseca, Heat sink implementation on micro-thermoelectric
generators (WTEGs) for power enhancement, in: National Days on Energy
Harvesting and Storage (JNRSE), 2022 (poster).

A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez-
Regulez, I. Martin- Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander,
M. Salleras, L. Fonseca, Power enhanced micro-thermoelectric generators

(nTEGs) by heat sink integration, in: Virtual Conference of Thermoelectrics
(VCT), 2022 (oral).

A. Rodriguez-Iglesias, M. Salleras, D. Estrada-Wiese, M. Fernandez-Regulez, I.
Martin-Fernandez, L. Abad, J. Santander, L. Fonseca, J. M. Sojo-Gordillo, A.
Morata, A. Tarancén, Heat sink implementation on micro-thermoelectric
generators (WTEGs) for power enhancement, in: European Conference of
Thermoelectrics (ECT), 2022 (oral).

A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez- Reg-
ulez, I. Martin- Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander, M.
Salleras, L. Fonseca, All-Si based micro-thermoelectric generators enhanced
by heat sink integration, in: Spanish Conference on Electron Devices (CDE),
2023 (poster).

A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez- Reg-
ulez, I. Martin- Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander, M.
Salleras, L. Fonseca, Power Enhanced All-Si based Micro-Thermoelectric
Generators by Heat Sink Integration, in: Smart Systems Integration (SSI),
2023 (oral).

A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez- Reg-
ulez, I. Martin- Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander, M.
Salleras, L. Fonseca, Long-term performance stability of all-Si based micro-
thermoelectric generators with integrated heat sink, in: European Confer-
ence of Thermoelectrics (ECT), 2023 (oral).

A. Rodriguez-Iglesias, 1. Martin- Fernandez, F. Pérez- Murano, J. Santander, F.

X. Alvarez, A. F. Lopeandia, L. Fonseca, L. Abad, M. Salleras, M. Fernandez-
Regtlez, Thermoelectric devices based on block copolymer nanostruc-
tured Si thin films, in: European Conference of Thermoelectrics (ECT), 2023
(poster). Awarded as Best application potential.

A. Rodriguez-Iglesias, 1. Martin- Ferndndez, F. Pérez- Murano, J. Santander, F.

X. Alvarez, A. F. Lopeandia, L. Fonseca, L. Abad, M. Salleras, M. Ferndndez-
Regtlez, Block copolymer nanostructured Si thin films for thermoelectric

enhancement, in: International Conference on Micro — and Nano Engineering
(MNE), 2023 (oral).

O. Muntada-Lopez, A. Rodriguez-Iglesias, F. Perez-Murano, M, Fernandez-Regtlez,
Patterning of Ormostamp films at the nanometer scale for large scale
surface functionalization, in: International Conference on Micro — and Nano
Engineering (MNE), 2023 (poster).




197

A. Rodriguez-Iglesias, D. Estrada- Wiese, J. M. Sojo- Gordillo, M. Fernandez- Reg-
ulez, I. Martin- Fernandez, A. Morata, A. Tarancén, L. Abad, J. Santander, M.
Salleras, L. Fonseca, Micro-thermoelectric generators based on Si enhanced
by heat sink integration, in: Joint EuroSOI Workshop and International Con-
ference on Ultimate Integration on Silicon (EuroSOI-ULIS), 2023 (oral). Awarded
as Best paper of the conference.

A. Rodriguez-Iglesias, J. M. Sojo- Gordillo, M. Fernandez- Regulez, I. Martin- Fer-
nandez, F. Pérez-Murano, F. X. Alvarez, A. F. Lopeandia, A. Morata, A. Tarancén,
L. Abad, J. Santander, M. Salleras, L. Fonseca, Recent developments on Ther-
moelectric devices based on Silicon, in: Joint EuroSOI Workshop and In-
ternational Conference on Ultimate Integration on Silicon (EuroSOI-ULIS), 2024
(poster).

A. Rodriguez-Iglesias, M. Ferndndez- Regilez, I. Martin- Fernandez, F. Pérez- Mu-

rano, J. Santander, F. X. Alvarez, A. F. Lopeandia, L. Fonseca, L. Abad, M.
Salleras, Thermoelectric enhancement of thin Si films by means of block
copolymer driven nanostructuration, in: Materials Society Spring Meeting
(MRS), 2024 (poster).

J. M. Sojo- Gordillo, D. Estrada- Wiese, A. Rodriguez-Iglesias, M. Salleras, A.
Morata, A. Tarancén, L. Fonseca, All-Silicon Micro- Thermoelectric Gener-
ator for IoT Applications, in: Materials Society Spring Meeting (MRS), 2024
(oral).

A. Rodriguez-Iglesias, M. Ferndandez- Regulez, I. Martin- Fernandez, F. Pérez- Mu-
rano, J. Tur, F. X. Alvarez, A. F. Lopeandia, L. Fonseca, L. Abad, M. Salleras,
Boosting Thermoelectric Performance of Ultra-Thin Si Films Through

Block Copolymer- Induced Nanostructuring, in: Nanoscale and Microscale
Heat Transfer (NMHT), 2024 (poster).

A. Rodriguez-Iglesias, H. Gémez-Torres, J. Tur-Prats, M. Fernandez-Regiilez, 1.

Martin-Fernandez, F. Pérez-Murano, J. Santander, L. Fonseca, F. X. Alvarez, A.F.
Lopeandia, M. Salleras, L.. Abad, Thermal conductance tunnabiliy by means

of block copolymer driven nanostructuration of Si-ultrathin membranes,
in: European Thermal Sciences Conference (EUROTHERM), 2024 (oral).

J. M. Sojo-Gordillo, D. Estrada-Wiese, A. Rodriguez-Iglesias, C. Duque-Sierra, M.
Salleras, L. Fonseca, A. Morata, A. Tarancén, Densely Packaged All-Silicon
Micro-Thermoelectric Generator, in: ASME Micro/Nanoscale Heat and Mass
Transfer International Conference (MNHMT), 2024 (oral).

A. Rodriguez-Iglesias, Inigo Martin- Fernandez, Francesc Pérez- Murano, Joaquin

Santander, Ivan Molina- Jiménez, Hugo Goémez, F. Xavier Alvarez, Aitor F. Lo-
peandia, Luis Fonseca, Llibertat Abad, Marta Fernandez-Regtlez, Marc Salleras,
Thermoelectric enhancement of ultra-thin Si films: a block copolymer
driven nanostructuration approach, in: Spanish Conference on Electron De-
vices (CDE), 2025 (oral).

A. Rodriguez-Iglesias, Inigo Martin- Fernandez, Francesc Pérez- Murano, Joaquin

Santander, Ivan Molina- Jiménez, Hugo Gémez, F. Xavier Alvarez, Aitor F. Lo-
peandia, Luis Fonseca, Marta Ferndndez-Regtlez, Llibertat Abad, Marc Salleras,
Thermoelectric Properties of Ultra-Thin Si Films via Block Copolymer
Nanopatterning in: Iberian Thermoelectric Workshop (ITW), 2025 (oral).



198 Chapter 8. Conclusions

e A. Rodriguez-Iglesias, S. Rodriguez-Miguel, J. Santander, I. Martin-Fernandez, C.
Carbonell, M. Fernandez-Regulez, L. Abad, A. Chatterjee, L. Fonseca, N. Pryds, M.
Salleras, Planar Silicon-Based pnTEG Test Platform for Evaluating Ther-
moelectric Materials and Optimizing Thermal Management, in: European
Conference of Thermoelectrics (ECT), 2025 (oral).

e M. Aceituno, J. Garcia- Masferrer, H. Gémez, A. Rodriguez-Iglesias, I. Molina-
Jiménez, I. Martin- Fernandez, M. Fernandez- Regilez, J. Santander, L. Fonseca,
F. X. Alvarez, M. Salleras, A. Lopeandia, L. Abad, Integration of Thin Films
and Nanostructuring Techniques to Enhance Thermoelectric Efficiency in
Silicon Micro-Thermoelectric Generators, in: European Conference of Ther-
moelectrics (ECT), 2025 (oral).




Appendix A

Directed self-assembly of block
copolymers

Besides the free-surface self-assembly of BCPs, briefly explained in [Section 2.1.9] the
lithographic possibilities of BCPs have historically lead to the exploration of routes to
precisely control the long range orientation and directionality of the blocks. Generally,
the two main DSA routes in thin films are considered to be grapho- and chemo-epitaxy.

Grapho-epitaxy is the most widely used method and involves the fabrication of phys-
ical templates to force the BCP reorganization [202]. These templates are referred to as

Chemo-epitaxy Grapho-epitaxy

Random copolymer
only grafted to substrate

Chemically altered
random copolymer

Bare random

copolymer Random copolymer

grafted to all walls

Figure A.1: Schemes of the typical DSA by chemo- and grapho-epitaxy. In the case of
chemo-epitaxy the brush layer is chemically altered in different zones. Later, the BCP
block with higher affinity to these parts will be forced to occupy them, directing the
assembly. In grapho-epitaxy, a physical template is fabricated and the BCP is assembled
inside it. If the brush layer is grafted in all walls, the BCP will align perpendicularly to
them, while if the brush layer is only grafted in the bottom, the higher affinity of one of
the blocks towards the walls causes parallel orientation.
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guiding patterns (GPs), and are typically defined using top-down techniques. The brush
layer is then grafted to the substrate or to the lateral and bottom walls. Depending on
the case, the BCP will be forced to align either parallel or perpendicular to the template
walls (see . To obtain well-ordered structures by grapho-epitaxy, an essential
requirement is the commensurability of the template with the natural period of the BCP.
For parallel alignment, the spacing between walls must be proportional to the period of
the block copolymer. Otherwise, the polymer film may experience stretching or compres-
sion, introducing defects in the pattern. Large mismatches between the template spacing
and the BCP period [203] typically result in clear disruptions of the order and a signifi-
cant increase in defects. Also, any roughness on the walls can be transferred to the BCP
pattern, leading to dislocations.

Chemo-epitaxy, on the other hand, consists of chemically patterning the substrates
where the BCPs assemble. In this case, the higher affinity of one of the blocks for the
chemically altered regions governs the directionality of the reorganization. The pattern
should be as smooth as possible to avoid introducing stress into the BCPs. In order to
obtain controlled patterns, the width of these regions is also of utmost importance. To
obtain parallel lamellas perpendicularly oriented to the substrate, the width should be
0.5 or 1.5 times the period of the BCP [204], [205].

In both types of epitaxy, alignment is possible for cylindrical and lamellar PS-b-
PMMA phases. However, it is more interesting for lamellar domains due to their potential
advantages in thermoelectric applications. Lamellar BCPs show two main configurations
when confined in parallel trenches, self-assembling either parallel or perpendicular to
the template walls (see . Because the self-assembly of lamellar BCPs on
a free surface leads to a fingerprint-like pattern, electrical continuity across the film is
not maintained. On the contrary, DSA of lamellas with full nanostructuration preserves
electrical continuity and improves phonon scattering.

A.1 Guiding pattern fabrication

In this thesis, the work related to the fabrication of guiding patterns (GPs) for
lamellar alignment was centered on grapho-epitaxy, with the aim of fabricating physical
templates compatible with wafer-scale standard photolithography techniques. The main
limitations a GP can have in correctly aligning the BCP are related to the wall profile and
the size of the trenches (the larger the template, the greater the difficulty in ensuring good
alignment). The machine used to optimize this fabrication was a Stepper NSR, 2205112D
i-line, which in principle has a maximum resolution of ~ 400 nm and can expose wafers
of 100 mm.

The templates used for this purpose were made with SiO5. For the fabrication, the
walfer is first cleaned in a piranha solution bath (HoSO4:H209 = 3:1) for 10 min, followed
by a 10 s dip in 5% HF with 10 min water rinses. Then, the oxide layer is created by means
of thermal oxidation in the bulk Si to form a 50 nm thick film. This thickness is chosen
to obtain complete filling of the trench while maintaining the BCP thickness similar to
that of free surface. The trenches are defined using Stepper photolithography and RIE.
The layout design consists of parallel trenches with different periods. The first tests were
conducted with 500 nm wide trenches, the results of which can be seen in [Figure A.2h,
b and c. As observed in [Figure A.2h, the photoresist is not completely developed at the
end of the photolithography step, leaving some residues at the bottom of the trenches.
shows the result of an etching with these residues still left before the RIE.
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Figure A.2: SEM images of the optimization of the guiding pattern fabrication for BCP
alignment. a) Cross-section of the developed photoresist with the presence of < 10 nm
residues at the bottom. b) Wall profile of a trench if the photoresist residues are not
eliminated. ¢) Wall profile of a trench if the photoresist residues are eliminated. d) Wall
profile of a trench with a width of 400 nm etched in a CMOS-compatible RIE. e) 400
nm width trenches. The area covered by them is ~ 33%. f) Double photolithography
exposition using the same mask to increase the number of trenches per area. g) Final
trenches layout. Trench width: ~ 400 nm, Period: ~ 600 nm.
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This problem can be corrected by introducing an oxygen plasma etching step to eliminate
these residues. The wafer is exposed to a rapid low-power process (chamber power: 300
W, oxygen flow: 300 sccm Osg, process time: 45s) to avoid etching all the photoresist.
After completing this pre-etching step, the wall profile is improved to be almost vertical.
Further optimization was done to reach the 400 nm resolution limit of the Stepper and to
improve the wall profile. Two sequential hard baking steps were necessary to ensure that
the photoresist could withstand the final RIE recipe. The photoresist is first exposed to
UV light for 30 min to undergo pre-curing. This step is used to prevent the photoresist
from flowing in the next hard baking processes. Then, it is baked on a hotplate at 230°C
for 15 min, followed by a second baking for 30 min. In this last, the temperature is ramped
up to 275°C. With this process, trenches with a width of ~ 400 nm and a completely

vertical profile were obtained (see [Figure A.2d and e).

At this point, trenches near the resolution limit available in our clean room facilities
were demonstrated. However, the efficiency of these structures in terms of trench versus
chip area is low, as ~ 66% of the chip is not available for BCP alignment. By decreasing
the period between trenches to define denser patterns with new masks, resolution problems
arise, and the width of the trenches is degraded (> 500 nm). At the end, double exposition
was found to be the most reliable procedure to maintain trench widths ~ 400 nm. The
final result can be seen in and g. These results demonstrate a procedure to
fabricate dense patterns of parallel trenches by means of standard photolithography, which
are compatible with lamellar BCP alignment. Also, these samples were all fabricated at
a wafer level.

A.1.1 DSA of lamellar block copolymers

The directed self-assembly of BCPs is similar to free surface self-assembly but re-
quires further optimization of spinning and temperature conditions. Since the interesting
alignment for thermoelectric applications is a pattern perpendicularly oriented to the
walls of the trenches, lamellar BCPs need a neutral surface affinity towards both these
sides and the bottom of the GP. In this way, the orientation of the BCP towards these
three surfaces will force the film to be oriented perpendicularly to all the walls. The chips
are cleaned in acetone and IPA and then exposed to an oxygen plasma to activate both
Si and SiOs surfaces (bottom and side walls, respectively). Afterwards, the brush layer
is spin-coated at 2000 rpm for 30s to cover all the walls with the random copolymer. The
brush is grafted with a 230°C annealing during 5 min. The surplus brush is then elimi-
nated by rinsing the chip in PGMEA using a ultrasound bath. The spinning of the BCP
needed optimization of the velocity and weight fraction to deposit BCP only inside the
trenches. This was achieved using a spinning velocity of 2500 rpm and a weight fraction
of 1% of the BCP in PGMEA. Both annealing time and temperature differ from the opti-
mal values for free surface self-assembly, as proper alignment requires higher diffusion of
the BCP molecules. At higher temperatures and annealing times, the organization of the
lamellas is enhanced. However, this reaches a threshold beyond which the degradation of
the BCP occurs.

shows a top view and a tilted cross-section of a DSA where the BCP
has degraded. The limit at which this kind of BCP degradation appears is diffuse and
depends on both the annealing time and temperature. Therefore, the relationship between
these parameters can be adjusted to obtain ordered alignment without degradation. For
example, BCPs were able to better withstand higher annealing temperatures for short
periods of time than lower temperatures for longer durations. Moreover, the thickness
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Figure A.3: Top view and tilted cross-section SEM images of a GP with degraded BCP.
The degradation is not uniform in the samples, and some areas show degradation before
others. After the degradation the BCP melts to form an individual phase where both
polymers become indistinguishable.
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Figure A.4: Top view and tilted cross-section SEM images of a 600-650 nm wide GP with
aligned BCPs (L28 and L37). The L28 is aligned with complete trench filling but the L37
can only be reasonably oriented if the thickness of the BCP is reduced to < 25 nm in the
center of the trench.
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influences the degradation rate of the film, with thicker BCP layers showing greater
tolerance. During degradation, the BCP melts to form an individual phase where both

polymers become indistinguishable (Figure A.3p).

The length of the trenches is the most critical parameter in the alignment, but the
period of the BCP is also important. In the example SEM images shown in |[Figure 5.1}
it is clear that the linearity of the pattern on free surface varies depending on the BCP
period. Those with lower periods are more linear. [Figure A.4| and [Figure A.5| show top
view and cross-section images of the alignment of L28 and L37 BCPs in two differently
sized trenches (600-650 and 400-450 nm, respectively). The temperatures and annealing
times that were found to be optimal ranged in both cases from 295°C for 10 min to 305°C
for 7 min. However, these values are already at the limit, which means that in some cases
slight degradation of small areas can be observed. The differences between using 600-650
and 400-450 nm trenches are especially noticeable when the BCP period is higher. For
the case of 128, good alignment can be obtained in a > 600 nm trench with complete
filling. Regarding the reliability of the alignment, proper long-order orientation is better
in 400 nm trenches, as the presence of defects is higher in larger trenches. In the 400
nm trenches, the alignment is formed by strictly parallel lamellas in large areas of the

400 — 450 nm trenches

200 nm

1 00 nm / 100 nm 50 nm SiO,

— 50 nm S10, —

Lamellar 37 nm Lamellar 28 nm

Figure A.5: Top view and tilted cross-section SEM images of a 400-450 nm wide GP with
aligned BCPs (128 and L37). The L28 can be aligned strictly with complete trench filling.
The L37 can only be oriented to obtain lamella continuity between the walls, without a
strict parallel alignment.
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Figure A.6: SEM images of a ~ 200 nm wide defective GP that was fabricated in the
etch of a chip with aligned L37 BCP. In this case the orientation of the lamellas is strictly
parallel even if the wall shows great roughness. However, no standard photolithography
techniques are available in our clean room to fabricate such trenches.

chip, even if there is some wall roughness. The L37 is more sensitive to the length of
the trench and its alignment is much more complicated due to its highly curved pattern
in free surface. In the trenches of 600 nm, it is impossible to obtain enough alignment
to ensure adequate continuity between the walls if complete filling of the trench is done.
In this case, the only way to achieve complete continuity is by reducing the thickness
inside the trench to ~ 25 nm in the middle of the GP (see L37). The weight
fraction of the BCP in the PGMEA is reduced to 0.5 % during spinning to obtain this
result. Taking into account that 8 nm of these are part of the brush, the final thickness
of the BCP film itself is below 20 nm. This is not compatible with a pattern transfer
because the PS mask cannot withstand the Si etching. By reducing the trenches to 400
nm, this same continuity can be obtained while achieving complete filling of the GP (see
L37). Again, the pattern cannot be forced to be strictly parallel, but the
presence of discontinuity defects is minimal. In order to obtain parallel lamellas with
the 137, the GPs should be further reduced to < 300 nm. An example of this can be
seen in where parallel L37 lamellas are aligned in a defective trench that was
fabricated with ~ 200 nm in width. The filling here is complete. At this level of BCP
confinement, the parallel alignment can even be achieved if there is high roughness in the
lateral walls.

These results demonstrate the feasibility of aligning lamellar BCPs perpendicularly
to the walls of the GPs using templates fabricated through standard photolithography
techniques, which are compatible with wafer-scale and CMOS processes. Strictly parallel
alignment of the lamellas is achievable only in BCPs with smaller periods; however,
continuity between the walls was maintained for all BCPs studied in this thesis while
ensuring complete filling of the trenches. This paves the way for the full transfer of the
DSA lamellar BCP pattern into the Si film.
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Appendix B

Release of membranes using
topside KOH etching

The second approach that was explored to suspend ultra-thin Si membranes from
the topside of the wafer involved the use of KOH etching and protective layers (see
for the BOE approach). These sets of experiments were conducted on diagonal
membranes (see [Figure B.1]). The aim was to take advantage of the anisotropic etching of
Si to eliminate it under a non-exposed area (i.e. below the membrane). In SOI samples
with a (100) surface orientation, the (111) stopping planes form an inverted pyramid. In
this way, defining two overlapping triangles on the sides of a diagonal membrane leads to
the same pyramid profile. Lengths of up to 80 pm were fabricated. Two materials were
explored as protective layers for KOH: 100 nm thick Si3sN, deposited by PECVD and 20
and 50 nm thick HfO5 deposited by ALD. The results of this procedure are shown in
The chips with SisN, were suspended for lengths < 50 pm and widths of 10 and
20 pm. The inverted pyramid profile is clearly visible on those chips and demonstrates
the reliability of the diagonal design approach. HfO4 films, instead, could not withstand
the KOH etching sufficiently to protect the top Si.

207



208 Chapter B. Release of membranes using topside KOH etching

100 nm thick Si;N, protective layer 50 nm thick HfO, protective layer
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Figure B.1: SEM and optical images on membrane suspension in SOI samples with KOH
using SisNy and HfO, as protection layers. On SigNy: a) Optical image of the structure
before KOH with two different SizNy4 side protection widths (2.5 and 5 pm). The light
green regions are Si and SisNy over Bulk Si/BOX, and the darker areas are only SizNy4 over
bulk Si/BOX. The gray triangles are the areas where the bulk Si is exposed. b) Optical
image of the membranes after suspension. ¢) SEM images of suspended membranes with
2.5 pm side protection. On HfOs: a) Optical images on the suspension process. The
merging of the two squares is visible. b) Optical images of the structure after KOH. Top
Si (golden stripe) is attacked laterally following the (111) planes, indicating that the HfOo
masking is insufficient.




Appendix C

Adapter piece redesign

As shown in [Section 4.2] the nTEGs with integrated heat sink exhibit V¢ saturation
after enhancing heat exchange with the environment through higher forced convection
rates. Since this behavior is caused by the design of the adapter piece, which features
silicon corner pillars, some time was also devoted to fabricating a new adapter piece during
this thesis.The goal was to minimize the parasitic heat path through the adapter pillars.
This appendix presents the simulations and the first fabrication trials carried out.

Temperature (K) Voltage (V)

Si0, 1.5 W/m-K YSZ 2.5 W/m-K Si bulk 150 W/m-K

70¢ i
~ | ~ % 35
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Figure C.1: Temperature and voltage COMSOL simulations with different adapter pillar
materials. Three materials were considered for the pillar supports: SiOq, Yttria-Stabilized
Zirconia (YSZ) and bulk Si, each with its corresponding .
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C.1 Simulations

COMSOL simulations were carried out to assess the Voo enhancement that could
be achieved using an adapter with insulating supports (see . The adapter
is separated into two different parts: the corner pillars (either made of SiOs, Yttria-
Stabilized Zirconia (YSZ) or bulk Si) and the rest of the piece (i.e. the protuberances
that contact the platforms and the upper flat surface). The area of the corner pillars is
equivalent to that of the adapter fabricated for the NWs-based nTEGs. Moreover, a heat
sink of equivalent size to the one used in this thesis is also incorporated. The cooling is
simulated with natural convection heat exchange on the fins of the heat sink to mimic real
working conditions. The hot surface is set at 200°C. The results of Voo generation with
the different pillar materials can be seen in A 2.03- and 2.06-fold increase
is observed when going from bulk Si to YSZ and SiOs, respectively, resulting in a 4-fold
increase in power generation in the pnTEGs.

C.2 Fabrication trials

Adding insulating pillars to the corners of a Si adapter piece introduces several dif-
ficulties in assembling the different parts. On the contrary, a simpler approach involves
fabricating a self-supporting insulating piece that can be integrated into the pTEG, into
which the Si adapter can later be placed. shows two initial design ideas for
this piece. Design a) allows enough space to fit the wire-bonds after its integration, while
design b) should be integrated after the wire-bonding. Both have a ring-type geometry
and a square support in the center to integrate the Si adapter within it. In all the de-

T

Ty

Figure C.2: Initial YSZ piece designs. a) Small ring design. b) Wide ring design. c) 3D
model showing the integration of all components with the pTEG. d) Optical images of
the a) adapter on top of a nTEG.
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signed pieces, the total height of the adapter was calculated to be 350 pm: 150 pm for
the supporting pillars and 200 pm for the square support. These should equal the 300
pm-high Si adapter protuberances plus 50 pm of thermal paste. The main limitation of
this approach is the flatness of the insulating piece, since if the heights of its four corner
pillars are not uniform, the Si adapter will not make uniform contact with the pTEG.

The fabrication of the first generation of insulating pieces was done in collaboration
with IREC using 3D printing techniques. The material selected for these was YSZ. The
results of the first designs showed good mechanical robustness (especially with design b)
of , and good fitting within the pTEGs (see ) However, the Si
adapter could not fit inside the square support of the YSZ ring. Furthermore, design a)
resulted in significant bending of the piece.

These results led to the second generation of YSZ pieces, shown in [Figure C.3] The
ring shape of the support was substituted with individual corner supports, avoiding the
quoins of the horizontal regions. Moreover, the corners of the four supports feature
cylindrical incisions, and a more robust ring is added around the pTEG area. This
design exhibited improved mechanical robustness and reduced bending, as well as good
compatibility with both the n"TEGs and the Si adapters (see and i). However,

Figure C.3: Second YSZ piece design. a) 3D model showing the integration of all com-
ponents with the pTEG. b) Lateral view of the integration. ¢) Closer view of the corner
supports and the lower pillars that rest on the bulk of the device. d) Image of the fi-
nal YSZ piece. e) and f) Different views of the YSZ piece integrated on the nTEG. g)
Alternative piece fabricated with a photo-curable resin. h) and i) Different views of all
components integrated with the pTEG.
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it was impossible to obtain a uniform thermal paste footprint in a dummy pTEG. Confocal
microscopy characterization later revealed that the heights of the four corner supports of
the ring were unequal. Therefore, this 3D printing method proved incompatible with the
height uniformity required to achieve homogeneous contact with the Si adapter.

Alternative micro-machining possibilities were explored. For this purpose, Pyrex
wafers were used to investigate the fabrication of SiO4 pieces. In this case, the design of the
piece was simplified to make it compatible with HF etching. Since HF etching is isotropic,
four photomask levels were designed to achieve the geometry shown in [Figure C.4h. The
fabrication consisted of the deposition of two Cr/Au masks on both sides of the wafer.
Subsequent photolithographies, followed by metal etching between each metal deposition,
defined the layout of each mask. Then, the first 150 pm-deep HF etching pre-defined
the inner cross-hole. A subsequent etching step removed the first metal mask. A second
HF etching was intended to define the 100 pm-deep corner supports on each side and to
remove the remaining 200 pm of the inner cross-hole. However, completing the second
HF etching step was impossible due to the peeling of the Au mask.

A new fabrication approach using Pyrex wafers is currently being explored via micro-

Figure C.4: a) 3D model of the SiO5 insulating piece. Closer views of the supports and the
integration of these with the Si adapter and pTEG are shown on the right. b) Proposal
of a two step milling process to fabricate the SiO5 insulating piece. In pink the milling to
the define the upper side supports and pre-define the inner cross-hole. In blue the milling
to the define the lower side supports. Additional cylindrical incisions (black circle) are
planned to avoid corners. A final milling step would carve out the inner cross-hole of the
piece.
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milling, with a design equivalent to that used in the HF process (see ) A first
milling (pink area) will define the upper side supports and pre-define the inner cross-hole.
Afterwards, a second milling (blue area) will do the same operation on the opposite face of
the wafer. Finally, the last milling will carve out the inner cross-hole of the piece. Other
possibilities, such as outsourcing the fabrication to private companies, may be considered
in the future. Up to now, the fabrication of an insulating piece compatible with full
integration has been unsuccessful. Nevertheless, a full assembly should be feasible if
sufficient height uniformity is achieved in the piece supports.
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Appendix D

Ongoing work on
nanostructured films

D.1 FDTR characterization

The fabrication and modeling of the FDTR devices were presented in To
date, initial results were obtained for the reference sample, as shown in[Figure D.1] Phase
shift curves of different membranes of the same chip were measured using the parameters
of [Figure D.1k, leading to the expected -90° shift at high frequencies. However, significant
variability is observed between the curves of different membranes, whereas the phase shift
curves are reproducible over multiple measurements on the same membrane. Two factors
may explain this behavior: different transducer roughness on each membrane or variations
in membrane geometry. The cause of this variability is currently under study, and several
strategies are being planned to identify the primary contributing factor. Bulk samples
with the same transducer layer will be measured in different parts of the sample to evaluate
whether the specific roughness in each region is the cause. If the transducer roughness
itself is not the cause, but rather its effect on the thermal contact resistance (i.e. due
to the different contact areas of each transducer), this will be investigated by performing
the same measurements on several holey membranes. As previously shown in
the effect of the contact resistance is more dominant in samples with higher x. Thus,
if the variability is lower in holey samples, this could be ascribed to the differences in
contact resistance on each membrane. If none of these is the cause, the specific geometry
of each membrane should be taken into account when fitting the data. However, since
the iterative fitting model is still under development, it is not yet possible to know how
significant this variability is for x calculation. Lastly, it is worth mentioning that, after
the characterization of some membranes, detachment of the transducer was observed (see
Figure D.1p). Nevertheless, this demonstrates that it is possible to extract a significant
signal to measure ultra-thin Si membranes under vacuum using FDTR.
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Pump power (uW)
Probe power (WW) | 60

Pump A (nm) 400
Probe A (nm) 532
Vacuum (mbar) 3-10

Laser objective 50x
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Figure D.1: Initial FDTR results on a bare Si film membrane. a) and b) SEM images of
two membranes after FDTR characterization. ¢) Parameters used for the characterization
of the membranes. d) First phase shift plots obtained with the reference membranes.
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Figure D.2: Thinning of 88nm-thick SOI wafers. Device layer was thinned to 50 nm.
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D.2 Thermoelectric generator with optimized Ti-Si con-
tact

A route to successfully fabricate pTEGs with nano-patterned Si films was demon-
strated in However, the high contact resistance obtained in these devices,
caused by the 700°C RTA, limited their characterization to Voo and Seebeck coefficient.
Thanks to the subsequent studies on the contact resistivity of Si-Ti films presented in
this issue was properly assessed. Therefore, a second batch of yTEGs is cur-
rently under fabrication. Due to the shortage of the previous SOI wafers with the 50 nm
thick top Si layer, different wafers are being used for the new batch. These have a buried
oxide of 145 nm and a top Si layer of 88 nm. To achieve an equivalent Si layer thickness of
50 nm, a thinning procedure was developed. This involved an initial oxidation of the top
Si to reduce its thickness, followed by HF etching of the grown SiOs. Example color-maps
of the wafer thicknesses after the thinning process can be seen in With these
top Si, nTEGs equivalent to those shown in can be fabricated. Once these
pTEGs are completed, the characterization of the power generation will be carried out.
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