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Resumeé

Les métamatériaux offrent la possibilité d’obtenir des propriétés physiques nettement
améliorées en comparaison avec celles des matériaux naturels. Dans ce travail, nous
explorons une nouvelle variété de métamatériaux thermoél ectriques a base de micro- et nano-
structuration du silicium, sous la forme de super-réseaux verticaux, avec comme visée
applicative la récupération d’énergie thermique ainsi que le refroidissement. En outre, nous
focalisons nos efforts sur une méthodologie expérimentale permettant la réalisation de ces
métamatériaux par des moyens simples et peu colteux. La premiére partie de cette thése sert
d'introduction aux phénomeénes thermiques qui constituent |a base de la conduction électrique
et de la dissipation de chaleur dans les nanostructures, respectivement par émission thermo-
ionique et par la diffusion de phonons. Cette partie détaille également les principes et résultats
de caractérisation thermique a |'aide des méthodes 3w et 2w. La deuxiéme partie de cette thése
décrit les approches de micro- et nano-structuration descendante "top-down" et ascendante
"bottom-up”, en vue de la fabrication de super-réseaux nanométriques sur du silicium
monocristallin. La nouvelle architecture verticale proposée souléve des défis technologiques
qui sont traités a travers I'exploration de techniques expérimentales originales pour produire,
d'une maniére efficace et sur de grandes surfaces, des structures submicroniques a fort facteur
de forme. Ces techniques comprennent I'utilisation de motifs résultant de lithographie
traditionnelle combinée a I’extrusion pour en produire des structures volumiques. En outre,
I'utilisation de nanofibres et de diblocs copolymeéres comme nano-motifs géométriques sont

également présentés pour nous rapprocher davantage de I'objectif ultime du projet.

Mots clés : Métamatériaux, Superréseaux, micro et nano-structures en silicium, DRIE.
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Abstract

Metamaterials offer the benefit of obtaining improved physical properties over natura
materials. In this work, we explore a new variety of thermoelectric metamaterials based on
silicon micro- and nanostructuration, in the form of vertical superlattices for use in energy-
related applications. Additionally, we focus on a route towards fabricating these materials
using simple and low-cost means compared to prior attempts. The first part of this thesis
serves as an introduction to the thermal phenomena which form the basis for electrical
conduction and heat dissipation by thermionic emission and phonon scattering at the
nanoscale. These principles forms the crux of the device. This section aso details the
characterization principles and results using the 3w and 2w methods for thermal
measurement. The second part of this thesis describes both top-down and bottom-up
approaches towards fabricating nanoscale superlattices from single-crystalline silicon. The
novel proposed vertical architecture raised technological challenges that were tackled through
the exploration of original experimental techniques for producing high aspect ratio (HAR)
structures in an effective manner and over large surface areas. These techniques include the
use of traditional lithography patterning and subsequent extrusion of volumetric structures.
Additionally, the use of nanofibers and diblock copolymers as templates for further etching of
HAR silicon nanostructures are also presented to bring us closer to the ultimate goal of the

project.

Keywords. Metamaterials, Superlattices, HAR structures, DRIE.
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Chapter 1

Introduction

1.1. Background and motivation

With increasing demand for sustainable energy teldgres, research in the area has
escalated over the past couple of decades. Coowahtienewable energy sources (solar, wind,
and geothermal) supply only a small fraction of¢kectricity consumed, owing primarily to their
relatively high cost with the key limitation of theastage of heat as a by-product [1-5]. With the
possibility of heat being an untapped source withehpotential, there is also significant interest
in finding high efficiency and cost-effective teciogies for generating electricity from residual

heat.

A typical thermoelectric device consists of twofeliént materials connected at both ends
which either generates electrical power when stbjeto a temperature difference (Seebeck
effect) or generates a temperature difference vg@plied with electrical power (Peltier effect).
Depending on what effect takes place, the devicg ach as an electrical power generator or a
refrigerator. In current world applications, theetectrics thus far have only found use in niche
applications such as Peltier coolers for smallesaal localized cooling, mainly due to their
moderate energy conversion efficiency and relativbigh cost. In these applications,
conventional mechanical refrigerators do not seak from the weight, cost and efficiency point
of view. Thermoelectric devices have also been useadioisotope thermal generators for deep-
space satellites [6-9] and remote electrical pogesreration for unmanned systems. Additional
applications such as vehicle exhaust waste heaveeg [10-12] and autonomous sensors on the
body [13-15] are actively being studied. Thermogleacoolers are currently widely used for
cooling of infrared detector cameras and tempegastabilization of semiconductor lasers. The
use of Peltier coolers in relation to refrigeratmfrbiological specimens/samples is an upcoming
application of thermoelectrics as well. They ofiarenvironmentally “green” solution as opposed
to conventional methods using chlorofluorocarbohgtvare harmful to the atmosphere in terms
of waste gas released. However, most efforts ®oahd are restricted to small-scale applications
requiring localized cooling of small componentgrtable systems. Recently, a thermoelectric

climate control system has been commercialized, @pglications for small-scale beverage
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coolers are expanding as well [16]. In general, nvensidering the performance of small
electronic systems, cooling is considered as adomahtal limit of performance improvement
because temperature directly relates to noiseekample, cooling of laser diodes and infrared
detectors to temperaturef),( between 100 and 200 K, would greatly improvefgrerance and
sensitivity of the device, hence leading to furtbpplications that it can be put to use to. Thus,
the payoff for the development of low-temperatunerimoelectric refrigeration devices is
escalating, and the requirement for compounds pritiperties optimized over wide temperature

ranges has led to a much-expanded interest in mennbelectric materials.

On the other hand, electrical power generationiegipbns are also being investigated by
the automotive industry, among others, as a meapsoduce electrical power from wasted heat
of the engines for development of the ‘next genenatehicle’. The research in applications range
from power generation utilizing waste engine heainfthe exhaust and radiator cooling system
to seat coolers/warmers for comfort or electrommponent cooling including beverage heaters
or coolerg16-18]. In a similar manner, the deep space agfptins of NASA’sVoyager and
Cassini missions use radioactive thermoelectric generd®i1$5s) to produce electrical energy
[19-21]. In this case, the primary heat is produlcg radioactive material as it decays into non-
radioactive state.

Study of thermoelectric materials is an extremegjl\studied area of research spanning
over 5 decades. Of particular interest when stuglitiese materials are their characteristics that
govern their performance in related applicatiomaditionally, a good thermoelectric material is
described based on its Figure of Merit (FQM)which is defined as the dimensionless quantity

ST = oS?T
T

(1.1)

where, s is electrical conductivity of the material; its thermal conductivityS the Seebeck
coefficient of the material andl, the absolute temperature of the device. This dsiomless

quantity,ZT, quantifies the material’s ability to produce theelectric power.

An ideal thermoelectric material would thus havehigh electrical conductivity to
minimize Joule heating, low thermal conductivitysi@vent thermal shorting and a high Seebeck
coefficient to maximize the conversion efficiencgtleen heat and electricity. But when
attempting to achieve the qualities desired asudsed above, one is faced with some trade-offs

in trying to maximize each of these quantities.urégl.1 (a) [23] is an illustration of the trade-
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offs encountered through the maximization of tlgufe of merit of a ‘natural’ thermoelectric
material. For instance, consider the example ofateeas a thermoelectric material. A high
electrical conductivity is almost always accompdri a high thermal conductivignd a low
Seebeck coefficient. On the other hand, for anrexegied semiconductor material, the parameter
that helps in achieving maximufT is the doping concentration. When the dopinggh laind the
Fermi level of the semiconductor is around its badde (the conduction band for afype
semiconductor and the valence band fprtgpe semiconductor — see Figure 1.1 (b)), thegehar
carriers occupy the highest energy state for etkmitaHence when provided with the momentum,
they are released into the conduction band anellgegnhance the electrical conductivity of the
material. The effects of the different thermoeliegoroperties with respect to the level of doping
in the semiconductor are illustrated in the Figlrk (a). As can be inferred, the semiconductor
doping level can be used as a tuning parametematomize ¢S which is shown in green as the
bell curve, which is the quantity directly proportal to increasingT. The desired properties are

highlighted by the blue region in the image.
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Figure 1.1. (a) lllustration of FOM optimization and representation of the trade-offs. In the case of a
semiconductor material, doping concentration is used as a tuning parameter (reproduced from[23]) and
(b) Representation of the band energies and Fermi levels for highly doped n-type and p-type
semiconductors.

Also it can be noted from Figure 1.1 (a) that thdide contributions of the thermal

conductivity, Zpnonon increase with doping over the electronic contrimsi, Agecron. Typically

3
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Adectron 1S 1/3% Jphonon [19]. Thus, since the phonons are the vibratidatiice components that
primarily carry heat, they can be dissipated beriigice scattering and thus it is beneficial to

maximize their contributions with higher doping [19

Over the years, semiconductor composites such ssmuBh Telluride (BiTes), Silicon
Germanium (SiGektc. have found applications in thermoelectricity waihs in the range of 1-3
[24-28].

Continued interest in improving the thermoelectigeire of merit,ZT has led to research
for new engineered materials and metamaterialdudimg material nanocomposites with
improved thermal characteristics for applicationsniicro and nanoscale devices. The most
actively studied materials of this kind include,t tare not restricted to, improved Silicon
Germanium stacked superlattice structures [29a8Bd]thermoelectric oxide materials [31]. One
can also cite other advanced materials such asHeai$ler alloys [32], Skutterudites [33] and

complex chalcogenides [34], which are beyond tlopsof this thesis.

1.2. Thermoelectric metamaterials

Appendix | recalls the basic theoretical backgromndthermoelectric effects. Detailed
explanations of the basic thermoelectric effests the Seebeck, Peltier effects and the physics of
these phenomena are explained in detail. In the feax sections, we concentrate on the
thermoelectric behavior of metal-semiconductor Haitered stacks, with special interest to

those with nanometric thicknesses, namely, therewtet superlattices.

1.2.1 Peltier effect and thermionic emission in metal-semiconductor junctions

While the Peltier effect in semiconductor pairs@age to the concept of thermoelectric
generators and thermoelectric coolers (see Appdrfdixmore details), it is interesting to revisit
the Peltier effect in metal-semiconductor-metatjions as it is very relevant to the work done in
this thesis. Figure 1.2 [35] is an illustrationeofypical metal-semiconductor-metal junction (a) in

n-type configuration and then (b) patype configuration.

Consider the current flow in the clockwise direntioFor electrons to enter the
semiconductor conduction band from the metal, thexgt overcome the difference betwden
andEr.
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(a) n-type (b) p-type
Figure 1.2. Illustration of a typical metal-semiconductor-metal junction in (a) n-type configuration and
(b) p-type configuration (redrawn from[35]).

Only the *hottest electrons’ (those with the higthkinetic energy) are likely to surmount
the barrier (by thermionic emission). These elexrtravel from right to left encountering no
barrier while entering the metal again, hence argatepletion on the cathode and a gain on the
anode. Therefore, one side heats up while the otiws down. The same concepts hold good for

the p-type material with the primary charge carriers beime holes instead of the electrons.

1.2.2. Thermionic emission

Considering a multilayered metal-semiconductor kstéeigure 1.3), the band offset
between each pair of junctions (Figure 1.4) acta d®t electron filter’, allowing through, only
the highest energy electrons [35] surmount theidrably Thermionic Emission. These hottest
electrons will be the main contributors to the #&leal conduction. Furthermore, in case each
succeeding layer interface is spaced very closeofnatric range) from one another, we can also
have Phonon Scattering, which is a mechanism which by scattering the loeatying lattice
vibrational component, the phonons, can reducertakeconductivity at the interfaces between
successive layers when they are in the nanomedks. gt the end, the net result can be a reduction
of thermal conductivity while maintaining a higheefrical conductivity, leading to a potential

increase of the figure of meriT, which scales as/A.

1.2.3. Barrier thickness requirements

It has been theoretically ascertained in liteeattinat thermoelectric parameters are
enhanced when the layer thickness is lesser trmm#an-free-path of the electrons. (~100 nm

for most semiconductor [36]).
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Figure 1.3. Schematic diagram of a typical two material superlattice structure.
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Figure 1.4. Representation of barrier thresholds for increased thermionic emission.
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To ensure thermionic emission, i.e., by overcomihg energy barriers, the barrier
thickness should be greater than 10 nm at ami®empératures. If the barrier is inferior to 10 nm,
there is aunneling effect, i.e., the electrons simply pass through the eéarather than overcoming
them. The thermionic emission threshold and sucmess barriers is shown in Figure 1.4 [36].
It then follows that a succession of barriers migatbetter than a single barrier for increased
thermionic emission. Concluding from the aboveestgtoints, we can conservatively conclude
that barrier thickness should be between 10 anch&@0

Having a succession of barriers allows for heasip@ion by band offset as well as
electrical conduction by thermionic emission. Thybuesearch of previous work done in this
area, it has been theoretically concluded thasaltant structure made with this concept will have
better thermoelectric properties when comparedutk material. We therefore arrive upon the
structure of auperlattice (see Figure 1.3A superlattice is a metamaterial which is compasfed
a heterogeneous material resulting from a multiateucture of two or more materials with a
succession of potential barriers, thus allowingdyehermoelectric conversion than classical bulk

materials by cross-plane carrier transport.

1.3 Conclusions from previous work

Whilst trying to introduce some novelty into solgithis conundrum, it is important to take
the inferences from the work done by other grouphis area. The following is a synopsis of the

conclusions drawn from the bibliography of the velat papers:

®
%

Tall metal barriers associated with a degeneratedconductor will increase the density

of ‘hot electrons’ that are filtered [37].

<> Multiple barriers using Metal-Semiconductor Inteda can increase thermoelectric power
factor due to non-conservation of lateral moment8j.

<> Controlled roughness at heterostructure interfazas break the in-plane translation

variance and lateral momentum conservation. Thisvalthe high-energy electrons in any

direction to participate in current transport [41].

®.
%

Reducing barrier thickness increases thermionicsgion. However reducing them too

much may result ifunneling [40].

It thus follows that we are likely to have an effee device in fabricating a superlattice
using a metal-semiconductor junction ensuring thay are spaced closely to each other (in the

nanometer scale) to allow ‘hot-electron’ filteriagd effective thermoelectric cooling.



Chapter 1 Introduction

Traditionally, superlattices have been fabricatethe planar form [43-47]. Typically, to
accomplish this requires multiple planar depossisg molecular beam epitaxy (MBE) which is
a very expensive form of depositing successiveathin layers. Figure 1.5 is a schematic

representation of conventional planar superlattices

planar
super-

lattice

step #1 #2 #8

Figure 1.5. Schematic representation of planar superlattices used in the traditional approach.

1.4. Objectives and scope of this thesis

The focus of this thesis is on the study and rattm of new silicon-based structured
metamaterials with improved thermoelectric perfanges and which might be suitable for use in
various applications such as hot-spot cooling oartewating chips, to construct more efficient
thermoelectric modules for use in refrigeration andenergy harvesting, as described the
applications of thermoelectric devices in the poesi section. The motivation behind using
silicon as the base material stems from its fanifijian the semiconductor and MEMS industries
whilst being able to accurately control dimensiohshe structures to be fabricated down to the
nanoscale and with extremely high aspect ratioclvldppears as a great advantage towards
achieving a new class of novel thermoelectric matanels based on vertical superlattices, as
detailed hereafter. The technologies for workinghvgilicon are fairly well developed and this
presents us with the opportunity to improve furthieen studied techniques to achieve high aspect
ratio feature sizes in the nanoscale as is reqtoredrds reaching our objective. Besides, working
with silicon reduces the cost of the end produdtiaallows co-integration with electronic circuits
as well. These are other driving forces behind @xpy technologies in making metamaterials
using silicon in order to enhance thermoelectricfggenances for usage in on-chip thermal

management.

With the Moore’s law predicting the number of tristsrs on an IC doubles approximately
every two years [42], the dissipation of heat soa significant issue preventing the realization

of more advanced devices due to high device faitate as the heat overcomes the device
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capabilities. The inclusion of microscale integdat@olers on the microprocessor chips could be

a highly significant advancement, allowing highlerck speeds to be realized.

The ultimate objective of our research team isdsigh, produce and use thermoelectric
devices fashioned from improved thermal propertyemals for heat dissipation of a hot spot on
a chip. The basic thermoelectric device built iis thesis involves metamaterials in the form of
‘vertical superlattice’ structures in silicon. Camtional superlattices have been already fabricated
but they are limited to the planar form [23] inviolg multiple-layer deposition of ultra-thin films.
Indeed, the traditional way of fabrication supditas involves multiple planar deposits using
molecular beam epitaxy (MBE) leading to nanoscaldtiffayered material stacks, which turns
out to be an extremely lengthy and expensive fabidn step. The key disadvantages of such

structures can be summarized as below:

% Energy conversion efficiency is proportional to thember of layers in the superlattices In

other words, efficient devices need a large nurobéeposits.

% Such devices only transmit electrons whose kinetiergy (KE) in the direction
perpendicular to the potential barrier is largeugio Therefore, many “hot electrons” with
large in-plane momentum are blocked by the baamerdo not contribute to heat transfer.
The electrons have to be seen as carriers of atriedd charge as well as heat quanta,

namely phonons.

Hence, the refrigeration function is not cost difer compared to the traditional

techniques, even by using chemical vapour deposi@/D) instead of MBE.

In this thesis we propose exploring a solutionhe tlisadvantages of the conventional

superlatticesVertical superlatticesin silicon. The main advantages of these are as below:

% Vertical Superlattices could be fabricated direatlp Silicon with just 3 main steps: (i) a
single patterning step, (i) a single etch stephwhitgh aspect ratio and finally (iii) a
conformal deposit of a complementary material lican.

% Proceeding this way greatly facilitates in prineiplhe manufacturing process and it also
significantly reduces the manufacturing costs.

% The proposed approach offers alternative shapeshd¢o one-dimensional periodic
superlattices. Several two-dimensional shapesgregariodic or not, can be considered.

X High-energy electrons in any direction can potdigtiaontribute to heat
transfer, therefore increasing electrical condiigtikry further introduction otontrolled
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roughness at the interfaces (achievable by the ‘scallopinfgaf of the DRIE Bosch

process as described below).

Though unique and risky in the same time, the tedydransition from te planar
multilayered superlattices to the vertical supédas is somehow similar to a successful recent
experience of our group in producing another kihdtouctured metamaterial, which consists of
vertical Bragg reflectors, produced in a two-stegtgrning-etching process, and proposed as an
alternative to the conventional planar Bragg refies; which consists of multilayered stacks of
thin film deposits [43-45]. However, the main diffece between the above-mentioned photonic
metamaterial and the targeted new thermoelectriammaterial lays in the range of dimensions
involved in their operation. While the former reqs odd multiples of quarter wavelength
thickness, which is in the order of micrometers, ltitter requires thicknesses in the order of tens

to hundreds of nanometers. This considerably raisetevel of the challenge.

1.5. Thesis outline and organization

Following this brief introduction, this thesis is/idled into three main parts:

Part | deals with meta-materials and vertical siapres. Chapter 2 presents the state of
the art of structured meta-materials, specificattymulti-layered thin-film stacks and those based
on micro and nanostructures. Having discussetdisec fundamentals of thermo-electricity and
understanding the key focus of this thesis brirgsouChapter 3 which is about thermoelectric
materials based on vertical superlattices. In 8estion, detailed analysis of the available
materials, their usability in this thesis, the me®es required for the fabrication and
characterization of the thermoelectric devicesdiseussed in detail. Part | concludes with the
challenges faced in the fabrication processes ofaydcale vertical superlattices, which led us to
put more efforts to raise the technological barriewards achieving our targeted new

thermoelectric metamaterials.

Therefore, the second part of this thesis, Paitndlisses on the fabrication of HAR silicon-
based micro and nanostructures. Chapter 4 is aibhieduction to the contemporary state of the
art of HAR feature fabrication. Chapter 5 focussekely on our Deep Reactive lon Etching
experiments and their results to achieve HAR stimest in silicon. Chapter 6 is a foray into the
techniques of electrospinning and advanced tram$fe¥AR structures for a top-down approach
on nanoscale silicon based meta-materials. Ch@ptieals with a brief description of Focussed

lon Beam (FIB) etching techniques used as a patggmmethod to obtain HAR structures by

10
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subsequent DRIE. And finally Chapter 8 is a bottamqpsapproach of nanoscale silicon based

meta-materials using diblock copolymers as temglfdeetching into silicon.

Part 11l offers conclusions and perspectives os thody of work and suggests future

directions of work to carry the work done in tHigsis to its final purpose.

11
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Chapter 2

State of the art of structured
metamaterials

2.1. Introduction

Artificially engineered materials have emerged iesign with properties and
functionalities previously unattainable in natuyaltcurring materials. The scientific advances
made in this area of new metamaterials is closgigrconnected with progress in physical
development of structural design, novel fabricatod characterization methods. The intrinsic
behavior of these new metamaterials is thus beirdjesd from both fundamental and practical

points of view.

Typically, they are assemblies of multiple elemesft$ndividual materials fashioned
from conventional materials, for example, metalplastics. However they form metamaterials
when they are typically arranged in a periodic n@nimhese metamaterials gain their
properties from the intricacies of their structared not necessarily from their composition.
Their characteristics such as size, shape, georoetoyientation can influence the waves of
light or sound in an unconventional manner, crgatiraterial properties which are otherwise
unattainable in conventional materials. For instanelectromagnetic and acoustic
metamaterials achieve desired properties by incatjppg structural elements of sub-

wavelength sizes in their designs [1, 2].

Most of the current research in electromagneticameterials investigates materials
with negative refractive index [3-5]. These matisrigermit the creation of super-lenses which
can have a spatial resolution below that of theedength. Although the first metamaterials
were electromagnetic [3], acoustic and seismic matarials are also areas of active research
[6, 7]. Potential applications of metamaterials a@ieerse - including remote aerospace
applications, sensor detection, smart solar powemagement, public safety, high-frequency
battlefield communication and lenses for high-gaitennas, improving ultrasonic sensors, and

even shielding structures from earthquakes [7-E@jure 2.1 shows an illustrative chart [11]
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of the progress made in scaling artificial magmetisegative refraction and other novel

phenomena such as sub-diffraction imaging to olpfieguencies [12-16].
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Figure 2.1. Progress made in scaling metamaterials from microwave to optical frequencies with
change in feature size and the fabrication technology listed on top (reproduced from[11]).

Considering that our goal in this thesis is to twemetamaterials with improved
thermoelectric properties, we start exploring ttaesof the art of metamaterials developed in
other areas of physics. In this chapter, we foausnetamaterials based on thin film stacks

through a variety of examples which will be disaé#: subsequent sections
2.2 Metamaterials based on multi-layered thin-film stacks

As described in the previous section, metamaterinhve different specific
characteristics that define their applications -gnadic (giant magnetoresistance — GMR) [17],
optical (Bragg mirrors) [18], piezoelectric [19] thrermal [20] among others. The realization
of metamaterials utilizes many different well-ed$istied techniques depending on the
geometry and application. These include (but areextaustive) giant magnetoresistance
(GMR) structures, giant magnetostiction devicesellg, 11l-V semiconductors, superlattices

for lasers and other optoelectronic devices, coitgogaterials for piezoelectric and plasmonic
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applications. A couple of these applications arahmégues to fabricate them are described

below.

2.2.1 Giant Magnetoresistance (GMR)

Giant magnetoresistance (GMR) is defined as a guantechanical magnetoresistance
effect that has been observed in thin-film strueslwomposed of alternating ferromagnetic and
non-magnetic conductive layers. In fact the NobeteéPin Physics for the year 2007 was
awarded to Peter Grunberg and Albert Fert for thésovery. The effect is indicated by a
significant change in the electrical resistanceedéng on the orientation of the magnetization
of the adjacent ferromagnetic layers - in paraltehn antiparallel alignment [21]. The overall
resistance is relatively high for antiparallel algent and relatively low for parallel alignment.
The direction of magnetization can be controlleol, éxample, by applying an external
magnetic field. The effect is also dependent onteda scattering and on the spin orientation.
One of the main applications of GMR is in magné#td sensors, which are used to read data

in hard disk drives and biosensors, amongst otie¥® devices [22, 23].

2.2.2. 11l-V semiconductor superlattices

Semiconductors are particularly attractive for gnégion into reconfigurable
metamaterials. The conductivity of a semiconduatan be modulated by a variety of
mechanisms, including applied voltage or appliedther even illumination by light.
Semiconductor fabrication is well developed, witlethods for integration of many active
devices now well established. In 2006, Padilal. [24] applied photo doping to change the
carrier concentration in a high resistivity GaAsbstate, the top of which, a copper
metamaterial structure was patterned using traditiqohotolithography techniques. The
background available in IlI-V semiconductor-basadpeslattices to create new planar
metamaterials is extensive and vastly studied 5-Zhese superlattices are typically
fabricated by molecular beam epitaxy to depositsssive layers of materials to make periodic

structures that function differently from their cpoment layers [29-31].

2.3. Metamaterials based on silicon micro- and nano-structuration

The previous section detailed applications of metrials created from different
component materials like 11I-V semiconductors, &lemagnetic and ferromagnetic materials

in the form of ultra-thin films whose thicknessas the order of a few or a few tens of
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nanometers. In this section, we focus on metanateldased on silicon micro and nano-
structuration at different scales for realizing aiety of applications like photonic crystals
including Bragg mirrors [32-35], Terrahertz metaerals [36] and super hydrophobic surfaces

[37], among others.

2.3.1. Photonic crystals

Photonic crystals are periodic arrangements décliec materials that exhibit strong
interactions with light. They can be fabricateddoe, two, or three dimensions. Bragg mirrors
fall under thus category can be seen as a 1D pitotwgstal. One-dimensional photonic
crystals can be made of layers deposited one oothiee €.g. Bragg grating); two-dimensional
by, drilling holes in a suitable substrate, anéé&idimensional structures can be made by, for
instance, stacking spheres in a matrix and thesollimg the spheres [38]. In principle,
photonic crystals can find uses wherever light sgedoe manipulated. Existing applications
include thin-film optics with coatings for lensasdamirrors and colour changing paints. Two-

dimensional photonic-crystal fibers are used tef# and nonlinear devices.

2.3.2. Phononic crystals

Phononic crystals [39] are similar to some extemtiotonic crystals as they result from
periodic arrangement of two materials. The maifedgnce with photonic crystals is that they
relate to the acoustic domain instead of the eletaignetic domain. Therefore, phononic
crystals can be designed so that they act assfibeacoustic waves extending to the ultrasound
range, in a specifically designed wavelength raiiges behavior can be seen as similar to an
optical Bragg reflector that filters light in a giv wavelength range. More interestingly,
phononic crystals can be seen as selective filtephonons, including acoustic phonons that
carry not only acoustic waves but also heat. Atethd, phononic crystals can act as filters to

heat propagation and hence to a passive way otireglthermal conductivity [40].

2.3.3. Vertical periodic structures as opposed to planar

Traditionally all these metamaterials used todiwitated in planar or stacked forms,
mainly multilayered thin film deposits, as descdkabove. In fact, traditional Bragg mirrors
are fabricated using similar technologies. Howetlare is an alternative to this planar form,
which consists of constructing a vertical arrangetad multilayers, as the result of a single
etching step of several deep trenches, whose watthgprecisely controlled. The photonics
group of our laboratory has successfully fabricatendical Bragg mirrors of this kind [43].
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Figure 2.2 shows (a) the schematic illustratiothefvertical Bragg mirror and (b) the SEM of
the realized structure.

The mirror is realized using a two-step DRIE etcbcpss. The key advantage of this
type of structure is the ability to use a singldexdor the realization of the metamaterial (in
this case, a Bragg mirror), the ability to benffim lithography in cavity design as well as the
ease of fabrication as opposed to conventional @magrors [43], which require lengthy

multiple steps of deposition of very precise thiegs, in order to achieve the required periodic
structuration.

It is envisioned that the same technology may bensled to realize other kinds of
metamaterials. Our aim is to try achieving suchameiterial from vertical structured silicon

with specifically optimized thermoelectric propesi
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Figure 2.2. (a) Schematic of the vertical Bragg mirror and (b) itsrealization imaged under SEM.
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2.4. Conclusions

Metamaterials are an extremely important classatierials used for engineering new
materials with improved characteristics. In thevipas section, we have described in Bragg
mirrors that by making a single change of fabrimgtihem in a vertical fashion as opposed to

planar, a huge impact was created in performandeast effectiveness.

In a similar manner, we seek to improve the faion process of the planar
superlattices that are currently being used inntlogtectric applications with a similar
methodology. This is the focus of this work — tbriaate vertical superlattice silicon based
metamaterials with improved thermoelectric chanasties.
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Chapter 3

Towards thermoelectric materials based
on vertical superlattices

3.1. Vertical Superlattices

Chapters 1 and 2 focused on the principles of thefettricity and the characteristics
of metamaterials. Based on these discussions, wedrawn some valuable conclusions from
a study of literature available, on which our devieeeded to be based on. One of the key
goals of this work is to reduce fabrication codtshe device and hence we have devised the
idea of fabricating vertical superlattices as aisoh to the problem of hotspot cooling by
thermoelectric means. Figure 3.1 shows a comparorronventional superlattices as

opposed to vertical superlattices.

Conventional Superlattices Vertical Superlattices

Silicon

Planar deposits of SC Metal electroplated in the
composites like SiGe trenches etched /nfo Si
by MBE by DRIE etching.

Figure 3.1. Comparison of conventional superlatioéth vertical superlattices.

The most significant features of a vertical sugida configuration are as described below —

% Vertical superlattices are achievable directly iigiticon (just 3 main steps: 1
patterning/etch step followed by a deposit stepafidal leveling step)

% Significantly reduce manufacturing time and costs.
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+« High-energy electrons can potentially contributehtat transfer in a structured
material, therefore reducing thermal conductivityile maintaining high electrical
conductivity. Heat transfer can be produced in dingction, upon modification of
the periodic 1D pattern into 2D. Further improvemean be achieved by the
introduction of controlled roughnessat the interfaces (achievable by the
‘scalloping effect’ of the DRIE Bosch process — $agure 3.2 (b) [44]), which

provides additional structuration in the third dmamn.

vertical ’
super- 100180 nn':',
lattice ]

tion

rriers

#2 #3

() (b)

Figure 3.2. (a) Schematic of vertical superlattis SEM image of scalloping effect from DRIE.

Microscale vertical superlattices

It is clear from the discussion in the previoustises that the thermionic effect that
should result in ballistic transport of ‘hot’ elemts is achievable only at the nanoscale.
However, in the work done in for this thesis, wesdattempted to fabricate ‘microscale’
vertical superlattices before attempting the fadifan of nanoscale superlattices. This
intermediate step is of high significance in exirag key empirical parameters such as
thermal conductivity, thermopower, etc. of the medterial free of the quantum effects that
are likely to be present at the nanoscale duringrasdterization of the devices [45-48].
Theoretical models for prediction of thermal mode&s/e been studied by our partners at
CETHIL in Lyon. The extraction of actual experimantata will aid in improving the
theoretical model to a better accuracy. Aspectthisf model and some experimental details
are described in Section 3.3 of this chapter. Biep would also serve to validate most

fabrication and characterization setup issues Hrat likely to arise whilst fabricating
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nanoscale superlattices as well. To this end, & dexided to fabricate 5 um and 15 um —wide

superlattices in silicon with a depth of over 108 jnto the substrate.

3.2. Materials and process selection

3.2.1 The first material

One of the two materials of the superlattice layas chosen as highly doped single
crystalline silicon for the following advantagestlfit has to offer over other materials —
< n-type

» Electronsas the charge carriers intype silicon have higher mobility than the
holesin p-type silicon owing to their lower mass.

» Higher carrier mobility is in turn important, far directly contributes to the
electrical conductivity of the material. Hence, lieg the mobility of a material,
the better the figure of merifT.

% Possible monolithic IC integration.

% Established technologies with low fabrication c@std available facilities.

3.2.2 The second material

For the second layer for the superlattices, tHeviahg key criteria are to be met:

% The chosen material shoutobt diffuse into silicon at high temperatures. This is
important because the first material has been chasesilicon and since the likely
application of this thermoelectric device is in thgpot’ cooling, the whole setup
can be expected to experience at least >100°C tatope. The diffusion of a
metal into silicon largely varies it's electricahdh thermal properties and is
unsuitable for utilization in solving the thermoetléc cooling problem [49-51].

% High electrical conductivity

% High Seebeck Coefficient
% Low thermal conductivity

These characteristics have been discussed in precioapters as the ideal characteristics to

have for a good figure of merit of the thermoeleatnaterial. For our purpose of fabricating a

thermoelectric cooling device, we desire a metahwiork function comparable to the Fermi

level of the semiconductor of choice in order fosgible thermionic emission as detailed in

Chapter 1. Table 3.1 is a summary of the diffeedettronic parameters of different materials.
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Table 3.1. The numerical data pertinent to differaaterials as compared with highly dogedndn-type Silicon. The highlighted boxes in
blue represent the values of the material mostetbsvith respect to our selection of the secondensdt

Metals that diffuse|Metals that do not| Seebeck Coefft. Fermi Energy*| Work Function** |Electrical conductivity| Thermal conductivity

into Silicon diffuse into Silicon| 300K (uV K1) @300K (eV) @ 300K (eV) (/Qm) x 16 at 300K (W/mK)
Highly dopedn type Silicon +5409 0.559% 4,525 0.055%I 1505
Highly dopedp type Silicon +450°% -0.55° 4,525 0.028%"° 14759
Copper (Cu) +1.8# 7.0053 4,759 59.17 40153
Gold (Au) +1.947 5.50% 5.159 45,25 31053
Chromium (Cr) -- 453 -- 7.74% 93.753
Aluminum (Al) -1.8% 11.65%3 4.08% 37.45%%3 25053
Nickel (Ni) -2059 5.18% 5.0153 14.3% 91053
Titanium (Ti) +7.%°¢ -4.33% 4.485 2.34% 21.9%
Tungsten (W) +7.5 4.5 4.59 162.0% 1745

*

The Fermi level is the level at which electttmmie occupancy is the highest filled at OK. Theresponding energy of the charge carriers at
that level is the Fermi energy.

**  The work function is the energy required ton@ve the uppermost electrons or the lowermost Hobes this energy state.
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3.2.3. Material choices and limitations

From the values in the above table, we can condioaiethe material that seems best
suited to our application isTungsten However, it must be noted that through
electrodeposition, mostly an oxide of tungstendpasited for very limited thicknesses in the
nanometer range under very controlled conditior'sg8]. Hence for the microsuperlattices
with depths of over 100 um to be filled, this optis unfortunately, ruled out. However
tungsten is a common material in Atomic Layer Dépms (ALD) [61-63]. Thus, this is a
viable option for the nanoscale vertical supedatti And this is especially important for the
reasons discussed in the previous section pergginithermionic transport at the nanoscale.

Hence while considering the microsuperlatticesneed to pursue other options to fill
the trenches. With well-developed copper electrodijon techniques and facilities at our
cleanroom, in ESIEE, it was decided to attemptiltdHfe microsuperlattices with copper as
the main metallic material. However this posed sawditional considerations. This is due to
the fact that copper does not have good adhesisitidon [64]. Hence, it needs an additional
layer — aradhesion layefor it to “stick” on silicon. In our cleanroom, weseTitaniumas the
adhesion layer [65] because of its availability e sputtered at our cleanroom and its

excellent anti-diffusion properties as detailedable 3.1 and additionally in Table 3.2.

Table 3.2. Metal diffusion into silicon at elevatednperatures [66, 67].

Metals that readily diffuse into silicon| Metals that don’t diffuse into silicon

Cu, Au, Cr, Al (sparse), Nr Ti, W

The choice of these metals results in additionadbl@ms that were initially
unexpected. We now have two metals (Cu and Ti)eadstof one. This means that the
interface properties will be greatly modified frahre initial assumptions. However this will
not affect the nano-superlattices as we expectetalile to deposit a single metal (W) by
ALD.

3.3. Characterization of Microsuperlattices

To be able to design a suitable mask to fabridsaenicrosuperlattices, it is prudent to
visualize the characterization and measuremenémgsthat need to be in place to measure

thermal parameters from the fabricated devicesthi® end a sound understanding of the
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physics of heat transfer between materials and siguleto measure thermal elements is

required.
3.3.1. Thermal conductivity of nanomaterials

The final objective of this work is to fabricate lilayer metamaterials with high
thermoelectric power. The performance of these na¢edepends on their thermal and
electrical conductivity, and thermoelectric conwensfactor among others. The lower the
thermal conductivity, the better the conversioncaghcy, all else being equal.

Considering a classical macroscopic approach, ¢aé thansfer in multilayer materials
is governed by the behavior of heat-carriers witbath layer and the interactive behavior
between each layer [68-70]. A thermal resistancea ba associated with these two
phenomenaR; for the resistance of each layer @as the interface resistance [69-71].

The thermal resistané® of the layer depends on the following parameters:

<+ The nature of the material: Heat conduction acros$al interfaces with dielectrics

and semiconductors governs the behavior of mangstarctured materials and devices
[72]. In the past, the importance of interface s&sice in metal/dielectric multilayers

with periods of a few nanometers has been obsdi®&d Conduction normal to these

interfaces is complicated by thermal energy conwerbetween electrons and phonons
near at the interface. This conversion facilitates lowest possible thermal resistance
because phonons are the dominant heat carrienglgcttics and most semiconductors,
while electrons are the dominant heat carriersetafs [74].

« The material structure: Crystalline or amorphodlise crystalline structure of course

favors the propagation of phonons. This transfedends particularly effective and
contrary to popular belief, the thermal conducyiwf dielectric crystals such as Si, SiC,
SiGe is of the same order of magnitude at room &atpre the thermal conductivity of
most metals. Amorphous materials such as, $glass) have a thermal conductivity of
one or two orders of magnitude below the crystalldielectric materials and electric
materials. The presence of defects (grain bourslaéslocations, interstitial gaps,
substitution etc.) restricts the transfer of heat.

% The thickness of the layer: If the layer thickn&sgreater than the mean free path of

free carriers traveling across the heat gradierthabthe heat transfer is described by the
diffusion equation, the thermal conductivity is rma&l and does not depend on the

thickness. When the thickness becomes the same ofdeagnitude or less than the
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mean free path of the carriers, the thermal comdtycdecreases. The difficulty lies in
the coupling between the heat transfer in the laperinterfaces.
% The temperature: At around room temperature, tleenthl resistance due to heat

transport by phonons is almost constant and cam iexeease slightly as the temperature

increases.

An important conclusion was drawn from literatuegiew concerning the effect of the
layer thickness coupled with the presence of defig@, 76]. When having a starting layer of
nanometric thickness, the thermal conductivity e multilayer material increases when the
layer thickness increases. This is explained byirtheease of free carriers traveling through
each layer. However, it has been shown in the cdsmaterials Si / Ge, the thermal
conductivity decreases from beyond a certain vafuthe layer thickness. This effect can be
explained by the presence of defects in larger tifies(e.g. dislocation).

For metallic materials, the magnitude of the etattmean free path is typically a few
nanometers. However, it has been shown that them#ieconductivity of metal films
decreases with increase in film thicknesses. Tieckeis attributed to the decrease in grain
size, increasing the number of grain boundaries tand the thermal resistance associated
with their presence. It is therefore particularyportant to keep in mind the important role of
defects on the value of the thermal conductivity.

Interface thermal resistance or contact resistaineelves the Kapitza thermal
resistance and thermal resistance of constricfitve thermal resistance of constriction is
associated with the presence of roughnesses [7WATi8h does not conform to the surface of
the two materials in contact so that the contadtse is less than the apparent contact surface
(See Figure 3.3 [78]). Thus the heat flux linesshog the interface undergo constriction from
one material to another, extending their path dng tincreasing the thermal resistance.
Where there is no constriction, there remains anpimenon called Kapitza resistance which
is related to the difference between the phonomatitn behavior and energy level of the
electrons (for electrical materials) of the two er&tls in contact.

When the dimensions of the surface roughness aaagrthan the average mean free
path of the free carriers then heat constricticistance can be evaluated from the classical

model of heat conduction equation by solving that laffusion equation.
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Real
Surface
Contact

Constriction
of flux lines

Apparent contact surface

Figure 3.3. Representation of the phenomenon dstdotion of flux lines during real contact
vs. apparent contact of two surfaces [reproducedfi78].

The orders of magnitude range from310 10° m2 K / W depending on:
+ The dimensions of the roughness.
« The nature of the materials in contact via theierttmal properties (shape

constriction) and mechanical properties (deforrmatibthe asperities).

R/
*

% The pore fluid in the cavities.

®
%

The contact pressure.

The Kapitza resistance is typically of the order ¥ to 10'° m2K/W. This
assessment is difficult. It relies, for dielectrwaterials on the modeling of the vibrational
behavior of materials. It can also be approximdigdcalculations in molecular dynamics.
However it is possible that the two resistancesamsexist when the contact is perfect but the
contact interface is not planar (See Figure 3.4ickv makes for complex phenomena [79].
Furthermore, when the characteristic scale of thesiriction resistance is greater than the
atomic dimensions, the former dominates and thatkapesistance becomes negligible.

In the case of materials to be fabricated for thissis, the materials considered (Si,
metals) have thermal conductivities of the samewood magnitude [80]. The quality of the
interface is directly related to the fabricationtrique of the trenches in silicon. For instance,
if the trenches are fabricated through the Boscltgss, there is a “scalloping effect” which
was described in Figure 3.2 (b).

A

a b c

Figure 3.4. Perfect contact interface for materialé B. (a) surface with only the Kapitza resis&nc
(b, ¢) non-planar interfaces -- the Kapitza resmta and the constriction resistance involved.
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The technique of depositing the second materidl diréctly affect the quality of the
contact. There will clearly be a contact resistadoe to constriction phenomenon and a
contact Kapitza resistance [78]. Experimental ole#gons of the interface will determine the

relative importance of these two phenomena.

3.3.2. Measuring principle of the thermoelectric power (Seebeck coefficient) for
metallic materials:

This section describes the techniques developedN&A-Lyon (CETHIL and
MATEIS laboratories) to characterize the heat ti@nand thermoelectric power in structures
with microscale and nanoscale dimensions.

For metallic materials, the measurement of therewigt power (TEP, also called Seebeck

coefficient) can be achieved in two ways [81, 82]:

% In the MATEIS laboratory, the measurement of TERuos with a conventional
measuring device shown schematically in Figure &8.5amples are then used in the
form of plates of small sections (60 x 4 x 0.5 frapproximately). Pressure is applied
on the two ends of the samples using two blockssisting of the same metal as a
reference (for example copper). These parts acerespectively at temperaturésand
T + AT, where 4T is small (typically T = 15 ° C (288 K) anddT = 10 K). The
temperature differencaT between the contact points of reference-sampletisrmined
by a thermocouple. The thermoelectric power onréfierence metals = 4V / AT, and
the average temperatufe+ AT / 2 (typically 20 ° C), is calculated at each timeeTh
duration is a measure of the order of one minute lBmogeneous samples, the TEP is
a quantity measured independently of the geometdydamensions of the sample. For
heterogeneous samples, the TEP measured is refatasznf the volume of the sample
to the temperature gradient. Metals having a veny TEP and therefore a tiny potential

differenceaV, low level amplifier has been specially designedét viable output [83].
% Measurements on large parts or on-site non-desteuetvaluation can be performed

with a device whose principle is shown schematycall Figure 3.5 (b). This device

comprises two copper plates (metal reference) egpdi the surface of the piece:
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Figure 3.5. (a) Principle of the measurement ofttlemoelectric power on sample plates and (b)
principle of the measurement of the thermoelegoiwer of bulk sample (device tip)

> A plate that is called “cold spot”, which is vemnall and takes the temperature

T of the room

A plate that is called “hot spot”, in the shapeaocfone whose apex is truncated
by a plane surface. This end of the plate, andcaleir shape of diametér(d =

0.2 - 0.4 mm), is kept in contact with part of anttolled force. This plate is
maintained at a temperatufi@, with a micro furnace consisting of a heating
element surrounding the hot plate [84].

» A thermoelectric voltagedV appears between the two plates. The contact
temperature of the hot plale + 4T is determined fronTm, by performing an
adjustment taking into account the field tempematufinally, the TEP from the
copper is determined as above. The value obtassgbresentative only of the
area of the piece subjected to the thermal gradibathemisphere of radius
about 8. As the temperatur€ is imposed by the part, the average temperature
of measurement is variable and it is necessargdtore the values of the TEP
at a fixed temperature. This requires prior deteation of a coefficient of
variation of the TEP based on the temperature.
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3.3.3. Development of characterization tools for thermal measurements on
superlattices.

The technology and tools mentioned above cannotdipectly applied to the
superlattices fabricated in this thesis. In fabgyt involve semiconductor materials whose
electrical conductivity is much lower than thatrogtallic materials. The measuring chain,
and amplifiers, etc. are not at all suitable fois ttype of measurement. In addition, the
fragility of superlattices will also require adami systems to contact the sample with
reference blocks (See Figure 3.6(a)).

Simultaneous measurement of thermal conductivityperties and TEP requires
further adaptation of the measurement system. Wighprototype currently available at the
laboratories of CETHIL [85], it was planned to migdit such that it can characterize the
samples developed in this project in addition te thetallic samples that it is already
equipped to deal with. To finely characterize thealized TEP (See Figure 3.5 (b) [86], it was
planned to modify a scanning thermal microscope (ThM) in order to perform
measurements at the micrometer scale (Figure 3.&@) this, the SThM tip will be heated to
a certain temperature and the resultant electrienti@al is measured. Upon contact with the
superlattice, the potential difference appears éetwthe two contact zones. Knowledge of
this difference will be applied back to the TEP swaments. Mapping the thermoelectric

properties of superlattices can thus be performed.

Hiatind AFS Pk

Siawcd Ciold Fillm

(b)
Figure 3.6. (a) Scanning thermal microscope tip &ndheated Si AFM tip heated (from [86]).

Figure 3.6 (b) shows a demonstration of the febitsiluf measuring the thermoelectric

power using a heated AFM tip [86]. The tip is heatie several degrees Celsius which then
allows TEP measurement of the 200 nm silicon film.
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3.3.4. Calculations for sample design and in situ characterization

The accurate characterization of thermal propertésthin films poses many
challenges. Many methods already exist for the oreasent of thermal conductivitg,g.the
3w method, through thermal diffusivity measurementtloe steady state technique [87].
However these techniques are effective on bulk ri@$ée more than thin films. When
considering thin films, the determination of thetrmanductivity in different directiong,e.
cross-plane, perpendicular to the film surface emplane, parallel to the thin film surface
encounters further challenges. These are requirde tdone because a typical thin film has
anisotropic thermal properties. Figure 3.7 (repoedl from [87]) shows the challenges
associated with the measurements. The cross-plaessurements face the challenge of
creating a substantial temperature drop acrosdilthewithout causing a large rise in the
temperature of the substrate whilst in-plane measants are plagued by heat leakage
through the surface, making it difficult to detemmithe actual heat flow in the plane of the
film.

Over the years various techniques have evolvedrying to overcome these
challenges. These have been illustrated in Figuve (B8) (reproduced from [87]). These
involve for the cross-plane measurements, the ioreaif a large heat flux through the
substrate and measuring the surface temperatirer tdian the heat flux through the film. As
for the in-plane measurements, the films are dégubsin low-conductivity substrates so as to
minimize leakage and enable spreading throughrawareater or a buried insulation [87].

Cross-Plane (1) | In-Plane (]])
Free-
Cross-Plane (1) i In-Plane {||) Modulation/Pulse Heating; * standing
Heat Thin Anisotropic Film Micro-H
Small AT, | source kK &'.?:,Bn::: souree * Thin,low k
i :

substrate.

“ Large Heat Spreading
- ; Leakage || with narrow
Tinterface'? H heater or
Substrateg burried

insulation

Substrate Substrate

@) (b)

Figure 3.7. lllustration of (a) thin film sample miiguration and characterization challenges and (b)
strategies to overcome these challenges (reprodiroed[87]).
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To this end, the traditionale3method remains a popular choice for making cross-
plane thermal conductivity measurements on a ilim And later in this chapter we describe
a modified 20 method for making in-plane measurements consisitit our samples

consisting of superlattices. These techniques bhaea described in the following sections.

3.3.4.1. 3w method

3w methods are an important class of techniques &asuring the thermal properties
of thin films, wires, bulk samples and even liquidBhese methods were standardized by
Cahill [88] and by Birge and Nagel [89], who obssivthat for a certain set of thermal
experiments driven by a current at frequengyand the voltage at the third harmonie)3
contains important information about the thermalparties of the system. It was discovered
that the second and first harmonics also contagnsime information. In general, using
the 3rd harmonic is still the best approach, algoin certain special cases thef pr 1st
harmonics may be preferred and rendered useful.

Figure 3.8 is an illustration of the traditionab,12w and3w methods [90]. As seen in
the figure, the sample has a metal heater that adt® as a temperature sensor (since its
electrical resistance depends on temperature). h€ater is driven by a sinusoidal current at
frequency,w. The resulting joule heating is at the secondmiomic, 20 and leads to a
temperature fluctuation. This temperature fluctuattauses a ripple in the heater's electrical
resistance, also at2 Finally, the product of current (aiw} and resistance leads to a voltage
contribution at &, due to the mixing of sinusoids at different fregaies. This @ voltage is
then used to extract the thermal properties ofyis¢em.

However, as the figure describes, it so happéas the analysis is richer than
simplistically projected, particularly if the drivij current is given a DC offset [90]. In this
case the joule heating, temperature, and resisthielude components at DCwland 2.

As a result, the output voltage includes 1, @, 8nd even a DCOw”, all of which contain
information about the thermal properties of theeys

Even when the DC offset is omitted from the driviogrrent, for example in
traditional 3v, the Iw output voltage can easily be used to study therthleproperties.

Consider a simple one dimensional heater depositdtie material to be measured as
shown in Figure 3.9. It consists of four pads cated through a narrow line which acts as a

heater wire.
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Figure 3.8. lllustration of the @, 2w and 3v methods for thermal measurements (reproduced from

[90]).

The outer pads are used for connecting probes ke ma&losed circuit while the inner
pads are used to measure the electrical poteriffiatahce across the heater wire. Depending
on the lengthl() and width ) of the wire, different resistances and voltages lse measured

for a constant amount of current (by Ohm’s law)eThetal pads act simultaneously as a

resistance heater and a resistance thermometeed@®TD).

:\: Y @D

| 5T

Figure 3.9. Schematic illustration of 1-d heater.
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In an RTD, the equilibrium temperature of a specingedetermined by measuring the
change in resistance of the metal filament in tlroontact with the specimen. For small
temperature changes, the resistance of the filawae@s with temperature as

Rn(t) = Ro(1+4ph 4T), (3.1)
wherefh is the temperature coefficient of resistance (T@RJ Ry andR are resistances at
temperature3o andTo + AT, respectively [91]. Since the TCR for most metalgithe order
of 103 K1, a Wheatstone’s bridge is used to measure thetenichanges in resistance by
passing a DC signal through the RTD. The amplitoidthe signal is kept small to minimize
any heating from the RTD itself.

Now, consider an alternating current of frequeaqyassing through the heater wire. It
can be written as

Ih,oft) = Iho COS), (3.2)
where Iho is the peak amplitude of the heater current aueacy w and Inot) is the
instantaneous current passing through the heassuning that the change in resistance is
negligible compared to the amplitude of the curréngenerates a Joule heating as stated

below
Ph(t) = 121,0Rn,0 COR(t) = = 12, 0Rn o(1+COSQut)), (3.3)

whereRn 0 is the nominal heater resistance &) is the instantaneous power produced by
the heater. As it is observed, the instantaneougpoan be split into two components; firstly
the power attributed to the direct curreRbd); and secondly, the alternate current power
(Pao).

Poc = 2 1%,0R0= 3 Pho(t) (3.4)

Pac= = 12n,0Rn,0 COSRut) (3.5)

The average power dissipated by the heater isdctike root mean square (rms) power and is
half the power dissipated by a DC current of th@esamplitude. The oscillating component
of the instantaneous powdpes notdissipate any average power over a single cydis T
power in turn generates a temperature change ihahter and the underlying substrate. This

temperature change also has DC and AC componedtsaanbe written as follows

AT=ATpct+ ATac| cos(2ot + ¢) (3.6)
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ATpc is the steady-state temperature increase due torth power dissipated by the filament
and {{Tac| is the magnitude of the steady-state temperatsc@lations due to the sinusoidal
component of the power agds the phase angle between the temperature d&gibaand the

excitation current.

If the substrate has a thermal insulating laye,htbat stays in the heater and the temperature
oscillation is substantial. Hence, measuring termperature oscillation allows access to the
thermal properties of the underlying substratenieasure this temperature oscillation, one
can measure the resistance of the heater and asbketter also as a temperature sensor.
Moreover, the resistance of the heater varies tetthperature as given by equation 3.1. It is

worth mentioning that there is a difference betwdenrate of the resistivity change versus

temperaturej% and the TCR value

1 4R
pr=——

e (3.7)

By merging the equations (3.1) and (3.6), the gdrfermula for resistance of the heater can
be derived as follows [91]:

R(t)=Rn d(1+ ndToct hlATaclcos(2ot+¢)] (3.8)
For us to now measure the resistance of thetehethe voltage drop across the heater
must be measured. The expression of this voltaggven by multiplying equations (3.2) by
(3.8) as follows using the Ohm’s laW<IR) -

Vh(t) = IhoRno [(1+ SrdToc) coqmwt) + ;,Bh|ATAC| cost + ¢)] + ;ﬁhldTAcl cos(3ot + ¢)]

(3.9
From equation 3.9, it can be seen that the ladiagel component is oscillating at third
harmonic frequency. The magnitude of third harmaitage is typically 1000 times smaller
than that of the first harmonic voltage [92] ansbatontains useful information about thermal

conductivity of the specimen underneath. It is gibg:

Vhas = = VhoBndTac (3.10)

WhereVho andVh s, are the peak amplitude of the nominal heater geltat first and third

harmonic frequency respectively. BatfTac andVj 3, are composed of in-phase and out of

phase components.
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Therefore with the information of the voltage a third harmonic, the value dfTac
and the knowledge of the input power and intrinsigperties of the material to be measured,

it is possible to measure the TCR of the matefig). (

3.3.4.2. 2w method

Classic & methods are typically used to make measuremenigilbnrsamples and on
thin-film samples by assuming that the thermal stasices through the thin films and
substrate accrues in series. The thermal condiyciiwithen determined by measuring the
thermal response of a film-on-substrate versusithis absence. This measurement does not
take the thermal contact resistance between thditim and the substrate into account (which
can be substantial at the microscale). More impdistathe estimated thermal parameters are
on an effective volume that does not give acceshiréxtional thermal properties in the case

of multilayered composite materials, for exampl&][9

In this work, we predominantly propose to use thefethod for making thermal
measurements by decoupling the heating wire ardyistg the output voltage at the second
harmonic for making cross-plane thermal condugtimieasurements. This is more relevant to
this work because it offers access to the direatitmermal properties which is more suited to
the topography of the superlattices under studg.dbtained by multiplying thec2resistance
of a RTD, decoupled of the heating wire, by a srball offset. It is noted that the DC current
that is supplied is sufficiently small so as to significantly heat the RTD and thereby heat

the sample.

Most of the work described in this section haverbdene by our project partners at
CETHIL-INSA Lyon. These principles and results hde=n published in a conference which
is reference [96] of this section. They have begmmaduced here with permission for the sake

of congruity to this characterization section.

A schematic of the heater lines on the sample uodesideration is shown in Figure
3.10. It consists of arrays of parallel heaterdideposited on the surface. The central line acts
as the @ reference heater line and is supplied with a sitda AC input of frequency
f= w/2m. The other lines are supplied with a DC currehie Tengths of the wires are chosen
such that they can be assumed to be isothermady akair length and the heat diffusion is

perpendicular to that (i.e., in tedirection).
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Figure 3.10. Schematic illustration of our sampkpfoduced from [96]).

The conductive diffusion of this heat from the imauin the material produces a rise in
ATbc(x) and a corresponding rise df2.,(x), where X' denotes the distance between the

central heating source and the other resistivesvaseshown in Figure 3.9.
Therefore for the @ case, equation 3.6 can be written as [96]

AR2,(X) = Ro(X) fnAT20(X), (3.11)
where Ro(x) is the electrical resistance of the wire at thdiamt temperature.

For this change in resistance, a DC current inpldw magnitude]o is injected to
measure the corresponding second harmonic voltagddrk-in voltage amplifier at the ends
of the wire, given as

AV20(X) = AR20(X) lo = Ro(X) Sh A T20(X)lo (3.12)
Now when considering our sample, we make a basianagtion that the thermal diffusion
—
o

lengthp of the material given byu = |

1‘2.‘?‘?

(3.13)

is much larger than the thickne$sdf the suspended thin film wire array, iess t.

The conditionu >>t can be verified while working at adapted frequeaciln this
case, the thermal gradient in the sample thicknesg be assumed as 0 (in the Z direction)
and the thicknesscan be chosen so the Biot number defineBi=als.d/k is much smaller than
0.1, whereh is the convective heat transfer coefficient. Théve thermal behavior of the

sample may be described as one-dimensional iX theection.
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Consider that diffusivity is defined as
D==— (3.14)

Wherel is the thermal conductivity is the density an@ is the heat capacity of the material.

With such an assumption, the thermal gradientéiZtdirection is zero and hence the
thermal behaviour of the sample is restricted @ it the X direction. Therefore with = t,
the second harmonic temperature decay measured aldistancex’ from the heater can be

written as [96]

AT, (x) = AT, (x=0)e Fe (3.15)
Thus, the thermal diffusivityp can be deduced from the attenuation of the anggitu

of e_ﬁ and the variation of the phase ex/f1), both as a function of. If Dam and Dy are
considered the amplitude and phase components eofdiffusivity, they are extracted
experimentally from the signal measured from th@bprwires and from equations 3.11-3.15.
Thus a theoretically sound knowledge of the eleatrproperties of the metal used for the

wires, in this case, gold, is required.

Furthermore, by adjusting the amplitude of the A@rent, lac, we can control the DC
temperature of the sample at which the thermalisifity is measured. The value of this DC
temperature is deduced from the measurement @l¢ogrical resistance of the probe wires as
shown

T.".Il"n'r-n = %ZJ:'I-:' w‘l’ Tn.; (3.16)

Eylap B

whereN is the number of probe wires,is the discrete distance from the heating wirth&

considered probe.

Hence by measuring the dependence of the tempereltange at the modulating frequency at
the second harmonic for a given distance »f ‘between the heating wire and the
measurement probes, the thermal diffusivity of shenple can be determined. With all the
other values known, determining the diffusivitytbé material experimentally will allow the

derivation ofl, the thermal conductivity of the material from atjan 3.14.
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3.3.5. Devices for measurement atop the superlattices

In order to make thermal measurements, it was dddid design a measuring device
which would consist of a line of gold of 5 um wid200 nm thickness, and 7 mm length with
two pads to apply current and two pads for meagultie voltage at& This thread will then
serve as the heating and measuring elementwats3 described in the previous section.
Additionally, this design will be replicated in &vor more copies of the same width and
diameter, but shorter in length and arranged atlagdgntervals in the same side of the wire
heater. The wire is used to probe, with measuraype 20. The devices are replicated to
improve the quality of measurements and the schensathown in Figure 3.11. The different
measurements from the different devices will helpbtaining the optimum measurements
for the material beneath. To make the measuren#nfi&P on a scale of few hundreds of
um, the insulation layer covering the superlattiseeemoved (marked P on Figure 3.11) on
each side of the pads to make theasurements. The TEP measurements and conduativit
near-field could be carried out on these bare aresing a type of SThM tip as discussed in
previous sections.

The pads markedl used to bring the current, the pads markedre used to make
measurements by classi@ 8hethod. The C pads will be used fes Bieasurements, and the P
pads used to measure the local electrical condiycténd TEP.

C C
C C
C C
C C
A% C C A%
I I
P C C P
C C
P C C P
C C
P C C |

Figure 3.11. Configuration for the proposed Pneasurement device.

The same device would be made into multiple copies:

7

< For calibration - on a blank wafer.
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®
%

For measurement parallel to the layers of the safpiees, in order to measure
the thermal conductivity in the perpendicular dii@g, Aperp
« For measurement perpendicular to the layers otlperlattices, in order to
measure the thermal conductivity in-plai@ya.
The final design depicted in Figure 3.12. Elongabedding pads are provided to facilitate
dicing of the individual measurement wafer bitsstyve for the different purposes such as
calibration, in-plane and cross-plane thermal mesmsants. The areas have been colour

coded to show their individual measurement goatkérfigure.

3.4. On chip facilitation

The ultimate goal of designing the measurementcasviis to fabricate them to
facilitate measurement on top of the microsupeckatstructures. However, it is necessary to
design a method to be able to interface the dewviceshe silicon die with the external
electronics available for measurement. For thigppse, we propose to use 2 PCBs for the
implementation, one which is individual to everyide that is fabricated and another that is

global to them all.

. Heater wire and pads for 3w measurements

Pads for 2w measurements

. Pads for Seebeck coefficient measurements

Areas with insulating layer removed

|
|

Figure 3.12. Final version of the measurement $tnas to be fabricated on top of the superlattices.
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The individual PCBs would be slightly larger thdre tmicrofabricated silicon device
itself only to facilitate wire bonding from it ttié outside to provide connections to the rest of
the circuit. The other PCB would be a global chighwconnectors to connect with the
measuring portals at INSA and with power sourceas$ @hother components relevant to the
functioning of the chip.

The first PCB would then simply be able to plugtorthe second one in order to make
measurements. This is also economical, in thaoitldvonly be necessary to fabricate 1 of the
larger PCB (with the connection electronics) andrasiy of the smaller PCB as there are
devices for individual wire bonding. The 2 PCBsIwiénceforth be referred to as “Primary
PCB?”, for the individual boards that will be usext fvire bonding each of the silicon dies and
“Secondary PCB”, for the global board that housksha connectors required to interface

with the measurement electronics, throughout tlasumscript.

3.4.1. Primary PCB

The logistics for the design of the PCB involve thidowing considerations:

% Incorporating 34 connection pads on which the measeant pads will be wire-bonded.
% Making a layout of the pads in such a way thateheithe minimum distance needed to
be wire-bonded, which is preferable to allow fasler failures in the test devices.

With these considerations, the PCB was designedgus§ladence and outsourced for

fabrication.

3.4.2 Secondary PCB

The secondary PCB is to interface all the connastioom the primary PCB and then
make accommodations for interfacing with the measient electronics on the outside. The
electronic measurement instruments (the voltmetenpere-meters, etc.) possess BNC cables
as their probes for making the measurements. THeusécondary PCB is outfitted with BNC
inputs.

Figure 3.13 shows the PCB interface assembly madiné measurement system. The
silicon die is connected to the primary PCB by nseaihgold wire bonding. The thickness of
these wires is ~25 um and they serve as an el@cttannection between the pads on the
silicon die and the pads on the PCB. The length sirehgth of these wires determines the

quality of the electrical contact and the signaémsgth for measurements. Also due to the
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fragility of the wires, it is best to keep bondilemgth at the minimum possible. Figure 3.14
shows a picture of the interfacing between the emg@ the PCB. The gold bonding threads

are clearly visible.

Figure 3.13. Completed PCB 2-board assembly. Therstary PCB (bottom) remains common across
changing primary PCBs (top) with different samples.
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3.4.3. Challenges in wire bonding

Wire bonding of the chip to the PCB was a big @ik owing to number of bonds to
be made in the small area. Each chip has 34 bante imade. The wire bonding setup at
ESIEE is customized for IC fabrication. This reedltin additional challenges. The main

challenges we faced were —

o
8

*

The base for the wire bonder is customized to I8gkvmade it very difficult to hold

the PCBs in place if not for the soldered connepios.

®
L4

The gold tracks from the electroless plating aré wvery ‘thick’ or in other words
effective enough to support good bonds.
% The strength of the bonds were not equally gooa@lidd4 connections.

Additionally, the lengths of the wire bonds wergrsificantly different for the 34 connections
resulting in irregularities in measurement as wehis is an important consideration when
interfacing with external electronics to get simgegnal strengths.

Further challenges faced in the fabrication ofghperlattices themselves will be discussed in

detail in Section 3.7 of this chapter.

3.5. Test device and results

3.5.1. Fabrication of test devices

As a first attempt to validate the measurementpsetnd the fabrication of the
characterization metal pads, we fabricate a chipune silicon substrate. Another reason for
this is that since the thermal properties of pulieas are well-documented in literature, it
will be easy to validate our measurement systemgutiie same. This intermediary step
would also serve to tweak any device measuremeaters that needed to be modified in
order to be able to make measurements on supegkttFigure 3.15 shows the fabrication
process in creating a measurement array on puigersil

The measurement device is of the form as desciibdtigure 3.12. The two main
steps to achieving these patterns on the silicbstsate are photolithography and lift-off. For
the lift-off, a 2um—thick NLOF® negative photoresist is spun on theos wafer and baked
at 110°C for 1 minute on a hotplate. The pattereseaposed under and the sample is subject

to a post-exposure bake of 1 minute at 110°C orntitplate, followed by resist development
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in a AZ-351B solution for 1 minute, creating anagrof line openings into the resist layer on
top of the sample. After the photolithography steilayer chromium / gold, respectively of
50 nm-thick (Cr) and 450 nm thick (Au), is depoditen top of the sample by sputtering. The
Chromium acts as an adhesion layer to allow goldtiok’ on silicon. Lift-off is carried out

under an ultrasonic acetone bath, thus completiadabrication of the metal pads on silicon.

YYVVYVVYVVYY
| )

[ si substrate

m——. :I thtOIESiSt
[ gold

Il chromium

Figure 3.15. Fabrication steps for creating testasigrement devices on pure silicon by lift-off.

3.5.2. Experimental setup

The work described in this section has been doneubyproject partners at CETHIL-
Lyon. They have been reproduced here for the sékienaing clarity to the previously
detailed description of the measurement systenchematic of the experimental set-up is
shown in Figure 3.16 (modified from [96]). It is kéy importance to note that the same probe
wire is used to detect the sign®b, and the phase lag@. The lock-in amplifier is

synchronized with the AC generator to function witie same frequendy

The electrical chip (silicon sample + gold wiresasierement pads) is integrated in the
electrical circuit via two Printed Circuit Boardgrifnary and secondary PCB as previously
shown in Figure 3.13). As previously mentioned, thiee bonds are typically ~25 ym in
thickness. As reported by Ji et al. [102], theieal resistances of the bonding wires and the
bond interfaces do not exceed 10@.m

In this work, these resistances are consideredgielgl when compared to those of the
chip gold wires. Moreover, it was verified usingnaltimeter that the electrical resistances of

the connection between the primary and secondaBsRae of few 2. Taking all of this
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into consideration, it can be stated that the etadtresistance measured at the secondary

PCB BNC plugs corresponds to the gold wire rescstant the electrical chip.

3.5.3. Results and discussion

Experiments performed were for frequencies of 28adHz so that simple analytical
modelling could be used. Two different magnituddéscorrent of 40 and 60 mA were
generated in the heating wire for this domain efgtrencies. The exponential tendency of

AT, and the linear tendency Bfare found for each current.

DC current
enerator
5 1kQ Ipe ,
AN~ Lock-in
Amplifier
_———
yin signal :
: I
_________________ T 1
Probe wire E : I N
1
VZw; :
! Signal
Heating wire | Reference
_______________________ 1
Measurement pads Vs
,Function generator, f

Figure 3.16. Schematic of the experimental setumiEasurements on fabricated samples (modified
from [96]).

Using equations 3.15 and 3.1&m andDy, were determined. Table 3.3 summarizes the
obtained diffusivities when compared to those teréiture. We can see that these values lie in
a similar range and are thereby congruent in vatigaour measurement method. Figure 3.17

(a) and (b) shows experimentally determined vatigshase lag andATz., [96].

Table 3.3. Experimentally extracted diffusivity wak for silicon [96].

Current Dtheoretical Dexperimental | TDCexperimental
lac (MA) | (x 105m?/s) | (x 10°m?/s) (K)
40 8.8 6.8+0.5 365
60 5.3 5.5+0.1 465
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3.5.4. Conclusions and perspectives

The main advantage of this technique is that tleentlal properties are predicted in-
plane with the sample surface by the membrane rddit 96]. Our partners at CETHIL-
Lyon are currently performing a parameter influerstedy that shows that the accurate
measurement of thermal properties at different exatpre levels to imply a knowledge of
the heat losses at the level of the system. Therarpntal results obtained are in agreement

with the literature values for thermal diffusivisg well.

(a)
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]
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=200
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1] 00 200 300 400 6500 60O TOD 8O0
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Figure 3.17. Results of experimentally determiracpbase lag and (k)T as a function of the
distance from the heating wire for lac = 60 mA different frequencies (reproduced from [96]).
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3.6. Fabrication of microsuperlattices

In order to fabricate the microsuperlattices iliceh and subsequent measurement
devices, a sequence of masks were designed tadtecihe simultaneous fabrication of both
5 um and 15 um features on the same wafer withratpaones designated for thermal
conductivity measurements and for Seebeck coefiicreeasurements. Figure 3.18 is a
detailed fabrication process flow chart for therfadtion of microscale vertical superlattices
in silicon detailing the different fabrication stefnat need to be performed in order to achieve

HAR superlattices in silicon.

Fabrication results

Figure 3.19 (a) shows a scanning electron micrasa@mage of the microsuperlattices
that have been etched up to ~100 um depth and &9 (b) shows the cross-sectional
view of these trenches then filled with copper Igctodeposition over a 100 nm sputtered
Titanium adhesion layer. The voids at the bottonthef trenches result from lesser charge
carriers and plating fluid being able to penetthgetrenches at these depths. Fortunately these
voids serve to add the thermal conductivity of mito the trenches for effective heat
dissipation [103, 104].

3.7. Challenges in fabrication

In this chapter, we discussed the need to falericattical microsuperlattices in silicon
and to characterize them to obtain thermal paraismétee of quantum effects that are likely
to be present at the nanoscale. While a part sfgbal was achieved on a bulk silicon sample
as discussed in the previous section, the useeofriicrosuperlattices by themselves as the
base material proved to be more challenging thdiallg expected. The main problem was
encountered at the polishing step post electrodiéposind during the wire bonding of the
measurement pads to the PCB. All of the challeffigesd and steps taken to surmount them

will be discussed in detail in the following sectio
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3.7.1. Electrodeposition

The electrodeposition of copper in wide trenchewvdsy common in the area of
Through Silicon via (TSV) manufacturing [105, 106However in the case of the
microsuperlattice trenches, the electrodepositomore challenging because (i) the trenches
have smaller width and (ii) the trenches are inftren of wells which are not open through
the wafer as in the case of vias. The electrodépnssetup at ESIEE was customized for our
requirements. This involved the calculation of tinee for the electrodeposition based on the
applied current, the total surface area to be glatevice versa. Higher the current, the higher
the rate of deposition. However, the grain sizehef deposit also increases. These factors
have been taken into consideration while deciding the best parameters for the
electroplating experiments. Also in an effort taluee the time consumed by a typical
electrodeposition run at 0.1A (~6 hours), by dauiplihe current, the trenches caved in and
result in what is called a ‘dog-eared’ formatiorhiST phenomenon was observed with test

trenches of 15 um depth shown in Figure 3.20 (a).

The electroplating proceeds from the sides and tshest the center. At higher
currents, they tended to form a film on the sides @ave in from the top without filling them.
Figure 3.20 (b) depicts a close up of trenchesclwhvhen filled properly still result in a
crack-like feature at the center of the trench flnby the ‘meeting’ of the electrodeposited

sidewalls.
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Figure 3.18. Process flow for the fabrication ofcroscale superlattices in Silicon.
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Figure 3.19. SEM images of (a) microsuperlatticestd 00 pm-DRIE etch and (b) cross section of
microsuperlattices post Cu electrodeposition orttgped Ti adhesion layer.

However, the main issue in the electroplating sdepse from having non-uniform
features on the same wafer. Since there were bpth &nd 15 um trenches, both of ~100 um
depth, the difference in volume to be filled waRF and hence resulted in the 5 um trenches
filling much faster than their 15 um counterpakswever as it was impossible to ‘stop’ the
plating at the regions already filled, the entirafev continued to plate overall and resulted in
a significant deposit of copper on top of the wdfe#-12 um) by the time all the trenches
were filled. The conformal nature of the copperafed on the entire wafer and the bright
sheen presented in colour of the copper is duleet@dditives added to the electroplating bath.
We currently use Transene’s Copper electroplatid @hich is a mixture of D, H.SQy,
Cu(SQu)3, HCI and other organic additives).

All the excess copper on the top of the trenchestduhe presence of levellers in the
copper additives presents a problem to the poliskiep in the fabrication process. Figure
3.21 (a) and (b) present SEM images of the excesspper deposited after a full
electrodeposition session of ~6 hours. The demhrikeds to be polished was measured as
~10 um. The polishing of the wafer was outsouraetafer Solutions Incorporated (WSI),

France.
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[ e R uwmmme D Bum—— e ms—— e —
Figure 3.20.(a) ‘Dog-ear syndrome’ when platingwlitigher current resulting in caved trenches and
(b) properly electroplated trenches showing evideotplating proceeding sideways and resulting in a

central ‘crack’.

3.7.2. Copper polishing challenges

Due to the brittle nature of the copper, the CMRdgRical Mechanical Polisher) had
issues in trying to polish away the copper. Henagais decided to ‘etch’ away by chemical
means most of the copper at ESIEE and leave behamdall excess of silicon which would in
theory be easier to polish away. This etching wasedusing 66% Nitric acid in the
cleanroom. The acid was used to literally ‘bruskag the excess copper from the top of the
trenches to reveal the alternating silicon and eopyenches beneath. After a few runs of acid
wash, the trenches were significantly identifiafvtan before and were then sent to WSI for

silicon polishing to completely electrically isatethe trenches.

o5 oF e
e . ¥
sl Date 20 Jun 2012

B e <20 Jum 2012
Time :11:0050 = 3. Mag = 113KX Time :15:08:21
AT TR N YO S 1A ERSYW XL RS T

(a) (b)

Figure 3.21. (a) Trenches after 6 hours of eleadakition and (b) Measure of excess copper on top
of the trenches.
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Figure 3.22 shows the successive acid washes tdt ries visually isolating the
trenches of the superlattices prior to being semt dilicon polishing instead of copper
polishing. Figure 3.23 shows a closer-up view @f sperlattices after the acid-brush copper
polishing at ESIEE. It can be seen that excessearopas been completely removed from the
top of the trenches and leaves behind ~5-7 pmliobsito be polished for the next step. This

are elaborated in the next section.

HEEERDRREREEREREVENRREREREREERD ~ JEEEP™

(AT = o B
i

8
H

EHT = 500KV SE2 Date 21Jun2012 [N
WD= 26mm Mag= 82X Time ;142420

@) (b)

Figure 3.23 (a-b). Visually isolated superlatticertches with ~5-7 um silicon to be polished.
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3.7.3. Silicon polishing challenges

The silicon polishing did turn up better resultartithe copper polishing ones by the
CMP at WS, France. While part of the trenches weotated and perfectly aligned, a lot of
the trenches were destroyed as well because airttidar polishing motion of the CMP. Also
it is understood that the polishing action, push&dy the excess silicon that was being
polished to the sides resulting in the formatioraadistinct ‘step’ which renders the wafer

useless for post processing. These results astrdted in Figure 3.24.

The next section concludes Part | of this thedi® fesults obtained and the challenges
faced are discussed briefly. Following this, Partétails the different methods we have
pursued in the fabrication of HAR nanostructuressilicon towards achieving nanoscale

vertical superlattices.

EHT = 500 kV' SE2 Date :5 Oct 2012
WD = 48mm Mag= 131X Time :12:43:.08
T TTITIT . . . -

5 Oct 2012
42

Date :17 Oct 2012
WD = 7.0 mm Mag= 83X Time :11:04:44

Figure 3.24. (a) Good results — electrically is@dttrenches post-Si polishing, (b) broken trenches
from polishing action and (c) Ridge formed at tdge of pattern by discarded Si.
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As discussed in the previous chapter, a lot of pegywas made towards the fabrication
and characterization of vertical microsuperlatticessilicon. Process steps were elaborated,
masks were designed and fabrication of the micredatices were realized till the challenges

listed below thwarted complete realization of tleeides to their final goal —

% Polishing challenges — neither copper nor silicooved easy to remove using CMP
rendering the trenches not being electrically isalawhich is a most crucial step
before any of the other fabrication steps can bkzex.

% Wire bonding challenges — Bond lengths and strengtére not uniform across the
different pads of the characterization design. Th®ulted in added difficulty during

measurements.

However the characterization setup was completslyalized, designed and realized to
make measurements on bulk samples. Initial measmerasults obtained by CETHIL-Lyon
in the frame of the joint ANR project entitled ‘CCHS’, on fabricated bulk silicon samples
have been promising and comparable to results ablailin literature. This setup can be
further tweaked to be able to make measurementsaoonscale superlattices which is the
ultimate goal of this project. With the knowleddetlte challenges and issues realized through
the journey of microsuperlattices, at this timevéts decided to focus on the fabrication of the
nanoscale superlattices themselves using variousl nechniques in their realization which
involves etching of high density and high aspettordHAR) nanostructures in silicon, as well
as filling the resulting trenches and holes witetallic material. While the latter filling step
can be achieved using Atomic Layer Deposition (ALBHe former etching of HAR
nanostructures is far from being obvious and i seea technological bottleneck, hence the
focus on this nanostructuration issue in the next R of this thesis. We therefore detail in
Part 1l of this thesis the different methodologiesobtain nanopatterning on silicon. These
include different types of techniques, ranging frammnventional photolithography-based
techniques to differeriottom-up approaches including the use of electrospinnirtydiblock

copolymer lithography techniques to define nan@pa#t on silicon which can then be used as
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templates for further DRIE etching to obtain higtpect ratio structures in silicon. These

techniques and concepts will form the crux of theosid part of this thesis.
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Chapter 4

Top down approach for achieving HAR Si-
based micro- and nanostructures

4.1. Obtaining HAR silicon structures by pattern transfer using Deep
Reactive lon Etching (DRIE)

Deep reactive ion etching (DRIE) is a time-multiplexed, highly anisotropic etch
process to create High Aspect Ratio (HAR) structures in silicon substrates. Due to its high
anisotropy, DRIE can lead to HAR structures with nearly vertical sidewalls, with controllable
angles at 90° +/- 0.1°. The resulting structures can be seen as an extrusion of the masking
patterns defined onto the silicon surface prior to etching. This procedure is schematically

depicted in Figure 4.1.
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Figure 4.1. Sketch of the typical main steps for achieving vertical HAR silicon structures. Once the
mask patterns are achieved on the top substrate surface (in this case using lithography on a thin-film
deposited layer) one proceeds to DRIE for extruding those surface patterns into high-aspect ratio
(HAR) structures having vertical sidewalls.
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Though there might be several variants, the whalecess for achieving HAR
structures typically involves three main stepsthih film deposition of the mask material, (ii)
pattern definition from this thin film and (iii) DIE etching. There are two main types of
DRIE processes — the Bosch process and the cryogeocess. These processes will be
briefly described in the following sections. Creatiof micro and nanostructures in this

manner is generally referred to as Tlop downmapproach in microfabrication [1-3].

4.1.1. Bosch DRIE

The so-called ‘BOSCH’ process was developed at RdBesch GmbH, where F.
Larmer received patents for developing this protes996 [4, 5]. This technology is in use
in various dry etching plasma machines from diffiémanufacturers like Alcatel, Adixen etc.
[6]. This process has been used to etch structaorearious substrates with feature sizes in
the sub-micrometer range to several hundreds ofomsc Very high etch depths can be
obtained through optimizing this process. Typicafatterns of Si@ and polymeric

photoresists or metals such as Al or Cr are usedchsmasks during this process.

Figure 4.2 is an illustration of the Bosch etchprgcess. It consists of short bursts or
phases of silicon etching, passivation and anipairalepassivation which are cyclically
repeated to achieve an overall anisotropic etcHil@rdDifferent gases are used for the
different phases of the operation and at the triansibetween the phases, the gases are
switched. For silicon etching, §plasma is used and for passivationF{plasma is used.

For depassivation, either §61 O, plasmas are used.

Because of its switching phases, the Bosch protesslso known as a “Time
Multiplexed Etching Process” or “Gas Chopping EngchProcess”. The curved ridges formed
during each cycle while proceeding to the nexefgnred to as “scalloping”. A lot of detailed
studies have been made on different phases of RI& Btching [7-12]. Figure 4.3 shows
SEM images of a typical scalloping evidenced duangosch DRIE process by Summanwar
[7]. The images show 75 pum diameter circular opgsietched to a depth of ~300 pm for an
aspect ratio of 4:1. Etching of features in the-sutron domain have been discussed in detall

in Chapter 6.
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Figure 4.2. Steps in a typical ‘Bosch’ DRIE process
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Figure 4.3. Typical Bosch process etching showaadlaping on the side walls on a circular trench of
75 pum etched to a depth of ~300 pum.
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4.1.2 Cryogenic DRIE

As the name indicates, cryogenic DRIE is doneeay Yow temperatures, typically -
110°C. The reason for this is to slow down the dbahreactions that take place during the
etch process and was first used for obtaining kighrtical walls by Tachi, et al [13]. Since
that first effort however, a lot of research hasrbdone in this area with results of achieving
aspect ratios in the range of 30:1 and higher [A4dhile keeping excellent smoothness of

the sidewalls, contrary to the Bosch process waidfibits the scalloping-related roughness.

One of the main concerns in using cryogenic etgsrthe nature of mask material to
be used. It must be borne in mind that the tempegatbeing extremely low are unsuitable to
certain photoresists. Thus metallic masks are lspaéferred for this process [18]. The
usual masks are Al/Cr. We discuss the use of cnjiogeRIE to achieve HAR microstructures

in silicon in greater detail in Chapter 6.

4.2. Lithographically defined patterns as etching mask for HAR
structures

Traditional pattern transfer of microstructurescoosilicon is usually accomplished
through photolithography [19-21] and subsequertiietz Photolithography is the process of
obtaining (sub) micron scale geometrical shapethersurface of a silicon wafer for further
processing, such as etching of the underlying fimmmaterial. Then, the lithography-defined
thin film patterns can act locally as a protecti@yer (etching mask) for further etching of the
bulk substrate. Conventionally there are two typégphotosensitive resins (photoresists),
positive and negative, which are used to produeeptitterns onto the wafer, with both of
them resulting in images opposite to one anothéiléNhere are numerous ways of achieving
photolithography, we focus here on those methodsedan parallel printing of the patterns
(which excludes those based on scanning) and ediyetiie most common method, based on
the use of a physical translucent mask embeddmgléisired opaque patterns, as illustrated in
Figure 4.4. Photolithography has been in use foades as the technology of choice to define
patterns for further etching. This technique hagnbeéntensively exploited in getting
superimposed sets of patterns of different thim fihaterials, leading eventually to transistors
for instance or to other planar semiconductor camepts and circuits. In this section
however, we focus on the use of a single set bbdjtaphy-defined thin film patterns thus
imprinted on the wafer surface as templates fodypcong very high aspect ratio micro and

nanostructures using Deep Reactive lon Etching E)RI
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Figure 4.4. lllustration of the use of positive amehative photoresists to obtain contrasting tiiim f
patterns on the wafer using the same mask. Whetedgethe thin film pattern can be used to produce
etching of the underlying bulk of the substrateariat.

The working principle of photolithography involvastual optical printing of features
with improvement in lenses and imaging techniquesompanied by a decrease in
wavelength of the imaging light source. In face tdemise’ of optical lithography has been
predicted for years together [22]. Figure 4.5 sholes lithography wavelength trends with
reduction in IC feature size [22]. The resolutidradithography system is usually expressed
in terms of its wavelength and numerical apertid@&)(as:

Resolution ;- 4.1)
NA

Whereki, the constant is dependent on the process being séd manufacturing, typical
values ranges from 0.5 to 0.8. It follows that ligthe number, less stringent a process. The
NA of optical lithography tools typically rangesof 0.5 to 0.6 in modern machines. Thus,
the typical rule of thumb is that the smallest fiees that can be printed are about equal to the
wave-length of the light used.
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Currently, leading-edge production lithography eoypl optical projection printing
operating at the conventional Rayleigh diffractiomit [23]. Therefore, with reduction in
wavelength, the pattern transfer of reducing dinwrsscannot be accurately reproduced by
optical lithography in the near future. Furthermdhnes trends towards reduction of feature
size goes with a drastic increase of the fabricatmsts, Thus, the research for novel and low-
cost techniques in alternate lithography for subrom features has been in progress for over
two decades now.

4.3. Non-conventional techniques for achieving micro- and
nanopatterns

The techniques discussed in this section deschbepossibility of achieving high
aspect ratio micro and nanostructures by alteraaéehniques to those based on conventional
lithography. These alternative techniques includes only the so-called soft-lithography
techniques but also the so-calledttom-upapproaches such as self-assembly [24, 33] and
hence involvegrowth of pillars or other patterns as opposed to théoboup techniques,
which consists of etching away a material or maddgyits topography to create patterns. The
use of bottom-up techniques to produce HAR nancitras will be discussed later in the
next chapters. Under the top-down categorizatioeret are various techniques including soft
lithography [24-26] nanoembossing [27, 28], nanatimg [29, 30], micro-electro-discharge
machining (u-EDM) [31, 32]. Of these techniquedt $ithography is the one with a lot of
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interest generated because of its inexpensive melbgy and excellent results. The next

section describes soft lithography techniques iefbr

4.3.1 Soft lithography techniques

The term “soft lithography” was coined by Dr. GeardVl. Whitesides of Harvard
University in 1998 as an umbrella term to referatbthose techniques of photolithography
which use a “soft” mold usually made of elastomeniaterial to create patterns on substrates
by physical contact [24-26]. Though stamp printing and littaqgty have been around for
centuries, the two were first bought together i3 %y Whitesides et al., when they
discovered a technique called ‘Microcontact Prigitif84]. Soft Lithography uses physical
contact as the basis for pattern transfer to thistsate. Hence, a Poly Di Methyl Siloxane
(PDMS) “mold” is fabricated and employed for thisrpose. However these “molds” are used
to make futher numerous copies using different &iofireplication techniques. The “master”
is usually a silicon substrate with replicable @ats. The mold is usually prepared by replica
molding [35] as shown in Figure 4.6. The “mastes”typically fabricated from Silicon or
otherwise using one of the conventional technig(BsE-beam lithography2) Focused ion
beam lithography(3) Photolithography(4) Micromachining(5) Holography(6) Scanning
Probe Microscope (SPM) Lithography.

| fabricate and silanize master
T

x_iSIDg.SI_»! My, metals,

:Efz:i' photoresists, or wax

] pour FOMS prepolymer over mastar

PDMS

Figure 4.6. Replica molding process to create PDi8Ids” from a “master” silicon substrate.

Once the mold is ready, it can be used to castyalaege number of substrates very
fast and cost-effectively. The mold regains itspghafter being peeled away (See Figure 4.7)

and so can be reused up to 100 times without raiileedeterioration [36].
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W
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Figure 4.7 Schematic illustration of making replicas from a8 mold. The white surfaces show
PDMS molds which imprint the grey (soft) substiatbetween. Once cured, the two PDMS molds can
then be peeled away leaving a patterned substettént.

PDMS plays a primary role in the success of Sdftdgraphy and is chosen for its following

properties:

“ PDMS being an elastomer, it conforms to the surfsiche substrate over a relatively
large area. It is deformable enough such that eordbcontact can even be achieved on
surfaces that are non-planar on the micrometee s¢ak elastic characteristic of PDMS
also allows it to be released easily, even frommemand fragile structures.

% PDMS provides a surface that is low in interfafiaé energy and is chemically inert:

< PDMS is homogeneous, isotropic, and optically gpansnt down to about 300 nm: UV
cross-linking of pre-polymers that are being moldegossible. It has been used to
construct elastomeric optical devices for adapbpecs and to fabricate photomasks for
use in UV photolithography and contact phase-gtititolithography.

% PDMS is a durable elastomer. The same “stamp” eamsbd up to about 100 times over
a period of several months without noticeable déafian in performance.

<  The surface properties of PDMS can be readily nexdliby treatment with plasma.

4.3.2. Non-lithography-based patterning techniques

Other non-optical lithography-based techniquesctiesre micro and nano-patterning
employ the use of self-assembled monolayers (SAMshg diblock copolymer chemistry,
nanofibers spun by electrospinnirgfc which form thebottom-upapproach to micro and
nanofabrication. These techniques will be explaiiedietail in Chapters 7 and 8 of this

thesis.
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4.4. Conclusions

With the scope of optical lithography already beimgxed out by the decreasing
feature sizes as required by the current IC treiidseems that standardization of a new
lithographic techniques to achieve critical dimensi in the nanometer range over large
surface areas is the need of the hour. Many newiphog replacement lithography methods
have been probed over the past few years with margegrees of success and spanning many
different technologies. Some of these have beelmedtthe previous section in addition to
giving the limitations of the current lithographiethods. They will be used to produce HAR
sub-micron structures based on lithographicallyraaf patterns, as described in the next
chapter.

In the next chapters of this thesis, we also dékel use of other methodologies to
obtain feature sizes in the nanometer rangésout the use of optical lithograph@€hapter 7
is a detailed explanation of the use of electraspm to achieve nanofibers on Silicon and
Chapter 8 deals with block copolymer lithographye3e chapters give process recipes,
experimental details and results from these forays.

Additionally in Part Il of this thesis, as a peespive, we explore the potential of
other methods to achieve nanometer critical dinomssiof feature sizes through new
promisingbottom upmethods. While the list of these methods or thmplementation is by
no means exhaustive, they provide an interestingigm into the future of the
microfabrication industry to achieve diminishingfere sizes over large areas and at low cost

for next generation devices.
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Chapter 5

Deep Reactive lon Etching (DRIE) On
Lithography-defined sub-micron features

5.1. Introduction

Deep reactive ion etching (DRIE) as a method tdesehhigh aspect ratio features
was discussed briefly in the previous chapter. Gfrthe main contributions in this chapter is
to try and characterize the ability of a given gbcbcess to produce HAR structures, and thus
to assist the user in the selection of the mostagpiate process. Usually, one of two forms of
the DRIE process are used in HAR etching —the “Bbgcocess on one hand, which is based
on alternating cycles of depassivation, etch armhssivation sub-steps [7, 8], and the
cryogenic process on the other hand, which invoétebing at temperatures, typically below
-100°C [16]. Both have enjoyed grand success dtirggcmicrometer and sub-micrometer
features to great depths.

Using the Bosch process, very high aspect ratiochres have been reported in
literature. Trenches with aspect ratios of up t@:10were reported for 374 nm widths by
Marty, et al [15]. More recently, aspect ratios9@f1 have been reported by Owen et al [37]
for trenches of 3 um widths. Other results havenlmeblished for trenches ranging from 130
nm to 2.3 um, where aspect ratios between 30:16&ntl [38, 39] were achieved. When
considering cryogenic etching results, aspectsaiiod8:1 have been reported by Tillocher et
al [40] using the so-called “STiGer” cryo etchingppess, which is somehow similar to the
multiplexed Bosch process, with close plasma chieynibut with the specific feature of
processing at a cryogenic temperature. It can le®m 8 a combination of the original
“multiplexed” Bosch process and the “pure” cryogeeiching process.

In this chapter, we describe optimized Bosch preeggo fabricate very deep silicon
trenches with aspect ratios of 160:1 for trencHeZb6 nm width, and of 124:1 for trenches of
800 nm width, respectively.

Furthermore, we show preliminary results suggestingt pure cryogenic etch
processes can be used to produce aspect ratidergiiean 120:1 for 35 nm trenches. To our
knowledge, these are the highest values of thecasmio attained so far using DRIE in these

dimension ranges. By combining our experiments wother reports published in the
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literature, we show that the dependence of aspdict on feature width obeys a simple two-
parameter logarithmic law for a wide range of psscparameters and dimensions, including
sub-micron features, allowing us to propose a riguré of merit to characterize the ultimate
aspect ratio that can be obtained using a spegtific process. This figure of merit also allows
achieving comparison of different aspect ratio perfances, while taking into account in the

same time, the dimension of the trench for whiceh performance is attained.

5.2. Results from Bosch DRIE process

The basic Bosch process is a time-multiplexed péastoh process typically involving
three distinct steps that alternate - depassivagtoh and repassivation. Some steps maybe
performed concurrently [41-43]. To overcome thebpgm of excess bowing at the top of the
trenches (See Figure 5.1(a)) and of narrowing at ltbttom (see Figure 5.1(b)) [10],
numerous etch trials accompanied by a detailedysbfidhe relationship between the three
etch steps were performed. The best etch profile el#ained using a two-step process in
which the depassivation and the etching were coatbin one step. Since silicon etching
takes place in this case at a lower pressure thdnei regular Bosch process, this leads in a

decrease of both etch rate and selectivity [10, 44]

Two sets of experiments were performed with theinuped Bosch process. An
Aluminum layer of 500 nm thickness was evaporated anasking layer for the extremely
high selectivity it offers during the DRIE process300:1). Set 1 constitutes simple trench
test structures of 800 nm width, whereas Set 2istanef trenches increasing in width from
250 nm to 5 um, with spacing of ~250 nm betweemth®et 1 experiments were performed
as a part of the work by A Summanwar [10]. It miostnoted that both sets were fabricated
on Alcatel DRIE Systems, using standard <100> pedogilicon (from Ultrasil — resistivity
0.01-0.015Q-cm). The detailed etch programs used for the twgeements are shown in
Table 5.1, and the obtained results are represent&igure 5.2. Using the Set 1 etching
conditions in Table 1, 800 nm-wide trenches wittr&xely vertical profiles and no bowing

were manufactured, reaching aspect ratios as Isigl24:1 (Figure 5.2).
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WD 5 @mm 580k <20k

(b)

Figure 5.1. (a)Etch results with standard, non-opsed process, showing excessive bowing on top —
inset (1) and available space at the bottom — i(@e&nd (b) Etch results with increased passivatio
reduced bowing on top — inset (1) and narroweddhas at the bottom — inset (2).
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Table 5.1. Parameters for deep etching of sub-mifgatures using Bosch process.

(a) General parameters

Source Power Pressure Temperature Duration Etch
(W) (mT) (°C) (s) rate(um/min)
Set 1 2800 25-50 10 6610 0.90
Set 2 1800 30 20 3600 0.66
(b) Specific parameters for the passivation pulse
C4Fs flow (sccm) RF power (W) Pulse duration (s)
Set 1 350 30 2,4
Set 2 200 100 2
(c) Specific parameters for the etching and depassition pulse
SFs flow (sccm) RF power (W) Pulse duration (s)
Set 1 300 see figure below see figure below
Set : 30C 10C 5
(d) Detailed ramped parameters used in set 2 for RBower and pulse duration
160 2,6
150 - : w25
S,_—140 - 524
[ 2,3
§-130 b %2'2
&120 R 32.1 |
110 A s 2
100 T T T T T T 1,9 T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Number of cycles Number of cycles

Figure 5.2. Extremely high aspect ratio (124:1) trerechaving a width of 800 nm and a depth of
99.4um obtained using Set 1 parameters
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When considering the etched depth (D) alone, a-kvadlvn trend is a decrease of the
etched depth (D) while the feature size (W) de@sgaas illustrated in Figure 5.3(a). This is
related to different diffusion-related phenomen&, [45-47], which includes the loading
effects and the aspect-ratio dependent etching @RMPlowever, when considering the
aspect ratio (D/W), a very interesting opposeddrierobtained: a decrease in feature size (W)
can lead to higher aspect ratios (D/W). Those tends are schematically depicted in Figure
5.3 (b) and (c).

The above-mentioned trend suggest that it mightinberesting to experimentally
explore the sub-micrometer range in terms of feasizes, where the highest aspect ratio are
expected. It is also naturally tempting to alsolesg what really happens with nanometer-
scale features.

Achieving an aspect ratio of 124:1 on trenches e was 800 nm-wide trenches is
therefore a challenge, because it is still in tippear region of the sub-micrometer range.
Obtaining such performance required dynamic adjestmof both the duration of the steps
and of the plasma power for Set 1.

It is also to be noted that the DRIE process i&lsnriting due to the decrease in etch
rate from radical depletion described by the Knadsansport model [48], ion depletion due
to sidewall scattering, electrostatic deflection @mgular distribution [49]. Yeom, et al. [50]
also describe aritical aspect ratio corresponding to the ultimate aspect ratio ttzat be
achieved by a process upon saturation and it tiortse no longer dependent on the etch
duration. It is therefore reasonable to assumeatmatecipe of DRIE process has a maximum
achievable aspect ratio.

Using the Set 2 etch conditions in Table |, thenbg} aspect ratio was obtained for the
250 nm-wide trenches. The etch extended 40 um mhdeesulting in an extremely high
aspect ratio, of 160:1. The post-etch dicing ofsamples for the purpose of SEM observation
resulted in collapsed walls, as apparent in Figude However the effectiveness of etch is
apparent from the regular square profile at theobotof the trenches, which also suggests
that even higher aspect ratios might be possibltier etching, as the saturation is not yet
reached in this case.
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Figure 5.3 (a) Scanning Electron Microscope (SEM)dgmdlustrating the typical trend of etched
depth (D) versus feature size (W); (b) and (c) arectireesponding graphical trends for both the

etched depth (D) and the aspect ratio (D/W), respegtivdhich have opposite variations
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Bosch process DRIE is also known to result in sgatlg in the form of quasi-periodic
sidewall roughness. Typical Bosch process surfacgimesses are in excess of 200 nm.
However, when considering small trenches (in tmgeabelow Sum) and certainly like those
used in our Set 1 & 2 experiments, this roughneastidally reduces to levels below 25 nm
and eventually vanishes with increasing aspecbsatiuring the process, as detailed in a
previous report [51] related to the so called “Agpeatio Depedent Scalloping Attenuation”,
which indicates that surface roughness inducechbycyclic nature of the Bosch process, is
significantly attenuated when increasing the aspaad of deep trenches, which is especially
true for the sub-micron trenches under considaratiadhe present work, whose aspect ratio is

extremely high, leading to non-observable surfacgihness.

200 nm
trenches

Figure 5.4. 250 nm-wide trenches with a depth of 4Qaspect ratio 160:1) obtained through the
process in Set 2. Some of the walls collapsed durinditivg procedure.

5.3. Results from cryogenic DRIE

By comparison with the Bosch process, which is kmaéavproduce a periodic sidewall
roughness of typically tens of nanometers peakaltey, cryogenic DRIE offers the benefit
of producing vertical sidewalls with no observabbeighness, even on large features. This
advantage of the cryogenic process is of greatifgignce. This is a consequence of the

process being carried out at low temperatures usinglasma of combined sulphur
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hexafluoride (Sk) and oxygen (@), and results in efficient reduction of the isgimetching
of silicon.

The challenge in case of cryogenic etches is toauseitable mask that will resist at
such temperatures and that can be patterned amsmbmeter length scales. Typical
photoresist masks peel off without being able tthstand cryogenic temperatures and were
therefore considered unsuitable. For the finalb$&txperiments performed in this work (Set
3), we used a combination of focused ion beam (EtBhing and cryogenic DRIE to achieve
HAR trenches with widths in the tens of nanometargje. The FIB was used to pattern lines
of 35 £ 10 nm width and 500 nm spacing on a 50 hicktaluminum film. All the details
regarding the FIB patterning for this sample isdssed in detail in Chapter 8. This created a
hard mask for the subsequent etching, which useg@ithcess parameters shown in Table 5.2.
All etching experiments were performed on an Alc&@ELE machine which is equipped with
a cryogenic chuck. Samples were mounted on topaofifial test wafers deposited with
aluminum using high vacuum grease. Figure 5.5 stibevsorresponding result in the form of
an SEM picture, indicating that aspect ratios oferthan 125:1 could be achieved. We also
note that the FIB was used again, before the ingagmetch a vertical rectangular hole that
exposes a partial cross-sectional view of the etchi

When compared to the Bosch process described irpringous section, it can be
noted that it is performed at almost twice the baaswhich the cryogenic process is
performed. This can be explained by the fact that&l mask thickness for the Bosch process
is of the order of 500 nm as compared to only 70fanthe cryogenic process. In the latter,
we lower the ion bombardment to avoid any damagesgattering) to the Al layer while
maintaining enough energy to penetrate to the otbthe trench. As for why this difference
in terms of ion bombardment between Bosch and @migprocess is needed, it is perhaps
possible to link it to the passivation layer itsatfd the fact that we compare a process with a
dedicated passivation step (Bosch process) to &éinconis gas flow process (cryogenic
process). With the Bosch process, the "teflon-ligassivation layer must be etched from the
bottom of the trench to continue etching. Howevéhhe cryogenic process we only grow
the passivation layer (thin silicon-fluorinated @&) on the sidewalls as continuous ion
bombardment induces no passivation at the bottotheofrench. So we don’t have the need to

have very high ion bombardment in this case.
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Table 5.2. Process parameters for the cryogeniicpticess (Set 3).

Source | SF6 flow | O2 flow | Pressure| Substrate| Temp | Etch time | Etch rate
Power (W)| (sccm) | (sccm)| (mT) bias (W) | (°C) (min) (um/m)
1000 200 12 30 80 -11( 10 0.45

| 300 nm

EHT = 3.00 kV
WD = 5.0mm

Signal A = InLens
Mag= 18.23 KX

Figure 5.5. SEM image of ~35 nm trench etched to ¢hdgeater than 4.3 um using Set 3
parameters, hence with aspect ratio >125:1. A rectaaighible was etched using the FIB to allow
cross-sectional visualization.

5.4. Aspect ratio vs. Feature Size

Figure 5.6 shows a comparison of the aspect raisus feature size as studied by
various groups [37-39; 52-55] and updated here with latest results. It appears that data
pertaining to a particular etch process can folkogemi-empirical logarithmic law, which was
previously reported for feature size in the tens@rometer range [56] and which is found to

still apply for the sub-micrometer range, considarethis paper:

_alog(1+b W)
- w

(5.1)

whereARis the aspect ratidV is width of the features (in um), aadandb are constants with
units of um and prhrespectively, that depend on the etching recipegbesed. The aspect
ratio is calculated aB/W, whereD is the etch depth at the bottom of the trench. Oéws fit
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with this model was evaluated in five different emsand represented in Figure 5.5. As it
appears from the figure, the law applies over aewddmension range. It can therefore be
assumed that such trend lines can be used to rdalgopredict the aspect ratios in ranges
where experimental results are not available. miqadar, by extrapolating the results to the

limit of vanishing widthW, the ultimate aspect ratio corresponding to a particular etching

recipe can be evaluated:

. alog(1+b W) _
lim 22522 = ab = ARy (5.2)

This ultimate aspect ratio can be calculated byjopeing experiments such as the Set
2 presented above, and can provide a dimensiorfipe® of merit (FOM=ARnay for the
effectiveness of a specific process to produce H@&B-micrometer structures. For the cases
analyzed in Figure 2 we obtain the following FOMues: 3780 for our Set 2 process from
Table I, 3240, 180, 3000, and 168, respectivelydéda previously reported in [37], [38], [54]
and [55]. We can see that the FOM for [38] and [B5§ignificantly lower than the other
processes, thus implying that these processes we¢neushed until saturation to achieve the
corresponding maximum aspect ratio features. Aesgjon analysis was performed to assess
the accuracy of the curve fits. The values of #gression coefficient mttained for the above
cases were above 0.96, with percentage errorfiéa andb fit parameters calculated in the
range of 7-9 %, leading to an overall errorAfRnax in the order of 15-20%. It must be noted
that extending such trend-line extrapolation toetisions above the micrometer range is not
recommended, since most processes were optimizétdsub-micrometer range, and when
applied to larger dimensions may result in dramatidesired results such as the formation of

silicon “grass”.

5.5. Conclusions

Etching of sub-micrometer scale trenches was prtwejive access to aspect ratios up
to 124:1 and even 160:1, depending on the procesameters using both Bosch and
cryogenic DRIE. A semi-empirical logarithmic lawlatng aspect ratio to decreasing
dimensions, and which takes into account the deergmetch rate induced by radical and ion
depletion, was experimentally validated at thedericrometer scales. Furthermore, a figure
of merit to evaluate the ultimate aspect ratio pagposed in the case of processes intended to
achieve HAR features. The proposed figure of mevds also applied to available

experimental data from the literature and compévealir achievements.
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Figure 5.6. Aspect ratio versus feature size as studied by various groups in the micrometer range

Feature size (W) in pm

plotted on a logarithmic scale.

The next chapter discusses the methods and results obtained from the use of

nanofibers deposited on a silicon substrate and used as templates for subsequent etching.
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Chapter 6

Electrospinning for advanced transfer of
HAR micro- and nanostructures

6.1. Introduction

Electrospinning is a centuries-old technique tfzet been used to draw out fibers from
liquid solutions using electric potential [57-60Faditionally, it has been used in cell-culture
and neurological applications [61-63] as well agriicrophotonics and optofluidic devices
[64-67].

However, in this chapter, we discuss the use aftmspinning for producing high
aspect ratio micro-and nanostructures. Electrogpinnis deployed as a technique to
manufacture nanofibers on silicon, which are theeduas a template for further DRIE
etching, to yield high aspect ratio micro and nanmsures as a precedent to manufacturing
nanoscale vertical superlattices. The next sectiladorates on the basic physics of the
electrospinning process and subsequent sectioas thet specific process variations used to
obtain the nanofibers on silicon and the DRIE psses carried out to achieve HAR

structures from them.

6.2. Electrospinning to achieve nanofibers

Electrospinning is a process which uses an elattribarge to draw very fine
(typically on the micro or nano scale) fibers frarliquid solution. The process does not
require the use of coagulation chemistry neitherube of high temperatures to produce solid
threads from a given (usually polymer) solution-[@g. This makes the process particularly
suited to the production of fibers using large aondplex molecules. Figure 6.1. shows an

illustration of a typical electrospinning proceg2].

During the electrospinning process, a polymer smhuis injected at a constant flow
rate from the nozzle of a syringe which forms aldagone (as illustrated above) when the
syringe is positively biased and the collectoragatively biased [73]. Typically, the collector
is an electrically conductive material such as lamaium plate, a coated silicon wafer, etc.

Another parameter affecting the process is theadist between the electrodes. It is usually
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between 10 and 25 cm. The typical applied voltagi® setup is in the range of 0.5-30 kV,
depending on the type of polymer solution beingatgd.

Polymer Solution

Taylor Cone

T Supply

Figure 6.1. Schematic of the electrospinning preces

When the electrical force surmounts the surfacsidenof the liquid, a jet is formed,
and the solvent evaporates rapidly during its pgagian to the target and the resultant dry,
fibrous materials form the nanofibers on the cadie¢74, 75]. On the solution side, different
properties like viscosity, concentration, moleculeeight, etc. affect the quality and the
characteristics of the nanofibers produced. It nmeshoted that the viscosity of the solution
should be reasonably high enough to keep the fibrmture of the deposition rather than
forming beads, which is likely to occur when théusion is broken down by the electric field
[76]. However, if the viscosity is too high, it wiprevent jet formation or result in fibers of
very large diameters. Since the viscosity of thetsm is related to the concentration of the
solution, the molecular weight of the polymer, irdituted solution, the separation of the
polymers results in bead formation. Polymer sohgiof high molecular weight but relatively
low concentration are ideal for electrospinning, [78]. If the molecular weight happens to be
too small, no fiber can be produced even if theceotration of the solution is suitably hiked
up.

For the ideal solvent, its dissolving ability andiling point are key parameters. It is
essential that the solvent evaporate completelynwhe fibers reach the collector. Else, they

will hold the fibers together at the collector. Téi@re, it would seem that a low boiling point
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is ideal. It must be noted that a very low boilipgint will result in the solvent evaporating
too quickly and in the aggregation of the polymerttee nozzle tip resulting in a failed

process.

In general, water is used as the solvent for hyldtic materials such as gelatin. Other
solvents include DMF (Dimethyl formalamide), ethe©HCIlz;, and CHCI.. The resultant
nanofibers range in diameter from a few tens ofonsgters to a few hundred microns
depending on the variation of the different parareaforementioned [79-81]. In this work,
we use Polystyrene (PS) 12.5% polymer and Gel&t as the two materials for obtaining
nanofibers. Through the different runs of this wonle have varied the molecular weight of
gelatin between 30000 and 90000. Figures 6.2 idlastration of the subsequent process
steps to be performed on these nanofibers to fudb&@in a ‘mask’ to get HAR micro and
nanostructures using subsequent DRIE on silicore Ttoff of the nanofibers can be
achieved by dissolving them in their respectiversiols — DMF for PS and Water for Gelatin

nanofibers.

PS/Gelatin nanofibers
~200 nm in diameter

PS/Gelatin nanofibers
~200 nm in diameter Aluminium

sputtering
(O-O-O-O-O-O-O-O-O-O-O-0)

Silicon

After lift off

Aluminium
| <

Figure 6.2. Post processing steps of nanofibexsbtain HAR micro and nanostructures in Si.
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Alternatively, the polystyrene is an excellent mask by itself. Hence etching can be
performed directly after a PS nanofiber deposit on Si. This will yield nano-walls. However
when using gelatin, it is necessary to use a masking material like SiO> under the nanofibers
because gelatin by itself does not form a good masking material. In this case, the underlying
SiO; can be etched away by RIE. This process is briefly illustrated in Figure 6/8hen using
PS fibers, it is also possible to create a 3D stdiffg structure of sorts with alternating

trenches and walls of subsequent layers.

PS/Gelatin nanofibers
~200nm in diameter

QOO0 O0MOOO00OO

Silicon

RIE of SiO2

QQQQQQlQQQQ

Figure 6.3. lllustration of post processing step to abtanofibers on Sifor using PS as mask to
produce nanowalls.

6.3. Electrospinning using PS 12.5% and Gelatin 10%

Table 6.1 details the conditions used for electrospinning, dieameters measured via
SEM and an indication of if the sample was ‘alignading parallel strips of conductive
aluminium tape. The conditions highlighted in greare the standard conditions for
electrospinning these kind of fibers on these lohdubstrates at Ecole Normale Supérieure
(ENS-Paris), where these experiments were condustedllaboration with Professor Yong
Chen’s group. The yellow highlighted portions shibv deviations made in our experiment in
order to obtain different diameters of nanofibéiigures 6.4 (a-c) show SEM images of the

obtained nanofibers for different samples.
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Table 6.1. Process parameters for various expetinérelectrospinning to obtain nanofibers.

Minimum Electr ospinning par ameters
Sample | Nanofiber . . Flow Target .
Number | material (ralezn;e:gd) Substrate Voﬁ‘gpg(esv) rate | distance ;rnlqwf)} Aligned?
9 (mi/h) | (cm)
1 ~50C nm-1pmr No
2 ~500 nm-1pm 9 0.2 15 2 No
3 ~500 nm-1pm No
4 ~150 nm 9 0.2 15 2 Yes
5 ~280 nm No
6 ~50Cnm 12 0.2 15 2 NO
7 ~20Cnm No
8 2500 nm 15 0.2 15 2 NG
9 ~200 nm No
10 Polvstvren ~170 nm 9 e 15 2 No
11 13’2 5y0/ ~300 nm SiO, ° o1 15 ) No
12 70 >500 nm : No
13 >50C nm No
14 >50C nm 9 0.2 10 2 No
15 ~250 nm No
16 ~330 nm 9 0.2 20 2 No
17 ~220 nm imprecise No
18 ~430 nm 12 0.2 15 2 No
19 >500 nm T No
20 >50C nm plgc €1 02 15 2 No
21 >50C nm No
22 ~150 nm No
23 ~170 nm £ Uh2 = 2 No
24 Gelatin ~200 nm 8 0.2 10 2 Yes
25 o 150 - 200 nm No
6 10% 150 - 200 nm < 8 0.2 10 0.5 NG
27 15C-20C nm No
28 15C-20C nm 8 0.2 10 1 No
29 >200 nm No
30 Polly/zsts)/(;en 180 nm 9 0.2 15 2 N
31 70 ~200 nm 9 0.2 15 2| Yes
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EHT = 5.00 kV Signal A = InLs
il ar-swe sgatoee,  ESIEE

(@)

,v"‘\//‘(/’// —iN}

10 pm* Mag= 130KX  EHT= 500kV Signal A = InLens ESIEE Bt
— WD = 4.5mm Date :29 Nov 2012 FATIS

(b)

10 pm Mag= 403 X EHT = 5.00 kv Signal A = InLens ESIEE 28

WD = 45mm Date :29 Nov 2012 PARIS
(©)

Figure 6.4. SEM images of the nanofibers obtained threlgttrospinning — (a) Sample 1, (b)
Sample 6 and (c) Sample 22.
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A study of the diameters of the nanofibers alsoeniagossible to predict the trend of
the diameter variation of these nanofibers withatamn in electrospinning parameters. The
associated trend is presented in Figure 6.5 below.

Subsequently, an Al-deposit step was performedifterent samples with thicknesses
varying from 50 - 200 nm to test the efficacy oé tlift off at the least possible thickness.
Through these experiments, it was found that 100ohrAl was ideal for lift-off purposes
providing a fairly workable template to perform ERbdn. However it must be noted that the
lift-off was not successful in all the samples or across an eséimple. In some samples,
prolonged exposure to solvent even under agitadidnnot result in lift-off. However the
DRIE experiments were performed on samples withtrabthe surface that had a successful
lift off.

o

Concentration {wt%)

=

Flow rate (mlfh)

p—

Electric potential (kV)

\

Screen distance (cm)

Fiber diameter (nm)

Figure 6.5. Trend of effect of variation of electrospignparameters on nanofiber diameter.

Figures 6.6 (a) and (b) show the successful liftadf Gelatin 10% fibers (Sample 22) by
soaking in water for about 15 minutes under agitatFigure 6.7 shows an SEM image of a
partially successful lift off where some of the Alinium still remains stuck on the gelatin
nanofibers that failed to lift-off entirely.
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EHT = 5.00kv Date :5 Dec 2012 EHT = 5.00 kv SE2 Date :30 Nov 2012
WD=41mm Mag= 262KX Time :14:30:05 }—| WD= 29 mm Mag= 424X Time 16:25:56

(@) (b)
Figure 6.6. SEM image of (a) Sample 22 after Al dejposand before lift-off and (b) after lift-off.

EHT = 5.00 kv SE2 Date :30 Nov 2012
WD = 26 mm Mag = 498X Time :15:11:35

Figure 6.7. Partially successful Gelatin lift-off of Sample 23
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6.4. DRIE on nanofiber templates

6.4.1. Nano-trenches

Initial DRIE parameters were standard and et asvshim Table 6.2 for the first
experiments of etching the nanofibers. The firshgles to be etched were gelatin 10%
standard samples used for etching with the starBasth process parameters for a duration
of 5 minutes

Table 6.2. Standard Bosch process conditions

Power | Bias | Time
Gas | Pulse| Order
(W) M |6
5

SFe | 30C 2 150(¢ 60
C4Fg| 200 1 1500 60 2

The corresponding results were observed under Skvaee shown in Figure 6.8. An
etch depth of ~9.1 um was obtained in the 5 minofestching on 261 nm-wide trenches,
establishing the efficacy of the recipe used. st shows a closer-up view of one of the

trenches formed from the DRIE process, which ingie@an aspect ratio of 35:1.

EHT = 10.00 kV Signal A = InLens
WD = 9.1 mm User Name = MARTY

Figure 6.8. SEM image of Gelatin 10% nanofibers etdbe& minutes using standard Bogufocess.
The result is a 261 nm-wide, 9.1 um-deep trench, spaieding to an aspect ratio of 35:1.
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With the promising results from the first trialetBosch process was continued for 30
minutes duration to observe what was obtained. Begiths of up to 30 um were obtained
from this trial. The initial nanofiber diameter waseasured as ~200nm. However it was
observed that a large amount of undercut resuttad the Bosch process. A closer up view
of these results are shown in Figure 6.9.

As evidenced in Figure 6.9, splicing the samplessdwot result in clean edges. This is
thought to be due to the curved countenance oh&inefibers, which once etched presents as
an angled wall which breaks along the axis of léass$ion in order to result in the irregularity
as is witnessed. The undercut observed is shovdetail in Figure 6.10. The undercut is a
side-effect of the typical Bosch process that pedseby scalloping. This can be clearly
witnessed in the etching of the nanofibers thatsama making the opening close to a 1 um
wide one as opposed to the very top which cledrbns that the width of these nanofibers is
close to 140 nm. A possible solution to this prableill be to attempt cryogenic DRIE

etching of these nanofibers.

6.4.2. Nano-walls

As was detailed in Figure 6.3, the polystyrenerBbeere spun on SEO100 nm of
aluminium was then sputtered onto this stack. R#S wsed to etch away the Si0O expose
the Si beneath. Lastly an Aluminium lift-off wasrfiemed by dissolving the PS fibers in
DMF resulting in an underlying Sgnask for etching the Si. Similar conditions asvean
Table 6.2 were used to create nano-walls from PS%2ibers on Si@ Figures 6.11 (a) and
(b) show the PS-based nano-walls created by DRIE.

Further experimentation was not done on thesedyjgamples as the initial goal was to
obtain nano-trenches. However the results obtaimeéde above samples made us recognize
that more impressive results of this variety wesetainly possible given the need for them.
As of now, they certainly make for an interestirgygpective and hence similar processing
can be used in a variety of other applicationsudirlg the fabrication of 3D scaffold

structures.
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EHT = 5.00 kV Signal A = InLens
WD = 53 mm User Name = MARTY

EHT = 10.00 kV Signal A = InLens
WD = 53mm User Name = MARTY

Figure 6.10. SEM image of the same sample showiguré-6.9, highlighting the undercut
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Date :7 Dec 2012
Time :15:41:35

EHT = 5.00 kV/ InLens Date :7 Dec 2012
WD = 7.0 mm Mag= 6.30KX Time :15:40:25

(b)
Figure 6.11. (a) Nano-wall formation with PS 12.5%ate on Si@and (b) closer-up view.
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However, at the end of the Set | experiments, weewauipped with sufficient
success for DRIE trials using Al mask based onemssiofibers. Hence the goal with the next
set of samples was to reduce as best possibleidingettr of these nanofibers during the
initial electrospinning step so as to have a fitemplate mask available for subsequent
etching. Also from studying obtained diametersh® hanofibers from process variation we
had an idea of changing the parameters in ordexddlt in lesser diameters for future trials.
Also, since PS 12.5% nanofibers consistently yeltlrger diameters than Gelatin 10%

nanofibers, it was decided to use Gelatin as tha manofiber for Set Il experiments.

6.4.3. Nanofibers Trial #2

Table 6.3 represents the electrospinning conditionsbtaining the nanofibers for the
Set Il experiments. The Gelatin used was of lowelecular weight (30000 as opposed to the

usual 90000) in order to promote the possibilitpbfaining thinner nanofibers.

Table 6.3. Electrospinning parameters for Set plegdments.

Applied Flowrate] Distancg Time| Min. measured
Voltage (kV) (ml/h) (cm) (sec) diameter (nm)
8 0.2 10 30 ~150
8 0.2 15 30 ~100
8 0.2 12 30 ~200
12 0.2 10 30 ~150
15 0.2 10 30 ~60
8 0.1 10 30 ~50
8 0.5 10 30 ~100

As can be seen from the table above and the comdspy SEM images below, the
nanofibers were certainly of a lesser diameter tin@nprevious batch. Also as can be seen
from the following SEM image, they were less popediathan the earlier trial. The pre and
post-Al-lift off SEMs of some nanofibers from Sétexperiments are shown in Figure 6.12

(a) and (b) respectively.
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Date 14 Jan 2013
Tima -1 1:24:23

EHT = 5.00 kV InLens Date :15 Jan 2013
WD = 4.2 mm Mag = 28.00 KX i 38

(b)
Figure 6.12. Set Il nanofibers (a) before Al lift-off gl post lift-off.
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The Aluminium lift off wasnot successful in a large majority of samples obtaimed
Set Il. This can be explained by the fact thatehee much fewer fibers on the samples than
obtained in Set | due to increasing the screemmiigt in an attempt to reduce the nanofiber
diameter. This meant that clumps of nanofibers c¢owt act together in lifting off the Al
deposited over them. Instead in most cases, thesitegd Al weighed down the nanofibers
and ended up not lifting off at all. However, DR¥tas performed on the few successful
samples. Once again, the same standard Bosch promeditions were used to perform DRIE
and the Figure 6.13 (a) and (b) show SEM imageghef top view and cross-section
respectively of the sample post-etching. It cansben that the sample appears to be in
significantly worse shape than Set I. The undenpeitsists as well. Thus altering the

electrospinning parameters to obtain ‘thinner’ rfdoers though successful to a degree has

about the same degree of success as Set | inngé#liR structures.

Figure 6.13. SEMs of nanofiber-based trenches postifdtes standard Bosch DRIE in (a) top view
and (b) cross-sectional view.

6.4.4. Aligned nanofibers

Since the primary goal of using nanofibers as tamegl for DRIE to produce HAR
nanostructures is to eventually use them as a ¢éogwy for creating nano-superlattices, it is
very interesting to the initial goal of this thesistry and align these nanofibers. Since these
nanofibers in fabrication are driven by an elecpatential, having a biased collector will

allow them to deposit in a more orderly fashion.
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To this end, the sample to be electrospun is fiwgtl conductive aluminium tape a
few millimeters apart to coax the nanofibers ingpasiting in a more aligned fashion. Figure
6.14 is a photograph of such a ‘prepared’ sampieFagure 6.15 (a) and (b) are SEMs image
of quasi-aligned nanofibers. As can be seen froemn SEM image, the nanofibers aren’t
clustered around and seem more orderly. Whileighasfar cry from perfectly aligned straight
fibers, this is a promising first result and vaoas of the conductive collector can lead to
more useful results. Ideally, with the preparatmina dedicated mask with electrodes of
aluminium or a similar metal spaced a few 100 prariapan yield excellent results of
perfectly aligned nanofibers between electrodegsé&hcan then be post-processed similar to
the nanofibers as discussed above to lead to aknamo-trenches in silicon as a step towards

achieving nano-superlattices.

rew -
—

|

Figure 6.14. Photograph of sample prepared with stripgavallel conducting aluminum tape meant
to act as alignment aides during electrospinningariafibers.

6.5. Conclusions

Clearly, using nanofibers as a template for DRiEv@ry promising to achieve HAR
nanostructures especially for use in the fabricatibnanosuperlattices. The results achieved
through these experiments have been very integestimal serve as a predecessor to further
work that can be done with these techniques. Fsiamte, these trenches can now be filled
with a metal like Titanium using ALD (Atomic Layddeposition) resulting in non-shape

conformal superlattices at the nano-scale.
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WV,

EHT = 5.00 kv SE2 Date :15 Jan 2013
WD = 4.5mm Mag= 1.29KX Time :14:38:38

1 pm Mag= 1330 KX  EHT = 5.00 kv Signal A = SE2 ESIEE [ABES

WD = 4.8 mm Date :29 Nov 2012 FARIE
(b)

Figure 6.15 (a, b) SEM images of ‘quasi-aligned’ afilbers using parallel strips of conducting Al
tape as electrodes.
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These can in turn be used to study the thermiamécgy transfer at the atomic levels.
This technique is also very novel and has not hessd too much beyond cell culture and
neuro-physiological applications thus far, thouglr @ontribution in extruding the 2D
nanofiber patterns to obtain the corresponding 3@h-Aspect ratio counterparts. Hence
employing such a technique to fabricate not onlieptal thermal structures but also new
kinds of scaffolds for cell culture, is a first afioe direction is very promising for future

applications.
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Chapter 7

Focused lon Beam (FIB) Patterning and
Subsequent DRIE

7.1. Basic principles

In recent years, focused ion beam (FIB) instrumbatge become extremely handy in
the microelectronics industry. One of the critiegiplications of FIB instruments is as a
specimen preparation tool for subsequent analysisther tools like the scanning electron
microscope (SEM), transmission electron microsddjieM), etc. [82].

The FIB instrument utilizes a finely focused ionabefrom a Galiquid metal ion
source (LMIS) to perform imaging and milling opéoas (See Figure 7.1) [83]. The
interaction of the finely focused ion beam with theget material will produce the ejection of
secondary electrons, secondary ions, and secom#aryals. The ions and neutrals can be
ejected as individual atoms, molecules, or clustiinge imaging capability of the FIB allows
the use of either the secondary electrons or tbenskary ions for the image formation. The
milling operations are achieved through site-speaputtering of the target material. Since
sputtering is the basis for the milling operatioihgs important to understand the ion beam—
solid interactions and the sputtering process. Aargetic incident ion, upon impact with a
target material, will produce a collision cascadethe target material. If a surface atom
receives enough of a normal component of momentuym fthe collision cascade to
overcome the surface binding energy, the surface daves the surface and is said to be
sputtered [82].

The factors that affect sputtering include the atormumber, energy, and angle of
incidence of the ion beam, the atomic density @f tdwrget, surface binding energy of the
target, and crystallographic orientation of theyéar{84]. Among the various LMIS sources
available, the most used is a Ga-based blunt nesallece. Ga is used mainly for its
advantages over other metals such as In, Bi, ShAanbecause of its combination of low
melting temperature (30°C), low volatility, and lowapor pressure. The low melting
temperature makes the source easy to fire, Ga mlmteeact with the material defining the
needle (typically W) and evaporation is negligibBuring operation, Ga flows from a

reservoir to the needle tip (with an end radiualmdut 10 um), where it is extracted by field
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emission. A large negative potential between thedlgeand an extraction electrode generates
an electric field of magnitude 10V/m at the needle tip [85-87]. The balance betwten
electrostatic forces and the Ga surface tensiotingethe tapered W needle geometry results
in the formation of a single Taylor cone at thediegip. For typical emission currents used in
FIB microscopes (~2 mA), a cusp forms at the tiphef Taylor cone with a tip radius of
approximately 5 nm [88]. The simplest and most Widesed ion beam columns consist of
two lenses (a condenser and objective lens) tneefie beam and then focus it on the
sample, beam-defining apertures to select the lBameter and current, deflection plates to

raster the beam over the sample surface, stigmpti®@s to ensure a circular beam profile.

Figure 7.1. Dual beam microscope having one column each for SEM and FIB (reproduced
from[83].

7.2. FIB Etching

The FIB is an expensive tool [89]. In this worke vaave created patterns by ion
milling using the FIB directly on an Aluminium thiiilm (~50 nm) deposited on silicon. Once
these patterns were ‘written’, subsequent DRIE wadgormed to try and create HAR
trenches in silicon. To aid us in locating the andgere the FIB milling (and DRIE etching)
was done, we have designed a mask with clearly dexteal crosses of hierarchically
reducing dimensions (from 200 um — 2 um) with a berimg system. Figure 7.2 shows a
close-up view of the design when zoomed into onghefhighest level crosses. There are 3
levels of crosses in all to help us identify thea&xspot of FIB etching during SEM

observation of post-DRIE etched samples.
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Figure 7.2. Magnified view of one of the higher level crosses on the mask showing the other 2
levels of crosses for easy identification under the microscope.

The FIB lines were created by using the ion milliegture of the FIB. For creating
the electrode-like structures shown in Figure a)3 & beam current of 50-100 pA was used.
The pattern was created over a 15 um x 30 um @headepth of the etch was specified to be
~0.5 um. Figure 7.3 (b) shows the slices that wesated by the FIB. In this case, the current
used was 5 nA. The initial slice was programmed #ah repeated in equal intervals to
create the slices about a micron apart. These sam@re then etched by cryogenic DRIE to
achieve HAR structures. The Al that rests on tdp as a mask during DRIE. The process and

results from the etching are discussed in the section.

7.3. DRIE Results

The width of the lines created by the FIB were ¢gfliy in the 30-100 nm range.
Subjecting this kind of sample to a Bosch proceskirg would most likely result in sample
destruction because of the scalloping intrinsicthie Bosch process etching. Hence we
performed only cryogenic etching on the FIB etcBathples. Conditions used for cryogenic
etching were standard parameters, summarized indile 7.1.

It is known that within a specific window, the cgenic etching of silicon under
SF/O2 plasma results in the formation of “black silico(BS), a needle-shaped surface
structure where “needles” are made of single-chys¢asilicon and have a height above 10

microns and pitch of <1 micron when the ideal ctinds are present [90-93].
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2
— WO = 5.0 mm Mag= 251KX F—— wo«4nmm Mag = 1576 KX

@ (b)
Figure 7.3. (a-b) Sets of lines/dlices created by ion milling using FIB on Al over Si.

Table 7.1. Process parameters for standard cryogéch process.

Source | SF6 flow | O2 flow | Pressure | Substrate| Temp | Etch time | Etch rate
Power (W)| (sccm) | (sccm)| (mT) bias (W) | (°C) (m) (um/min)
1000 180 12 30 80 -11( 10 0.45

These conditions, the processes used specifiaalydaduce BS, etc. are discussed in
detail in Appendix Il of this thesis. On the SEMa&ge of Figure 7.4 (a) one can see on one
hand, the black silicon which was achieved unintexaly after the cryogenic etching of the
widest openings of the FIB patterns. Figure 7.3 Figure 7.4 (b) shows a different part of
the sample exhibiting different types of BS surfaéermed. On the other hand, Figure 7.5
shows the etching results obtained for the thinsbsés in Figure 7.3 (b). These very fine
FIB lines, the thinnest of which is ~35 nm in widéd to nano-trenches in the silicon bulk of
about 4.3 um in depth with an aspect ratio > 120fiese results were discussed in the

previous chapter.

7.4. Conclusions

The use of FIB etching is actual micromachining i®latively recent one. It has been
in use for mask corrections, specimen preparagtn,We have indulged the option of using
this tool to create patterns on an aluminium masksiicon and to etch them by a well-
developed plasma recipe to achieve HAR structies high aspect ratios of ~120:1 have

been achieved using this method.
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2pm EHT = 3.00 kv Signal A = InLens 3pm EHT = 3.00kV Signal A = InLens
WD = 4.8 mm Mag= 581KX WO = 4.9 mm Mag= 253 KX

(a) ()

Figure 7.4. SEM image after cryogenic etching of (a) FIB linesfrom 7.2 (a) and (b) different parts of
the same sampl e exhibiting a variety of BS surfaces.

300 nrm EHT = 3.00 &\ Signal A = InLens
H WD = 5.0 mm Meg= 1823 KX

Figure 7.5. Cryogenic DRIE etch result for dices shown in Figure 7.3 (b).

These initial results have been encouraging ang ipossible to conduct further
experiments to better what has been achieved thrthg course of this work, even though
FIB requires scanning over the surface, whichngetconsuming and not cost-effective. The
next chapter explores with another option with gmémary aim of reducing costs and
producing a high throughput. It deals with the dwtt up approach of using diblock
copolymer lithography to achiewelf-assembled nanostructures in silicon which can then be
used to create HAR nanostructures.
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Chapter 8

Advanced Transfer of Micro and Nano-
structures by bottom up approach:
Diblock Copolymers

8.1. Introduction

The methods typically used to produce patterns iorafabrication are externally
controlled by using tools to cut, mill, and shapatenials into the desired shape and order.
Previous chapters of this thesis dealt with theialion of the vertical superlattices using
several micropatterning techniques such as phiotgaphy and related techniques. This
approach is called the ‘top-down’ approach in nfapoication.

Over the past decade the focus of microfabricatehniques has shifted to nanoscale
dimensions due to the fact that the characteffistiture size required in many applications has
gone down to the nanometer scale. The theoreticalations of photolithography were
discussed in detail in Chapter 5. Even with advararg in optics and improving numerical
apertures, the research for alternate methodsrafscale patterning have gained momentum
over the past two decades. A new approach catlelom-up’has been developed over the
past few years. These techniques usually involgectiemical properties of single molecules
to cause them to self-assemble or organize in anaratnat could be useful for certain
applications. Specifically, one of the methods tiet seen a lot of success in this area is the
fabricationof large-area periodistructureson the nanoscale using polymlessed self-
assembly. It is ofirea interes because of its potential simplicity and low cj94.

Block copolymers (BCP) are a class of macromolecthat are produced logvalert
bonding oftwo or more chemically distinct homopolymers (block§)epending upon the
number n of constituent blocks, the nomenclature for such polymers isatikl (h = 2),
triblock (n = 3), etc. Theyepresert a subject of wide interestin fields ofmacre molecular

physics and chemistry because of their remarkatléyato self-assemble into a variety of
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ordered structures with nanoscaleperiodicities. The nomenclature also denotes these
distinct polymers by consecutive letters. Hencébodk copolymer would be an A-B type
of polymer (or Ab-B where the b’ denotes the “block”). A triblock could be of A-B-or
A-B-A architectures. The letters may be substituigdhe polymer acronym: PSPE for

a polystyrene polyethylene diblock copolymer.

Microphase Separation and Morphology

In a diblock copolymer, AB, théwo block commnerts are usually immisciblén
bulk - however, due toovalert bonding, the blocks cannot forrmacroscopically large
phases of A and B. Instead they exhibit microphseggaration where microdomains of the
minority block form within the matrix of the majoyiblock. If Va andVs were the effective
volumes of the constituent blocks A and B of tHaaltk copolymer, in the order of increasing
volume ratiof = Va/Vg, the shapes of the microdomains would range fronergsh(forf<<1)
to cylinders, to gyroids — a rare phase of peréatdamellae and — finally lamellae (fbrl).

It must be noted that the compositions of the ntomains and the matrix are reversed for
V>1 [95]. This phase separation is driven by two agopg forces: unfavorable enthalpic
interactions and entropic enerf@b, 96]. The enthalpic interactions tend to sefesttze BCPs,
whereas entropically the polymers tend to mixddpends critically on the temperature and
the strength of interaction to decide which tengem@vails. At elevated temperatures, the
entropy dominates and the BCPs are in a disordgsgd. On reducing the temperature, the
enthalpic interactions start dominating and micesghseparated structures are formed. Figure
8.1 illustrates the bulk configuration of diblocpmlymers [98].

The microphase separation can be thermodynamieallyessed in terms of Flory-
Huggins theory for a system with two componens with Na molecules occupying a volume
fractionf, andB, with N molecules occupying a volume fractionf{197].

For such a system, free energy of mixiAgcan be expresseak:

- f -f
(KgT) ~ )+ 1N_Blr‘(l—f)*')(f(l—f) (8.1)

where the first two terms are entropic ctrnbutions of the respective polymers
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(proportionalto No and Ng respectively) and the third term accountstifier energetic
penalty due to mixing. The system will phase sa@apnly whenthe entropicterm is

overcome by the energy gain due to phase separafibus, the product x N represents
the enthalpic-entropichalance and is used toharaterizephase behavior of BCP

together with the volume fraction of one blodR. (

cylinders

spheres

lamellae

increasing f

e
5
e

Spheres gvroid

cylinders

Figure 8.1. Bulk configurations of diblock copolympbases for increasing volume, f, of Polymer A
to Polymer B (reproduced from [98]).

Block copolymer lithography is similar to convemta lithography in that it provides
a well-defined “stencil” on the substrate which ¢han be transferred successfully onto it.
However, unlike photoresists which form a layet ten only provide a base to image a mask,
the block copolymer films tend to self-assemblentbelves autonomously at dimensions in
the nanometer scale as defined by the ratio ofvilemes and molecular weights of the
constituent blocks. While block copolymer lithoghgpoffers an attractive alternative to
traditional UV photolithography techniques, themitation lies in the restricted number of
patterns that are achievable by them. However,invithese constraints by adjusting the
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molecular mass of the polymer, and the composivmume fractionf), block copolymers

provide a straightforward means for achieving feagizes (<20 nm), pitches (<40 nm), and
densities (~18/cn?) that are currently not achievable by opticaldghaphy [99-101], and

can only be hardly obtained by electron lithographg at much higher costs. These length
scales are attractive for numerous potential agitins where nano-patterning is required,
such as in electronics, optoelectronics and magsétrage devices. Thus, block copolymers
are a good choice, both in terms of thermodynamntks dynamics of self-assembly systems
to create metamaterials. Figure 8.2 illustratesesofrthe possible areas of nanotechnological

applications where block copolymers could be udé@].

Block Copolymer
Nanotechnology g

bl _ photonic
[* a crystal
waveguide

tunable

/ "1 photonic
nanotemplate ﬂ-; y \ crystal

ceramic
membrane |

patterned media /

nanowire

transistor

Figure 8.2. lllustration of possible nanotechnoleajiapplications of block copolymers (reproduced
from [102]).
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8.2. Diblock copolymers as a mask

In this work, we have used copolymer constitutealfystyrene (PS) and Poly Methyl
Methacrylate (PMMA). It is denoted as BSXMMA. It is synthesized by living anionic
polymerization, which is one of the most versatilethods of polymerization available [103-
105]. In this method, it is made by first polyméng styrene, and then subsequently
polymerizing MMA from the reactive end of the pdigene chains.

The particular sample used in this work is copolyP@402 with the molecular ratio of
PS: PMMA in cubic moles as @235.0 (determined by gel permeation chromatographtys
polymer yields patterns in the shape of cylindenemwsynthesized. At room temperature and

for the molecular weights of interest in this stughg: PMMA presents itself in solid form. Its
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chemical structure is shown below in Figure 8.3]10
Figure 8.3. Chemical structure of REPMMA (reproduced by [103]).

Block copolymer thin films have already been usedsacrificial etching masks in
lithographic processes [94, 106]. The key howeigetp have a block copolymer film with
good chemical selectivity between its constituesatshat one may be removed and the other
can act as an etch mask to pattern an underlying fror example, Park et al. fabricated
hexagonal arrays of holes and dots in silicondgtiy using sphere forming Poly (styrdmne-
butylene) (PS-PB) monolayer as an etching mask [84his case, PS-PB was spin coated on
silicon nitride and then reactive ion etching (RiEed to selective remove the PS or PB,
depending on the type of structure required. Tinearring polymer then acted as a mask to
transfer the microdomain pattern to the underlhgitfigon nitride in order to create dots or holes
depending on which polymer was eliminated. Simylamlthis work, we eliminate the PMMA
domains and use PS as the masking layer to trapafegrns on to silicon for further high
aspect ratio (HAR) structures in silicon.

The next few sections will describe in detail tr@palymer lithography techniques

performed with this block copolymer and the resalitained from them.
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8.2.1. Fabrication process

The process for obtaining self-assembled feathresitth block copolymer lithography
involves a number of steps. The schematic forghesess is shown in Figure 8.4.

The steps involved will be described in the follog/isections.

‘ Silicon ‘

Polymer 1. Spin coating

film _
2. Annealing
3. Post UV exposure &
Development in
““‘ﬂ acetic acid

Figure 8.4. Schematic illustration of the proces®btain self-assembling block copolymer patterns
on a substrate.

8.2.1.1. Spin coating

While thin films of copolymers can be obtainedhfira variety of methods, spin coating
is one of the oldest ones in use especially insémiconductor industry. The spin coating
procedure consists of placing the target subswat@ holder where it is held in place by
vacuum. The solution to be cast, usually the plesist, is then dropped on the surface after
which the substrate is rotated at an angular spéethny thousands of rotations per minute
(rpm) for about 30 seconds. Excess material ideseat clear of the substrate by a centrifugal
force, leaving a uniform layer of deposited maleviathe substrate. Figure 8.5 is a schematic
of the spin coating process [107].

To use spin coating for getting a monolayer ofdi#ock copolymer, which is in the
order of few tens of nanometers, a modified spatiog process is employed. The polymer is
dissolved in a solvent that is effective on bothdbnstituent blocks. In the case of P6402,
toluene is an effective solvent. The concentraisonsually very dilute, in the order of 1-2%
[108-111]. The P6402 polymer is dissolved in tokiém make a 1.5% (w/v) solution for spin
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coating. The theory is that when spun at extrerhigip RPMs, ramped up rapidly, the solvent
rapidly evaporates, leaving behind a uniform layfezopolymer on the substrate.

Dispense Ramp-up, Constant w,
Spreading Drying

Figure 8.5. lllustration of the spin coating process (iagurced from [107]).

To arrive at a monolayer of the copolymer, expentaénvolving different spin speeds
(1000-5000 rpm) were performed with a ramp of 1068/s. The thickness of the samples
was measured by ellipsometry to determine the geetfsickness of the polymer films.

Figure 8.6 graphically represents the data obtaittedugh these experiments.
Corresponding optical microscope images of thediihdifferent thicknesses post-annealing

are depicted as well. The colour gradation is aication of film thickness as well.

Spin speed Vs Thickness of coating
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Figure 8.6. Spin speed vs. thickness obtained of polymeniiith optical microscope images of films
annealed after deposition at different spin speeds.
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It is apparent from the plot that the curve flateowards 5000 rpm, hence showing
that the thickness of the layers tends to edgatot#0 nm. It was concluded 4000 rpm was the

spin speed most likely to result in a monolayeckhess of copolymer atop the substrate.

8.2.1.2. Annealing

For the polymers to be able to phase separate e toeanneal them at a temperature
greater than the glass transition temperature tf thee constituent polymers [112, 113], but
below the melting transition. Annealing temperasureported in the literature are typically
around 175°C for PS-PMMA and annealing is perforregder in vacuum or in a nitrogen
flooded oven to avoid oxygenation of the polymer.

At temperatures above the glass transition tempegif the constituent polymers, the
molecules within are free to diffuse through thm$§, hence contributing to the coarsening of
the 2D micro patterns [111]. The amount of ordefesgmeasured by bond correlation lengths)
in existing lattices increases with annealing tirfid$].

Experiments have been done both with an oven withamber that has access to
continuous nitrogen gas flow and on a hot platd aitsimple setup of continuously flowing
nitrogen with very different results. These resuli#i be discussed in detail in subsequent
sections. Figure 8.7 shows the annealing setuphave used in this work in the (a) oven
configuration (typical annealing oven) and (b) sohéc of the hotplate annealing setup. The
double beaker configuration in 8.7 (b) is just bs@e complete nitrogen flooding in the inner

chamber over the copolymer sample.

Beaker
Copolymer
sample

(b)

Figure 8.7. Annealing setup for copolymer samples imyah (not actual) and (b) hot plate
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In diblock copolymer lithography, we selectivelgniove one of the constituent
polymers, usually, the weaker one, leaving behiredather polymer to serve as a template for
the next step. In the case of the PS-PMMA diblocgatymer, the PMMA domains can be
removed when irradiated by an ultraviolet sourc&4]l Guarini, et al [115] used peak
wavelengths of 184 nm and 254 nm and a dose ofm\W/@n? for about 2 minutes, i.e. a UV
dose of ~1.2 J/ctnto destroy the PMMA in their samples. On the othend, doses as high as
10 J/cmd have been tested with success by the group irskeue, Germany [116].

For the purpose of our experiments we use a 25@¥ifamp. We decided to start with
a dosage of ~500 mJ/émwith a lamp intensity of 1.7 mW/cinwhich would require ~5
minutes of short-range exposure. Initial experirsemth 5 minutes of exposure time did not
result in any visible damage to the PMMA domainengk in our experiments we have varied
the UV exposure times from 30 minutes to 2 hourshtain the correct dosage required to
destroy the PMMA domains of our samples. Howevés required to remove the destroyed
polymer fragments before any imaging can be dohe. rEmoval of the polymer fragments

using acetic acid and subsequent imaging is disdussthe next sub-section.

Once the PMMA has been destroyed by the UV, #strdyed polymer fragments can
be rinsed away by acetic acid [99,117, 118]. Occasly, this is followed by toluene rinse.
The PS cross-links under UV exposure and hence Isnger endangered by the toluene.

In this work we tested a development times inia@atid for durations of 1 minute, 10
minutes and 30 minutes using 60% and 100% stremdihsetic acid. These experiments were
performed in tandem with the UV exposure times®fr8nutes, 1 hour and 2 hours, giving us
a comprehensive sample set to draw conclusions. fAdihof the samples were prepared as
discussed in Section 8.2.2.1 and were annealdgtioen overnight (~12 hours).

Table 8.1 shows the entire sample set of our exyearis for exposure and development
of the copolymer samples. Each of the samples aleserved under SEM to arrive on the ideal
UV exposure — acetic acid development combinatemuired for PMMA domain destruction

and removal.
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Table 8.1. Different test conditions for UV expasand acetic acid development.

i ; : Acetic acid
Sample uv ex? n(:isnl;re time Acit(;%émd development| SEM Observations
' (min)
1 30 60% 10 PMMA c_ic_)malns still
visible
No visible patterns.
2 30 100% 10 Strong acid possibly
destroyed sample.
) 30 60% 30 Very uniform phase
separated polymer.
4 30 100% 30 Multiple layers. Both
polymers visible.
S 60 60% 1 Multiple layers.
Very high UV exposur:
0,
° * 100% ! destroyed sample
Very high UV exposure
0,
! * 00% 10 destroyed sample
8 60 100% 10 Very high UV exposure
destroyed sample
9 60 60% 30 Very high UV exposure
destroyed sample
10 60 100% 30 Very high UV exposure
destroyed sample
Very high UV exposure
0,
- 120 oo% ! destroyed sample
12 120 100% 1 Very high UV exposur
destroyed sample
13 120 60% 10 Very high UV exposur
destroyed sample
14 120 100% 10 Very high UV exposure
destroyed sample
15 120 60% 30 Very high UV exposure
destroyed sample
16 120 100% 30 Very high UV exposure
destroyed sample

The best results obtained have been highlightéxduia in the table.

Results from UV exposure-Acetic acid development

Figures 8.8 (a), (b) and (c) show SEM images cpmeding to Sample 2, 3 and 6,
which show the sample destroyed by very strong, dbil best case parameters, and sample
destroyed by high UV exposure respectively.
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200 nm EHT = 1.00 kV Signal A = InLens
WD = 3.0 mm Mag= 21.03 KX

1 um -
F——— wp=47mm Mag = 18.69 KX

EHT = 1.
WD = 4.0 mm Mag= 61.78 KX

Figure 8.8. SEM images of sample (a) destroyed longtacid, (b) well-exposed and developed and
(c) destroyed by over-exposure to UV.

Here, we note that though patterns obtained forgBafwere phase separated, and had
the right combination of UV exposure and aceticdat@velopment, the morphology of these
samples are very different from what was expectéeince with a different sample, we

performed annealing on the hotplate as shown iarEi@.7 (b) with all other conditions kept
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the same as best found. The SEM results from #mgpte are shown in Figure 8.9. It is clear
that these patterns are typical of phase sepaREeBMMA planar cylinders and are very
different from those in Figure 8.8 (b). We don'wvhaany conclusive evidence as to why this
discrepancy was observed. It must be noted thar gfoups have performed annealing in
ovens and hotplates with similar degrees of suceessthis discrepancy is related to the
specific equipment in our cleanroom [112, 115]slour hypothesis that the oven is probably
not fully flooded with nitrogen due to some leakdowe to a lack of sufficient in-oven nitrogen

pressure.

2 e BT = 300w Sl i e
I WO s £lmem Mage S45THX

Figure 8.9. SEM image of P6402 samples annealed faubs on a hotplate and then exposed to UV
for 30 min and developed in 60% acetic acid for 30. min

8.3. Etching Experiments

Figure 8.10 is a schematic illustration of the psxcof achieving HAR nanostructures in
silicon using transfer of block copolymer templat€®/o representations of the PS domains
after PMMA removal have been depicted. This is beeahey could be present at different
positions in the polymer film. At the polymer-siic interface, there exists a thin wetting layer
of PS [119]. A Ck based RIE etch is performed to remove the wettygr and reach the
surface of the silicon. This process and the reslitained from it are discussed in the next

section.
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Polymer film

PMMA cylinders
(not ordered)

l After PMMA removal l

s [
l RIE etching l

Sy I
l DRIE etching l
MALLELERE] WLLLAALADLLI

Figure 8.10. Patterning process with block copolymerasdructure on silicon substrate: (a) PS
domains after PMMA removal, (b) after RIE etching of pelyfitim, and (c) DRIE etching of exposed
silicon using copolymer as template.

8.3.1. RIE Etching of polymer

Reactive lon Etching is a form of dry etching, usuperformed in order to obtain
anisotropic etches on silicon. This principle carapplied to etch the parts of the polymer film
in order to be able to reach the surface of theosiland then transfer the overlying PS patterns
onto the wafer (See Figure 8.10).

RIE etching of block copolymer has been succegstided by many groups to transfer
patterns on to their substrates [120-122]. Typyctie gases used for etching depend on the
material to be etched away. In the pastplasma, Ckplasma, S&plasma and CHplasma
have all been employed successfully to etch thenpet. In this work, we used @plasma for
etching. Various experiments were conducted byimgrall the parameters of the RIE etch
including gas flow, power, pressure, bias voltagel etch time in order to reach the underlying
silicon substrate. The different etch conditiorstdd to etch away the polymer film are shown

in Table 8.2 along with the observations made ftoe@d\SEM imaging of these samples.
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Table 8.2. RIE etch test parameters for etchingyata polymer film.

Pressure | Bias | Etch Time .

Sample ID Power (W) (mT) V) (s) SEM Observations

1 60 15 100 5 Highly under-etched

2 60 15 100 10 Highly under-etched

3 60 15 100 15 Highly under-etched

4 60 15 100 20 Highly under-etched

5 60 15 100 30 Under-etched

6 60 15 100 40 Under-etched

7 60 15 10C 6C Slightly unde-etche«

8 60 15 10C 8C Slightly unde-etche«

9 60 15 10C 9C Slightly unde-etche«

10 60 15 100 100 Slightly under-etched

11 60 15 100 120 Sample destroyed

12 60 15 100 300 Sample destroyed

13 90 15 16( 9C Almost on Silicol

14 60 3C 10C 9C Sample destroye

15 60 5 10C 9C Almost on silicol

16 30 15 40 9 Polymer film etched

completely

17 30 15 40 30 Slightly under-etched

18 30 15 40 60 Under-etched

19 30 15 40 120 Over-etched

20 30 15 40 150 Over-etched

21 10 15 5 30C Sample destroye

The parameters that were used to successfullyaately the polymer film have been
highlighted in the table. Figure 8.11 shows a SEMde after the etched sample. The scratches
made on the surface of the sample help us foctsrbeith the SEM during imaging.
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Scratches made
on sample to

reveal Si surfac

y Feir i o i
1um EHT = 3.00 kv I InLens Date ;7 Feb 2013
|—| WD = 4.5 mm Mag= 11.30KX Time :13:55:20

Figure 8.11. Successful RIE etching— 30W/15mT/40V/90s.

After the etching of the polymer film, the surfatew exposes PS cylinders lying on
silicon. Hence we can obtain HAR structures by daehing of the silicon. We have attempted

the following etching methods —

X Direct FIB etching
X FIB patterning followed by cryogenic DRIE etching
<> Bosch DRIE after copolymer lift-off

We will describe the processes used in each ofethesthods of etching and their

corresponding results in this section.
8.3.2. FIB Etching

The working principle of the Focused lon Beam etghand its use with DRIE was
previously discussed in Chapter 8. FIB systems aipein a similar fashion to the SEM
systems, the major difference being that the etshame a beam of ions (usually galliuGg*
ions) as opposed to electrons in a SEM. The bearerts can be altered to be low or high to
cause minimal milling (or sputtering) or indeed weapid etching of the target material.
Similar to the SEM, the substrate under observatiagjetting bombarded bga*" ions even as
it is being imaged. The FIB is a handy yet expensdol to etch small quantities of materials

from target substrates. In the case of block capelhg, it can be an alternate method as the

127



Chapter 8 Advanced transfer using diblock copolymers

amount of material to be etched is relatively leesause of the nanoscale dimensions of the
BCP patterns.

In this work we have attempted to etch BCP samydasg the FIB milling. It is to be
noted that all these experiments were performenigusie samples annealed in the oven (as
shown in Figure 8.8 (b)). Sample mounting is ofaglienportance when using the FIB. As the
FIB column attaches to the SEM in a dual-imagingtey, the angle of the sample to the
normal stage position needs to be 54° which coomdp to the angle between the FIB beam
and the SEM beam. The beam shift is then adjustedrdingly to have an image sharp in
focus.

For etching the BCP we have used an ion millingemirof 5 nA over a 10 pharea
for a duration of ~5 minutes. We took snapshothefetched zone every 30 seconds to create
a composite record of about 100 images to visudaheeFIB etching as it proceeded. We
imaged the area where on the sample we could vasuadgions where there was no etching,
some etching and over etching. These results asepted in the SEM image shown in Figure
8.12. This image is the last in the 5 minute Fiéhatg sequence and the portions with different

etch profiles are clearly discernable in the samapld have been marked for the sake of clarity.

UNETCHED

1 pm EHT = 1.00 KV Signal A = SE2
— WD = 4.9 mm Mag= 9.91KX

Figure 8.12. End of FIB etching using ion milling ofi& over an area of ~10 [fnClearly the left
part of the image shows the patterns etched into theratdsvhile the middle part has begun etching
and the right part remains unetched.
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8.3.3. FIB patterning followed by cryogenic DRIE

In the previous sub-section, we succeeded in ejcthia copolymer pattern into the
silicon substrate using FIB etching. In this sattiwe discuss our results from performing a
subsequent cryogenic etch on such samples. Tigssthe attempt to obtain HAR structures
in the copolymer patterns in silicon. A cryogenicheis a deep reactive etch process that is
performed at -110°C in a combined plasma of &k Q which results the etching of silicon
[16]. A similar experiment was previously describadChapter 6 in Section 6.3 for etching
lines created by the FIB. In this section, we dssctesults from copolymer DRIE after an
initial FIB etching. The etching parameters for alymer cryogenic etching are summarized
in Table 8.3.

Table 8.3. Parameters for cryogenic etch of copelym

Source | SFsflow | O2flow | Pressure| Substrate| Temp | Etch time | Etch rate
Power (W)| (sccm) | (sccm)| (mT) bias (W) | (°C) (s) (um/min)
100( 20C 12 3C 46 -11C 6C 0.4t

The etching resulted in producing Black silicore formation of which was described
in Chapter 8 — Section 8.3. This is possibly duéh®cryogenic process having a very high
passivation regime (high ®as flow) combined with a low bias voltage for Evetch rate. In
this configuration a thick passivation layer is guwoed forming nanometric sized peaks that
protect the surface of the Silicon in some regifsom further ion bombardment, producing
SiO«Fy based nanostructures that can be columnar or sitaq@e depending on the cryogenic
DRIE parameters. Figure 8.13 shows the black siligatterns obtained during the cryogenic
etching of the copolymer. It must be mentioned thate patterns are of smaller dimensions
than previously observed in Chapter 8 and indeerkrdininutive than typical black silicon
patterns. For this purpose, we have coined the teamo-black silicon'to refer to these

patterns.

8.3.4. DRIE of copolymer — Bosch process

In this section, we focus on our experiments @oDRIE on copolymer patterns. The
Bosch DRIE process is an aggressive etch procdbsalternating cycles of depassivation,
etch and repassivation steps [7, 8]. The procssE Wwas discussed in detail in Chapter 6. The
etch rates obtained on a regular Bosch processlatepm — 4 um per minute depending on
the different parameters. Direct Bosch DRIE wasmfited on the copolymer samples for
reducing durations of 1 minute, 30 seconds anaérsks. In all cases, the copolymer film was

destroyed probably due to the aggressive natutreedatching. Hence it was necessary to obtain
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the patterns on silicon in a more durable matahah the copolymer itself. We therefore
attempted to perform a “lift off” process to obtdire copolymer templates in aluminium on

silicon. Figure 8.14 shows a schematic illustratbithe lift off process performed.

Block copolymer lift-off has achieved success irmmum dot applications [123] and
nano pillars [124, 125]. We use aluminium as tfieofif material in our work owing to the high
selectivity during DRIE and established etch resifue the same. The aluminium layer has to
be extremely thin (5-10 nm) to achieve lift-off. rdé¢thyl Formamide (DMF) was used as a
solvent for PS to perform the lift-off. A standaBdsch DRIE process was used for etching.
Table 8.4 lists the etch parameters. Figures &bWvs preliminary SEM results of (a) the 5
minute etch and (b) the sample after aluminium neaho
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1 pm EHT = 1.00 kv Signal A = SE2
WD = 5.1 mm Mag= 13.82 KX

1um EHT = 1.00 k¥ Signal A = SE2
— WD = 5.1 mm Mag= 875KX

200 nm EHT = 1.00 kv Signal A = SE2
— WD = 5.1 mm Mag = 25.80 KX

Figure 8.13. (a) “Nano-black silicon” (b) Polymer islanétee of black Si and (c) Copolymer pattern-
template for nano-black silicon peaks.
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Polymer film

PMMA cylinders
(not ordered)

l After PMMA removal
Tlu‘““‘ﬂ
l RIE etching

]

l 10 nm Al sputtering

’--J-- - --T

l Lift off of PS using DMF

e

l DRIE etching

TRt

Figure 8.14. Schematic illustration of transfer of copaypatterns to Al by lift-off.

Table 8.4. Bosch DRIE parameters for copolymer etching.

Source Power (W)| Pressure (mT)| Temperature (°C) | Duration of etch (mins)
1800 36 22 5
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WD = 45 mm Mag= 21 58 KX Time :16:01:58

() (b)

Figure 8.15. SEM image of block copolymer DRIE (&gt gd-lift off and (b) after Al-etch.

Aot Wl iy SR TURRN
300 kY 26 —
ZEISS| 200 nm EHT = 200KV E
WD = 29 mm Mag = 1225 K X Time :15:27:46 . SE2 Datzieoe el 2013 w

As it can be observed from the above images, theffiis far from perfect. In fact
whole sections of copolymer still remain on theface without lifting off. This is possibly due
to the aluminium layer being too feeble to lift @l of the copolymer. Thicker aluminium
sacrificial layers need to be attempted in futudewever, these preliminary results are
encouraging as in Figure 8.15 (b), it is possibleliserve that there are ~200 nm range holes
etched through the silicon substrate. These areueaging results and further experiments

could possibly yield better results.

Black silicon formation

Etching of copolymer with the Bosch DRIE resultadBlack silicon peaks adjacent to
the copolymer etched regions. Figures 8.16 (a-o)vahe different SEM images of the black
silicon obtained from the Bosch process. It is aigeresting to note that this is ‘typical’ black
silicon with peaks in the ~200 nm range and pecidgdiof ~400 nm unlike the ‘nano’ black
silicon obtained in the previous section. One pwesexplanation for the reason for the
formation of black silicon in a Bosch process cduddthe presence of dust in the plasma [126].
Dust is created when oxygen and silicon tetra ftleo(SiFRz being the reaction product of
silicon etching) coincide inside the plasma. Thesws in mixed oxygen plasma - the silica
dust falls onto the wafer where it starts to fortadg Silicon when directional etching occurs.
Dust may also be caused to form when strong polgmngrgases are fed into the plasma, such
as in Bosch DRIE. The particles, and consequendyBiack Silicon, are observed to be limited
when the SikFand Q gases are time separated, which forms the basiegiroposed pulsed
oxygen DRIE. More details regarding the process praperties of BS can be found in
Appendix II.
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InLars mb 2014
Mag= 160K Time ;162958

|
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3 Loty Ty
Db 2% Fab 2013
Tirres 152620

O R = 0 T
Figure 8.16. SEM images of (a) Black Silicon formed orsaimeple after Bosch DRIE, (b) seen
alongside copolymer islands and (c) closer-up vieBlatk Si peaks.
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8.4. Copolymer alignment experiments and perspectives

One of the ultimate goals of this project is tgalthe patterns obtained by the different
block copolymers into straight lines. This has bdene by a variety of methods in literature —
¢ Using shear stress [127,128]

» Applying a shear force in a coplanar direction aber block copolymer

(See Figure 8.17 (a)).
¢ Using an electric field [129, 130]

» Using metallic pads over the BCP and applying &ctdt field across
the pads forcing the copolymers to align in thedion of the electric
field.

« Using an imaging layer [131]

» A chemical layer that is grafted upon the nativédexon the wafer
(hydroxyl-terminated polymer brush or a self-asskhlrichlorosilane monolayer)
[132]. Since the imaging layer is chemically homuges, when the BCPs are deposited
on them, they assume the form of no long range roedel hence stretch out
perpendicular to the surface (See Figure 8.17 (b)).

Examples from the resultant experiments are showigure 8.14 (a) and (b).

(@) (b)

Figure 8.17. Alignment of block copolymer by (a) Sheptechnique [128] and (b) using an imaging
layer [131].
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8.4.1. Electric field alignment

During the course of this work, we attempted tgratihe block copolymer patterns by
employing the use of electric field and also byashey. For using electric field, a mask was
designed with metal pads for applying the eledteld and electrodes in between them where
the polymer is expected to align. These electredegin dimensions from 2 to 32 um so as to

vary the strengths of the field applied. The schera a ‘single cell’ this setup is shown in

225 ym

0.5cmx 1cm
metal pads

0.5cmx 1cm
metal pads

<
-

Y

200 um
Figure 8.18.

Figure 8.18. Schematic of a single “cell” of the electric fildglout. The electrodes in between the
pads vary in dimension from 2 um -32 pm.

Results

We first created the electric pads by photolithography using a 500 nm layer of
Aluminium for patterning. Diblock copolymer was then spin coated as described in previous
sections. The Al pads were cleaned with toluene and their electrical connectivity was confirmed
through a multimeter. We then applied electric fields of 2 — 31/ on the metal pads for a period
of 8 hours whilst annealing. The setup was not in vacuum. However, instead of aligning, the
samples all dewetted. Dewetting is the process by which an initially uniform film of liquid on
a non-wetting substrate breaks up into droplets. Since we were unable to keep the setup in

vacuum as it annealed, we decided to pursue shearing to try and align the BCP patterns.
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8.4.2. Shearing alignment

A shear stress is a force applied in a coplamaction to the cross-section of a material.
The shear setup used in this work for attemptingligm the block copolymers is modelled on
the setup used by D.E. Angelescu et al [111, 1@8heir work. . Figure 8.19 shows the
schematic of the setup used in the laboratory tshé@ring. To this end, a 1 cm x 1cm x 0.4
cm PDMS “stamp” was created (Dow Corning Sylgard)lahd cured for 1 hour at 80°C. The
copolymer sample was placed beneath this stampirggean airtight “seal”. This was placed

on a programmable hot plate.

Direct stress was applied to the sample using@mialum weight. Using a pulley and
stage setup, shear stress was applied across alommiollers. The annealing cum shearing of

the sample occurred over a 4 hour period.

Direct stress

Lateral shear stress l

; Weight = 100:
Pulley Aluminum bar st g

{ A
(o] Roﬂcrs E Copolvmer -— PDM3stamp

Leveling surface

Weight = 150g

Figure 8.19. lllustration of the shear setup for alignliigck copolymer.

Preliminary results

Initial results from the shearing experiments restliin peeling off of the polymer layer
possibly due to the stress from the combined weightled. Figure 8.20 shows a SEM image
of one of these attempts. However even after atjethe weights sufficiently, we weren'’t able
to obtain a perfectly aligned BCP pattern. We theed to isolate the chamber where the
copolymer sample was placed. For this purpose,re&t@®d a make-shift bell-jar of sorts. The

schematic of the modified setup is shown in FiguB4. However this didn’t result in anything
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better either. The setup needs to be entirely in vacuum or flooded with nitrogen or both. Perhaps

this would then create the right conditions for the BCP samples to be shear aligned.

EHT = 3.00 kv InLens Date :24 May 2012
WD = 3.5 mm Mag= 541X Time :17:27.06

Figure 8.20. Peeled off layers from excessive stress during shearing of PS-PMMA.

Direct stress

Lateral shear stress l
<€
iocht =1
Pulley Aluminum bar i Weighe= 1002
: Copolymer HP a3

Leveling surface

VACUUM + N2 blast

Weight = 150g
Figure 8.21. Modified shear alignment setup.
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8.5. Conclusions and perspectives

The work done with diblock copolymers in this tteebias yielded promising results.
The pattern transfer using the bottom-up approaeldsd very promising first results and
further experimentation using different techniquelt help to improve the results achieved
through this work. Depths of ~14 um were achievedhtain HAR nanostructures of widths
~200 nm through the block copolymer pattern tramdfi@wever the lift-off wasn’t entirely
successful due to the bulky (~15 nm) aluminium fiReducing the thickness of the Al film
will likely result in better patterns and true tséer of the range of sub-50 nm patterns on to the
substrate.

Another main area of work that can be done is toeae successful alignment of the
copolymer by using one of the above described gaes. Whilst our experiments in the given
time frame did not yield actual success, the oltlisopromising. As a next step, Ruthenium
staining can be used to selectively “stain” thed®gains alone [133-135]. This could prove

useful to conduct further experiments to visualizetwo blocks of the copolymer distinctly.
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Conclusions
End of Part I

The last few chapters have detailed the differeahiques for attaining high aspect
ratio micro and nanostructures in silicon with diteiens extending from tens of nanometers
to hundreds of nanometers. The technologies carnelipg to these achievements have
ranged from conventional lithography mask-basedep@ihg to various techniques in the
bottom-up realm of microfabrication. We have achieved extrigniegh aspect ratios using
DRIE etching with success in both Bosch (160:1 250 nm trenches) and cryogenic

processes (120:1 for 35 nm trenches).

With the need for smaller patterns with more pre@sgineering many bottom-up
techniques are being fashioned from a variety denls to attain self-assembly in the range
of nanometers on different substrates. In this pathe thesis, we have detailed our forays
into this area of research by working with a fooasnanofibers and with diblock copolymer
lithography to pattern the silicon substrate forthar transfer into silicon to achieve HAR

structures.

However there are still many more interesting pdoces which are worth considering
and which can result in the formation of HAR nanastures. These include the use of porous
alumina formed by selfrganized anodizing; self-assembled nanocrystals using opals and the
use of black silicon as masking templates to creatéerns on silicon that may be further

etched by optimizing one of the DRIE proceduresuBsed in this thesis.

Part Il of this thesis describes some of thesartegies in brief, their synthesis and
the approach to obtain nanopatterning using thdms@ techniques and procedures form the
perspectives to the work done in this thesis amdbzmarealized in future to attain the goals
aforementioned. Part Il of this thesis also makesimmary of our results together with the
mMOost promising prospects, in order to better vigeahe whole picture towards achieving our

ultimate goal of realization of the targeted veaticano-super-lattices.
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Chapter 9

Conclusions and Perspectives -
Other bottom up approaches

9.1. Introduction

In Part I, we described in detail some of Hwtom uptechniques that we have used in
this work to fabricate HAR micro and nanostructuresilicon. However there are still many
other techniques that also fall into this categafrgnicrofabrication which combine traditional
microelectronics and surface engineering for seeably. We created forays into attempting
to fabricate some HAR micro and nanostructuresgusame of the techniques discussed in the
following sections. However due to limited time amgources at this time, we consider this

part of the work incomplete and something thatlwamaken up in future.

9.2. Porous alumina formed by self-organized anodizing

With new lithographic methods sparking from a gtyriof material, the spotlight is on
synthesizing self-organized nanostructured mateneith possible periodic arrangements.
Over the past few decades, anodizing of aluminums fagsed interest due to its diverse
applications including dielectric film productionrfuse in electrolytic capacitors, decorative
layers by incorporation of metallic or organic pigmts, etc. Porous alumina in the form of self-
ordered hexagonal arrays of cells containing cyload pores has been studied more than three
decades [1-4]. The pore formation mechanism dwaimadization is not yet fully understood.
However, research has been extensively conductédsimrea to understand its formation [5-
9].

9.2.1. Fabrication

Porous alumina templates can be fabricated frork &lwiminium or from deposited
aluminium on desired substrates depending on thkcagion [2, 5, 7-9]. In principle, one can
create nanohole arrays on an area that depentis size of the desired material over relatively
large areas, for instance, even over a 100 mmrsubstThere are four key advantages to using

porous alumina as a basis for nano-patterning —ntremetric proportions of the pores,
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possibility to control the size of these pores dagge areas achievable by varying the oxidation
conditions, their high aspect ratio and highly migad nature of the pore arrays. Additionally,

they have very high resistivity (upto @2 cnt?), optical transparency over a wide spectral
range, and chemical robustness [10-12].

Porous alumina has a honeycomb structure of fia@méls characterized by a closed-
packed array of columnar hexagonal cells, eachagang a cylindrical pore at the center, as
shown in Figure 9.1. Pore diameters ranging frolowe0 to 400 nm, oxide thickness from
0.3 to 200 um and pore densities in the rangel@t cn1? can be obtained. The size and
interval can be easily controlled by changing trecpssing conditions.

Porous alumina templates are grown gradually i d@ths that work continuously by
anodizing aluminium under the electric field betwégo electrodes. Various electrolytes have
been employed for the anodization process suchubmigic acid (HSQs), oxalic acid
(H2C204) and phosphoric acid @RQu) yielding different pore diameters and interpore
distances. Variation in the applied voltage cao at®dify the characteristics of the template

formed. Some typical results are summarized ingd 8l [13, 14].

Table 9.1. Comparison of porous alumina charactesisvith different electrolytes.

Electrolyte | Porediameter (nm) | Inter-poredistance (nm) | Voltage (V)
H2SQy 30-35 60-70 25-27
H2C204 40-100 80-200 30-80
HsPOy 130-250 250-500 100-195

The actual fabrication process involves immersihigigh purity (99.999%) aluminium
foils are into the chosen electrolyte. The poresntipropagate through the surface of
aluminium. To get self-ordered nanohole arraysy@dtep anodization process is introduced.
Masuda and Fukuda [15] reported that the pore aeiylcan be improved by a long
anodization time under appropriate conditions. yTtiescribed that, after stripping away the
thick oxides obtained from the first long anodiaatia thin alumina film with highly ordered
pores can be obtained by a subsequent re-anodisagshown in Figure 9.2 [16].

During the self-assembly process, the pores iitat random positions and order
thereafter by self-adjusting during an anodizingpcgiss of long duration. The pore
arrangements on the surface are generally disatdenel have a broad size distribution.
Ordered pore domains can only be obtained at th®rhoof the layers. Hence, the pores
produced in the first anodization step are not Ilfgdreo one another. To fabricate ordered

nanopore arrays, the first porous oxide film (segufe 9.2 (a)), which contains the barrier
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layer at the bottom, has to be removed by wet ctelneitching. The barrier layer is not flat
but consists of periodically arranged crests aodgins. These fluctuations result in a dimpled
and undulating surface that has the same spatiatiog as the barrier layer. After the removal
of the porous film, the periodic concave pattehzd temain, as shown schematically in Figure
9.2 (b), act as a self-assembled template for gw®rsl anodization process. An ordered
nanopore array is obtained during the second aabdlizif the same parameters are used as in
the first anodization step. The periodicity of @mered nanopore array is demonstrated in
Figure 9.2 (c). Finally, the rest of aluminiunrésnoved by wet chemical etching to get ordered

porous anodic alumina layer as show in Figure &2 (

{a) First anodization

Alumina
k,.a"

+— Aluminium

(b) Remowal of first anodization layer

[c) Second anodization

PR

(d) Removal from Al sheet

UVLVUVVY

Figure 9.1. Two-step anodization process for fadiam of porous alumina.

9.2.2. Porous alumina sample results

Figure 9.2 (a) and (b) show SEM images of the ppedumina structure in (a) top view
and (b) cross-section [16]. The highly orderedcttrtes in hexagonal formations are clearly

visible.

9.2.3. Conclusions

From Figure 9.3 (b), we can see that the crossoseof the porous alumina shows
extremely straight columns formed during the anaiitim process. From the point of view of
the ultimate goal of this work to create verticaperlattices in the nanoscale, these structures
will be extremely suitable. Their ease of manufeetand the well-developed techniques make

this option extremely attractive to work with teate thermal devices in the nanoscale.
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Figure 9.2 SEM images of porous alumma in (a) Vigv and (b) Cross sectlonal view

9.3. Black silicon templates as mask

As described in previous chapters of this thesishave reasonably good experience in
producing black silicon from a variety of initialilsstrates using both Bosch and cryogenic
processes. We have obtained a wide variety of bédalon substrates with patterns of the
range of 200 nm — 200 um peaks with a period of @80- 2 um depending on the type of
black silicon we obtain — normal or ‘nano’ as désad in Chapter 8 and Chapter 9 of this
work. Additional information on the fabrication mess and applications of black silicon can
be found in Annex Il of this thesis.

After obtaining BS, we deposit a layer of aluminibysputtering which settles on the
peaks and can act as a mask for further etching.altiminium used in our experiments is
~100 nm in thickness and can act as a mask fdrdu@RIE etching. Figures 9.3 (a) shows a
SEM image of black silicon with Al on top and (Wper up image of the black silicon peaks

with Al netted on top. The peaks shown in our rssate ~220 nm in diameter with periods of

Tilt Angle = 427° ignal A= i Tilt Angle = 007 Signal A=InLens

EHT = 3.00 kv Tilt Corrn. = On - jun = it Corm. = WD = 84 mm 10 Jun 2009

(a) (b)

Figure 9.3. SEM images of (a) black silicon witbralnium on top and (b) closer up view.
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With our experience in DRIE, we hope that it wi# possible to replicate templates
such as these to act as masks for further DRIEddyze HAR micro and nanostructures in
silicon. This is a viable option for future workattain the ultimate goal of producing materials
with better thermoelectric properties, especiaiigs black silicon is an excellent material for

photo absorption.
9.4. Synthetic opals fabricated by Langmuir-Blodgett — as masks

9.4.1. Langmuir-Blodgett films

A Langmuir-Blodgett film consists of one or more motayers of an organic material
deposited from the surface of a liquid onto a sbyicsimple immersion [17, 18]. A monolayer
is adsorbed homogenously with each immersion steptherefore films of very accurate
thicknesses can be formed. This technique is vesynsing because it enables (a) precise
control over the thickness of the films depositdx), homogenous deposition over relatively
large areas, (c) possibility of making multilay&ustures with varying layer compositions and

(d) possibility of depositing monolayers over atrydkof substrate [19].

9.4.2. Fabrication of synthetic opals

Opals are either amorphous or poorly crystallizedeties of silica containing a small
amount of water. Typically synthetic opals are amalways produced by the methods
pioneered by Stober, et al. [19]. The process weslhydrolysis of tetraethyl orthosilicate
(TEOS) using ammonia as a catalyst and ethanchegidne as solvents [20-22]. The reactions
are controlled in glass flasks at room temperatugedsequently alkyl silicate is added and
stirred by a magnetic stirrer. This initiates awisible hydrolytic reaction forming silicic acid
which then condenses over a short time indicatethbyopalescence of the solution. This is
followed by a succession to a turbid white suspmansiccurring over the next few minutes.

Samples for observation are simply immersed inghgpension [21].

9.4.3. Sample results

Figures 9.4 (a) and (b) show sample results olddiyg22] and [24]. Opals of 300 nm
and lesser have been fabricated through these deetfigpically synthetic opals are used in
photonics as photonic crystals and for diverseiagibns in optoelectronics [22-24]. However

as a means to reach the final goal of this workprmegose the use of these synthetic opals as a
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mask for subsequent DRIE. Since the opals aresilibich acts as a good mask during DRIE,

these opals could act as a template to achieve kE®Rstructures in silicon.

(@)

Figure 9.4. SEM images of opals obtained by L-Bhoatby (a) M.Bardosova, et al [22] and (b) J. F.
Dechézelles, et al. [24].

9.5. Nanosuperlattices

In this work, we have achieved a first step towaadhieving nanosuperlattices in
silicon — the creation of HAR nanostructures inicsih. However, there remain a few more
process steps that need to be realized in aalesbtain these nanosuperlattices in silicon
which can then act as an effective thermoelectetamaterial, thus realizing the ultimate goal
of this work. Figure 9.5 is a schematic of the fedtion steps that need to be performed to

realize nanosuperlattices in silicon.

Atomic Layer Deposition (ALD) is a thin film depdisin technique based on the use of
a sequential gas phase chemical process. In micicédion, ALD is to deposit conformal thin
films that can be accurately controlled to obtayeks as thin as 10 pm per cycle of deposition
[25-28]. With ALD it is possible to deposit a widariety of materials, ranging from metals
like Pt, Ru, Ir, oxides (ADs, TiO, etc) to nitrides(TiN, TaN, etc). The number otleg of
deposition determines the thickness of the filmadétpd. For nanolayer dimensions, the

‘slowness’ of ALD may not be a limiting factor.

Realizing these fabrication steps to achieve ngertattices through one of the various
methods of nan@atterning that have been discussed over the past few chapters; characterizing
them using & or 2o measurements and measuring their thermal propeatie the future
perspectives from this work.

An example of ALD deposition to fill nanotrenchesshown in Table 9.2.
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Nanofibers/ Bcps//yﬁ
nano-patterning layer Silicon
Patterning by lift-off/
RIE, etc.
DRIE to create
HAR nanostructures
Metal(TiorW)ﬁ--------T
Deposition of insulation

Insulation layer layer (SiO,/ SisN,)
Metal layer (Au)

(SI04/ SisN,) \r,__m“ T
Metal (Au) ~ — ~ patterning for
r\—‘\-—-—-—-—-—-—-—-—tj measurement electronics

Figure 9.5. Schematic of the fabrication steps neglin the realization of nanosuperlattices.

Filling trenches with
Tior W by ALD

9.6. Summary of results

Table 9.2 offers a summary of the results achieved terms of HAR
micro/nanostructures through this work and the iptsduture prospects and direction to
obtaining HAR nanostructures in silicon which chart be used to achieve nanosuperlattices.
This table includes a summary of etching resultaiakd for different ranges of dimensions in
an effort to construct the nanosuperlattices. Foilg this creation of trenches, the final

realization of the nanosuperlattices will be aswassed in the precious section.
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Table 9.2. Summary of HAR results achieved in 8iligvith possible future direction of work
to achieve nanosuperlattices.

Micromaching | Width of | Depthof | Aspect N . .
e e e T ratio Realized? Sample image Trench filling
Top down approach
Photolithography Electrodeposition
15 105 6.5:1 Y
+ DRIE "m e * (Cu) - realized.
Photolithography ] Electrodeposition
+ DRIE 5 pm 105 pm 21:1 Yes (Ctljmealiasd,
8 4 il AN ’
’V@iili;ﬂ f ~f’;'-'j$11fu\iﬁg
N
~800nm
. Electrodeposition
Photolitbography | - g 1y | ~100pm | 1241 Yes (Cu) - canbe
+ DRIE
done.
Possible trench
. filling by atomic
Phouil?)hRo;g];:aphy 250 nom ~36 um | ~144:1 Yes layer deposition
(ALD) -
2501 n;’n pl‘OSpQC'S
trenches
A6a014

160




Chapter 9 Perspectives and conclusions

Bottom up approach
Possible trench
. filling by atomic
+
Ebcir]o)sl}{);lEmmg ~850nm | ~34 pm ~40:1 Yes layer deposition
(ALD)-
prospects.
~180 5m Possible trench
Diblock (postibly filling by atomic
copolymer down to 30 ~14 pm ~40:1 Yes layer deposition
litho graphy — (ALD)-
prospects.
Possible trench
Synthetic opals filling by atomic
on Sias mask + | <300 nm Future work layer deposition
DRIE [22] (ALD)-
prospects.
Black silicon P(.)ssi:))lc ll't:mh
: filling by atomic
urface te 180 nm -
s . . . Future work layer deposition
with Al mask + 2pm
DRIE (ALD)-
prospects.
Possible trench
T
Porous alumina |30 am- 300 fillng by atomic
X + DRIE Future work layer deposition
mas| nm
(ALD) -
prospects.
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Example of Atomic Layer Deposition filling of trenches

Sub 100 nm trenches filed by ALD [26]

MSELS47005,0kV 5.2mm x 150k SEU) 3212004 2231 300 nim
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Appendix A

Basic Thermoelectric Principles

A.1. Seebeck Effect

In 1821, Thomas Johann Seebeck performed expesm&miwing that when a
temperature difference was applied and maintaibh#gegunction of two dissimilar metals, an
electromotive force was created. This is illusulaiie Figure A.1 (a) [1]. This phenomenon
has come to be known as the Seebeck effect. Torstade the physics behind this
phenomenon, consider figure A.1 (b) [2] which isilarstration of the Seebeck effect with the
electron charges and velocity distributions indédat-or the sake of simplicity, instead of the

junction of twomaterials, the figure representsiagle material.

Junction

Hot Cold

<— Temperature, AT ———>

Conductor

Voltage AV

& & & , D © |

cdD D D D @' | cou

. . . ° . =
+| @ & & D S D
Figure A.1(b). lllustration of the physics of Seebeck effdetch of electron velocities with longer
arrows in the hot region, the corresponding energy ittigtrons and the resultant equilibrium state,
which leads to more electrons in the cold region, ttreating a voltage difference between the two
regions (reproduced from [2]).

Hot

+ 4+ + 4+




Appendix | Basic Thermoelectric Principles

Consider that one end of this bar is maintainea laigher temperature than the other.
The free electrons in the metal or the materiablvehin a manner similar to a gas. The kinetic
theory of gases predicts that the free electrorisati side will have a higher kinetic energy
and will move at greater speeds than those indbkl” side. As the faster moving electrons
diffuse through the material, there is a net fldwhot electrons from the hot side to the cold
side, resulting in an accumulation of negative gharat the cold side, preventing further
charge build up and will continue to flow as lorgjthe temperature gradient is maintained.
The net result is that the imposed temperatureigmadrives an electric curreiitthe circuit
is effectively completed. The electric field is postional to the temperature gradient [2] and
can be quantified by th®eebeck coefficiemr Thermopower, St is defined as the potential

difference developed per unit temperature.

av
S=— 1.1
aT (1.1)

The sign of ‘S’ represents the potential of thedcsitle with respect to the hot side. If
electrons diffuse from the hot to cold end, thea tbld side is negative with respect to the
hot, thus obtaining aegativeSeebeck coefficient. In p-type semiconductor, on the other
hand, holes would diffuse from the hot to cold eviich would in turn make the cold end

positive with respect to the hot end, thus deriamgsitiveSeebeck coefficient.

Why dissimilar metal/materials?

In the previous section, we used the example ohglesmetal bar to understand the
basics of the physics behind the Seebeck effecatsi@er Figure A.2 (a) [5] which represents
the physical process of moving the charge camidgtsin the conductor in the same direction
as the heat. Figure A.2 (b) represents a circuiiptetion using the same conductor (metal).
In this configuration, the flow of thermal energyllvereate equal potential for equal charge
movements in both conductors, thus canceling o@ another resulting in no potential
output. On the other hand, consider Figure A.2whjch represents the completion of the
circuit using two dissimilar metals or conductdféith differentcapacities for moving charge
carriers in response to the thermal gradient, thieenot level in one conductor will overcome
or complement the potential in the other, resultmg continuous current flow across the two

junctions provided the temperature gradient is ta@ed [5].
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Conducior

Thermal energy movemen T——o>
L =
LY FPotential charge carrier movemeni =D-
Warmer side Caolder sid

(a)

'J- armer junction

Potential charge carrier movement |:::"

)'\

Patential thr!r carrier movement

Condugtor l’" Cﬂ{ltfjlll‘il‘[lb

(b)

/—“‘ armer junclion
<@ — §>f
Colder junctio

C

Warmer Colder

/— junction junutun'_\

(d)

100° O AMeasurement
junclion

0® C reference
junction (ice bath)

(e)

Figure A.2. lllustration of (a) capacity for chargarrier movement when excited by a thermal
gradient, (b) similar conductors used to complé tircuit resulting in canceling out of net poiaht
created, (c) dissimilar conductors employed to leisucontinuous flow of current in the closed ciitc
when the temperature gradient is maintained, (&gking the circuit allows for measurement of this

voltage and (e) example of a thermocouple usingCar@ference (reproduced from [5].
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As shown in Figure A.2 (d), it is possible to tkehis circuit and connect a voltmeter
across the ends to make a direct measurementsopoitential difference. This is ttf8eebeck
voltage The best-known example of this phenomenon isctiramon thermocouple (see
figure A.2 (e)) where two wires — one composed dMi&Cr alloy and one Ni-Al alloy are
maintained at 100°C and a ‘reference’ of 0°C, aeptal of approximately 4.096 mV is
produced. It is a widely known fact that this vgkas a function of (a) temperature difference

between the two junctions and (b) the nature ottreductors employed.

Figure A.3 represents the Seebeck effect at thectipm of two dissimilar

semiconductorsn(type andp type as their majority charge carriers are différé3i.

Heat Applied

Hot Junction

Cold Junction

( \ ~‘ Voltage Generated

Semicon-dhctor Thermocouple
Seebeck Effect

Figure A.3. Seebeck effect at the junction of tissihilar semiconductors (reproduced from [3]).

Consider the heat being applied to the top of #misonductor thermocouple shown
in the above figure. The thermal energy causesgehaarriers to be released into the
conduction band, electrons in theéype material and holes in tipetype material. The charge
carriers concentrated at the hot side of the dewilerepel each other with the result is that
they tend to diffuse towards the cold side of teeick. In then-type material this electron
flow constitutes a current flowing from the coldisito the hot side and the movement of the
electrons causes a negative charge to build upeatdld side with a corresponding positive

charge on the hot side due to the deficit of etexdtrithere. In thp-type material the migration
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of the holes constitutes a current flowing in tippasite direction and a positive charge to be

built up at the cold side and a corresponding meg@harge at the hot side.

By connecting the junctions together with metaititerconnections as shown in the
diagram above, a current will flow in an externiatait. The current generated is proportional
to the temperature gradient between the hot ardljoattions and the voltage is proportional
to the temperature difference. Heat must be remdn@d the cold junction otherwise the
migration of the charge carriers will equalize thélistribution in the semiconductor
eliminating the temperature difference across #ndag causing the migration and hence the

current to stop.

A.2. Thermoelectric Figure of Merit

The dimensionless quanti®T refers to the figure of merit [4] of a thermoelact

material which is very useful in determining itéiedcy in thermoelectric applications.

S2T
y ~

(A2)

where,s is electrical conductivity of the materidl; its thermal conductivityS, the Seebeck
coefficient of the material an@l the temperature of the device. As discussedegadn ideal
thermoelectric material would thus have a high telead conductivity to minimize Joule
heating, low thermal conductivity to prevent thelsiaorting and a high Seebeck coefficient

to maximize the conversion efficiency between kst electricity.

A.3. Peltier Effect

The Peltier Effect is perhaps the most importanthef thermoelectric effects on a
material when it comes to the description of thedting or “cooling” effects, which have
been used in the principle of thermoelectric getimmeor thermoelectric cooling. The Peltier
effect is that in which a current flow induces héatv and hence temperature difference
between the 2 ends of the material. The directibthe heat transfer is controlled by the
polarity of the current.

The principle of the Peltier effect is that whenvaltage is applied across a
semiconductor thermocouple, any surplus charge iecarrpresent in the material
(semiconductor) will be attracted towards the texahwith the opposite polarity. This is the

mechanism of current flow through any conductorudtelectrons in am-type material
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migrate towards the positive terminal causing glsgrto accumulate in the region of the
semiconductor next to the terminal leaving a defati the negative side of the device.
Similarly holes in thep-type material migrate towards the negative termilmasimple terms,

this means that the charge carriers are sweptdghrthe material accelerating as they do so,
due to the electric field created by the voltageveen the terminals of the device and the

increased kinetic energy manifests as heat.

The temperature within the device depends on tmebeu and the kinetic energy of
the charge carriers. The temperature will therefm@éiigher in the region where the charge
carriers are concentrated and lower in the rediey have just vacated where charge density
is consequently lower. Thus a temperature gradigraportional to the magnitude of the
applied current, builds up across the device. Trngperature gradient can only be maintained
however, if heat can be removed from the hot jemgtotherwise the temperature will tend to

equalize across the device and continued currewt\ill cause the device to overheat.

The heat absorbed or created at the junctionsojgoptional to the electrical current
flow and the proportionality constant is known ae Peltier coefficient. Contrary to Joule

heating (fR), the Peltier effect is reversible dependinglmndirection of the current.

Figure A.4 [5] is an illustration of the Peltiefféct in a (a) n-type material and (b) p-

type material.

It is important to note that the heat will be moV@d 'pumped’) in the direction of
charge carrier movement throughout the circuitu@ity, it is the charge carriers that transfer
the heat).

Electron flow Hole flow

Released heat » Absorbed heat

P

N

Electron
flow

A

Released heat

Absorbed heat & =

Electron flow

Hole flow

(@) (b)
Figure A.4. lllustration of Peltier Effect in (a}type and (b) p-type material.
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In Figure A.4 (a), am-type semiconductor material is used to fabricatedévice so
that electrons (with a negative charge) will be tharge carriers when the Peltier effect is
induced. With a DC voltage source connected as shetectrons will be repelled by the
negative end of the supply and attracted by thetipesend; this forces electron flow in a
clockwise direction (as shown in the figure). Witte electrons flowing through thetype
material from bottom to top, heat is absorbed atlibttom junction and actively transferred
to the top junction—it is effectively pumped by tlbharge carriers through the material.
Similarly, thep-type semiconductor has the “holes” as the chaageers. The corresponding

charge movement is shown in Figure A.4 (b).

Why are 2 materials required?

Though it is possible to make a simple thermdstecdevice with a single
semiconductor material, it is not possible to puampappreciable amount of heat through it
for it to be used in any real-world application.drder to give a thermoelectrievice greater
capacity, multiple materials are used together. ifteal idea would be to simply connect
them in parallel—both electrically and thermally—sd®wn in Figure A.5 (a). While this is
possible, it does not make for a very practicalickevrhe major flaw in this device is that the
typical TE semiconductor will draw impractical anmds! of current for a very low voltage.
For example, a single unit in an ordinary TE devigght draw 5 amps or more with only 60
mV applied. This becomes enormous when trying tkaere practical device with thousands

of individual semiconductor units.

On the other hand, should the semiconductors iessesuch that they are thermally in
parallel (i.e., pumping together in the same diogf we achieve a configuration as
illustrated in Figure A.4 (b). While theoreticalllyis is sound, the electrical interconnections
between each unit introduces thermal shorting tbagnificantly compromises the
performance of the device. The obvious solution tés form a junction between
semiconductors of opposing doping configurationd aanstruct a series circuit which can
keep all of the heat moving in the same directis shown in Figure A.6 (a), with the free
end (bottom) of the-type device connected to the positive end of tiieage supply, and the
free end (bottom) of the-type device similarly connected to the negativd ehthe voltage

supply, we arrive at the ideal solution.
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Figure A.5. Similar semiconductor material elecally connected in (a) parallel and (b) series. In
both cases, they are connected thermally in pdralle

The positive charge carriers in tipetype material (i.e., holes) are repelled by the
positive potential voltage and are hence attratiedhe negative pole while the negative
charge carriers (electrons) in thetype material are likewise repelled by the negative
potential and attracted by the positive pole of viotage supply. Typical metal junctions
wiring have electrons as the charge carriers. Whese electrons reach theype material,
they simply flow through the holes within the ciajlihe matrix of thep-type device. Thus the
electrons flow continuously as a closed circuitrirthe negative pole of the voltage supply,
into then-type material, and then through the metal junctaomd finally through the-type
device, and back into the positive pole of the $upplowever, because of utilizing two
different types of semiconductor material, the ghatarriers and heat are all flowing in the
same direction through the devices. Using theseiaipproperties of the thermocouple, it is
possible to team many individual devices togetimereictangular arrays to create practical
thermoelectric modules. These devices can hencenehappreciable amounts of heat in
addition to being very suitable for commonly-avhiea DC power supplies because of their
serial wiring. This is the currently used indudtrizethod to connect different material types

together to function in a coherent manner as artbelectric cooling device.

Released Released Released heat
heat \ heat "

Absorbed heat Absorbed heat
(a) (b)

Figure A.6. Ideal configuration of semiconductoitar§a) single pair and (b) in sequence.
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Appendix - B

Black Silicon

B.1. Introduction

Black silicon (BS) is a material produced by thefate modification of silicon and
presents with very low reflectivity, and correspmully high absorption of visible (and
infrared) light. It was discovered in the 1980saas unwanted side effect of reactive ion
etching (RIE) [1, 2]. It has a needle-shaped togplgy where the needles are single-crystal
silicon and have a height above 10 microns and eliamess than 1 micron. However by
controlling process parameters, many variations tleé surface geometry have been
discovered. In this thesis, we have fabricatededffit types of BS as detailed in Chapters 7
and 8. The main feature of BS is an increased pbear of incident light—the high
reflectivity of the silicon, which is usually 20-%0for quasi-normal incidence, is reduced to
about 5% [3].

B.2. Fabrication parameters

Typically BS is manufactured using a cryogenic DRHacess. The temperature of the
chamber is reduced to -110°C which slows down thentcal reaction that produces
isotropic etching of silicon, which in turn allowise simultaneous use of the etching plasma
(SFs) and the passivation plasmaxjCDuring the process, a passivating layer ofy5y@orms
on top of the silicon surface. With directional ilmbardment, the passivation layer is
removed only in the desired direction (vertical éaample).

For Black Silicon fabrication, the cryogenic proges adapted to a high passivation
regime (high @ gas flow) combined with a low bias voltage for Ewetch rate. What
happens is that a thick passivation layer is geedydorming nanometric sized particles that
protect the surface of the silicon wafer in songgaes from the ion bombardment, producing
SiO«Fy based nanostructures that can be columnar orsttayee depending of the Cryo-DRIE

parameters [4-6].
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The fabrication of black silicon is relatively sitepbecause the process is mask-less
and the required etching time is of the order t#vwa minutes. Table B.1 shows an estimation

of the range of the Cryogenic DRIE parameters @depto generate BS.

Table B.1. Range of cryogenic DRIE parameters f8rf@mation [4-6].

Etch parameter | Lower limit | Upper limit
Temperature (°C)| -160 -10

ICP (W) 350 2500
Bias voltage (V) | O -50
Pressure (mTorr)| 9 67

02 flow (sccm) 6 28

SF6 flow 25 300

Time (min) 5 30

A lot of research has been done in our laboratorBlack Silicon and the fabrication
parameters for producing different types of BS dtrites [7]. Table B.2 lists sample
parameters for obtaining BS and Figure B.1 (a) @hdre the corresponding SEM images of

the top-view and side-view obtained from this recip

Table B.2. Sample parameters to achieve BS andghgsical characteristics under SEM
(reproduced from [7]).

Temperature (°C) -120
ICP Power (W) 1000
Bias voltage -20
DRIE Parameters 02 flow (sccm) 16
SF6 flow (sccm) 200
Pressure(Pa) 15
Time (min) 10
Structure physical Structure type Micro holes
characteristics as Structure mean height (um) | 2.54
measured under | Structure mean diameter (um)| 0.3
SEM Aspect ratio 8.3
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Figure B.1. SEM images of (a) top view and (b) side view of BS samples from our lab (reproduced
from[7]).

During the course of this work, we have also ol®@diBS through a traditional Bosch
process. These results were discussed in Chapfeip8ssible reasoning for this occurrence
in a Bosch process could be the presence of dusteirplasma [8]. Dust is created when
oxygen and silicon tetra fluoride (QiBeing the reaction product of silicon etching)noide
inside the plasma. This occurs in mixed oxygenmiéas the silica dust falls onto the wafer
where it starts to form BS when the directionahatg occurs. Dust may also be caused to
form when strong polymerizing gases are fed intofdlasma as is the case in a typical Bosch
DRIE process. The particles, and consequently tBedBe observed to be limited when the
SiF4 and O2 gases are time separated, which fdrenbdsis of the proposed pulsed oxygen
DRIE.

B.3. Applications of BS

Photodetectors

Photodetectors are semiconductor structures whiehable to receive and convert
optical signals into electrical signals, basedt@duantum photoelectric effect. Silicon based
photodetectors are widely used for applicationsvirich the operating wavelength range is
between 300 nm and 1200 nm. However they have asgi timitations [9, 10] —

s Energy gap of the silicon (1.11eV), which if coresidg the relation between
the photon energy and the transition energy instinecture, will result in a

maximum detectable wavelength of around Judil
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< Low reflection coefficient - in the best scenadgplanar surface of silicon will
absorb only 41% of the photon energy at 370 nmenihils almost transparent
for wavelengths equal and greater than 1200 nm.
Black Silicon can be utilized to reduce the refldgt and increase the performance of
photodetectors based on silicon, by both increasiegabsorption coefficient of the silicon
and the wavelength range of detection for infraxpglications.
Similar use of BS as an improved texturing methedopposed to silicon, are in the
fabrication of photodiodes [11] and photovoltaiti<§l2]. Additionally it is used in creating

hydrophobicity of the silicon suface [13] for useself-cleaning surface applications, etc.

B.4. Conclusions

As an unexpected result in this work, BS nevergeleas many promising applications
especially in the field of optoelectronics and phigtectors. The obtained results from this
work can be better characterized to achieve greeseuring of surfaces and better control

over the surface morphologies of the BS peaks.
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1. Introduction

1.1.Introduction

Avec la demande croissante de technologies éngugstidurables, la recherche dans le
domaine a inévitablement connu un essor considérethte, depuis plus de deux décennies.
Pour autant, les sources d'énergie renouvelablesant devenues désormais classiques
(solaire, éolienne et géothermique) ne fournissgumitine petite fraction de ['électricité
consommee, principalement en raison de leur caldemeure relativement élevé mais aussi
du fait de la limitation clé du gaspillage de cha@leomme un sous-produit [1-5]. Avec la
possibilité de valoriser la chaleur, souvent lasseémme une source inexploitée d’énergie, il
y a la donc un important potentiel économique etvaste champ de recherche, en vue du
développement de technologies rentables pour Euptmn d'électricité a partir de la chaleur
résiduelle, et ce a différentes échelles, y compelies des composants et équipements
électroniques, dont le fonctionnement donne liem seulement a de la consommation
d’énergie électrique mais aussi a de la dissipati®rchaleur. Cette derniére est par ailleurs
souvent considérée comme un facteur limitant dgsoditifs électroniques, qui se traduit par
une dégradation de leur fiabilité et de leurs pennces, de facon plus générale. Il y a donc
un intérét supplémentaire a réduire cet échaufferaencaptant la chaleur et par la méme
occasion, pour en produire de I'énergie électrigi®ur ce faire, les propriétés
thermoélectroniques des matériaux vont jouer ure r@éterminant, puisqu’elles vont
conditionner le rendement de conversion. Il estcdomnéressant d’utiliser les matériaux
présentant le facteur de mérite thermoélectriqguglis intéressant. Il est méme tentant
d’essayer de faire mieux que la nature, en concavaméta-matériau présentant un facteur
de mérite thermoélectrique encore plus élevé gaehsenologues naturels. C’est I'objectif
gue nous poursuivons dans cette thése, en vualigeréun tel méta-matériau, sous forme de

super-réseaux verticaux résultat d’'une nano-stratitun du silicium.

Un dispositif thermoélectrique est constitué dexdeatériaux différents reliés a leurs
deux extrémités. lls peuvent générer une puissatemrique lorsqu'ils sont soumis a une
différence de température (effet Seebeck) ou predune différence de température en
utilisant une alimentation électrique (effet PejticSelon I'effet visé, le dispositif peut agir

comme un générateur d’énergie électrique ou commgfigérateur. Outre les applications
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aux capteurs de température basés sur des therplesples effets thermoélectriques ont
donné lieu a une autre importante application etgidte de facon viable il s’agit de
dispositifs a effet Peltier, utilisés a des finsrefoidissement a petite échelle ou de fagon trés
localisée. Cette limitation est due principalemarieur rendement de conversion d'énergie
modérée ainsi qu’a leur codt relativement élevé][1IDans ces applications, les dispositifs a
effet Peltier présentent un réel avantage car lb@s H'échelles des réfrigérateurs
thermodynamiques classiques ne sont pas favoraldkesniniaturisation, du point de vue du

poids, du co(t et de I'efficacité.

Traditionnellement, un bon matériau thermoélectigst décrit en fonction de son facteur de

mérite,Z, une grandeur sans dimension définie par :

77=25T 1
== @

avec,o la conductivité électrique du matérigy,sa conductivité thermiqu&, le coefficient
Seebeck du matériau €tla température absolue du dispositif. Un matétiieumoélectrique
idéal devrait donc avoir une conductivité électeigilevée pour minimiser I'échauffement par
effet Joule, une faible conductivité thermique péuiter un court-circuit thermique et un
coefficient Seebeck élevé afin de maximiser le eemeht de la conversion entre la chaleur et

['électricité.

Effet Peltier dans les jonctions métal-semiconducteur

L'effet Peltier dans les paires de semi-conductelersypen et p est a la base du
concept de générateurs thermoélectriques et daediseurs thermoélectriques. Pour autant,
c’est l'effet Peltier dans les jonctions métal-semducteur-métal qui est le plus pertinent
dans le cadre du présent travail. La Figure 1.lefd]une illustration d'une jonction typique
métal-semiconducteur-métal (a) en configuration sggniconducteur de typa et (b)
configuration de typ®. Supposons que le flux de courant est dans le sengire. Pour que
les électrons puissent entrer dans la bande daicbad du semi-conducteur a partir du métal
de cathode, ils doivent surmonter la barriere d'geeentre k£ et E. Seuls les "électrons
chauds" ayant la plus grande énergie cinétiqud, ssteptibles de surmonter cette barriére
(par voie d’émission thermoionique). Ces électreasdéplacent dans le sens horaire et ne
rencontrent aucun obstacle en entrant a nouveaalldamétal, ceci crée ainsi une déplétion

de la cathode et un gain d’électrons chauds surd@a Ainsi, un cété se réchauffe tandis que
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'autre se refroidit. Les mémes concepts sont valables pour le matériau de type p pour lequel

les porteurs de charge majoritaires sont les trous au lieu des électrons.

Cathode Cathode

" Cools y Heats
down [ E—
Heats Cool /' up
up %ﬂ:low ’p dg\?vr? Heat Flow ’D
=||: :Il:

+ - + -
(a) n-type (b) p-type

Figurel. 1. lllustration d'une jonction métal-semiconducteur-métal typique ; en (a) la configuration de

semiconducteur de type n et (b) de configuration de type p. [6]

Epaisseur de la barriére et I'émission thermionique

Les parameétres thermoélectriques sont améliorés lorsque 1'épaisseur de couche
semiconductrice est inférieure au libre parcours moyen des électrons. (~ 100 nm pour la
plupart de semi-conducteur [7]). Afin d'assurer une émission thermionique, c'est-a-dire, en
surmontant les barrieres d'énergie, I'épaisseur de la barriére doit étre supérieure a 10 nm a la
température ambiante. Si la barriére est inférieure a 10 nm, il s'agit de Deffet tunnel, pour
lequel les électrons traversent simplement la barriére plutdt que de la surmonter. Le seuil de
I'émission thermionique et de la succession de barriéres sont présentés dans la Figure 1.2 [7].
Il s'ensuit qu'une succession de barriéres pourrait étre mieux adaptée qu'un seul obstacle pour
'augmentation de 1’émission thermo-ionique. Donc a partir des points énoncés ci-dessus, nous
pouvons conclure que 1’épaisseur de la barriére doit étre comprise dans ce cas entre 10 et 100

nm.

Avoir une succession de barri¢res permet la dissipation de la chaleur par le décalage de
bande et 1’émission thermionique. Nous arrivons donc a la structure d'un super-réseau (voir
Figure 1.3). Un super-réseau est un matériau hétérogéne consistant en une structure de
multicouches de deux ou plusieurs des matériaux avec par conséquent, une succession de
barrieres de potentiel, ce qui permet une meilleure conversion thermoélectrique que les
matériaux naturels. La figure représente les différences entre les super-réseaux classiques et
les super-réseaux verticaux proposés dans cette thése. Cette solution permet une réduction du

cout de fabrication ainsi qu’une fabrication en volume en utilisant seulement deux étapes, par
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opposition aux méthodes conventionnelles, qui ezguit autant de dépots de couches minces

gue nécessaire (typiquement plusieurs dizaineg)lfmiention d’'un super-réseau.

Hot electron filter

=

Fermi
Energy

Electron

Distribution
e

Cathode Single Barrier =~ Anode

Cathode Superlattice Barrier Anode

Figure 1.2. Représentation des seuils de barriéxerpne meilleure émission thermionique.

Super-réseau classique Super-réseau verticales

métal par
électrodéposition dans
tranchées aprés DRIE

Dépots planar de
SC par MBE

Figure 1.3. Structure de super-réseau de deux rnzabér
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2. Fabrication de super-réseaux
verticaux

Nous avons fabriqué des super-réseaux verticadaillle micrométrique avant d’aborder
la fabrication, beaucoup plus contraignante, dgerstéseaux de taille nanométrique. Cette
étape intermédiairest d’une grande importance; elle a pour but l'extraction de parametres
physiques telles que la conductivité thermiqugadavoir thermoélectrique du méta-matériau
dénué des effets quantigues, mais qui sont subteptid'étre présents a I'échelle
nanomeétrique lors de la caractérisation des disfsof2-5]. A cet effet, nous avons fabriqué
des super-réseaux de largeur de 5 um et de 15 pmume profondeur de plus de 100 pm

dans le substrat.

2.1. Choix des matériaux

Nous avons fabriqué les super-réseaux avec duusilicle typen comme matériau
semi-conducteur en raison des techniques de mimio&ion correspondantes qui sont bien
établies. Le métal choisi est le cuivre, malgréesalance a diffuser dans le silicium a haute
température. Ce choix est d0 a la disponibilité idetallations pour I'électrodéposition du
cuivre. Toutefois, étant donné que le cuivre n'a pa adhérer directement au silicium, une
couche de 100 nm de titane a été utilisé en tamt@puche d'adhérence intermédiaire entre le

cuivre et le silicium.

2.2 Etude de Caractérisation

Nous utilisons les méthodes dites 8t 2o modifiée pour faire des mesures sur les
super-réseaux. Toutefois, nous avons initialembaisc de calibrer le systéme de mesure en
utilisant un substrat nu de silicium revétu d'urmuche d'isolant (Si¢). La mesure a été
effectuée selon I'approche de la mesurectassique. Le dispositif fabriqué est représenté
dans la Figure 2.1. Le schéma du dispositif expémbad utilisé pour la réalisation de ces
mesures et les résultats obtenus sont représeaméslal Figure 2.2. Les premiéres mesures
donnent de bons résultats (nous avons obtenu uhatde diffusivité thermique du silicium
pur comme 6.8 + 0.5 (x f0m?%s), qui sont parfaitement conformes aux donniéésriques
trouvés dans la littérature [9]. La Figure 2.3sthe le processus de fabrication pour réaliser
des super-réseaux verticaux a I'échelle micromé¢rigans le silicium et la Figure 2.4

présente I'image obtenue en microscopie électrenigbalayage (MEB) de (a) la vue de

Vil
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dessus de tranchées profondes de 100 um et (belarv coupe aprés leur eléctrodéposition

avec du cuivre.

Figure 2.1. Photographie de la structure de testigge sur Si massif.
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(b)

Figure 2.2. (a) Schéma du dispositif expérimengatdractérisation et (b) les résultats.

Difficultés rencontrées

Le polissage de cuivre et /ou du silicium a étés tdifficile. Aprés le dépbt
électrolytique, il restait environ 8-10 um de ceigur la surface supérieur du substrat et qui
nécessitait un polissage. Le polisseur mécano-chien(CMP) n'a pas été concluant pour
polir ce cuivre en raison de la nature robuste wure. Par conséquent, nous avons utilisé
I'acide nitrique dans le but de graver I'excesudere sur le dessus, ceci laissant environ 2-5
pum de silicium pour étre poli. Ce fut aussi un défaction de la CMP a fini par détruire les
tranchées. La figure 2.5 montre (a) les tranchéésgppar l'acide nitrique et (b) les tranchées
casseés suite a I'étape de polissage par CMP quiva Avec la connaissance des problémes
rencontrés par la fabrication des super-réseatéchdlle micrométrique, nous avons décidé
de commencer la fabrication des super-réseauxchdll® nanométrique a l'aide de diverses
techniques novatrices dans leur réalisation. Lepittes suivants décrivent ces techniques de

fagon sommaire.

Vil
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Figure 2.3. Procédé de fabrication des micro- super-réseaux micrométriques.
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Figure 2.4. Les super-réseaux de taille micrométrique réalisés par DRIE.
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Figure 2.5. Vue de dessus de tranchées poliesg@dé nitrique et (b) Tranchées brisées par I'anti
du polissage CMP.
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3. Fabrication de nanostructures a
haut facteur de forme en silicium

3.1. Nanostructures obtenues par lithographie conventionnelle

Le principe de la photolithographie optique compréimpression par voie optique
des motifs géométriques de taille (sub)micromégjda résolution étant limitée a la longueur
d’'onde utilisée, ce qui permet de réaliser des fwaont les dimensions peuvent étre de
'ordre de quelques 0,1 um. Quant a I'obtention rdetifs de l'ordre de la dizaine de
nanometres, elle peut se faire soit en recourétithographie électronique, soit en recourant
a des techniques non lithographiques, qui incllesitméthodes d’auto-assemblage décrites
plus loin.

Nous décrivons des procédés de gravure DRIE Bagehpnt été optimisés pour
obtenir les tranchées de silicium tres profond®gec un facteur de forme de 160:1 pour des
tranchées de largeur de 250 net avec un facteur de forme de 124:1 pour lesiées de
largeur de 800 nm, respectivement. Nous avons m&des résultats préliminaires qui
suggerent que les procédés de gravure cryogénmusspeuvent étre utilisés pour produire
des facteurs de forme supérieurs a 120:1 pourrdexhées de largeur de 35 nm. A notre
connaissance, ce sont les valeurs les plus éleléfzscteur de forme qui ont été atteintes a ce

jour en utilisant la gravure DRIE dans ces gamneedichensions.

En combinant les résultats de nos expériencesa@ecd'autres rapports publiés dans
la littérature, nous montrons que la dépendanciacteur de forme vis-a-vis de la largeur de
la tranchée obéit a une loi logarithmique simpleddax paramétres, appliquée pour un large
nombre des paramétres du procédé et des dimensiomsmpris dans la gamme de
dimensions sub-microniques, Ceci nous permet dpoger un nouveau facteur de mérite
pour caractériser le facteur de forme final pouv@iné obtenu en utilisant un procédé de
gravure spécifique. La Figure 3.2 illustre les héds obtenus avec (a) le procédé DRIE

Bosch et (b) le procédé DRIE cryogénique.
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Figure 3.2. Les résultats de gravure (a) DRIE Bosttb) DRIE cryogénique.

3.2. Fabrication de nanostructures par approche Bottom Up

Les techniques présentées dans cette sectionleldtdd possibilité de réaliser des
micro- et nano- structures de facteur de formeé&fear une approche bottom-up et donc ceci
impligue de la croissance des piliers ou des cajclpar opposition a I'association
lithographie-gravure qui enleve de la matiere ptaurcréation des motifs nécessaires a
I'obtention des structures de facteur de forme véleEn cette catégorisation, il existe
différentes techniques, y compris la soft lithodpiap[10-12] le nhanoembossing [13, 14], le

nanomolding [15, 16], et micro-usinage par éleérmsion (EDMp) [17, 18].
3.2.1. Résultats obtenus par la technique d’Electrospinning

L'électrospinning est une technique pour fabrigdes nanofibres, qui sont ensuite
utilisées sur le silicium comme un motif pour lagire profonde par DRIE, pour produire
des micro- et nano- structures du facteur de foéteyé comme un préalable a la fabrication
des super-réseaux verticaux a I'échelle nanométrigi¢lectrospinning est un procédé qui
utilise une charge électrique pour étirer trésrfinat (typiguement sur la micro- ou nano-
échelle) des fibres a partir d'une solution liquidersque la force électrique surmonte la
tension de surface du liquide, un jet est formde esblvant s'évapore rapidement au cours de
sa propagation a la cible et les matieres réselkaséches, fibreuses forment les nanofibres
sur le collecteur [19, 20]. Du c6té de la solutidifférentes propriétés comme la viscosité, la
concentration, le poids moléculaire, etc influent fa qualité et les caractéristiques des
nanofibres produites. La figure 3.3 montre I'éviolutde la variation du diamétre des

nanofibres produites avec le changement des paesrdit procédé de I'électrospinning.
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Figure 3.3 Variation du diamétre de nanofils aves ggarameétres du procédé d'électrospinning.
Nous déposons les nanofibres de silicium et apoes méalisons par pulvérisation
cathodique (sputtering) une couche d’aluminium d’épaisseur de 100 nm. Nous effectuons
ensuite un ‘lift-off’ qui laisse la trace des naiboés entourées par la pulvérisation cathodique
d’aluminium. Cela sert comme un masque pour lageDRIE. La figure 3.4 représente (a)
les nanofibres déposés, (b) les nanofibres aprif$-¢éf de Al et (c) la section des modéles

gravées par DRIE.
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(c)
Figure 3.4. Image MEB de (a) nanofibres déposé@sydinofibres apres le lift-off de Al et (c) section
de modeéles gravées par DRIE.
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3.2.2. Résultats obtenus par di-blocs copolymeéres

Nous avons également utilisé des diblocs copolysnemmme les motifs pour la
gravure DRIE dans ce travail. La figure 3.5. ilhedies différentes étapes de structuration par
dibloc copolymere. Aprés avoir obtenu des motifscdpolyméres a blocs, nous effectuons
une gravure DRIE pour obtenir des nanostructurgsaad facteur de forme (HAR — high
aspect ratioen anglais) en silicium. La figure 3.6 illustre (a) une phaséparée de
copolymeére séquenceée et (b) une gravure DRIE do @bpolymere. Le silicium noir est
produit comme un effet secondaire du procédé DRIKscB lors de la gravure des

copolymeres.

‘ Silicon |

Polymer 1. Spin coating

film _
3. Post UV exposure &

Development in
““‘7 acetic acid

Figure 3.5 Différentes étapes de réalisation dgsobgmeres diblocs.

2. Annealing
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Figure 3.6 Image MEB de (a) copolymeére dibloc ¢ftres la gravure DRIE.
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4. Conclusions et Perspectives

Dans ce travail, nous avons réalisé de nouveauama€ériaux a base de silicium sous
la forme de super-réseaux verticaux en vue dese¥alin matériau ayant de meilleures
propriétés thermoélectriques. Nous avons fabriqupersréseaux verticaux a I'échelle
microscopique par micro-gravure de tranchées digiush et remplissage avec du cuivre.
Nous avons congu un systeme de caractérisationedeiren du coefficient Seebeck et de la
conductivité thermique en utilisant la méthode 8ite Alors que nous avons été confrontés a
certains défis dans la réalisation des micro sufggaux en vue de leur objectif final, certains

des problémes rencontrés ont été trés utiles fmiertation qui a été donnée a ce travail.

Nous avons réalisé de nombreuses nanostructuresiael'aspect élevé en silicium en
développant une variété de techniques expérimensaleceptibles de satisfaire aux exigences
du concept des super-réseaux verticaux. Nous awmtilise la gravure par DRIE sur les
structures définies par lithographie classique pls, nous avons fait des incursions dans la
nano-fabrication en utilisant I'approchéottom up® A cet effet, nous avons recouru a
I'electrospinning et la chimie de copolymeére diblea tant que nouvelles techniques

définissant des motifs de taille nanomeétrique.

Toutefois, pour les travaux futurs, il y a encoauttes approches de nanostructuration
ascendantes qui peuvent étre testées afin deenédéés nanostructures de ratio d'aspect élevé
dans le silicium. Celles-ci incluent l'utilisatiale billes poreuses d'alumine, les nanocristaux
auto-assemblés sous la forme d'opales ou alorslisant le silicium noir comme un masque.
Nous avons, dans la derniere partie de cette tles®é une introduction a chacune de ces
méthodologies et comment ces principes peuvenuétigés pour réaliser des nanostructures
en silicium et in fine, des super-réseaux nanoméds aux propriétés thermoélectriques

améliorées.
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Résumé: Les méta-matériaux offrent la possibilité d’obtemies propriétés physiques
nettement améliorées en comparaison avec cellesndésriaux naturels. Dans ce travalil,
nous explorons une nouvelle variété de métamatéttzrmoélectriques a base de micro-et
nano-structuration du silicium, sous la forme dpesuréseaux verticaux, avec comme visée
applicative la récupération d’énergie thermiquesiague le refroidissement. En outre, nous
focalisons nos efforts sur une méthodologie expémiale permettant la réalisation de ces
matériaux par des moyens simples et peu colteuxprémiere partie de cette these sert
d'introduction aux phénomeénes thermiques qui cuestt la base de la conduction électrique
et de la dissipation de chaleur dans les nanostestrespectivement par émission thermo-
ionique et par la diffusion de phonons. Cette patétaille également les principes et résultats
de caractérisation thermique a l'aide des méth8dext 2». La deuxiéme partie de cette thése
décrit les approches de micro- nanostructuratioscelgdante « top-down » et ascendante
« bottom-up », en vue de la fabrication de supseagx nanométriques sur du silicium mono-
cristallin. La nouvelle architecture verticale posge souléve des défis technologiques qui
sont traités a travers l'exploration de technigergérimentales originales pour produire,
d'une maniére efficace et sur de grandes surfdessstructures submicroniques a fort facteur
de forme. Ces techniques comprennent l'utilisatitn motifs résultant de lithographie
traditionnelle combinée a I'extrusion pour en prioglldes structures volumiques. En outre,
I'utilisation de nanofibres et de diblocs copolyegecomme nano-motifs géométriques sont
également présentés pour nous rapprocher davaaedgbjectif ultime du projet.

Mots clés: Metamateriaux, Super-réseaux, microaeb-structures en silicium, DRIE.

Abstract : Metamaterials offer the benefit of obtaining imyed physical properties over
natural materials. In this work, we explore a neaviety of thermoelectric metamaterials
based on silicon micro- and nano- structurationhenform of vertical superlattices for use in
energy-related applications. Additionally, we focos a route towards fabricating these
materials using simple and low-cost means comptrguior attempts. The first part of this
thesis serves as an introduction to the thermahgena which form the basis for electrical
conduction and heat dissipation by thermionic emissand phonon scattering at the
nanoscale. These principles forms the crux of theicg. This section also details the
characterization principles and results using theBd 2> methods for thermal measurement.
The second part of this thesis describes both tmmdand bottom-up approaches towards
fabricating nanoscale superlattices from singlestaijine silicon. The novel proposed vertical
architecture raised technological challenges thatewtackled through the exploration of
original experimental techniques for producing hipect ratio (HAR) structures in an
effective manner and over large surface areas.eTteefiniques include the use of traditional
lithography patterning and subsequent extrusiomotdmic structures. Additionally, the use
of nanofibers and diblock copolymers as templatas flirther etching of HAR silicon
nanostructures are also presented to bring usrdiosiee ultimate goal of the project.

Keywords: Metamaterials, Superlattices, HAR striesuDRIE.



